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Insanity: doing the same thing over and over again
and expecting different results.
Albert Finstein
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Resumen

Una estructura inteligente puede entenderse como aquella que, siendo cons-
ciente de su estado actual, es capaz de reaccionar a cambios tanto en su entorno
como en si misma. Para realizar este cometido, la estructura debe de adap-
tarse para compensar las influencias externas, alcanzando un estado apropiado
de funcionamiento. Este tipo de estructuras tienen que realizar tres tareas
principales durante su adaptacion al entorno: recopilar informacion sobre su
estado actual; procesar dicha informacién y decidir las posibles actuaciones
y, finalmente, materializar dichas decisiones, adaptando la estructura al en-
torno. En resumen, una estructura inteligente debe de reunir tres capacidades
principales: medir, decidir y actuar.

Durante el transcurso de esta tesis doctoral, han sido desarrolladas diversas
contribuciones a la decision y medida mediante técnicas opticas, asi como a la
“inteligencia” y a los medios de actuacion requeridos en este tipo de estruc-
turas. La mayor parte de trabajos estan centrados en el desarrollo de nuevos
dispositivos y técnicas de medida, empleando principalmente tres tecnologias
de fibra éptica para cuantificar diferentes parametros como deformaciéon, tem-
peratura o vibracién, entre otros.

El primer grupo de sensores se centra en redes de difraccion de periodo
corto (FBGs). Partiendo de estos elementos, se ha desarrollado una nueva
técnica de procesado para obtener la deformacion interna de estos transduc-
tores. Ademas, se han desarrollado nuevos dispositivos para medir diferentes
pardmetros (tanto tipicos como nuevos), combinando FBGs con diferentes
materiales. Aplicando estos nuevos dispositivos al area de los materiales com-
puestos, se pueden obtener nuevos puntos de vista que aportan informacion
valiosa en el desarrollo de modelos estructurales més avanzados.

Asimismo, basdndose en fibras épticas de plastico (POFs), se han desarro-

llado varios sensores de bajo coste y altas prestaciones. Empleando este tipo

vii



de dispositivos basados en interferometria Speckle en fibras de plastico multi-
modo y nuevos algoritmos de procesado, se han medido numerosos parametros
fisicos, mostrando su posible aplicacion para la monitorizacion estructural y
de la salud.

Intentando aumentar la sensibilidad y aplicaciéon remota de los sensores de fi-
bra ¢ptica, también se han abordado sensores basados en laseres en fibra. Este
tipo de sensores generan una fuerte senal local dentro de la cabeza sensora que
puede ser muy util para aumentar la distancia de interrogacién manteniendo
las ventajas de los FBGs. Para ello, se han empleado fibras 6pticas comerciales
dopadas con Erbio para fabricar sensores laser. Empleando diferentes técnicas
de filtrado 6ptico, se han disenado y probado varios sensores laser monomodo.

Nuevos materiales también han sido estudiados para desarrollar sensores
hibridos y dispositivos de actuacién. Empleando dos tecnologias maduras
como los FBGs y las aleaciones con efecto memoria (SMA), varios esquemas
han sido propuestos y verificados tanto para detectar y medir como para ac-
tuar. En concreto se han desarrollado y probado un sensor de temperatura y
un material inteligente auto-estabilizado basados en dicha combinacion.

Con el fin de determinar la reaccién de la estructura, es necesario tomar deci-
siones en tiempo real basandose en los datos en “crudo” de los sensores. Puesto
que la complejidad de las estructuras esta aumentando, esta tarea también se
ha complicado. En un intento de compensar este incremento de complejidad,
varias estrategias de aprendizaje maquina se han evaluado para aportar la
“inteligencia” a la estructura. Se han procesado datos de una aplicacion real
de una estructura mediante estos algoritmos, demostrando las ventajas del
modelado sin conocimiento a-priori cuando se trabaja con datos reales.

En resumen, en el transcurso de esta tesis, se han desarrollado varias con-
tribuciones para cada una de las tres partes de una estructura inteligente
(medida, decisién y actuacion). Los resultados obtenidos intentan mejorar
el estado del conocimiento y de la técnica actual, facilitando el desarrollo de
sensores de fibra 6ptica para estructuras inteligentes.

Los resultados obtenidos han sido validados por la comunidad cientifica
internacional con la publicacién de 1 patente, 15 articulos en revistas interna-
cionales y mas de 40 publicaciones en conferencias. Ademas, varios articulos

han sido enviados recientemente para su publicacién.
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Abstract

In a simple way, a Smart Structure can be understood as one that is aware
of its self-state and also is able to react to changes in the environment and/or
in its own condition. In order to correct these changes, the structure must
reach a situation that compensates these influences, leaving the structure in a
suitable state. A Smart Structure must be able to perform three main tasks to
achieve this reaction: to collect information regarding its state; to process the
collected information and to take a decision and, finally, to make actuations
according to this decision. Based on this definition, three main sub-parts
constitute a Smart Structure: sensing, “intelligence” and actuation.

Several contributions to sensing, using optical fiber technologies, to “intel-
ligence” and also to actuation have been addressed during this thesis. The
main contributions are centered on new sensing devices and techniques and in
the obtention of inner parameters such as strain, temperature and vibration,
employing three different optical fiber technologies.

The first group of sensors has been centered on Fiber Bragg Gratings (FBG),
where a new technique to achieve intragrating resolution has been proposed.
In addition, new sensing heads for traditional and new measurands have been
developed, by combining FBGs with different materials. Employing composite
materials as the main application target, these devices provide useful high level
information for the development of improved structural models.

Different sensors based on Polymer Optical Fiber (POF) technologies have
been developed, offering very cost-effective devices. Combining Speckle in-
terferometry in multimode POFs with new processing schemes, several ap-
proaches have been proposed and demonstrated, being capable of measuring
physical parameters for health care and for structural integrity applications.

Different contributions to Fiber Laser Sensors have been also addressed dur-

ing this work, trying to improve the sensitivity of Optical Fiber Sensors and
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Abstract

their remote operation. This kind of Fiber Laser Sensors generates locally a
strong laser signal within the sensing head that can be very useful for improv-
ing the interrogation distance while keeping the linear response of FBGs to
strain and temperature. Based on commercial Erbium-doped fibers, different
sensing heads have been developed employing a simple filtering technique to
manufacture short linear lasers operating in the Single Longitudinal Regime.

In order to develop new hybrid sensing schemes and actuation devices, dif-
ferent materials have been studied. Different approaches have been proposed
and demonstrated for both sensing and actuation purposes, by merging two
widely employed technologies, FBGs and Shape Memory Alloys (SMA). Par-
ticularly, a temperature level fiber sensor and a smart material (self-stabilized)
have been proposed and experimentally demonstrated.

Based on the raw data measured by the sensing system, on-line decisions
must be taken to determine the reaction to be completed. With the growing
complexity of structures, this task becomes more and more difficult. Different
Machine Learning approaches have been employed as the “intelligence” of a
real structure, trying to address this challenge, exhibiting the benefits of blind
modeling when working with real data and complex structures.

In summary, several contributions to the three main parts of Smart Struc-
tures (sensing, decision and actuation) have been addressed during this thesis.
The reported work tries to improve the actual technology and knowledge,
enabling a more feasible development of OFS-based Smart Structures. The
achieved results have been validated by the international sensing community
with the publication of 15 papers in international Journals and more than 40
communications in international conferences. Several papers also have been

recently submitted.
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Part |.

Preliminary

Based on the research field of structural monitoring, a brief definition and
motivation of Smart Structures and their improvement though Optical Fiber
Sensors has been described in this part. Centered on this combination, a state-
of-the-art revision has been also included to identify present challenges on
Optical Fiber Sensors for Smart Structures. Finally, different objectives have
been established trying to contribute to the challenges previously identified.

The chapters included in this section are:
e Chapter 1: Introduction: Motivation of OFS in Smart Structures
e Chapter 2: State of the art: OFS in Smart Structures

e Chapter 3: Objectives






Chapter 1

Introduction: Motivation of
Optical Fiber Sensors in
Smart Structures

Human beings have always tried to improve their living environment by
modifying their surrounding nature. From the prehistoric stone axe to the new
energy production systems, a lot of examples of human inventions that have
changed their lifestyle can be cited. Most of these tools and structures were
based on mimicking nature; however, as the human understanding about struc-
tural engineering improved, these structures evolved in very different ways.

Since the first reported studies about structures made by Leonardo da Vinci
in the 15th century, science has tried to explain the response of new materials
and structures, applying this new techniques to solve particular challenges.
This understanding has experienced a remarkable improvement during the
18th century, when structures became a very important factor on society and
economics, evolving from being a technology limited to great monuments to
impulse industry and economy during the Industrial Revolution.

By developing new modeling techniques and with the improvement on build-

ing materials, structural engineering has become a very active research field
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during the last century. Within this area, new measuring and Non-Destructive
Testing (NDT) techniques arose, helped by the emerging Information and
Communication Technologies (ICTs). These measuring and NDT methods
help designers to overcome new challenges, obtaining different properties of
the employed materials or by identifying weak points within each design.

Mainly due to price reduction on ICTs, different sensing technologies have
been widely incorporated to structures during the last decades. Examples
such as electrical strain gauges or thermocouples are employed today as ref-
erence methods to characterize materials. Despite the help offered by these
sensing technologies during design and manufacture processes, this concept
has evolved the last years to allow the collecting of measurements during the
working life of structures. A new research field, known as Structural Health
Monitoring (SHM), has arisen, combining new sensing methods with feedback
processes that respond to the detected changes.

Technically, SHM can be defined as the integration of sensing and, possi-
bly also actuation devices, to allow the loading and damaging conditions of
a structure to be recorded, analyzed, localized and even predicted in a way
where non-destructive testing becomes an integral part of the structure. There
are different levels in SHM according to the literature, although all of them
are based on three key factors: the first one lies in the acquisition of an entire
knowledge about the present (and historical) status of the different structural
parts by means of sensing systems and data acquisition tools. Based on this
data, several decisions about the overall structure condition and possible ac-
tuation have to be taken (e. g. one part has collapsed so the structure has to
stop). Finally, at higher levels of SHM (Self-Healing), some actuation means
have to be included to allow the structure to react according to the chosen
decision. An structure combining these three factors (sensing, decision mak-
ing and actuation) can be understood as a Smart Structure able to alter its
configuration, form or properties in response to changes in the environment
or in its condition.

SHM and smart structures are two relatively new concepts within structural
engineering, being the most challenging subject in this regard is the interdis-
ciplinarity required to cover all the key factors: a specific kind of expertise

about mechanics and materials is required to understand how the structure is



working. Some metrology aspects have also to be considered to obtain reliable
measurements. The recorded data also require a carefully designed algorithm
capable of reaching some decision regarding the structure. Finally, mechanics
is also reached when some kind of actuation is required to follow the algorithm
output.

Smart structures are usually based on the latest developed materials and
techniques. These new materials have to be characterized before reaching a
working structure, so NDT methods are usually employed to determine its
properties, relating certain sensing technologies to new materials. Within
smart structures of specific fields, the combination between Fiber Reinforced
Plastics (FRP) and Optical Fiber Sensors has become relevant these years.
Both technologies have proved mechanically compatible, exhibiting the ad-
vantage of adding sensing capabilities to the host structure.

Although both technologies have been widely addressed, several improve-
ments regarding the science of materials and structures as well as in sensing
capabilities are required to lead SHM to its highest levels, achieving a truly
smart structure. Regarding these requirements, Optical Fiber Sensors are
playing a key role in these structures, working properly on a wide range of
field scenarios, enabling the quick development of new materials and struc-
tures.

All the topics addressed in this document have been grouped into four main
parts:

e Part I: Preliminary (Chapters 1-3)
e Part II: Contributions (Chapters 4-8)
e Part III: Conclusions and future lines (Chapters 9-10)

e Part I'V: References (Chapter 11)






Chapter 2

State of the art:
Optical Fiber Sensors in
Smart Structures

Smart structures [1] can be understood as a huge research field where many
different technologies can be merged to reach the final objectives: sensing, de-
cision making and actuation. However, independently of the employed tech-
nologies , the first step always lies in the determination of how the struc-
ture and its environment behave. Even within the sensing scenario, there
are also lots of different kinds of measurands that can be also measured in
many different ways. This set of measurements usually can be complemented
with environmental information such as temperature, wind speed or humid-
ity. Although there are many sensing techniques available for SHM tasks,
some automatic decision has to be taken using the available data. This de-
cision is usually taken by an algorithm implemented into a computer, what
implies that measurements (algorithm input data) must be translated to elec-
tronic means. Nevertheless, there are still lots of electronic and optoelectronic
means to obtain these measurements.

Another key factor when working on smart structures is to be able to get
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useful data when the structure is in operation. Trying to retrieve useful data
during the operation of a structure can be a real challenge for some sensing
techniques. Optical Fiber Sensors (OFS) have proved to be a reliable solution
to obtain measurements even within harsh environments. Although OFSs
are not the only option to be chosen, these technologies have become more
accessible during last years, and have been widely tested in many different
host structures (composite materials, metallic structures, concrete. . . ).

A deep study of the current state of the art has been performed to identify
open challenges and needs, that guide the following work. This research tries
to contribute and develop useful devices and techniques for real situations,
covering specific identified needs. The state of the art has been mainly centered
on Optical Fiber Sensors applied to structural monitoring, being the basis of
smart structures and new SHM models. A very brief summary and conclusions

of the mentioned review have been included in the next sections.

2.1. Optical Fiber Sensors and structures

A very wide set of parameters can be measured using optical fiber sensors
[2], both mechanical and chemical. However, mechanical properties such as
strain or temperature are useful for present SHM models and have been more
studied in the literature. Although there are many reported applications, a
brief description of the most successful techniques applied to SHM is detailed

in the following sections.

2.1.1. Optical Fiber Sensors technologies

Optical fiber sensors can be classified according to very different rules. Par-
ticularly, in this description, they have been grouped depending on their sens-
ing range. Each category has its advantages and drawbacks for any given

application.

2.1.1.1. Local optical fiber sensors

Many intensity based sensors, such as microbend sensors [3, 4], and most
of the interferometric OFSs, are local sensors that can measure changes at

specified local points in a given structure. Interferometric OFSs are the most
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2.1. Optical Fiber Sensors and structures

commonly used pucntual sensors since they offer the best sensitivity [5]. This
sensing technique is based primarily on detecting the optical phase change
induced in the light as it propagates along the optical fiber. Light from a
source is equally divided into two fiber-guided paths (one is used as refer-
ence). The beams are then recombined to be coherently mixed and form a
“fringe pattern”, which is directly related to the optical phase difference ex-
perienced between the two optical beams. The most common configurations
of such interferometric sensors are the Mach-Zehnder, Michelson and Fabry-
Perot OFSs [6]. Among them, the Fabry—Perot (F-P cavity) OFS and the
so-called long gauge OFS are the two types of local sensors commonly utilized
in civil engineering.

Since the first reported examples such as the measurement of the defor-
mation over a concrete block using Michelson interferometry [7] or employing
Fabry—Perot interferometers to characterize a steel tendon of a prestressed
bridge [8], punctual sensors have been developed to cover field applications
by measuring very different parameters such as curing processes, vibration or
strain [9].

Although the described interferometric technologies have been the most
widely applied solution for field measurements, there also exist other punc-
tual technologies successfully validated. Detecting corrosion in bridges and
railways using an absorption sensor [10] or quantifying vehicle weights us-
ing polarimetric sensors [11] are some examples of punctual FOSs applied to
structural monitoring.

The detailed techniques exhibit certain benefits in comparison to other
sensing techniques, however, since the appearance of quasidistributed sen-
sors based on Fiber Bragg Gratings, their field application was limited to very

specific applications where extremely sensitivity was required.

2.1.1.2. Quasidistributed sensors: Fiber Bragg Gratings

Optical fiber gratings are one of the most intensively studied optical struc-
tures because of their great possibilities to create devices for both sensing and
telecommunication applications [12, 13]. Fiber gratings can be defined as a
periodic variation of the refractive index in the optical fiber core that filters

particular wavelengths (Fig. 2.1). In sensing, both short period (Fiber Bragg
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Fig. 2.1.: Basis of a Fiber Bragg Grating

Gratings, FBGs) and long period (Long Period Gratings, LPGs) are used. A
grating period can be considered short (FBG), when it is comparable to the
wavelength of the light and long (LPG) when it is much longer. FBGs are used
because of their capability to measure both strain and temperature (and an
ample variety of indirect measurands) of the structure [14]. Long-period grat-
ings (LPGs) are used, mainly, because of their high sensitivity to the cladding
modes [15].

In a simple way, FBGs work as follows: when light within a fiber reaches
the periodic variation, a constructive interference between the forward wave
and the contra-propagating light wave leads to narrowband back-reflection
of light when the Bragg condition is satisfied (Aprqgy = 2ncsfA). A Fiber
Bragg Gating can serve as an intrinsic sensor, given that any local strain or
temperature changes alter the refraction index within the core (n.ss) and/or
the grating period (A) followed by changes in the wavelength of the reflected
light (ABragg). Wavelength changes can be detected by an interrogator that
employs, among others, edge filters, tunable lasers or CCD spectrometers [16—
18], which are commercially available nowadays and capable of operating in
harsh environments.

FBG transducers exhibit a unique property over other OFSs: they encode
the wavelength, that is an absolute parameter and does not suffer from dis-
turbances of the light paths. FBG transducers could be particularly useful
when gratings with different periods are arranged along an optical fiber. Each
of the reflected signals will have a unique Bragg wavelength and can be eas-

ily monitored, thus achieving multiplexing of the outputs of multiple sensing
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points using a single fiber (Fig. 2.1). Although there are several approaches
for sensor multiplexing [19] such as SDM [20] or TDM |[21, 22], WDM [16, 23]
techniques are widely employed in structural monitoring. Nowadays, several
tens of FBGs (depending on the expected deformations) can be wavelength-
multiplexed (WDM) in a single fiber, allowing quasi-distributive measurement
of strain, simplifying the interrogation requirements.

FBG transducers are preferred in many SHM applications and have been
successfully employed in several full-scale structures requiring multiple-point
sensing or distributed sensing over a long range. Bridges, especially those
made of concrete, are the most monitored civil structures using FBGs [24-27].
However, FBGs have been employed also to monitor concrete foundations
[28]; railway condition such as deformation [29] or imbalance [30]; historical
buildings [31] and even state-of-the-art facilities [32], high-performance vessels
[33-35] and aerospace prototypes [36].

FBG transducers are the most employed sensing technology for structural
monitoring due to their multiplexing capabilities and the relatively simplicity
of their interrogation. There are also several scenarios where more sensing

points are required, what inspires distributed technologies.

2.1.1.3. Distributed Sensors

Distributed sensors are most suitable for structural and environmental mon-
itoring of large structures. Since all the segments of an optical fiber act as
sensors, the perturbations within various segments of the fiber can be sensed.
Distributed sensors are based on the modulation of light intensity in the fiber.
Fracture losses or local damages in a structure cause light intensity variations.
Two major distributed sensor methodologies are the optical time domain re-
flectometry (OTDR) and the Brillouin and Raman scattering . In the OTDR
(37, 38], Rayleigh [39] and Fresnel scatterings are used for sensing structural
perturbations. On the other hand, Brillouin scattering [40] detects the Doppler
shift in light frequency which is related to the measurands.

Particularly, hybrid systems of Brillouin-Raman scattering can address both
strain and temperature sensing, that are the main measurands for structural
monitoring [41]. However, high resolution distributed systems have not found

widespread usage in structural applications and the main reason lies in the
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complexity of the interrogation equipment, that limits the application scenar-
ios of these techniques.

All in all, there are still some examples in structural monitoring such as re-
trieving strain distribution along a repaired concrete bridge [42] or a metallic
structure [43, 44] using BOTDR techniques. The same sensing scheme has
been also applied to monitor underground structures such as foundations [45],
tunnels [46, 47], an active mine [48] or to carry out soil studies [49]. Despite
BOTDR is the most popular distributed sensing method for structural mon-
itoring, other distributed sensing techniques such as Brillouin Optical Fiber
Time Domain Analysis (BOTDA) [50] or Brillouin Optical Frequency Do-
main Analysis (BOFDA) [51] have been also reported in field applications.
Although non linear techniques have been widely applied to structural moni-
toring, other distributed approaches based on new interferometric devices are

currently developed for their application in SHM fields [14].

2.1.2. Optical Fiber Sensors and composite materials

In recent years, high-performance composite materials have been widely
used in industries such as aviation, aerospace, automobile and civil engineer-
ing. It is extremely important to ensure the reliability of these structures that
are easy to degenerate or be damaged in harsh environments.

Several constituent elements can be combined to obtain a final material
with properties different from the individual components. These kinds of
combinations are known as composite materials and are usually associated
with Fiber Reinforced Plastics (FRPs). These specific composite materials
are made of a polymer matrix (i.e. epoxy or polyester) reinforced with fibers
of different materials such as glass, carbon or aramid.

Several sensing methods based on OFSs have been successfully applied to
composite materials to monitor their properties or even employing them in
smart structures. These examples exhibit the potential to satisfy the charac-
terization requirements, even by embedding OFSs during the fabrication stage
without affecting the integrity of the structure.

FBGs are the most extended OFS technique for composite material moni-
toring [52]; however, other OFS techniques have been also applied. There are

examples in this regard such as EFPI punctual sensors to monitor the manu-
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facturing process [53] and strain response of FRP plates [54, 55]. Distributed
techniques have been also reported to study composite materials by analyzing
their curing process using Brillouin [56, 57] or by detecting composite damages
using OTDR [58].

There are also some field applications of OFS applied to composite struc-
tures, in addition to FBG-based ones [52], such as monitoring an aircraft
structure [59] or monitoring competition yachts [60] using BOTDR. However,
due to the heterogeneity of FRPs, damage in structures often initiates at the
material level or relatively local geometric level, thus small-gauge length sens-
ing is a common requirement for these material. This is one of the reasons
why FBGs have become a reliable monitoring tool among OFSs for compos-
ite materials both during manufacturing process and once the structure has
been finished. Based on all these considerations, an important part of the
research work carried out during this thesis is devoted to sensing elements for

composite materials.

2.1.2.1. Composites monitoring using FBGs

There are still some drawbacks limiting the application of composite mate-
rials, where the greatest problem lies in the instability of the product quality
from the diverse curing processes. To improve the performance of compos-
ite materials, the quality control of the curing process becomes indispensable.
Composite materials undergo a large number of physical and chemical changes
during this process. Factors such as temperature, resin viscosity and internal
stress could have a tremendous impact on the performance of composite mate-
rials during the curing process. The elevated temperatures applied during the
curing provide the heat required for initiating and maintaining the chemical
reactions in the resin, what causes the desired changes in the molecular struc-
ture. The applied pressure provides the force needed to squeeze the excess
of resin out of the material and to establish the compaction of the produced
structure. The curing process monitoring and intelligent curing control of
composite materials have become a research hotspot during the last years.

Although other OFS techniques have been applied to monitor the curing
process, FBGs have shown a remarkable performance in this task by being

embedded into the manufactured material [61]. This technique can achieve,
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not only single-point and multi-point cure monitoring, but also real-time online
cure monitoring. Despite the complexity of the FRP curing process, it can
be tracked by analyzing its temperature and strain during the vitrification.
Consequently, by embedding FBGs into the laminate, these parameters can
be measured [55, 62].

The analysis of the curing process provides information about the chemical
properties of the manufactured structure. However, to determine the phys-
ical properties of the structure, some additional mechanical characterization
is required. The first attempts were directly linked to the cure monitoring,
where, by employing the same embedded FBGs, the residual stress provoked
during the cure can be measured [62-65]. The same FBGs embedded into the
structure can be also employed to obtain the deformation along the material
when a load is applied [62, 66] or even to measure more complex parameters
such as the dynamic strain response or modal frequencies [66].

Having into account that composite materials are usually non-uniform struc-
tures formed by very different materials (i.e. polymer matrix and reinforce-
ment fibers), complex artifacts can affect the mechanical properties of the
material. However, with embedded FBGs, several of these artifact can be de-
tected and evaluated. There are examples such as quantifying crack propaga-
tion by analyzing FBGs spectra [67, 68] or studying the delamination growing
by different FBG responses [69-71] and even to measure debonding processes
[72].

These kinds of mechanical defects are usually provoked by wrong operation
conditions or by some external causes that, sometimes, have a known mechan-
ical response on the structure. One example of a known cause are impacts,
that can be detected by embedded FBGs [73] and even located, as well as their
associated damages [58, 74, 75]. Another typical wrong operation condition
when working with composite materials is the repairing of a damaged struc-
ture, where usually an extra composite patch is attached to the damaged area.
This kind of reparation introduce a difference in the mechanical response that
can be also monitored using FBGs [76, 77].

All of the described sensing techniques have been applied under controlled
conditions; however, most of them can be employed to improve composite

structures when operating under real conditions, exhibiting the benefits of

16



2.1. Optical Fiber Sensors and structures

having a sensor system perfectly integrated into the host structure.

2.1.2.2. Structures instrumented with FBGs

With the acceleration on the development of advanced composite materials,
their combination with OFS techniques become more attractive to different
fields. Classical civil engineering applications where composite materials have
been introduced, take advance of OFS techniques to study their field response.
Examples such as the employment of FBGs for real-time strain monitoring of
composites bridges [24, 53, 78-80] or even particular composite parts and
reinforcements that avoid the corrosion [81], are the proof of the benefits of
employing OFS techniques for civil engineering monitoring.

Although civil engineering applications are the most intuitive examples
of SHM, the combination of composite materials and OFS techniques has
attracted a considerable attention in other research fields such as aviation
and aerospace structures [82]. Particularly Carbon Fiber Reinforced Plastics
(CFRPs) in combination with FBGs have been widely employed for many
different purposes. Compared to metallic materials, CFRP exhibits lighter
weight, higher resistance to fatigue and corrosion and higher strength and
stiffness ratio.

In order to achieve a better understanding of these new materials applied to
high performance applications, many examples of embedding OFSs have been
found in the literature. Particularly, FBGs have been embedded into CFRP
during fabrication to monitor real-time health and performance during the
operation of aircrafts [33]. The study of the dynamic response of wing designs
[83]; the modal analysis of aircraft parts [84] and even structural condition
and fire detection monitoring [85] have been performed by means of embedded
FBGs into real structures. Besides studying the structural status of aircrafts,
FBGs have been also employed to detect damages of critical parts such as
wings [86] or repaired panels [87].

Another widespread application scenario for composite materials is marine
structures, where corrosion is a critical factor. Nowadays, an increasing num-
ber of CFRPs have been introduced in the design of offshore structures and
ships, greatly reducing the weight and improving the cost-effectiveness and
reliability of these marine structures.
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Several attempts to study the performance of new designs based on compos-
ite materials have been carried out employing OFSs to analyze and improve
the structural design of several high-performance vessels, embedding FBGs
into CFRP hulls [34, 88, 89]; measuring the mast load [33] or even evaluating
the quality of ship joints [80, 90, 91].

A large number of engineering application examples have verified the validity
of FBG sensors for composite SHM. FBG sensors offer important advantages
over traditional instrumentation in many cases, and due to their reliability
and cost-effectiveness are the most employed OFS technique to monitor com-
posite materials. Although FBG sensors have been of considerable interest for
monitoring composite structures during the last few years, many challenges
associated with applying FBG sensors in real-world applications have not yet

been addressed.

2.1.3. Cost reduction on Optical Fiber Sensors

During the last years, the reduction on the cost associated with OFS tech-
niques has helped their introduction in different areas. However, there are still
several scenarios where their relative “high” cost makes their application im-
possible. Typically, high performance OFSs are based on a wavelength window
from 1530 to 1565 nm because of the availability of commercial equipments
and the low transmission losses of silica fibers. However, although the price
of these devices has recently decreased, for many application scenarios can be
excessive.

On the other hand, OFS based on other light sources and detectors can re-
duce the final price, achieving very high competitive prices and keeping most of
the OFS advantages. Under these conditions, Polymer Optical Fibers (POF)
have been proved to be a reliable technology with several advantages in terms
of manageability in comparison to silica optical fibers [92]. Despite their higher
transmission losses, POFs provide a significantly lower cost alternative to sil-
ica optical fibers because of their manageability (higher core diameters and
higher NA), having additional advantages including high elastic strain limits
(up to 40%, [93]), high flexibility in bending and high strain sensitivity. When
the final sensor performance is not a limiting factor, the final sensor price can

be dropped just by choosing the right light source, particularly when work-
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ing with multimode fibers (intensity-based or interferometric). By employing
visible-range light sources and detectors (such as silicon CCDs), low cost OFS
sensor systems can be achieved keeping enough sensitivity for the required
application

In addition to low-cost implementations and based on POF technologies,
lots of high performance systems have been also reported such as: OTDR
systems capable of obtaining measurements using large diameter fibers (1mm)
[94] and even measuring the maximum achieved strain due to POF’s “memory
effect” [95]; Time-of-flight based systems to monitor aircraft wing deformations
96, 97]; POF-Fiber Bragg gratings inscribed into monomode fiber [98, 99] and
into micro-structured (mPOF) [100] and even non-linear distributed sensing
[101]. However, all these techniques have been originated in silica based fibers
and afterwards applied to POFs, what implies too many drawbacks to perform
almost the same tasks as silica fibers do, against very poor benefits.

However, there are several application examples that take advantage of the
simplicity of some POF techniques, particularly, by embedding POFs into
textile materials, large strain values have been measured using an intensity
based sensing system [93, 102] or the appearance of cracking into concrete
structures has been also detected by measuring the optical power [103]. These
practical solutions have been also applied to composite materials where, by
embedding POF, the applied strain [104-106] and even crack detection [104]
has been measured analyzing the optical losses of the embedded fiber.

Despite the fact that intensity-based POF sensors have been widely applied
in very different scenarios with a good cost-performance ratio, there are also
application scenarios where some improvements are required. Interferometric
sensors have been employed in many different application as a high precision
sensing method based on measuring the phase-shift of the propagated light in
the test fiber (under perturbation) relative to a reference fiber (without pertur-
bation). Several POF-based Mach-Zehnder interferometric systems have been
reported [107, 108] based on single mode POFs and even using larger fibers
(1 mm) [109], what reduces the final sensor cost. Another promising low-cost
technique for SHM purposes is speckle interferometry based on multimode
fibers. Although speckle has been widely employed in imaging applications
[110], this kind of mutual interference can be also found inside multimode
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fibers. Known as Fiber Specklegram Sensors (F'SS), this kind of fiber sen-
sors has been successfully applied to measure vibration [111], displacement
[112, 113] or temperature [114], keeping the possibility of employing a low
cost implementation without limiting their final performance.

One drawback of the interferometric approaches is their limitation in terms
of the dynamic range. Several efforts have been reported to overcome these
limits such as phase-displacement response studies of POFs [115] to be ap-
plied in Mach-Zehnder interferometry or to employ photorefractive materials
to stabilize FSSs [116]. However, these limitations can be overcome using new
processing schemes, enabling low-cost POF based sensors for SHM applica-

tions.

2.2. Remote Optical Fiber Sensors

The previous sections have been mainly focused on determining which is
the status of the structure itself. However, Smart Structures must react to
certain environmental conditions, what implies that some data about the sta-
tus of the surrounding environment are usually required. Beyond the closer
environment, what can be understood as part of the hosting structure, several
environmental parameters far from the structure location may be required in
particular scenarios.

There are a lot of available OFS technologies that deal with long distance
sensing like distributed techniques such as Brillouin in combination with Ra-
man amplification [117, 118] that can reach hundreds of kilometers of sensing
area. Although distributed measurements can provide a lot of intermediate
values, in particular applications it may be necessary to monitor a small area
with a very high resolution. Under these requirements, FBG Laser Sensors
(FBGLS) exhibit a remarkable performance, where one or several wavelength
matched FBGs create an in-fiber cavity whose output is a laser signal. There
are a lot of applications for FBG based lasers but, when configured as sensing
elements, changes in the environmental conditions (that affect the laser cavity,
FBGs or both) can be detected by monitoring the laser output.

Laser sensors can be implemented in very different ways such as using very

long fiber Raman lasers employing FBGs as sensing heads and the standard
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optical fiber as active medium [119-121] or combining local generated laser
signals (using short cavities) to be propagated without attenuation by com-
bining Raman amplification and erbium-doped fiber amplification [122, 123].
Based on the idea of local laser generation, several attempts have been also
reported to improve the cavity implementation achieving a laser that responds
identically to its reflectors (usually FBGs) [124, 125] and even reaching Single
Longitudinal Mode operation [126, 127] or employing both orthogonal modes
to obtain a polarimetric laser sensor [128].

Combining these two techniques: Raman amplification and locally gener-
ated lasers, very long distance sensor systems can keep enough resolution for
many specific applications. These capabilities (long distance and high resolu-
tion) can help Smart Structures by providing data from critical and distant

points to prevent possible unexpected situations.

2.3. Data managing

The huge amount of data provided by the new generation of sensing tech-
nologies can lead to a better understanding of smart materials and structures.
However, as the amount of raw data increases, extracting the useful infor-
mation becomes a very challenging problem, being even more complex under
dynamic situations.

In Information and Communication Technologies (ICTs), there are a lot of
reported field applications of information retrieval using almost an infinity
of algorithms and techniques [129]. However, adapting all these methods for
particular purposes (i.e. SHM) requires some extra studies having into ac-
count the available data, the final application, its implementation. .. Although
several algorithms have been employed in SHM scenarios such as statistical
methods applied to aircraft wings [130] or concrete bridges [131] diagnosis,
there are still many challenges to obtain a truly Smart Structure.

A Smart Structure must be able to respond to changes in the environment
or in its own condition. This reaction process implies several steps starting
from data acquisition and conditioning, an evaluation of the current status
(of the structure and its environment) is followed before reaching the decision

making about the response and its further execution (actuation).
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Data acquisition and conditioning for SHM purposes have been widely de-
scribed in previous sections (mainly focused on OFS techniques). However,
after having the data conditioned (e.g. retrieving FBG peak displacements
from a distorted spectrum using machine learning approaches [132]), the eval-
uation of the current structure status follows. This analysis begins with the
identification of failure modes (such as delamination in a composite material or
structural overloads) and the random variables that contribute to these failure
models (such as projectile impact velocity, ply orientation angles or material
density). During the last years, several models have been developed to sum-
marize all the collected data into a single status. Particularly, OFS techniques
have been employed in combination with mechanical models to determine the
inner damage of a structure [133] or to calculate the failure probability of
certain components based on reliability analysis [134].

After the determination of the structure status, a decision must be taken to
adapt the structure status to the subsequent reaction. Although several at-
tempts have been reported using model-based decision making systems [134],
due to the usual model complexity, machine learning approaches have at-
tracted a lot of interest during the last years. Examples such as employing
Artificial Neural Networks for predicting fatigue damages of aircraft cracked
joints [135] or applying Genetic Algorithm to monitor external loading dam-
ages [136] reflect the interest in these techniques.

Finally, once the decision has been made, some kind of reaction is expected
from a Smart Structure. Several attempts of structures that react to spe-
cific perturbations have been reported. Based on a FBG sensor network that
feeds control loops, different actuators have been employed to reduce vibration
[137, 138] or to stabilize an actuator [139]. Although the reported application
examples employ simple models and decision making schemes (feedback loops),
some efforts to model more complex applications have been also reported us-
ing machine learning approaches such as employing ANN’s output to handle

(offline) the actuator of an adaptive wing [140].
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2.4. Challenges of Optical Fiber Sensors in
Smart Structures

OFS techniques have been successfully applied to measure many different
parameters inside and outside laboratories. Their ultimate goal (from a SHM
perspective) is being able to monitor structures under operation, but this
application requires a perfect integration of the sensing heads into the hosting
material, not affecting the mechanical structure response, but also protecting
the optical fiber sensor.

Several works have been reported improving the package of OFS sensing
heads taking into account their final application. However, this remains as one
of the greatest challenges on Smart Structures, being even more important for
composite structures. These final applications can be extremely different, thus,
to obtain a technology able to work under harsh environments or to reduce
the final system cost, can be sometimes very difficult tasks to accomplish
simultaneously.

Related to the structural integration, OFS techniques require, in most cases,
some kind of optoelectronic (OE) unit to convert the light modulated by the
perturbation to the electronics/informatics domain. Usually, this OE unit
can be placed in non-critical structural locations (or even far from the struc-
ture), but the development of OFE units capable of working in real scenarios
is, currently, another limitation for OFS technologies. Having a reliable on-
line diagnosis tool will speed up the SHM evolution, providing data during
structure operation.

With the growing of available data due to the OFS widespread, the extrac-
tion of useful information from all the raw data becomes a real challenge. On
a Smart Structure, these data must be employed to decide which is the right
action. The algorithms employed to decide must be able to reflect the struc-
tural model complexity, what implies that new algorithmic solutions are also
required as a consequence of the amount of available data.

Another existing problem in OFS is the cross sensitivity to several param-
eters or multi-axial discrimination. Particularly, this is a problem widely
addressed regarding FBGs, where the temperature-strain discrimination has

been generally discussed. However, both parameters are fundamental for
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Smart Structures and it is still an open problem without a definitive solu-
tion, because it strongly depends on the final installation of the sensing head.
As structures become more complex, new features are required to evaluate
their current status (besides strain and/or temperature). Obtaining the com-
plete status of a complex Smart Structure may require some particular data to
model specific materials and/or designs. Starting from a better understanding
of their base materials, new sensing heads capable of measuring other param-
eters such as bending, torsion or inner material properties will also improve
existing SHM models. In addition, these higher level structural parameters
can provide enough information to reach sensing heads and networks with
self-diagnosis capabilities, removing some actual measuring uncertainties.
OFS techniques have been applied during several decades, however, their
evolution has been very different depending on the final application. Having
into account their expected introduction into many different sectors, some
kind of standardization is required to ensure the final performance. Creating
a standard for new and different techniques can be a huge challenge, but its
consequence can improve Smart Structures by reducing costs and ensuring

their performance.

2.5. Conclusions

Smart Structures are a truly multi-disciplinary research field where sensing,
processing and actuation skills are required. Particularly, the combination of
composite materials (e.g. Fiber Reinforced Plastics) and Optical Fiber Sensors
allows the construction of new smart structures to solve specific challenges in
many different scenarios.

Composite materials and OFSs have evolved simultaneously and started
their link during the composite materials development, where OFSs have been
employed to have a better understanding of these new materials. After both
technologies merged, OFSs have been widely employed to monitor composite
structures exhibiting the advantages of combining sensing methods with new
materials.

Centered on this combination, some challenges regarding Smart Structures
and OFSs have been identified during the revision of the state of the art. The
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most remarkable research challenges can be summarized as follows:

e Based on the increase of computing resources, new approaches must be
studied to extract new features from existing transducers, such as reso-

lution and dynamic response improvement.

e Although there are lots of successful field applications of OFS, specific
packages must be developed to endure the manufacturing process of new
materials (i.e. composites), without affecting the mechanical response of
the host material.

e With the rise on SHM complexity, different sensing heads sensitive to
other measurands (usually related to specific materials or designs) are
required to complete these models, that are the basis of complex smart

structures.

e The development of low cost sensor systems with enough performance
to fit particular requirements is a key factor to reach wider application

scenarios.

e Since a smart structure has to react to its environment, adding high
resolution data from distant points (remote sensors) can be useful to

anticipate the reaction of the structure.

e With the development of sensing technologies, to extract useful infor-
mation from huge amounts of available raw data becomes a complex

problem, requiring new solutions to analyze the monitored structure.

e Beyond the development of sensing networks, several actuation capa-
bilities and their interaction with new materials must be addressed to

achieve dynamic materials and structures with reaction capabilities.

Trying to overcome some of the identified needs, different works have been

carried out during the current thesis.
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Chapter 3

Objectives

This work does not try to explain the basis of Optical Fiber Sensors but, to
apply them in addition to other techniques to obtain operative Smart Struc-
tures. OFS techniques must be adapted to these purposes, and also be com-
bined with decision and action systems, to achieve a structure with reaction
capabilities. By adapting OFS techniques to new available materials, different
structural parameters can be measured, completing the available structural
information. These sensing methods provide raw data that must be processed
to evaluate the status of the hosting structure. Finally, after the evaluation,
some structural parts can be adapted as a reaction of the current structural
status.

The main objectives of this work have been derived from some key aspects
identified in the previous state-of-the art that need further research efforts.
These objectives can be grouped into three big sets regarding: sensing, decision

making and actuation, and can be summarized as follows:

1. To improve the present FBG-technology platform and to de-
velop new sensing heads: Based on FBG technology, several trans-
ducers will be developed to measure basic structural parameters. The

obtaining of new features such as achieving intra-grating strain resolu-
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tion will be performed over already existing sensing heads. Trying to deal
with new materials and structures, particular parameters of composite
materials will be also measured using especially designed FBG transduc-
ers. Existing problems such as strain-temperature discrimination will
be also addressed by combining FBGs with different composite plates.
Several application scenarios where, the integration of the optical fiber is

critical, will also be studied to be instrumented with FBG strain gauges.

. To achieve more suitable OFSs for low cost applications: Al-

though high performance OFSs are widely applied, there are still specific
application scenarios where cost is a limiting factor. By employing POF
sensing heads in combination with speckle interferometry, new sensing
approaches will be studied. Several mechanical parameters such as strain
or vibration should affect the speckle pattern of a multimode optical fiber.
This technique will be evaluated in terms of sensor performance, viability
and cost for different application examples.

. To obtain high precision remote measurements for environmen-

tal monitoring: A truly Smart Structure must also be aware of its
surrounding environment, thus, it is required to obtain high precision
measurements beyond the structure itself is required. Dealing with this
problem, different remote sensing techniques will be studied to achieve
high resolution remote sensors and to help in their designing stage. By
combining FBGs with active optical fibers, laser cavities can be formed
and employed as sensing heads. Particularly, DBR lasers will be stud-
ied as long-distance sensing heads and new filtering techniques will be

evaluated to improve the laser performance.

. To combine OFSs techniques with actuation systems: Using

FBGs with Shape Memory Alloys (SMA), both sensing and action capa-
bilities can be combined to obtain new active structures. The integration
of this kind of materials (that recover their original shape when heated)
will be studied to design new sensing methods. The integration of both
technologies into a smart material will be also addressed, trying to char-
acterize its response under typical structural scenarios in order to reach

a truly Smart Structure.



5. To employ different algorithms to process OFS data: Data man-
aging is a current problem for large OFS systems: there are too many
sensors and a very short time to make a decision. Different machine
learning approaches (both classical and new) will be applied to real OFS
data to take decisions regarding the structure status. Decision making
is currently a very interesting challenge for Smart Structures and em-
ploying these algorithms, several conclusions will be obtained regarding

sensors location or about the algorithm complexity.

A work plan has been followed to achieve the outlined objectives. The main
results have been included in the following chapters. Chapter four is devoted
to sensors and techniques based on FBG technology. Chapter five includes
the contributions on the cost reduction in OFS by developing speckle based
fiber sensors. Chapter six is centered on remote sensing using Fiber Laser
Sensors. Chapter seven is dedicated to the combination of FBGs with new
materials (SMA) to create new sensing and actuation devices. Chapter eight
deals with the data managing problem for sensing applications. The third
part is devoted to the conclusions and future lines. Finally, the fourth part
includes a summary of the references employed during the research part of this
PhD and the papers that have been published and submitted for publication
in the framework of this thesis work.
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Part Il.

Contributions

In this part, several contributions to the development of Optical Fiber Sensors
for Smart Structures are detailed. First of all, different FBG-based approaches
and techniques are proposed to improve different features of existing sensors
such as performance or their integration into different structures. Secondly,
several POF sensors based on speckle interferometry are explored to be em-
ployed as a low cost sensing solution for Smart Structures. Later, Fiber Laser
Sensors are proposed and studied for remote sensing applications. Finally,
two inherent Smart Structures factors are addressed (action and decision):
starting from acting-sensing structures based on the combination of FBG and
SMA and finishing by evaluating Machine Learning approaches to deal with
raw data. The chapters included in this section are:

e Chapter 4: Sensors based on FBG technology

Chapter 5: Speckle based sensors using POF

Chapter 6: Fiber laser sensors

Chapter 7: Hybrid FBG-SMA techniques
31
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Chapter 4

Sensors based on
Fiber Bragg Grating technology

Fiber Bragg Gratings (FBGs) have been widely employed in Smart Struc-
tures, however, additional knowledge and techniques are required to improve
their application to real scenarios. By improving the existing methods and
adding new sensing capabilities, FBGs can be extremely useful for Smart
Structures and, particularly, for those based on composite materials.

Based on FBGs, different contributions have been developed during this the-
sis work, and they can be grouped into three sections. The first one tries to im-
prove the final performance of existing sensing heads by retrieving their inner
strain profile (Section 4.1, Intragrating distributed technique). The next contri-
bution deals with the widely studied problem of strain-temperature discrimina-
tion of FBG based transducers. In Section 4.2 (Designs for temperature-strain
discrimination), different sensing heads designs are evaluated to obtain both
measurands employing one or two FBGs. Finally, different transducers are
designed to evaluate specific composite materials parameters such as bonding
quality or compaction pressure. These new designs and different field applica-
tions have been grouped into Section 4.3 (Embedded transducers for laminated

composites).
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4. Sensors based on FBG technology

4.1. Intragrating distributed technique

Nowadays, Fiber Bragg Gratings [1] are a mature technology widely used
in a large set of devices for different scenarios such as sensing [2] and optical
communications [3], but the majority of their applications assume that no
deformation or homogeneous deformations are applied to the FBG length and,
consequently, its spectral shape is maintained. However, under many real
circumstances, the FBG is under a non-uniform strain distribution, modifying
its spectral shape and complicating the extraction of clear measurements.

There are several approaches that try to determine the non-uniform strain
profile applied to a single FBG. In the first work based on the FBG reflection
spectrum [4], the strain profile is obtained from its amplitude value, but just
for monotonic strain distributions when the slope is known. Trying to reduce
the a priori knowledge about the applied strain, other approach based on the
Fourier Transform was proposed [5], where, using the intensity and phase of the
reflection spectrum, an arbitrary strain profile was obtained. This method was
very sensitive to noise and it required a low FBG reflectivity (lower than 30%).
A time-frequency signal analysis technique that used the reflection spectrum
intensity and phase to get the deformation profile was also proposed [6]. These
works show the posibility of reconstructing any arbitrary strain profile, but
the suggested technique is difficult to be implemented with short FBG lengths.
Employment of the phase measurements to get the deformation profile has
also been reported [7]. This approach based on low coherence interferometry
obtains any arbitrary strain profile from just two phase measurements of the
FBG spectrum.

Optimization techniques have also been considered as a mean to obtain
non-uniform strain distributions of a FBG. In [8], an optimization technique
is applied by analyzing the intensity of a FBG reflection spectrum using a ge-
netic algorithm. This method adjusts the coefficients of a polynomial formula
that fits the deformation profile, requiring a priori knowledge of the applied
deformation. In [9], an optimization algorithm is proposed to estimate some
parameters of a chirped FBG under a predefined strain profile from the FBG
spectrum. Genetic algorithms [10] and Particle Swarm Optimization (PSO)

[11] have also been proposed to obtain the transverse strain applied to a FBG,
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4.1. Intragrating distributed technique

demonstrating the capabilities of these algorithms for spectral synthesis.
Different spectral synthesis algorithms based on Particle Swarm Optimiza-
tion [12] have been employed to obtain the longitudinal deformation profile of
FBGs, just employing their reflection spectrum intensity. Based on Sampled
FBGs, and employing a simple error function, the algorithm convergence can
be fast but with a limited spatial resolution. On the other hand, using uni-
form FBGs, an improvement on the spatial resolution can be reached, at the
expense of a higher computational cost. These techniques can be applied to
quasidistributed sensing with intragrating resolution, by processing each FBG

spectrum individually.

4.1.1. Sampled FBGs

This technique employs the spatial modulation of Sampled FBGs to retrieve
the deformation of each individual section. Based on the PSO technique,
different synthetic spectra are generated using different deformations for each
SFBG section. These synthetic spectra are compared to the measured ones
and, when both spectra match, the algorithm returns the strain profile used
for the synthetic spectrum.

The proposed algorithm combines a custom defined error metric to compare
the measured and the synthetic spectra and the Particle Swarm Optimization
technique to get the deformation profile. Although the achieved spatial res-
olution is fixed by the chosen Sampled FBG, this limitation speeds up the
algorithm convergence.

Several controlled axial deformation profiles are employed to verify both
theoretically and experimentally the proposed technique, where the individual
deformation of each SFBG section (<1mm) is obtained without deformation
restrictions. Simulations and experiments show a rather correct deformation
determination of each SFBG section under complex situations despite the

model inaccuracy and fabrication imbalances.

4.1.1.1. Teoretical Model

A sampled FBG can be understood as an in-fiber grating whose axial index
variation profile is modulated by a periodic sampling function of period P
(Fig. 4.1) according to the expression [13]:
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Fig. 4.1.: Non apodized (a(z) = 1) Sampled FBG illustration with N = 20 sections. A periodic
sampling function (s(z)) is applied to the FBG structure creating extra reflection
peaks in the reflection spectrum.

An(z) = s(z)a(z) - A(z) - eI =+i0() 4 c.c., (4.1)

where s(z) and a(z) are the sampling and the apodization functions respec-
tively, A(z) is the grating apodization profile, A is the FBG period and ¢(z)
is the phase. The period (P) of the sampling function is much larger than
the period of the grating (A), causing a double modulation in the structure:
a rapidly varying component with a period A and a slowly varying sampled
envelope with a period P. Based on Fourier theory, the periodic sampling func-
tion of period P can be expressed as a comb function modulated by complex

coefficients F;,,:
5(2) = 30 By - €l (4.2)

being m the Fourier order. For each comb (m) of the Fourier equivalent
function, a ghost grating appears on the resulting spectrum. The spectral
separation between two ghost gratings is inversely proportional to the sampling
period: A\, Iz

Due to its slow varying periodic structure (P o< 1mm), a clear spatial divi-
sion is created on the grating structure and more information (in comparison
to an uniform FBG) can be obtained by analyzing the SFBG spectral response
with the same span. Besides the main spectral contribution of the m=0 order,
some ghost gratings can be also analyzed giving extra points of view of the
fiber deformation structure.

The main aim of this work is to obtain the individual deformation of each
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4.1. Intragrating distributed technique

of the sampled sections of the SFBG by, properly, comparing the measured
spectrum to a synthetic one. The later is generated by the proposed theoreti-
cal model from a strain profile for a given SFBG. The optimization algorithm
is used to adjust the deformation of each section until the synthetic spec-
trum matches the measured one. This challenge leads to two main goals: the
assignation of a metric that compares two spectra and the optimization of a
N-dimensional blind problem (being N the number of sections of the SFBG).

In order to determine the deformation profile (with the sampling period
resolution), each sampled section is deformed within a fixed range. For each
deformation case, the SFBG response is calculated (synthetic spectrum) and
compared to the measured (desired) spectrum. For this reason, the metric
to evaluate the error between the synthetic and the desired spectra, and the
optimization technique used to calculate the deformation of each section are

both very critical.

Metrics for spectral comparison

The whole synthetic spectrum challenge relies on a correct error metric
for spectral comparison. Using an incorrect metric can lead the optimization
algorithm to a wrong solution by assigning a lower error to a worse deformation
profile. The employed error metric may also be able to manage the noise and
acquisition differences of the measured spectra and the synthetic ones because
the synthetic algorithm must work with real spectra. Thus, the error metric
may have enough sensitivity to distinguish between two similar deformation
cases, but it may also deal with noise in real data. In order to meet both
requirements, some parameters of each spectrum are evaluated providing extra

points of view:

e Spectral correlation: The correlation between the two central wave-
lengths of both spectra is calculated. This metric should be enough if
there is no noise and measurement errors in the spectra; consequently,
this value should be complemented with other parameters in a real situ-

ation.

e Peak position: The difference between the wavelength of the most rel-

evant peaks of the synthetic and measured spectra is calculated. This
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4. Sensors based on FBG technology

value can indicate an offset deformation between the two compared spec-

tra.

e Peak value: The difference between the reflection value of the most
relevant peaks of the synthetic and measured spectra is calculated. When
a different strain profile is applied to a SFBG, the peak reflection values
also change depending on the grating deformed length matching each
grating period (wavelengths).

e Peak width: The width (measured in nm) of the most relevant peaks
of the synthetic and measured spectra is calculated. This error value
will penalize when the most reflective peaks are not the same in different

spectra.

e Peak ratio: The ratio between the two most relevant peaks is calculated.

The peak ratio should remain unaltered despite the noise intensity.

e Number of peaks: The number of peaks exceeding a specific thresh-
old of both spectra are also subtracted. As this parameter increases, it

indicates that both spectra are in very different deformation cases.

e Peak Kurtosis: The Kurtosis of each of the most relevant peaks is
computed in a prefixed lambda span. This value indicates the sharpness

of a peak but it is also very noise sensitive.

All these parameters are scaled and added to get a single error metric. De-
pending on the measurement equipment and the noise present in the obtained
data, some scale weights have to be trimmed. Getting a proper adjustment of
the scale weights would offer more accurate results, but setting the weights to
a very accurate target requires many controlled experiments. For the same ex-
perimental setup, these weights should be constant to evaluate all the obtained
data in the same conditions.

In Fig. 4.2, a comparison between two spectra is shown. The most remark-
able parameters are detailed considering just the main peak of both spectra
(for drawing clarity). Besides the correlation between the central section of
the desired spectrum and the synthetic one, the main peak position, peak

value and peak width are computed as individual contributions to the final
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Fig. 4.2.: Some parameters of the employed error metric are applied to two different spectra.
The main peak from both spectra are just considered for drawing clarity.

error value. The employed thresholds (half value of the higher peak) to get
the number of peaks of each spectra are also shown, obtaining four peaks
for the desired spectrum and two for the synthetic one. The windows where
the kurtosis of the most relevant peak of each spectrum is evaluated are also
shown. Most of the employed metrics can be applied to a higher number of

peaks, increasing the final error value with unmatched spectra.

Optimization method: Particle Swarm Optimization

Once the error function between the synthetic and measured spectrum has
been defined, an optimization strategy can be followed to minimize it. The
target is to obtain a synthetic spectrum from a simulated deformed case that
matches the measured spectrum, obtaining the equivalent deformation profile
of the measured SFBG. To obtain the equivalent deformation profile, each
SFBG section is individually deformed by the optimization algorithm.

A blind optimization operation has to be performed into a N-dimensional
space to get the equivalent deformation profile, where N is the number of
sections of the SFBG. After some initial studies, Particle Swarm Optimization
(PSO) [12] was chosen as a suitable technique to be applied in this field, given
its simplicity and widespread use in several scenarios.

In a simplified way, PSO is a blind optimization algorithm that moves a

population of candidate solutions (particles) within a search-space according
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to a prefixed rule. Each particle’s best position and the swarm (collection of
particles) best position are taken into account for the particle movement as
well as each particle’s current position and velocity. Two random values are
also employed for the particle’s movement, helping the algorithm to explore the
search-space while the swarm is being guided to the best calculated position.

The original PSO algorithm can be summarized as follows:

1. Initialize a population array of particles (SFBG strain vector) with ran-
dom positions and velocities in the search space of N dimensions (number
of SFBG sections).

2. Evaluate the error function for each particle (comparing the synthetic
spectrum of each particle with the desired one as explained in Section
4.1.1.1).

3. Compare the latest error evaluation of the current particle with its “pre-
vious best” error value: ppes. If the current error value is better, then
prest Will be updated, and p; (previous best position) will be updated to

the current location x;.

4. Determine the particle within the swarm with the best error value (gpest)

and assign its location to p,.

5. Change velocity and position of each particle within the swarm according

to the following expression:

Uid(t + 1) =w - Uid(t) +cpory - (pid(t) — xid(t)) +cpory - (pgd(t) — :cid(t)) ;
{Eid(t -+ 1) = {Eid(t) + Uid(t + 1)
(4.3)
where w is the inertia weight, ¢; and ¢y are positive constants, typically

defined as learning rates, and ry and r9 are random functions in the range

0,1].

6. If the stopping condition is met then exit with the best result so far;

otherwise repeat from point 2.
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Each particle within the swarm is defined by its position X; and velocity V;

within the N-dimensional search space, where:

{ Xi = (xi1, Tigy - -+, TiN) (1.4)
Vi = (vi1, vi2, ..., UiN)

The position of each particle (X;) represents a possible strain vector applied
to the SFBG model and the velocity (V;) is a vector that represents how the
particle evolves within the search space. With the proposed error metric, the
optimization goal is to find the deformation profile that causes the desired
spectrum so, the best particle position found during the PSO run should
match the physical strain profile of the SFBG. Due to the stochastic nature of
the PSO, the obtained strain vector (X)), corresponding with the best error
value found in the swarm (gpest), may also be a local minimum of the error
function. Using a high (> 100) number of starting particles should be enough
to reduce the local minimum convergence. However, wrong solutions caused
by a local minimum can be detected just by comparing the obtained best error
value (gpest) to a specific threshold. If a wrong solution is detected, the PSO
algorithm should be run again with a higher number of starting particles.

The PSO algorithm with the defined error metric has been tested with
different deformation cases using both simulated and experimental spectra.
All the performed tests are based on a N = 5 section SFBG with a total length
of L = 4 mm and with a linear decreasing apodization profile with a decreasing
factor M = 0.25. For each strain vector, the synthetic spectrum is calculated
using the Transfer Matrix method (with N = 5 sections) and compared to
the desired one with the defined error function. The spatial resolution of the
employed structure is P/2 = 0.8 mm. In the following section, the response
of the algorithm to simulated spectra is analyzed under ideal and realistic

situations.

4.1.1.2. Simulations

Some simulations have been performed by feeding artificial SFBG spectra
to the PSO algorithm. These artificial spectra were simulated by applying
different strain profiles to the SFBG structure. Artificial spectrum runs have
been used to check the whole optimization algorithm and to adjust the error

function scale factors.

41



4. Sensors based on FBG technology

Obtained deformation vs artificial deformation Artificial and synthetic spectra. Error: 0.0415
800F . 0.9 ' ' ' '
Desired profile 0.8l Desired spectrum
700¢ "_| Synthetic spectrum
0.7
% 600 PSO solutions { s, 0.6+ ”
2 s
€500 @ ] e 7 0.5}
© Q
= B 04
9 400t 12
0.3t
300¢ 1 0.2}
0.1t 1
200F—— =
S 0.0 ‘ ‘ ‘ N
0 1 2 3 4 1550 1551 1552 1553 1554 1555
SFBG length (mm) wavelength (nm)

Fig. 4.3.: Five solutions obtained by the proposed optimization algorithm compared to the refer-
ence deformation values used to generate the artificial spectrum (left) and a synthetic
spectrum generated with the PSO solution compared to the artificial (desired) one

(right).

In the first tests, each section of the SBFG is uniformly deformed using
different strain values for each section. This case reproduces an ideal situa-
tion where the deformation profile exactly matches the spatial resolution of
the structure (P/2 = 0.8 mm). In other simulated cases, the deformation
value applied to each section is non-uniform, trying to reproduce a contin-
uum strain profile. All the artificial spectra are generated using the Transfer
Matrix method [14]. For the uniform deformation scenarios, the number of
employed sections to compute the artificial spectrum is set to N = 5, match-
ing the SBFG structure. For the non-uniform deformation cases, the number
of employed sections was set to N = 50, having Ny = 10 different deformation
values within each sampling section.

All the performed tests were simulated using a wavelength span of 5 nm with
a resolution of 5 pm. Due to the reduced wavelength span, and also to allow
an in-range convergence, the SFBG sections with null envelope (A(z) = 0) are
initialized to a random number within the deformation values of their neigh-
boring sections. Detecting an out-of-range deformation of the null enveloped
sections could be impossible dealing with a limited wavelength span. This as-
sumption also recreates a real situation where a particular section deformation
is related to the deformation applied to its neighbors.

In Fig. 4.3 (left), five strain profiles obtained with the proposed algorithm
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Fig. 4.4.: Continuous strain profile used to compute the artificial spectrum compared to five
PSO solutions (left) and a synthetic spectrum compared to the artificial one (right).

are shown against the deformation profile of the artificial spectrum. The PSO
output converges to the correct strain profile employed to compute the ar-
tificial spectra. Due to the continuum range value of the algorithm outputs
and to the stochastic convergence of the PSO technique, solutions consid-
ered as “correct” are distributed within a range. For this test, the achieved
range that contains the correct solution is Ae = +15ue. On the right side
(Fig. 4.3), the synthetic spectrum of the best achieved solution is compared
to its artificial (desired) spectrum. Both spectra match each other almost per-
fectly, giving rise to an error value lower than 0.25 that has been considered
the error stop condition. Although these tests recreate situations where the
spatial deformation variations perfectly match the proposed sensing structure
(P/2 = 0.8 mm), they are helpful to validate the algorithm resolution and
repeatability.

A more realistic scenario is also proposed: the deformation of each sensing
section is not uniform along the section length (P/2 = 0.8 mm). A two-stages
linear varying deformation profile is used to generate the artificial spectrum. In
Fig. 4.4 (left), five obtained strain profiles are compared to the strain profile
used to generate the artificial spectrum. As the resolution of the sensing
principle is limited to the section length, the obtained strain for each section
is the averaged deformation of the correspondent length. The resulting strain
profiles qualitatively follow the deformation profile applied to get the artificial

spectrum. In these tests, the achieved range containing the correct solution
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is Ae = £30pe. This range is worse than the already commented, but it
still is sufficiently small to be considered as highly accurate. In Fig. 4.4
(right), the synthetic spectrum of the best obtained solution is compared to
the artificial one. The two depicted spectra are in good agreement, having a
small error value (lower than the established threshold of 0.25 for simulated
scenarios). The synthetic spectrum exhibits the same characteristic shape as
the artificial one: two smooth peaks at lower wavelengths followed by four
sharper peaks at higher wavelengths. There are slight mismatches due to the
higher order spectral components of the simulated spectra. These components
are more sensitive to the slight mechanical deformations introduced, in this
scenario, by the spatial resolution of the employed model. This second case
is more realistic, thus demonstrating the good algorithm response even under

non-ideal conditions.

4.1.1.3. Experimental tests

Some experimental tests were also performed using controlled SFBG de-
formations to validate the proposed sensing principle. A controlled strain
profile was applied to a short SFBG (a few millimeters) to analyze the al-
gorithm performance. The SFBG was embedded into a plastic block with a
predesigned shape that deforms the optical fiber following a preset profile, ob-
taining non-uniform deformation values within the SFBG length. The short
SFBG was manufactured with the same characteristics of the simulated model:
N = 5 sections of P/2 = 0.8 mm linearly apodized with a decreasing factor of
M = 0.25 as shown in Fig. 4.5. This SFBG was embedded into an epoxy resin
block with a specific shape to cause a non-uniform strain profile in the SBFG.
The resin block has been also mechanically simulated using Finite Element
Analysis to qualitatively obtain the applied deformation profile.

The SBFG was written into a standard telecommunications optical fiber
using the phase mask technique with a continuous laser emitting at 244 nm.
The sampling effect was generated by opening and closing the laser shutter
at preset locations. The apodization effect was generated by changing the
recording speed during the laser scanning process: the higher the envelope, the
lower the speed. To build the resin block, the FBG was aligned with a nonstick
mold with the desired shape. Once the SFBG was placed into the mold, a low
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Fig. 4.5.: lllustration of the sampled apodized SFBG profile(left) and its characteristic spectrum
(right) used in the experimental demonstration.
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Fig. 4.6.: Right: spectrum of the written SFBG before being embedded into the resin block
(solid line) and after the embodiment (dashed line) against their synthetic spectra
(thin lines). On the left: the obtained deformation profile of the residual strain and

its interpolation (dotted line).

viscosity epoxy resin was poured into it. To build the nonstick mold, a male
mold was mechanized with the desired shape in PMMA using a Computer
Numerical Control (CNC) cutting machine. This male mold was covered with
nonstick silicone, creating the holding mold for the epoxy resin. After the
resin was poured, a vacuum stage following to guarantee the homogeneity of
the final block by removing the air bubbles. The epoxy resin was thermally
cured for a few hours to obtain the final block.

The curing process of epoxy resin introduces a residual strain to the SBFG,
slightly changing its spectral shape. The small changes in the reflection spectra

(Fig. 4.6, right) suggest a non-uniform residual strain, so a new deformation
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profile has to be set as a reference. The proposed algorithm is applied to
both spectra to get the residual strain profile (Fig. 4.6, left). The obtained
deformation profile indicates that the residual strain of the final sections of
the SBFG is slightly higher (= 200 pe) than the first ones, so further deforma-
tion profiles have to be compensated using the obtained residual strain profile
as a reference. This compensation step is required since the entire block is
stretched, not just the written SFBG, so the reference deformation profile is
the packaged one. To obtain the strain profile transfered to the SFBG by the
resin block, a Finite Element Analysis (FEA) has been carried out and it is
detailed in the following.

Strain profile simulation: Finite element analysis

A simplified resin block model is developed by using the stress analysis suite
of Autodesk Inventor (Autodesk Inc). Developing highly reliable FEA models
of heterogeneous pieces with absolute results can be a very complicated issue,
but the generation of a qualitative deformation profile can be usually accom-
plished by means of a simplified model. Within this scenario, the acquisition
of this qualitative profile allows to study the deformation caused to the SFBG
when a load is applied.

The pierced central part of the resin block exhibits a higher sensitivity to
longitudinal axis deformations, as shown in Fig. 4.7. The model is based
on a constant thickness (h = 0.8 mm) resin block where an optical fiber is
embedded into the longitudinal axis. The Young’s modulus is set to 3.5 GPa
for epoxy resin and 74 GPa for optical fiber silica. The employed SFBG of
L = 4 mm length is longitudinally centered within the resin block as shown
in Fig. 4.7 with a tolerance of +0.1 mm.

In Fig. 4.7, the deformation profile applied to the optical fiber is qualita-
tively modeled using FEA. The pierced part of the block is more deformed
than its sides when an uniform load is applied, creating a non-uniform defor-
mation profile in the SFBG. The resin block is mounted in a mechanical setup
to create the desired deformation with a controlled environment to perform

the experiments discussed in the next section.
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Fig. 4.7.: Resin block dimensions and SFBG location (left). Simulated deformation profile
applied to the SFBG (right).
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Fig. 4.8.: Experimental setup employed for loading the resin block. The block is glued to two
aluminum pieces that are slightly separated using a ball screw positioner.

Experimental measurements

The manufactured resin block is glued to two aluminum pieces separated
6 mm using cyanocrylate adhesive. The central section of the resin block is
centered on the gap between the metallic pieces, leaving unglued the central
block section of 6 mm. Both pieces are attached to linear micropositioners to
stretch the central section of the resin block (Fig. 4.8). The alignment process
of the aluminum pieces where the block is glued is a critical point to get an
uniform load on the block. Slight misalignments can provoke an asymmetrical
load to the central block section rendering useless the mechanical model. The
SFBG is connected to an optical spectrum analyzer (HP86140A) and to a
white light source (HP83437A) through a 50/50 coupler.

Once the holding pieces are perfectly aligned, the distance between the two
aluminum pieces is progressively increased using the micropositioner. Reflect-
ing spectra of the SFBG are captured for different loads (positions). These
spectra are fed into the proposed algorithm to get their deformation profiles,
performing N; = 20 runs for each of the five captured spectra to delimit the

algorithm convergence range. The stop condition for the maximum allowable
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error has been set to 0.75 based on previous runs. If a particular PSO run
obtains a final error higher than the threshold value (less than 10% of to-
tal runs), the algorithm is executed again with a higher number of starting
particles. The achieved convergence range for real spectra was +50 pe. The
spectrum captured with the higher strain value is detailed in Fig. 4.9, where
the obtained results for the resin block subjected to a high load are shown.
On the right side, measured and synthetic spectra of the highest deformation
case are presented (an increase of AL ~ 25 um over L = 6 mm). Both
spectra show a very good agreement (the depicted synthetic spectrum has an
error metric of 0.667) exhibiting the same characteristic shape as the mea-
sured one (four sharp peaks at lower wavelengths followed by two smoother
ones at higher wavelengths). However there are still small differences mainly
caused by the higher order spectral components of both spectra such as the
incorrect location and width of the last lobe or the value of the less reflective
lobes. These mismatches are created by small contributions of several factors
that will be discussed in the next section. Also in Fig. 4.9, the deformation
profile of the synthetic spectrum is compared to the normalized deformation
profile simulated with FEA. The obtained profile is also compensated for the
residual strain caused during the resin block. Both profiles are also interpo-
lated for viewing purposes. The compensated profile remarkably agrees with
the simulated one, thus demonstrating the correct response of the proposed

algorithm.

4.1.1.4. Specific remarks

Both simulations and experimental results exhibit a very good agreement
with the applied deformations (under different conditions). For achieving this
remarkable agreement, the proposed algorithm has to be trimmed to better fit
any particular application, so simulated tests are required to make an initial
adjustment of several parameters of both error metrics and PSO algorithm.
Once the algorithm parameters are set, an experimental stage follows to eval-
uate the whole process performance under real conditions.

The optimization algorithm is applied to two different simulated scenarios
where an ideal deformation case and a more realistic one are presented. In the

first deformation profile, uniform but different deformation values are applied
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Fig. 4.9.: Deformation profile of the measured spectrum (with and without compensation)
against the simulated normalized deformation (left). Measured spectrum of the SFBG
under load condition compared with its synthetic one (right).

to each of the N = 5 SFBG sections. Results show a perfect match between
the desired and synthetic spectra with a great repeatability under this ideal
environment. Once the error metric and the PSO algorithm are validated, a
more realistic deformation profile where each SFBG section is deformed with
a non-uniform strain profile is tested. The achieved results match almost
perfectly the applied deformation profile proving the ability of the algorithm
to work with non-uniform deformation cases.

For the experimental validation a SFBG of L = 4 mm was embedded into a
resin block designed to apply a non-uniform deformation profile to the SFBG
when it is stretched. The obtained deformation profiles are compared with
the theoretical deformation profile obtained using FEA, which is applied to
the SFBG. Due to the fabrication process, a residual strain profile is created
into the SFBG prior to stretching the block, so the obtained deformation
profiles have to be compensated with the residual strain profile. Even after
the compensation, the obtained deformation profile remarkably matches the
FEA simulations, having also a very good agreement between measured and
synthetic spectra. Under experimental conditions the algorithm exhibits an
excellent performance, but it also shows some disadvantages.

Due to the problem complexity (non-linear spectrum synthesis) and the
stochastic nature of the optimization scheme (PSO), the achieved results fall
within a convergence range (+50 pe for the experimental case). This con-

vergence process has to be controlled by evaluating the obtained error and
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re-running the algorithm when it is required. In addition to the intrinsic al-
gorithm nature, some additional factors reduce its final performance when it
deals with real spectra: the simplified optical model selected to reduce the
computation time does not perfectly replicate a real SFBG structure (slight
misalignments during the SBFG fabrication or the apodization effect due to
the laser spot width). The interpolation technique and the resolution of the
Optical Spectrum Analyzer (60 pm) reduces the correlation with the synthetic
spectrum (not interpolated). The limitation of the optical model, in addition
to the difficulty of accurately stretching small pieces, even an incorrect gluing
process may lead to less accurate results.

To deal with all these error sources, the error metric has to be carefully
defined, being enough discriminant to reach the correct synthetic algorithm,
but also enough permissible to deal with the optical model and mechanical
errors. In order to obtain a higher accuracy in the experimental runs, the
error metric was re-adjusted by slightly changing its weights, demonstrating
the importance of the error metric in the whole process.

All the obtained results are based on the same SFBG structure of N =5
sections of P/2 = 0.8 mm with a linear apodization, but the algorithm is
applicable to any SFBG structure. By increasing the number of sections (N),
the computation time is also increased. All the performed tests were run in
a custom implementation made in Matlab (The MathWorks, Inc.) and each
run of the whole algorithm takes a few minutes. By using a more efficient
implementation, this computation time can be reduced to a few seconds for
each spectrum, allowing the proposed algorithm to work in quasi-on-line ap-

plications.

4.1.2. Uniform FBGs

In the previous section, the FBG structure complexity has been limited
to make the comparison task between two spectra easier by ensuring some
spectral artifacts that can be evaluated (e.g. several peaks for the Sampled
FBGs) and to speed up the PSO convergence. However, based on a similar
approach (error function and PSO), the spatial resolution can be improved by
employing uniform FBGs.

The FBG length is divided into N sections, whose strain values are modi-
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fied (PSO candidates) until measured and synthetic spectra match. Since a
FBG under a non-uniform strain profile can generate very different spectra,
the error function employed as minimization target must deal with these spec-
tral variations. A high level error metric (Geometrical processing) has been
implemented as an error function to cover both requirements.

The whole technique (geometric processing and PSO) has been applied to
different simulated scenarios to analyze its performance. In addition, a uniform
FBG of L = 5 mm has been subjected to an asymmetric thermal perturbation
and its reflection spectrum has been analyzed with the proposed technique.
The achieved results exhibit a good spatial resolution (AL = 0.5 mm), being

mainly limited by the computation time.

4.1.2.1. Geometrical processing

The main problem when there is a lack of a-priori knowledge about the strain
distribution applied to a FBG is the wide divergence of the response spectra.
The large amount of possible spectral shapes makes it difficult to compare be-
tween them in an efficient way. The geometrical processing scheme must have
enough sensitivity to distinguish between two close spectra and also enough
goodness to assign a low error to a synthetic spectrum generated from a strain
profile with less spatial resolution than the desired one (usually a continu-
ous profile). To achieve these two goals the proposed metric analyzes several
parameters related to the general “shape” of each spectrum. FEach peak of
the spectrum is associated with its 2-D coordinates (wavelength and reflec-
tivity value) and the most relevant ones are assigned to their corresponding
of the other spectra when their error distances are low. An example of the
geometrical processing is depicted in Fig. 4.10.

After matching the most relevant peaks, three key values are weighted to
obtain the final error value: the ratio of unmatched peaks, the Euclidean
distance between the matched peaks (for lambda and reflectivity axes) and the
overlapped area between the two spectra. When the target (desired) spectrum
has enough peaks to evaluate, the two first values are usually dominant in the
error. However, for smoother spectra (e.g. a uniform strain profile applied to a
uniform FBG has a single peak) the fine error value is given by the overlapped

area under both curves, offering the required adaptability.
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Fig. 4.10.: The spectrum of a uniform FBG under the desired perturbation (solid line) is com-
pared to the corresponding spectrum of a PSO candidate vector (dotted line). The
error is computed using the main peaks of both spectra (crosses and circles) and
the overlap under both curves.

The described error metric has been employed as the quality measurement
for the PSO algorithm. In order to improve the convergence, a smoothing
process is applied to each of the PSO strain profile candidates, where each
strain value is averaged with its two neighbors of the strain profile (80% itself
and 10% each neighbor). This step speeds the convergence up because the
strain profiles to be reconstructed are usually continuous, thus each strain

value is related to its neighbors (as happens in real measurements).

4.1.2.2. Simulations

Several artificial spectra have been generated by applying non-uniform strain
profiles to a uniform FBG of 10 mm length. These spectra have been employed
to evaluate the synthetic algorithm performance.

A simulated spectrum obtained by applying a non homogeneous strain dis-
tribution to a uniform FBG has been analyzed. Two different spatial resolu-
tions have been employed: 10 and 12 sections over 10 mm length. The results
are depicted in Fig. 4.11 (top). The averaged values of five algorithm outputs
for both resolutions (dashed line for N=10 and dotted line for N=12) are com-
pared to the original strain distribution (solid line). Five individual outputs
of the algorithm for the N=12 case are also detailed in Fig. 4.11 (top). The
desired spectrum (solid line) is also compared to the best achieved solutions
for both spatial resolutions in Fig. 4.11 (bottom) (dashed line for N=10 and
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Fig. 4.11.: The original strain profile is compared to PSO outputs for two different spatial
resolutions (top). Best spectra for both resolutions are compared to the desired

spectrum (bottom).

dotted line for N=12). As the spatial resolution is increased (by increasing the
number of sections, N), the achieved results are more accurate (mean strain
error of 74.3 pe for N=10 and of 25.8 e for N=12), what can be noticed by
analyzing the output spectra. Although the error in the recovered strain pro-
files is higher than the synthetic spectra error, the achieved strain resolution
should be enough for mechanical sensing applications.

Due to the symmetry of uniform FBGs, there is an uncertainty about the
direction of the perturbation: the spectra corresponding to an axial pertur-
bation applied forward and backwards are the same. This problem can be
avoided by applying some apodizing function to the FBG structure instead of
employing a uniform envelope. Otherwise, some a-priori knowledge about the

perturbation is required to solve this uncertainty.

4.1.2.3. Experiments

The geometrical processing scheme has also been tested using real data: a
uniform FBG of 5 mm length has been written into standard optical fiber and
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Fig. 4.12.: A part of the FBG is immersed into thermal paste while the rest is exposed to the
air. The temperature increase is provoked by a Peltier heater.

it has been stressed using an asymmetric thermal perturbation. The setup is
depicted in Fig. 4.12 and it is based on a Peltier heater. Part of the FBG
is exposed to the air temperature while the other part is immersed into a
thermal paste that is in direct contact to the Peltier heater. The heat transfer
is more efficient within the thermal paste than through the air, creating an
axial thermal difference in the FBG.

The Peltier temperature has been risen up to 70°C while the room temper-
ature was 25°C, creating a non-uniform axial thermal distribution along the
fiber, and consequently changing the spectral response of the FBG. The FBG
spectrum has been captured using an Optical Spectrum Analyzer (HP86140A)
and a broadband light source (HP83437A) connected through a circulator. A
synthetic spectrum (dashed line) based on a N=10 sections approach is com-
pared to the measured (solid line) in Fig. 4.13 (top). Considering a FBG
thermal sensitivity of 11 pm/°C, the PSO outputs have been scaled to obtain
the thermal perturbation along the FBG. The achieved results are detailed in
Fig. 4.13 (bottom).

In Fig. 4.13, ten of the PSO outputs are depicted (solid lines). These out-
puts have been averaged obtaining the axial thermal distribution along the
FBG (dotted line). Analyzing the achieved results, the five initial sections ex-
hibit a higher temperature because they are immersed into the thermal paste
and, besides, the first section exhibits a higher temperature, being the closest
to the Peltier heater. The last five sections show a decreasing temperature as-
sociated with the cooling process of the air-surrounded fiber. For the measured
spectrum, several runs have been performed obtaining an averaged standard

deviation of less than 0.9°C with a maximum drift of 9°C.
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Fig. 4.13.: Measured and a synthetic spectra obtained from a PSO output (top). Different
PSO outputs and their averaged value (bottom).

4.1.2.4. Specific remarks

Based on the simulated results and comparing the measured spectrum to the
synthetic, it can be seen that the geometrical processing is working properly as
error metric by driving the PSO algorithm to the right solution. Despite typ-
ical problems of comparing measured to simulated spectra, slight differences
between the simulated and the manufactured FBG structure, or lack of resolu-
tion of the measuring equipments (60 pm of the employed OSA), the achieved
PSO outputs produce spectra very similar to the measured one, exhibiting a
very good agreement with the employed setup.

Due to the iterative operation of PSO, obtaining the optimal solution can
not be ensured because it may fall into a local minimum. However, the con-
vergence process can be evaluated with the error metric, guaranteeing a con-
vergence range where the solution must fall within. When the final error
value is higher than a threshold, PSO must be re-run with a higher number
of swarm particles. If the sensitivity must be increased, several PSO outputs

can be averaged to improve the results; however, this gain requires more PSO
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4. Sensors based on FBG technology

runs thus the overall computation time increases. Another advantage of the
proposed technique lies in the fact that the resolution is not limited by the
measured data but by the computation time. The PSO algorithm performs
a blind optimization over a N-dimensional problem, being N the number of
sections, thus the computation complexity increases exponentially with the

number of sections.

4.1.3. Summary

In summary, different processing schemes have been proposed to retrieve
the longitudinal axis deformation of FBGs just from the intensity of their
reflection spectra. The proposed algorithms combine a custom defined error
metric for spectral comparison and a Particle Swarm Optimization technique
to get the deformation values of different FBG sections. The first approach
is based on Sampled FBGs, where the sampling period limits the final spatial
resolution but also simplifies the convergence, resulting in a faster algorithm.
The resulting algorithm has been adapted to work with uniform FBGs, without
spatial resolution limitations, by dividing the FBG length into N sections. Due
to the wide divergence of uniform FBG spectra under arbitrary strain profiles,
the metric for spectral comparison must be adapted to have enough sensitivity
to distinguish between two close spectra and also enough goodness to deal with
noise (geometrical processing).

Both approaches have been simulated and experimentally tested achieving
good accuracy and repetitiveness of the proposed algorithms. Particularly,
SFBG synthesis has been able to recover a strain profile with a spatial res-
olution under 1 mm from a measured reflection spectrum. Employing the
geometrical processing with the modified PSO technique, an arbitrary pertur-
bation has been succesfully recovered from the reflection spectrum of a uniform
FBG with a spatial resolution under A ~ 0.5 mm, being mainly limited by the
computation time. Both techniques can be very useful for quasi-distributed
sensing applications based on FBG technology by retrieving individual intra-

grating strain distribution of several FBGs.
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4.2. Designs for temperature-strain discrimination

Composite materials technology has been widely applied to design and man-
ufacture in a lot of new different scenarios. A wide set of applications from
civil engineering to aerospace industry have adapted this technology to over-
come their limitations. This growing technology is a perfect scenario to add
sensing capabilities to study their properties during the material development.
Particularly, optical fiber sensors [2] have been proved as a highly compatible
technology to be embedded into these composite materials, making it possible
to obtain real time measurements during the manufacture process and even
under operation, when the final structure has been completed.

Within optical fiber sensors, Fiber Bragg Gratings have also been reported
as very suitable sensing solutions to be embedded into composite materials
[15]. They have been applied to monitor composite curing processes [16],
to evaluate patch repairs of composite structures [17, 18] or even to detect
composite damage [19], but one common problem is the thermal dependence
of this kind of sensor. The measured reflection peak of a FBG depends both on
deformation and on temperature thus, when strain measurements have to be
performed in environments without temperature control, the employed FBG
sensors require thermal compensation.

There are several works dealing with the simultaneous measurement of strain
and temperature such as: different types of FBGs [20], superstructure grat-
ings [21], reversed index gratings [22] or even FBGs printed in special optical
fibers like Bowtie [23] or microstructured [24]. However, most of the described
solutions are non-suitable for Structural Health Monitoring (SHM) purposes
[25], where reliability and cost requirements are highly relevant.

By embedding FBGs into composite materials, different solutions have also
been reported to deal with the temperature compensation task. These re-
ported solutions create different responses when strain and/or temperature
are applied to a pair of embedded FBGs just by employing a different number
of layers [26] or changing composite material within the FBG pair [27]. Al-
though these reported solutions can be more suitable for SHM purposes (they
are based on a reliable and mature technology), their manufacture process can

be simplified by employing the same host material.
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Two main principles have been verified in this section. Based on a pair of
FBGs and on a single FBG, different transducers have been proposed to dis-
criminate between strain and temperature. By drilling different holes at preset
locations or by varying their external shape, different sensitivity areas are cre-
ated within each sensing head. The proposed designs are based on embedding
FBGs into a constant thickness Carbon Fiber Reinforced Plastic (CFRP) plate
whose shape has been designed to provoke different strain sensitivities along
their central axis. All the proposed designs have been simulated using the
Abaqus Finite Element Analysis (FEA) software (Dassault Systeémes Inc.) to
study their mechanical response before their manufacture and experimental
test. Optical spectra, simulated using the T-matrix method implemented in
Matlab, remarkably agree with the loading test results. The achieved results
also enable this new sensing head design to perform temperature-independent

strain measurements just by employing a single long FBG.

4.2.1. Strain and temperature sensors

The main goal of this work is to develop Fiber Bragg Grating (FBG) sen-
sors based on CFRP plates capable of measuring both strain and temperature
simultaneously. The designed sensors must be easy to manufacture thus, main-
taining a constant thickness, the shape of the CFRP plates are modified to
provoke different strain responses to each FBG of an embedded pair. Since
the hosting material is the same, the thermal sensitivity of both FBGs must
be similar so, by increasing the strain sensitivity difference, a better strain-
temperature discrimination must be obtained [28]. By embedding a pair of
FBGs into four layers of unidirectional CFRP, a new holed design has been
manufactured and experimentally tested. This design has been also compared
to three reference plates of different properties. In addition, the new sensor
design based on drilling the plate at preset locations has been evaluated to ob-

tain temperature-independent strain measurements using a single (but long)

FBG.

4.2.1.1. Holed design

Starting from a rectangular plate of 150 mm by 30 mm, two holes of the

same diameter are drilled in one side of the plate to increase its strain sensi-
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tivity. These holes are symmetrically located with respect to the central axis
of the plate, where the optical fiber is embedded. As the drilling diameter
is increased, the strain sensitivity within the surrounding area also increases.
For a given distance between holes, there is an optimum diameter that creates
a practically flat deformation in the central area. However, the strain sensi-
tivity can still be increased by enlarging the drilling diameter, but the strain
profile within the FBG length may not be so flat and may deform the FBG

spectral response.

. 37.5mm 75 mm 37.5mm
< > <€ > <€
€
1S
o
m
1800
1600 | ) A -
Increasing
1400 A oad / \
31200 E =
=
= 1000 - g
T 800 —\
& 600 F TT— |
400
200 F =
0

0 50 100 150

X position (mm)

Fig. 4.14.: Simulated deformation of the holed design (top). Strain profile along the central
axis of the piece for different loads (bottom).

In Fig. 4.14, the simulated strain profile of a holed plate with two holes of
d = 6 mm diameter separated D = 13 mm is depicted. For the chosen hole
diameter (d = 6 mm), the best drilling distance must be D ~ 13 mm to obtain
a flatter deformation. If the drilling distance is lower, the deformation in the
central axis is driven by the section reduction caused by the holes thus, the
central area is more deformed than the side areas. This effect can be observed
in Fig. 4.14 (down) with the appearance of a small peak within the central
area. Otherwise, when the drilling distance is higher, the strain in the central
axis is driven by the combination of side effects due to stress redistribution of
both holes, causing a lower strain in the central area than in the side areas.

When a flat section is required, there is a trade-off between the hole diameter
and the center-to-center distance to obtain a central section deformation equal

to the side deformation (driven by stress redistribution). However, if a wide
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flat section is not required (e.g. by employing a short FBG), the hole diameter
can be increased to achieve a greater deformation, but a deformation peak
will appear at the central section. This effect can be avoided by placing the
FBG slightly misaligned with respect to the holes central axis, leaving the
deformation peak out of the FBG.

4.2.1.2. Triangular design

In this design, the plate width is linearly decreased from one edge to the
other: as the plate width decreases, its strain increases. Depending on the ma-
terial properties, there is a maximum width gradient (width reduction slope)
to take advantage of, given that, when the gradient is too high, the stress is
not redistributed over the whole new width, so the width variation is rendered
useless. Maintaining a plate length of 150 mm, a decreasing width variation

from d; = 30 mm to dy = 10 mm has been simulated.
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Fig. 4.15.: Simulated deformation of the triangular plate (top). Strain profile along the central
axis of the piece for different loads (bottom).

The simulated strain distribution of the triangular plate is depicted in Fig.
4.15. When the cross section is not uniform, the applied stress has to be
redistributed over the new available section, but, depending on the material
properties, the stress redistribution may not follow the cross section variation,
and the stress is distributed over a smaller section. In the depicted situa-

tion, the stress redistribution seems to work properly, being faster at narrower
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sections and softer when the cross section increases.

The achieved strain sensitivity difference between areas (where FBGs are
supposed to be located) is enough for the designing purposes (Ae =~ 40%
for the depicted plate), and this difference depends directly on the width
difference (provided that stress redistribution works properly). However, the
strain profile applied to a FBG placed in the narrow section (more deformed)
is not flat, thus, when a high deformation is applied, the FBG spectrum may
be deformed.

4.2.1.3. Different widths (step)

The plate is divided into two sections of different widths to provoke a strain
difference. The strain sensitivity variation is driven by two factors: the differ-
ence between widths and stress redistribution from the narrower section to the
wider. A narrower section entails an increase in strain sensitivity; however,
the stress redistribution to a wider section may result less efficient. Depend-
ing on the chosen material, the trade-off between length and width has to be
trimmed to enhance the strain sensitivity difference.
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Fig. 4.16.: Simulated deformation of the plate with different widths (top). Strain profile along
the central axis of the piece for different loads (bottom).

In Fig. 4.16, FEA simulations of a 150 mm length plate with a width
reduction from d; = 30 mm to dy = 10 mm are depicted. Due to the constant

width of the narrower section, the strain profile of this area becomes flat,
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making it possible to measure higher deformations without distorting the FBG
spectrum. As happens with the triangular plate, this design is also limited by
the capability of the hosting material to redistributing the stress. However,
since the sections of the same width are larger, the achieved strain difference
becomes greater (Ae ~ 50% for simulated plate). The main drawback of this
design is the transition section where corners create weak points where stress

becomes higher.

4.2.1.4. Different widths (chamfered)

The previous design has been improved to overcome the punctual stress
locations due to corners. A chamfered section has been introduced to smooth
the stress redistribution, decreasing punctual stresses. This design exhibits the
same benefits of the previous one: a flatter strain distribution in the narrow
section and a great strain sensitivity difference (above Ae > 50%). A width
reduction from dy = 30 mm to do = 10 mm has been performed over a total
length of L = 150 mm using a chamfered section of L. = 10 mm length.
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Fig. 4.17.: Simulated deformation of the chamfered plate (top). Strain profile along the central
axis of the piece for different loads (bottom).

The results achieved for a chamfered plate are depicted in Fig. 4.17. It
can be observed that the strain is spread better across the new section than
in the previous design, achieving a higher strain sensitivity difference. Al-

though there still are some punctual stress concentrations due to corners, the
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absolute value is lower than in the non-chamfered design. This effect can be
minimized by employing curved chamfers, but the sensitivity difference may
also change. Some slight sensitivity improvement can be achieved by enlarging
the chamfered section (e.g. with a length of L. = 20 mm, the strain sensitivity
difference should be Ae ~ 53%).

All the proposed designs are based on a pair of embedded FBGs to obtain
both measurands (strain and temperature) simultaneously. However, just ob-
taining one measurand without having cross-sensitivity error (e.g. thermal
error for FBGs) may be enough. Based on the holed design, another approach
using a longer FBG has also been tested to obtain strain measurements with-

out temperature dependence by forcing two different strain sensitivities within
the FBG length.

4.2.2. Temperature-independent strain sensor

A single FBG of L = 30 mm is embedded into the middle of a rectan-
gular CFRP plate of constant thickness (0.5 mm). To obtain temperature-
independent strain measurements, the main goal is to create two areas within
the FBG length whose strain sensitivities were different (Fig. 4.18). Steeper
deformation profiles can be achieved by drilling holes closer to the fiber, so
two small holes are placed close to one edge of the embedded FBG, creating
two flat deformation areas: one close to the hole and the other on the opposite
FBG edge. This strain sensitivity difference may split the single FBG spectral
peak into two. The distance between these two peaks may be proportional to
the applied deformation, but not to the applied temperature.

Based on a rectangular CFRP plate of 150 mm by 30 mm of constant
thickness, two small holes (of D = 3 mm) are performed close to a FBG edge.
The area between holes exhibit a higher strain sensitivity, and, if the distance
between holes and the central axis is related to their diameter, the achieved
deformation profile must be flat. Since holes are closer to the fiber axis, the
gradient of the strain sensitivity is greater and, consequently, the strain profile
quickly evolves from higher to lower sensitivity areas. This steeper deformation
profile allows the creation of two flat deformation areas at both FBG edges.

In Fig. 4.18, FEA simulations of the proposed design are depicted. Two

holes of D = 3 mm diameter separated d = 6.4 mm and at dL. = 5 mm
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Fig. 4.18.: Simulated deformation of the temperature-independent strain sensor (top). Strain
profile along the central axis of the piece for different loads (bottom) and their
simulated FBG spectra.

distance from one FBG edge have been simulated. The strain profile applied
to the FBG consists in two flat areas separated by a transition area where the
strain varies quickly. The two flat areas will split the FBG spectrum into two
peaks, each one proportional to each flat deformation area.

After manufacturing the plate using the same procedure explained before,
two holes of 3 mm diameter have been drilled to the CFRP plate following
the proposed design.

4.2.3. Plates manufacture

All the designed plates have been manufactured using 4 layers of HS160REM
prepreg with unidirectional orientation (0-0-0-0). Optical fiber sensors have
been embedded into the middle of the CFRP along the longitudinal axis of all
plates. Each FBG pair consisted of two Fiber Bragg Gratings of L = 6 mm
length with a reflectivity of 70%, and have been written in a standard optical
fiber separated Dppg = 75 mm using two different Bragg wavelengths. For
the single FBG design, a long FBG of L = 30 mm also written in standard
optical fiber and with a reflectivity of 60% has been employed.

After cutting four layers for each desired shape, two layers of each design
are placed over the curing table before embedding the FBGs. Once aligned,
the optical fiber is glued to the carbon prepreg far from the FBGs to maintain
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their position, having no influence on the strain distribution. Two polyimide
tubes have been placed at both fiber sides to protect them at their exits from
the carbon plate. The two remaining carbon layers were added before starting
the curing process. Once ready, the four plates were placed in an autoclave
during 60 min at a temperature of 130 °C with a pressure of 2 bar, being the

vacuum bag at —0.5 bar.

e 22 112 0z 6l 8l A8

llrrﬁ‘ i

~—— Polyimide tube Polyimide tube —>

Fig. 4.19.: Detailed photo of the holed plate after drilling the holes. Two polyimide tubes have
been added to the fiber to protect it from exiting the composite.

All the plates have been enlarged 0L = 40 mm on both sides to clamp the
plates at the loading machine, having a total length of Ly = 230 mm. All the
plates have been manufactured with their final shape with the exception of the
holed plate (Fig. 4.19), where, starting from a rectangular plate, two holes of
6 mm diameter have been drilled at preset locations. Strain and temperature

responses of the resulting plates have been obtained and are described below.

4.2.4. Experimental response

Using a commercial FBG interrogating system (Fibersensing FS2200) with
an accuracy of 2 pm, both strain and temperature characterizations have been
performed for each manufactured plate. To obtain strain sensitivities, a load-
ing test machine (Instron mod. 5869) has been employed to apply different
loading cycles keeping the plate temperature constant (7° = 25 °C'). To ob-
tain the thermal sensitivity, a temperature sweep from 30 °C to 70 °C has

been performed without applying any load to the plates.

4.2.4.1. Strain response

Five cycles reaching the same peak load have been performed for each plate.

Initial cycles were performed to overcome the accommodation effect of FBG
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4. Sensors based on FBG technology

sensors to the host material [29]. The peak load has been trimmed for each
plate (from 1kN up to 3kN), maintaining the maximum deformation under
As < 3000u€, and taking into account the available clamping area of each

plate. All the applied cycles have rising and falling times of ¢ = 30 s.
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Fig. 4.20.: Achieved strain response of each plate is compared to simulated ones (dashed lines)
of holed plate (a), triangular (b), different widths (step) (c) and different widths
(chamfered) (d).

In Fig. 4.20, the achieved strain response of each plate is compared to
FEA simulations. All the achieved results agree remarkably well with their
simulated response, having a sensitivity around k. =~ 0.5 pm/ue for wider
sections, what corresponds to less sensitive FBGs. Due to the drilling pro-
cess, a slight imbalance has been produced in the holed plate (both holes are
displaced 0.5 mm off-axis, but their relative distance has been maintained).
This imbalance has been added to the FEA model to perform the simulation
depicted in Fig. 4.20 (a).

Due to the clamping system of the testing machine, a lower plate area has
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4.2. Designs for temperature-strain discrimination

been clamped (25 mm of the total with of 30 mm), having no influence to the
strain response of the holed and triangular designs, although it may introduce
some errors in plates based on different widths. In addition to other factors,
designs based on different widths have some punctual stress concentrations due
to the width reduction that may damage the plate under load. This damage is
more critical for these designs because strain redistribution is highly dependent
on passing through high stress transition areas.

The temperature-independent strain sensor based on a single FBG has been
tested using the same procedure. Once drilled, the plate has been clamped
to the testing machine (Instron mod. 5869) to perform 5 loading cycles (with
rising and falling times of ¢ = 30 s), reaching a peak load of 3 kN. During
the loading test, the FBG has been interrogated using a commercial system
(Fibersensing FS2200), recording the FBG spectra. In Fig. 4.21, the FBG

spectra measured for 4 different loads are depicted.
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Fig. 4.21.: Measured FBG spectra of the manufactured plate under four different loads. Peak
distance is proportional to the applied load.

When no load is applied to the plate, the FBG spectrum keeps its original
shape (single peak), but, when the load is increased, the single FBG peak splits
into two, each one corresponding to both flat deformation areas. The lower
peak is more defined because its corresponding area (far from holes) is flatter
than the area close to the holes (that provoke the other peak). The distance
between the two spectral peaks is proportional to the applied strain. This
structure can be understood as two FBGs with different strain sensitivities
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Fig. 4.22.: Measured (dots) and simulated (line) peak wavelength drift (a) and their relative
distance (b).

sharing the same Bragg wavelength thus, their peak distance is proportional
to their strain sensitivity difference.

From simulated deformation profiles, FBG spectra are computed using the
T-matrix method for each different load. The peak distance of both mea-
sured and simulated spectra are detected and their distance is compared in
Fig. 4.22. The simulated results have been scaled to the lower peak sensi-
tivity. The experimental results exhibit a higher strain difference than the
simulated model (Ak,,, =~ 0.34 pm/ue against Ak, ~ 0.24 pm/ue). However,
the expected peak splitting is reproduced. This plate has been manufactured
using a non re-coated FBG so, the surrounding carbon sheets are closer to the
optical fiber, having a smaller gap to be filled with epoxy resin. A lower epoxy
resin concentration surrounding the optical fiber allows a better deformation
transference from the carbon sheets and, consequently, steeper deformation

profiles are achieved.

4.2.4.2. Temperature response

After obtaining the strain sensitivity of all plates, their thermal response
have been characterized by applying a temperature sweep (35 °C' to 70 °C') to
each plate without applying any load. During the sweep, spectra of both FBGs

of each plate have been analyzed using the Fibersensing unit. The achieved
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wavelength drifts are depicted below.
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Fig. 4.23.: The achieved temperature response of each plate is depicted against its linear fit
(dashed lines) of holed plate (a), triangular (b), different widths (c) and chamfered

(d).

The achieved thermal response is shown in Fig. 4.23. Since all the plates
have been manufactured using the same host material, their thermal sensitivi-
ties are practically equal (k7 ~ 9.5 pm/°C). There are some slight differences
due to the manufacture process such as FBG re-coating acrylate or slight fiber
misalignment with the Uni-Directional (UD) carbon fiber. However, FBGs
placed on narrower sections of plates of different widths (with higher strain
sensitivity) exhibit a lower thermal sensitivity because the surrounding CFRP
has a lower epoxy resin ratio. This lack of resin is mainly caused by a width
reduction in the carbon plate, what makes it easier for the resin to leak during
the curing process (a re-coated FBG of 250 pum is embedded into a 500 pum
thickness composite of 10 mm width).

The thermal response of the single FBG sensor has been obtained using
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4. Sensors based on FBG technology

the same procedure. The plate has been subjected to a temperature sweep
(35 °C' to 70 °C') to obtain its thermal sensitivity. As shown in Fig. 4.23,
the plates manufactured with a homogeneous shape, where the mechanizing
process has been performed after curing the composite (e.g. holed design),
exhibit a uniform thermal sensitivity (the ratio between carbon fiber and epoxy
resin is maintained). The achieved temperature sensitivity (kp = 8.84 pm /°C')
seems to be lower than the obtained with re-coated FBGs (kr,, =~ 9.50 pm/°C)),

that suggests a lower epoxy resin concentration surrounding the optical fiber.

4.2.5. Error analysis

The proposed design based on a FBG pair exhibits different sensitivities to
strain. In this regard, it is possible to obtain both measurands simultaneously
from the wavelengths of each FBG pair [27]. Knowing the strain and tem-
perature variations and having the sensitivities of both parameters, the Bragg
wavelength of each FBG is given by:

A)\l . KT, Re
Ao B KTy, FKe

being k. and k7, the strain and temperature sensitivities of each FBG of a

AT

N (4.5)

pair, thus, by obtaining the inverse matrix of the relation, both measurands
can be obtained from the Bragg wavelengths (Eq.4.6):

— A
_ L] fe ha M (4.6)
D —RT, KTy A)\Q

where D = Ke,k1, — K, K7, 18 the matrix determinant. The stability of this

AT
Ae

method can be evaluated employing this determinant [28]: the higher its value,
the more accurate are the results. Since the strain sensitivities of each FBG
pair are different, the determinant of each FBG pair must be non-zero, and
the achieved errors depend on the difference of the strain sensitivities.

In Fig. 4.24, the achieved resolution of all the plates is depicted. Each
graph is obtained by varying one measurand while the other was fixed. For
each plate, the applied sweeps (strain and temperature) are depicted (solid

lines) against the computed variations using wavelength drifts (dots). As the
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Fig. 4.24.: Resolution of the four designs: holed plate (a), triangular (b), different widths

(step) (c) and different widths (chamfered) (d) under a strain ramp at constant
temperature and under a temperature sweep at constant load.

strain sensitivity of each FBG pair increases, the computed results improve.
A table summarizing the obtained parameters is shown below:

The error of the single FBG approach has been also analyzed. Since both
peaks have the same thermal sensitivity ( xp = 8.84 pm/°C') and the strain
is proportional to their distance (Ake, = 0.34 pm/ue); the Matrix equation
detailed in Eq.4.6 (considering each peak as an independent FBG) can be
simplified for the strain value as:

1 1
Ae = R [A/\pg - A)\pl] = - A)\p, (47)

Kt - (K“EPQ - HEPl) AK)€P

where A\p is the peak distance and Ak, the difference of strain sensitivi-
ties.
In Fig. 4.25 (a), the temperature values calculated using the matrix equa-

tion are compared to the applied temperature while a deformation sweep was
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Holed Triangular Step Chamfered
Strain FBGy (k) (pm/pe) | 0.51 0.51 0.53 0.53
Strain FBGs (k.,) (pm/pe) | 0.72 0.83 0.99 1.03
Temp. FBG; (kr,) (pm/°C) | 9.54 9.56 9.55 9.60
Temp. FBGy (k) (pm/°C) | 9.53 9.51 8.77 9.14
Mean strain error (ue) 38.0 26.5 9.3 8.0
Mean temp. error (°C) 2.19 0.97 0.49 0.32

Table 4.1.: Experimental sensitivities and errors of the tested designs.
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Fig. 4.25.: Calculated values (dots) are compared to the temperature during the strain sweep
(a). Two FBG spectra under same load (As ~ 1600 pe) but at different temperature

(b)-

performed. The mean temperature error is AT ~ 0.81 °C, with a maximum
drift of AT =~ 2.60 °C' under a strain sweep of up to As ~ 2200 pe. In
Fig. 4.25 (b) two measured FBG spectra corresponding to two different tem-
peratures (77 = 30 °C' and T, = 60 °C) under the same loading condition
(As =~ 1600 pe) are depicted. The peak distance is proportional to the ap-
plied deformation but their offset position is modified by the temperature, so
just the temperature values are affected by the error, not exhibiting error in
the strain discrimination.

All the tested plates have been designed to be easy to manufacture so,
based on the same composite material (CFRP) and using the same thickness
(0.5 mm), their 2-dimensional shapes have been modified to achieve differ-
ent strain sensitivities on their embedded FBGs. The achieved results show

the capability to obtain both measurands (strain and temperature) using the
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4.2. Designs for temperature-strain discrimination

wavelength drift of each FBG pair, although the measured error of the tested
plates is different. The best results have been obtained employing two sections
of different widths, where both FBGs have been embedded, but this approach
requires the narrowing of one side of the sensing head, making its installation
more difficult. The holed design has a lower sensitivity difference to strain
(and a higher error); however, the structure is symmetrical what makes its
installation process easier. In addition, this design can be improved by enlarg-
ing the holes and displacing them from the FBG center (avoiding the middle
strain peak).

All the proposed designs agree remarkably well with the simulated models.
Although the holed design shows a lower strain sensitivity difference than the
other tested plates, it exhibits some advantages in the temperature response.
All the tested designs are based on the same manufacturing process, same
material and thickness, but there are still some differences that makes the
holed design able to obtain temperature-independent strain measurements.

In order to simplify the manufacturing process, reference designs (triangular
and with different widths) have been cut before curing. On the contrary,
for holed plates, it is easier to drill the holes after curing. Although the
curing process has been performed under the same pressure and temperature
conditions, the resulting amount of epoxy resin surrounding the optical fiber
was not the same. For designs where a narrower section is required (e.g.
different widths), the resin leak is more relevant due to the chosen dimensions
and materials; leaving less resin surrounding the optical fiber. This situation is
noticed by a lower thermal sensitivity at narrower sections and it complicates
the temperature-independent strain measurements. On the other hand, the
holes have been drilled after the curing process so, the surrounding epoxy
resin was maintained, achieving the same thermal sensitivity along the plate.
Although the achieved difference of strain sensitivity for the holed plate is lower
in comparison to reference designs, its uniform thermal sensitivity partially
compensates the lack of strain sensitivity, achieving a relatively good strain
discrimination. However, a higher difference between temperature sensitivities
is required to improve the temperature discrimination.

In addition, a uniform temperature sensitivity makes it possible to perform

temperature independent strain measurements by embedding a single FBG
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into a carbon plate. Two small holes are drilled in the plate to force the
FBG spectrum to split into two peaks, whose difference is proportional to
deformation. This configuration exhibited an error-free strain discrimination

without temperature cross-sensitivity.

4.2.6. Summary

Using CFRP as host material, several sensing heads for strain-temperature
discrimination based on embedding Fiber Bragg Gratings into composite plates
have been designed and experimentally tested. The most interesting design
relies on drilling two symmetrical holes to provoke different strain sensitivities
to embedded FBGs, and it has been compared to three reference compos-
ite designs. The achieved results agree remarkably well with their simulated
response, making it possible to obtain both measurands (strain and temper-
ature) simultaneously. Besides, due to the uniform temperature sensitivity of
the proposed design, a temperature-independent strain sensor has been also
manufactured and tested. By creating a non-uniform strain profile on an em-
bedded long FBG, its spectral peak has been split into two, being its distance
proportional to plate deformation. Since the characteristics of the proposed
designs are given by their shape, the employed hosting material can be changed

to fit the desired application.

4.3. Embedded transducers for laminated
composites

Although FBGs have been widely employed in structural monitoring, with
the growing of composite materials new features can be studied using OFS
techniques. Composite structures have a complex behavior that can be eval-
uated from their initial manufacture steps [16, 30] to their final application
[31]. However, with the widespread use of these technologies, new monitoring
requirements have appeared. More complex artifacts such as evaluating crack
growing [32-34] or to monitor debonding processes [35] are examples of how
OFSs (and particularly FBGs) can guide these new materials and structures

to a better performance.
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Because all these sensing solutions are usually originated in laboratory en-
vironments [36], sometimes their final application scenario can be slightly ne-
glected [25]. This is why the integration of OFSs into composites becomes
such an important issue: having a perfectly integrated sensing system into the
host structure without structural influence improves both performances. The
sensor system is protected and can operate under harsh environments showing
no influence to the host structure and it provides very valuable information
that can be employed to improve the structure [37-39).

Both aspects related to new composite materials are addressed in this sec-
tion: sensing of new features and field implementations of FBG based sensors.
First of all, a new bonding sensor for composite material manufacturing based
on a single uniform Fiber Bragg Grating (FBG) is proposed and demonstrated.
The sensor design includes two edge sections attached to the bonded parts and
a central strain free region, all made of an epoxy resin block of constant thick-
ness, where the FBG is embedded. The quality of this bond is quantified by
measuring the FBG spectral evolution.

Regarding the curing process of composite materials, an optical fiber sen-
sor for monitoring the compaction pressure of a composite material during
the molding process is described next. The sensor is based on a Fiber Bragg
Grating embedded into a composite material, and it is able to measure the
compaction pressure during the manufacturing process and the strain infor-
mation while the structure is in operation. Although this sensor is embedded
into a composite material and it is able to obtain strain measurements after
the embodiment, another specific strain sensor has also been developed during
this work.

Based on a single FBG, a resin block is built surrounding the optical fiber,
protecting it from external damages. This block comprises two reinforcements
that limit the transverse axis pressure that can damage and even break the
optical fiber. The proposed sensor is oriented to be embedded into large
composite structures such as wind turbine blades or vessels hulls, where high
compaction pressure is employed to obtain high performance materials.

Finally, two application examples of FBG based transducers are described.
The first one is related to pre-stressed concrete beams where a quasi-distributed

transducer has been embedded during the concrete curing to evaluate how the
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beam relaxation evolves after its release. The second example is devoted to
a wind turbine blade instrumentation using surface glued FBG patches to

monitor its deformation during different loading tests.

4.3.1. Bonding transducer

The manufacture process of complex structures implies bonding stages in
several industries. In particular for composite materials, the bonding stages
are widely used to assemble different parts to get the whole structure or to
attach some external elements such as metallic fixing points. These joints
are usually built blindly, e.g. having no means to check the quality during
the process. However, in the growing industry of composite materials, optical
fiber sensors have been widely reported to evaluate the status of a structure
even during its manufacturing process [15, 17]. In particular, FBGs have been
applied to detect delamination growth and the direction of the growing process
with chirped FBGs [34], or to quantify the damage induced into a composite
structure with a full-spectrum interrogation technique [19]. Repaired com-
posite pieces have also been monitored with FBGs to analyze the quality of
the process by measuring the FBG spectral shape [18] under load conditions.
Some external non-destructive evaluation techniques have been reported to be
able to check the bonding quality such as ultrasonics or thermography [40].
Composite joints have also been monitored with chirped FBGs embedded into
the bonding area to quantify the disbond status and direction by measuring
the spectral width reduction of the chirped FBG [41]. However, this approach
requires a large spectral bandwidth (around 20 nm) and, therefore, it limits
the possibility of sensor multiplexing. Another work also gets the deformation
profile from the reflected spectrum of a uniform FBG using complex algo-
rithms. In [8], a Genetic algorithm is employed to obtain the polynomial
coefficients of a modeled chirp effect that reproduces the FBG deformation.
This is a very good approach when the obtained deformation can be previously
modeled, but it works worse with unexpected deformations.

Based on a single uniform FBG, a new sensing head to evaluate the quality
of a joint has been built and tested during this work. The transducer has
been designed to be placed during the bonding process in contact with the

two parts, causing a heterogeneous deformation in the FBG. Some scenarios
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have been studied to detect a different deformation of each bonded piece and
the relative displacement between the pieces. The FBG response has been
simulated with the Transfer matrix method in order to determine the main

characteristics of the reflecting spectrum under these different situations.

4.3.1.1. Sensor design

The sensing head has been conceived to be embedded in a bonding joint: one
side attached to one of the bonded parts and the other side to the opposite one.
The central section of the sensor is not bonded to any surface, trying to get
the relative displacement between the bonded parts. The sensor is based on a
uniform FBG embedded into an epoxy resin block of constant thickness. The
“quality” of the joint can be determined from the strain in the longitudinal
axis of the sensor and, consequently, from the FBG spectrum. The sensor
should exhibit a minimum intrusion and its size and thickness are critical to
prevent a joint malfunction. As shown in Fig. 4.26, the central part of the
sensor is modified by performing two symmetrical holes near the optical fiber

axis to get a higher deformation in this area for the same load.

28

FBG 3 1.3 IO.8

Glued surface
Bonded part

Bonded part

Debonded surface

Fig. 4.26.: Sensor illustration (top) and installation scheme (bottom). Dimensions are in mil-
limeters

With the proposed scheme, three sections are defined in the FBG: one cen-
tral section to measure the relative slide between the two bonded parts and

two side sections bonded to the different parts to get their deformation. When
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the joint is working properly, the longitudinal axis deformation of the sensor
is homogeneous along the three FBG sections, thus obtaining a clear FBG
response. One the contrary, when one of the bonded parts has a higher or
lower deformation or a slide between them takes place, the spectral evolution
of the FBG varies. The central shape is modified to increase the sensitivity of
the sensor to slides between the two bonded parts. An installation scheme is
shown in Fig. 4.26, where different sides of the sensor are glued to different

bonded parts, leaving the central section unbounded.

4.3.1.2. Simulations

The mechanical deformation studies have been performed with Finite Ele-
ment Analysis (FEA) [42]. The goal is to get the relation between the sensor
deformation over the longitudinal axis at the different working situations. The
obtained deformation profile evaluated at the FBG inner position is also opti-
cally simulated with the Transfer Matrix (T-Matrix) method in an attempt to
simplify the optical simulation model into three constant deformation sections

(one central and two sides) obtaining an easier-to-use sensor model.

Mechanical response: Finite Elements Analysis

A simplified sensor model is developed by using the stress analysis suite
of Autodesk Inventor (Autodesk Inc). Making highly reliable FEA models of
heterogeneous pieces with absolute results can be a very complicated issue,
but the generation of a qualitative deformation profile can be usually done
by means of a simplified model. Within this scenario, the obtaining of this
qualitative profile allows to reduce the complexity of the optical model.

The first step is to study the isolated sensor behavior to validate the initial
hypotheses. The pierced central part of the sensor exhibits a higher sensitivity
against longitudinal axis deformations, as shown in Fig. 4.27. The model is
based on a constant thickness (0.8 mm) resin block where an optical fiber is
embedded into the longitudinal axis. The employed FBG is 7 mm length, so
the total length of the modeled block is reduced to 10 mm to improve the
computation time. The remaining dimensions are shown in Fig. 4.26.

By examining the obtained deformation profile over the longitudinal axis,

it can be observed that the central section is more sensitive to strain, but
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Fig. 4.27.: Graphic illustration of the simulated sensor (right) and its longitudinal axis defor-
mation (left).

the transition to the other sections is very smooth. The relation between the
inner and outer deformation is very linear despite the different mechanical
properties of epoxy resin and silica (Young’s modulus was set to 3.5 GPa for
epoxy resin and 73 GPa for optical fiber silica). This model does not replicate
a real working situation because the simulated sensor is deformed just having
into account its own shape. Under real conditions, the deformation along the
longitudinal axis of the sensor is mainly driven by the glued sections, so the
transition between different sections should be more abrupt. A more realistic
situation is presented below: the sensor is just fixed by one side to each part
of the joint (as shown in Fig. 4.26) leaving the central section unbounded.
The simulation replicates the stretching of one of the “bonded” parts while
the other is compressed.

In the proposed case, the bonding interfaces cause a very abrupt deformation
on the sensor surface, being smoother in the inner optical fiber. Viewing the
longitudinal axis deformation profile, the central section can be established
between the two abrupt peaks to get a simpler optical model to fit the problem.
There is no clear limit to establish the central section length (it may depend
on the deformation situation), but it must always lie within the central holes
length: 1.8 mm. These holes have a central area of 1 mm with a constant
width of 0.8 mm so, for the simplified model, the central section length is set

to 1 mm. With this assumption the final model has three sections: a central
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Fig. 4.28.: Graphic illustration of the simulated sensor (right) and its longitudinal axis defor-
mation (left)

one of 1 mm length and two side sections of 3 mm length.

Optical response: Transfer Matrix Method

With the proposed sensor, three main deformation cases are considered: a
homogeneous longitudinal axial deformation of the whole sensor (a correct
working joint), asymmetrical deformation of the different bonded parts (the
side sections of the sensor with different deformations) and the relative slide
of the two bonded parts (the central section of the sensor with a different
deformation).

The optical simulations are performed with the Transfer Matrix method [43].
In this method, the FBG length (L) is divided into N sections (L = I, 61;).
The output fields of a section (§l) are calculated assuming the section as
homogeneous. The FBG may be considered as a four-port device, where the
transfer matrix T represents the grating amplitude and the phase response, so

the reflected amplitude (p) is given by:

p= I being T = ﬁ [Tj]
Tll’ j=1 ‘

The lower limit of the number of sections (N) is determined by the required
accuracy. For uniform gratings the number of sections can be set to N = 1,
but in heterogeneous situations the number of sections has to be increased

to fit the chirp, apodization or deformation patterns. The upper limit of the
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number of sections is determined by the section length (6] << A) because the
employed coupled-mode-theory approximations are not valid when the section
length is only a few grating periods long [44]. For most cases, setting the
number of sections N ~ 100 is enough to get accurate results.

The T-Matrix method is employed to evaluate the mechanical approxima-
tion made with FEA simulations. The aim is to reduce the number of sections
from N ~ 100 sections to N = 3 to analyze the sensor behavior in the most
relevant situations: different deformation of each bonded part and relative
slide between the bonded parts. Taking the second modeled case, the longitu-
dinal axis deformation is rounded to N = 100 quasi-uniform FBG sections of
§l =~ T0pm, thus obtaining an integer number of grating periods (0/; = 132xA)
to have a transition between sections without phase changes. The discretized
deformation profile of N = 100 sections is applied to the T-Matrix simula-
tion and compared to the N = 3 sections approximated profile with a central

section of dl, = 1lmm.
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—— 100-section simulated FBG /i | === 100-section simulated FBG
600[ s 3-section simulated FBG i i 1] e 3-section simulated FBG
;i 0.4} :
>
=
S 03
g
[$]
Q2
ko)
A 0.2
0.1
-600 i
i
-800L__. . . . . . - 0.0 S Y
-3 -2 -1 0 1 2 3 1530 1530.5 1531 1531.5 1532 1532.5
FBG length from the center (mm) A (nm)

Fig. 4.29.: Approximated longitudinal axis deformation on the front (dashed line) and back
(dot-dashed line) surfaces and in the optical fiber (solid line) against the 3-section
approximated deformation (dotted line) (left). Spectrum obtained with the 100-
sections model (solid line) against the 3-section model (dotted line) (right).

In Fig. 4.29, the 100-section approximated deformation profile of the inner
optical fiber is approximated by a 3-section model with a central section of
0l. = Imm and two side sections of dly = 3mm. For this case, one of the
bonded parts is stretched and the other bonded part is comprised leaving
the central section almost undeformed (replicating a case where there is no

relative displacement between the bonded parts). This difference between the
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two bonded parts deformation causes a splitting of the main FBG peak into
two separated peaks, as shown in Fig. 4.29. Despite this difference between the
3 and 100 sections models, the main expected spectral effect (peak splitting)
is reproduced in a similar way, thus validating the proposed approach.

Once the simplified model has been established (central section of 1 mm
and two sides sections of 3 mm), a few longitudinal axis deformation profiles
are studied replicating the most typical situations: equal and different defor-

mations of the two bonded parts and/or a slide between the bonded parts.
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Fig. 4.30.: Simulations of the three typical cases: No deformation (solid line); higher deforma-
tion in one side with relative slide between them (dash-dotted line); relative slide
between the two parts (dashed line); homogeneous deformation (dotted line).

In Fig. 4.30, the main spectral deformations associated with the typical
cases are shown. When the joint is working properly, the two bonded parts
have the same deformation and their relative position is fixed. This situation
causes a constant deformation along the the FBG, maintaining its spectral
shape. When one of the bonding parts is more deformed than the other, one
of the side sections (dl; = 3mm) is also more deformed than the other, causing
a peak splitting in the FBG response. If the relative slide has the mean defor-
mation value of both parts, the two split peaks will show the same reflectivity
but, if the relative slide is closer to one side deformation, the corresponding
peak will be higher than the other. Finally, the relative slide mainly causes
a central section deformation (6l. = lmm), provoking a chirping effect over

the uniform FBG. The resulting spectrum exhibits more secondary lobes due
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to the chirp effect and a wide and low offset response corresponding to the
central section deformation.

With the simplified spectral repercussion of the proposed cases (asymmet-
rical deformation and relative slide of different bonded parts), more complex
situations with a combination of both cases can be detected with a simple

spectral shape analysis, at least in a qualitative way.

4.3.1.3. Experiments

A proof-of-concept sensor has been manufactured and installed in a flexible
setup that recreates a bonded joint. Different deformation profiles have been

applied to the sensor in an attempt to evaluate its spectral response.

Sensor manufacture

The sensor is based on a uniform epoxy resin block of 0.8 mm constant
thickness with a 7 mm length FBG embedded. The FBG is written in a
standard telecommunication optical fiber using the phase mask technique with
a continuous laser emitting at 244 nm. To build the resin block, the FBG is
aligned with a nonstick mold with the desired shape. Once the FBG is placed
into the mold, a low viscosity epoxy resin is poured into it. To build the
nonstick mold, a male mold is mechanized with the desired shape in PMMA
using a Computer Numerical Control (CNC) cutting machine. This male mold
is covered with nonstick silicone, creating the holding mold for the epoxy resin.
After the resin is poured, a vacuum stage follows to guarantee the homogeneity
of the final block by removing the air bubbles. The epoxy resin is thermally
cured for a few hours to obtain the final sensor.

When the sensor is cured, demoulding products are applied to the sensor
surface to prevent the bonding of unwanted areas during installation. In this
case, polyvinyl alcohol is applied to the opposite half sides of the sensor and

to the holes in the middle of the sensor to determine the surface to be glued.

Sensor testing

The sensor of the Fig.4.31 is installed in a mechanical setup which replicates
the behavior of a bonding joint. One side of the sensor is glued to a plastic piece
(PMMA) and the other side to another one. These pieces work as the different
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Fig. 4.31.: Manufactured sensor previous to its installation. The left side of the sensor is covered
with polyvinyl alcohol to prevent bonding of the section.

bonded parts in a real joint. The central section of the sensor remains unglued

to get the relative displacement between the two plastic pieces (bonded parts).
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Plastic piece

Plastic piece
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Positioner

Fig. 4.32.: Experimental setup used for replicating the joint working conditions. The sensor is
bonded to two plastic pieces fixed to three positioners. Dimensions are in millimeters.

The two plastic pieces with the glued sensor are fixed to three positioners
as shown in Fig. 4.32. One side of the short plastic piece (75 mm) is fixed to
a static holder and the other to a positioner. The two sides of the long plastic
piece (125 mm) are fixed to both positioners. With the three positioners
of the setup, each plastic piece can be individually deformed, provoking a
different deformation of each section. Besides, the long plastic piece (moving
side) can be displaced with respect to the short one (static side), provoking
a controllable deformation of the sensor’s central section (relative slide). The
deformation of each section is estimated from the micro-metric screws of the

three positioners.
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The sensor is connected to an optical spectrum analyzer (HP86140A) and
to a white light source (HP83437A) through a 50/50 coupler. By trimming
the positioners, the sensor is subjected to different deformation cases that

replicate the most typical real situations.

4.3.1.4. Results

Starting from a spectrum of an unloaded sensor, the most common situations
of a bonding joint are replicated in the presented setup: uniform deformation
of the sensor, deformation of one holding piece more intense than the other and
performing of a relative displacement between the two holding pieces (bonded

parts).
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Fig. 4.33.: Measured (solid line) and simulated (dashed line) spectra of a correct joint during

uniform load condition.

In a correct joint, the deformation is constant along the FBG, so the original
spectral shape remains unchanged. In Fig. 4.33, the spectra of a joint with
and without load conditions are shown. The FBG spectrum peak is almost
the same under different loads, thus matching rather correctly the simulated
sensor response. The difference between the two peaks indicates a strain load
about 1150 pe. The estimated deformation obtained from the micrometric
screws is 1300 and 1200 pe for the short and long pieces respectively (0.1 mm
in 75 mm and 0.15 mm in 125 mm)

Fig. 4.34 shows a sensor spectrum in a bonding joint that is not working
properly, being one side more deformed than the other. The single FBG peak

splits into two that follow each holding piece (bonded part). Two asymmetrical
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Fig. 4.34.: Measured (solid line) and simulated (dashed line) spectra of different deformation
cases. Long side is more stretched than the short one (left) and the long side is

compressed with respect to the short one (right).

deformation cases are shown in the figure. In the left case, the long side of
the FBG is stretched about 600 ue more than the short one (0.2 mm in 125
mm (long) and 0.08 mm in 75 mm (short)). The relative slide between the
plastic pieces (bonded parts) is set to the mean deformation of each holding
piece to get a symmetrical spectrum. The central lobes of the studied case
are due to the chirp effect introduced by the asymmetrical deformation of the
central section and it is visible because the other peaks are enough spectrally
separated. In Fig. 4.34 (right), the long side of the FBG is less stretched
(700u€) than the short side (1000u€). The observed peak height difference
is due to the central section deformation, which is closer to the short side

deformation
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Fig. 4.35.: Measured (solid line) and simulated (dashed line) spectra of relative slide cases. On
the left side, relative slide is more significant than the asymmetrical deformation.
On the right side, both relative slide and asymmetrical deformation are significant.
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The other main case of a joint working incorrectly is the relative slide be-
tween the two bonded parts. In Fig. 4.35 this situation is illustrated by
increasing the relative slide over the asymmetrical deformation (right) and
with a comparable contribution of both studied effects (left). With a higher
relative slide, the central section of the FBG shows an equivalent chirp that
increases the higher wavelength lobes of the FBG spectrum. In Fig. 4.35
(left) a relative slide of 500 pue is forced in the central section of the sensor
in comparison to the more subtle asymmetrical deformation of 100ue. In the
most complex case (Fig. 4.35, right), there is a peak splitting and the side
lobes increase. The peak splitting indicates an asymmetrical deformation and
the increase of the side lobes suggests a relative slide. These side lobes appear
at higher wavelengths, thus indicating a relative slide higher than the asym-
metrical deformation. In this example, an asymmetrical deformation of 400
pe and a relative slide of 800 pe are applied to the sensor.

For more complex situations, the simulated spectra with the simplified em-
ployed model poorly fit the experimental data, but the two main considered
effects (relative slide and asymmetrical deformation) can be still correctly
identified. The obtained mismatch is mainly caused by the complex deforma-
tion profiles obtained under these situations where the approximated model
does not accurately fit the real deformations, but the matching between the
simulation and measured examples is still remarkable.

The proposed sensor is able to qualitatively evaluate how a bonding joint is
working. Two malfunction cases are differentiated: an asymmetrical deforma-
tion of the bonded parts and a relative slide between them. In a simple way,
each case gives rise to a characteristic response: the asymmetrical deforma-
tion of the bonded parts splits the main FBG peak into two with a separation
between them proportional to their deformation difference. The relative slide
between the bonded parts causes a different central section deformation of the
sensor entailing a chirp effect. This chirp effect increases the side lobes of the
FBG spectrum and their position can help to estimate, in a qualitative way,
the central section deformation.

One of the main drawbacks exhibited by the proposed simplified model is
its mismatch in situations with complex deformations. In these scenarios the

3-section model does not “perfectly” fit the measured spectra because the real
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deformation of each section can not be assumed to be constant. However, it
is enough to distinguish between the two main studied cases. In order to get
a more realistic model of the proposed sensor, a more accurate finite element
model has to be developed to obtain the longitudinal axis deformation profile
of the FBG. Based on the obtained deformation profile, a new approximation
with a higher number of sections has to be established. Another option would
be to directly apply the deformation profile to the FBG. This model should
better fit the spectral response under complex cases, but it would also be
less intuitive and computationally more expensive even employing advanced
optimization algorithms to replicate the deformation profile. The obtaining
of this high-precision spectral response would be interesting from the analysis
point of view, but the qualitative evaluation of a bonding joint could be too
difficult to be used.

4.3.1.5. Specific remarks

A FBG-based bonding sensor has been designed, built and demonstrated.
The sensor has been mechanically simulated using the Finite Element Analysis
to study the longitudinal axis deformation profile where the FBG is fixed under
different conditions. The heterogeneous shape of the proposed device and the
installation procedure force different sections on the FBG which are assumed
as uniformly deformed. A simplified model of three sections is proposed and
optically simulated using the Transfer Matrix method. The spectral response
of the sensor is given by the individual contributions of each section so, by
analyzing the spectral evolution of the FBG, the status of the bonding joint
can be estimated. The dependence of the FBG spectrum to different artifacts
adds self-diagnosis capabilities to this kind of sensors. Five different cases were
experimentally reproduced under controlled conditions and the same situations
were replicated in the simulation environment. The test results show a very
good agreement between the expected and real sensor behavior despite the

use of a simplified model and the fabrication limitations.

4.3.2. Compaction pressure transducer

Ensuring the final performance of a composite structure implies a perfect

control of the manufacturing process. Some manufacturing parameters such

38



4.3. Embedded transducers for laminated composites

as the curing temperature or the compaction pressure need to be accurately
set to achieve the material optimal performance. This is significantly relevant
in Vacuum-assisted Resin Infusion (VaRI) or in Vacuum-assisted Resin Trans-
fer Molding (VaRTM)[45], where the structure is molded using a rigid mold
and a thin flexible membrane over the fiber that compresses it against the
mold surface due to the outer atmospheric pressure. Regarding this process,
the strict control of the compaction pressure is a critical point. As shown in
[46], a pressure variation during the VaRTM may lead to a different thick-
ness within the structure, so the monitoring of this parameter will ensure a
better behavior of the structure. This strict control becomes more important
for larger structures where thicker composites are required (reaching several
centimeters) such as vessels or wind turbine blades.

There are lots of reported applications where different manufacturing pa-
rameters have been monitored. Examples such as the monitoring of the resin
flow with artificial vision [47] or with electrical arrays [48] or measuring the in-
ner strains or temperatures by optical means [49] have been successfully tested.
Optical fiber sensors [2] and particularly Fiber Bragg Gratings (FBGs) [44]
have been proved as a highly compatible technology with composite materials
[25]. Their light weight, small size and electromagnetic immunity, make opti-
cal fibers highly compatible with composite materials to be embedded into the
structure. This kind of sensors have been successfully employed to characterize
the manufacturing process by analyzing the curing reactions using florescence
[50] or by recording the inner strain and temperature during the curing process
[51]. However, by embedding optical fiber sensors during the manufacturing
process [52], it is also possible to obtain a sensor network capable of providing
information during the structure operation. There are many examples where
strain and temperature measurements are obtained with embedded optical
fiber sensors [15, 53] but, by combining these data with processing schemes,
more complex artifacts can be detected such as cracks or damages [54], thus
preventing a structure malfunction.

In this section, an optical fiber sensor to measure the compaction pres-
sure during the manufacturing process is designed and tested. The proposed
sensor is embedded into the composite material during the manufacturing pro-

cess, recording the pressure during the molding. This process can be critical
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for large composite structures where thickness of several centimeters must
be achieved. Once it has been embedded, the sensor is also able to obtain
strain or temperature measurements of the hosting structure under working
conditions without degrading its mechanical behavior. Several characteriza-
tion steps have also been performed to obtain the sensor response to pressure,

strain and temperature, exhibiting a great sensitivity and repeatability.

4.3.2.1. Transducer structure

The transducer is based on a plastic block with an embedded Fiber Bragg
Grating. The central section, where the FBG is embedded, is arc-shaped to
be compressed when a transversal load is applied (Fig. 4.36). Surrounding
the arc-shaped section, two straight glass fiber filaments were included to limit
the central section compression after being installed. The proposed design is
oriented to be embedded into a composite structure during its manufacturing
process, so it has to be small enough to avoid the modification of the structural

mechanical response, but solid enough to withstand the fabrication process.
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Fig. 4.36.: Sensor structure (left) and embodiment scheme (right). The arc-shaped section is
compressed while a transversal load is applied. Dimensions are in millimeters.

Once the sensor is embedded into the composite material, the central sec-
tion is compressed as the transversal pressure increases. The compression
can be measured using the wavelength shift of the embedded FBG, while the
dimensions of the central arc determine the sensitivity of the sensor to the
pressure. However, the arc can be not excessively abrupt, enhancing the pres-
sure sensitivity, because it will create a non-uniform deformation along the
FBG, what would deform its spectral shape complicating the peak determi-
nation. A correct behavior of a FBG relies on a uniform deformation of its

periodic variation and, consequently, any odd artifact close to the FBG can
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limit its final performance.

The arc shape of the central section is maintained by two surrounding glass
fiber reinforcements that also help to limit the sensor compression by estab-
lishing a minimum thickness. Once the composite structure has been manu-
factured, the sensor remains compressed inside the material maintaining the
FBG orientation parallel to both sensor surfaces, so further strain measure-
ments can also be performed employing the same sensor. A simplified version
of the proposed design has been simulated using the Abaqus Finite Element
Analysis (FEA) software (Dassault Systemes Inc.). The simulated model just
reproduces the central section using the proposed arc dimensions, and it has
been employed to obtain the qualitative sensor response, validating the chosen
dimensions. The central block has been considered as a homogeneous resin
block under distributed pressure over its surface. Although the surrounding
glass fiber reinforcements have not been included in the model, the expected

sensor response must be similar.
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Fig. 4.37.: Simplified model of the proposed design (left) and simulated strain applied to the
FBG as the pressure increases (right).

The simulated mechanical response and the FEA model are depicted in
Fig. 4.37. At lower pressure, the arc is easily deformed and, consequently,
the achieved sensitivity at lower pressures is better than at higher pressures.
However, after the sensor has been compressed, its sensitivity becomes very

low following a logarithmic trend as can be noticed in Fig. 4.37 (right).
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4.3.2.2. Manufacture and embodiment process

The sensor is built in epoxy resin using two glass fiber filaments of 0.6
mm of diameter as reinforcements. To obtain the desired shape, a mold is
manufactured using non-stick silicone from a plastic (PMMA) CNC processed
male. Some alignment points are included in the sensor design to accurately
place the FBG and the glass fiber reinforcements. After finishing the mold,
the glass fiber reinforcements are placed on both sides. After that, the FBG
is placed into the central section of the mold, following its arc shape. For this
application, a FBG of 4 mm length has been employed. Its length is a trade-off
between its final resolution and its short length to avoid heterogeneities. When
the optical fiber and the reinforcement filaments are located, a low viscosity
epoxy resin is poured into the mold. After the pouring, a vacuum stage follows
to guarantee the homogeneity of the final block by removing the air bubbles.
The epoxy resin was thermally cured for a few hours to obtain the final block.

A photo of the obtained sensor is shown in Fig. 4.38.

Alignment points Optical fiber

Reinforcement

Fig. 4.38.: Manufactured sensor. Some alignment points can be observed on top of the arc-
shaped section.

The two key characteristics of the proposed sensor can be observed in Fig.
4.38: two straight sections with reinforcement filaments and a central arc-
shaped section with the embedded FBG. The observed holes around the central
area as well as the four brackets of both edges are alignment means included to
help during the molding process. Once finished, the sensitivity of the sensor is
characterized for different compaction pressures. After the compaction char-
acterization, the sensor is embedded into two sheets of bidirectional weaves to

obtain its sensitivity to strain and temperature.
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4.3.2.3. Experiments and Results

Several tests have been performed to obtain the sensor response to different
parameters. The goal is to quantify the compaction pressure of a composite
structure during its manufacturing process and, once it has been finished, to

measure strain or temperature of the hosting structure in operation.

Compaction pressure

An equivalent VaRTM setup is proposed to obtain the sensitivity of the
proposed design to the compaction pressure. The sensor is placed between
two bidirectional glass fiber weaves of 300 gr/m? and covered with a plastic
vacuum bag. The bag is sealed and a controlled vacuum pressure is applied
to the setup while the wavelength deviation of the FBG is measured.
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Fig. 4.39.: Wavelength shift of the FBG against the compaction pressure (left). A single sweep
reaching a compaction pressure of 0.8 kg f/cm? (right).

After five initial pressure cycles performed to allow the accommodation of
the FBG to the sensor material, the sensor has been subjected to several
compaction pressure sweeps from 0 to 0.8 kgf/em?. The obtained wavelength
displacement has been averaged maintaining the compaction pressure. The
obtained results are depicted in Fig. 4.39 against their logarithmic fit (R? ~
0.9992). The maximum divergence in the wavelength shift was A\, ~ 0.02 nm
at lower pressures (under 0.2 kgf/cm?) and A\ ~ 0.01 nm at higher ones. As
the pressure increases, the compression of the FBG also increases, what gives
rise to a decrease of its peak wavelength. The sensor response remarkably

matches a logarithmic response: the arc-section is easily compressed at lower
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pressures but, as the pressure increases, the deformation range is limited by the
lateral reinforcements, also limiting the FBG compression. This experimental
results can be compared with the simulated response depicted in Fig. 4.37.

Spectral behavior

Due to inhomogeneities within the sensor block, the FBG can be asym-
metrically compressed, deforming its spectral shape and making it useless for
further measurements. During the compaction pressure characterization, the

spectral FBG response has also been analyzed.
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Fig. 4.40.: FBG spectra under a compaction pressure of 0.8 kg f/cm? (dotted line) and without
load (solid line). Both FBG spectra peaks are clearly identifiable.

As shown in Fig. 4.40, the FBG spectrum is slightly modified due to manu-
facturing inhomogeneities that create a non-uniform compression on the FBG.
However, the main FBG spectral shape is still maintained, being its peak
clearly identifiable and allowing further measurements. Besides, when a high
load is applied, there is little drop in the received optical power due to the
micro-bending losses of the optical fiber, but it still remains high enough for

sensing applications.

Strain response

Once the compaction pressure characterization was performed, the sensor

was embedded into a composite material of two bidirectional glass fiber weaves
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of 300 gr/m? using the wet lay up technique. An extra weight was added to
set the compaction pressure up to P ~ 0.9kgf/cm?. This value was checked
using the proposed sensor and obtaining a wavelength displacement of A\ =
—0.82 nm. After the material curing process, the resulting beam was 450 mm
by 40 mm with a constant thickness of 1.5 mm. In addition to the proposed

sensor, an extra bare FBG was embedded into the two glass fiber weaves as a

reference.
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Fig. 4.41.: Reference FBG (dashed line) and the proposed sensor strain response (dotted line)

and their associated linear fits.

In the initial stage, five loading cycles (with a peak deformation of Ae ~
500u€) were applied to the beam to overcome the accommodation effect of
both sensors (pressure and reference) to the host material [29]. Following, a
stretching ramp was applied to the resulting beam and the FBG response is
depicted in Fig. 4.41. Both FBGs exhibit a great linear gauge factor to the
applied strain. The gauge factor of the proposed sensor is somewhat lower
due to the amount of resin located between the glass fiber wears and the
optical fiber caused by the sensor package. The reference FBG is closer to the
glass fiber weaves, so its sensitivity is a little higher, but a bare FBG can be
damaged during a composite manufacturing process. However, a small error
is also caused by slight misalignments during the stretching process. A cross
section photo of the embedded sensor is shown in Fig. 4.42. The two glass
fiber reinforcements and the optical fiber can be appreciated while the whole

sensor is perfectly integrated into the composite material.
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Fig. 4.42.: Cross section photo of the embedded sensor. The resin block of the sensor is hard
to be distinguished from the surrounding material.

Temperature response

Most FBG sensors are temperature sensitive, so further measurements must
be compensated to remove the thermal error. In order to quantify the thermal
response, the instrumented composite beam is subjected to a temperature
sweep from 10°C' to 40°C', thus obtaining its behavior. The obtained results are
depicted in Fig. 4.43. The response of the sensor to the temperature is slightly
higher than the reference FBG because the thermal expansion coefficient of
the epoxy resin without reinforcements is higher than with them. When some
extra epoxy resin is placed between the composite material and the FBG, this
is partially isolated from the response of the whole material. However, this
effect can be minimized by introducing the proposed sensor in a composite
material strong enough (with a higher thickness) to stretch the inner sensor
despite the extra epoxy resin.

The depicted response was obtained once the sensor was embedded into a
hosting material; consequently this sensor can be also employed to measure
the temperature (or strain) of the hosting structure during its operation with a
sensitivity of Cr ~ 34pm/°C. However, the deviation of the FBG wavelength
due to the thermal expansion may introduce some errors during the infusion
step of the VaRTM process, because the resin temperature can be different
(typically higher to decrease its viscosity). Extra temperature measurements
are required to compensate this error to maintain the monitoring of the com-
paction pressure during the infusion. The thermal response of the bare sensor
(without being embedded) was also characterized and, it matches the response
of the employed epoxy resin (Cp ~ 55pm/°C') and can be used to compensate

the pressure measurements during the infusion step.
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Fig. 4.43.: Temperature response of the proposed sensor (dotted line) against the reference
FBG (dashed line) with their associated linear fit.

4.3.2.4. Specific remarks

A FBG based sensor for monitoring the compaction pressure of a composite
material during its manufacturing process has been proposed and experimen-
tally demonstrated. The achieved sensor can be employed to monitor the man-
ufacturing process of thick composite structures (several centimeters). The
same sensor can be used to measure strain or temperature once the hosting
composite material has been manufactured. Several experiments have been
performed to obtain the sensor response to the three parameters that can be
measured: compaction pressure, strain and temperature. The obtained results
show a very good agreement with the expected behavior of the different param-
eters, exhibiting a logarithmic response for pressure and a linear one for both
strain and temperature. The obtained sensor can provide information during
a composite structure manufacturing process and, once it has been finished,

give useful measurements for structural health monitoring applications.

4.3.3. Embedded strain transducer

Fiber Bragg Gratings have been widely applied to monitor in field structures
during the last years. Applications such as civil engineering structures [55, 56/,
aircraft wings [31] or marine structures [57] are examples of the challenge of

monitoring in-field structures. Most of these applications have been mainly
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developed within a laboratory and, after particular adjustments [36], have
been employed to monitor some structures. These initial tests are extremely
useful to retrieve information for both developments: sensing systems and
structures.

However, after these initial field tests, an extra effort is required to achieve
a truly reliable sensing system to be merged with a working structure. This
is a complicated challenge, because each final application has a lot of small
details to have into account when both sensing and structure technologies are
pushed to the edge, what reduces the available technologies to those already
well-known. Particularly, FBGs are a mature technology, which several sens-
ing companies have relied to develop their sensing solutions in. With their
application to composite structures, new kinds of commercial sensors have
been developed, but most of them have been conceived to be installed after
the structure manufacture.

In this section, a specific FBG based transducer is developed to be embed-
ded into large composite structures, being able to survive the manufacture
process. Based on a resin block, the FBG is protected against the transverse
pressure required to compact the final composite material. Their shape and
dimensions have been chosen for a large structure standard, so the final me-
chanical response of the structure is not influenced by the sensing system.
Several individual transducers can be combined to obtain quasi-distributed

measurements of critical structure points.

4.3.3.1. Transducer structure

The proposed scheme must be only sensitive to the longitudinal axis strain,
remaining insensitive to transverse axis deformations. Besides, the transducer
is going to be embedded into a composite material during its manufacturing
process, thus the optical fiber requires extra protection, being especially re-
markable at the FBG location. This might not be a critical issue in the man-
ufacturing of high precision composite structures [26, 27], but, when larger
structures of several meters are manufactured, some extra transducer tough-
ness is required.

Particularly, the proposed transducer should support very high transverse

loads during the compaction of the composite material, but be also capa-

98



4.3. Embedded transducers for laminated composites

ble of measuring longitudinal deformations. From the structure point of view,
transducers must not affect the mechanical response of the host material, what
limits both the dimensions and materials to be employed. A scheme of the
transducer is depicted in Fig. 4.44. A FBG is embedded into a resin block
where two parallel fiber reinforcements have been included. These reinforce-
ments have a greater diameter than the optical fiber, and limit the transverse

compression of the resin block.

Reinforcements

Fig. 4.44.: Sensor design: two surrounding reinforcements limit the transverse pressure to the
embedded FBG.

Trying to reduce the mechanical influence of the proposed design, the same
materials of the hosting structure should be employed in the transducer man-
ufacture. In addition to the improvement of the transducer robustness and
the low sensitivity to transverse deformation, this design helps its alignment,
making its installation into the host structure easy. In the following section,
its manufacturing process and final dimensions are adapted to be embedded
into Glass Fiber Reinforced Plastics (GFRPs).

4.3.3.2. Manufacturing process

A practical implementation of the proposed design has been manufactured.
With a total thickness of h =~ 0.7 mm, its final final design is detailed in Fig.
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4.45 (top). Due to mechanizing limitations, its edges have been simplified
from the original design, but the main block distribution and reinforcements
have been maintained. Using a Computer Numerical Control (CNC) cutting
machine, a male mold has been mechanized following the proposed design.
This mold has been employed to build also a female mold using nonstick

silicone.

31 5

A

Fig. 4.45.: Final block dimensions in millimeters (top). Photo of the final transducer (bottom).

After locating two glass fiber rovings at both mold sides, a L = 4 mm length
FBG, written into a standard telecommunication optical fiber using the phase
mask technique, is aligned with the middle axis. Then, a low viscosity epoxy
resin is poured into the mold and a vacuum stage follows to guarantee the
homogeneity of the final block by removing the air bubbles. The epoxy resin
is thermally cured for a few hours to obtain the final sensor. A photo of the
manufactured strain transducer is depicted in Fig.4.45 (bottom).

In order to verify the suitability of the whole process, a total of 60 transduc-
ers have been manufactured with slightly variations regarding the procedure.
Finally, 48 transducers have been manufactured maintaining the same proce-
dure, each of them has been tested using the same transverse pressure em-
ployed for the compaction of real GFRP structures. A total of 46 transducers
have passed these tests where an equivalent VaRTM setup has been proposed
to apply a controlled compaction pressure. Each transducer has been placed
between two bidirectional glass fiber weaves of 300 gr/m? and covered with
a plastic vacuum bag. The bag was sealed and a controlled vacuum pressure
was applied to the setup while the FBG spectrum was monitored to determine

if the tested transducer was valid.
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4.3.3.3. Experiments

Although the ultimate goal of the proposed transducers was the measure-
ment of the longitudinal axis deformation, their main challenge is to support
high transverse pressures. However, several strain tests have been performed
both embedding and gluing different transducers to a GFRP beam. Their
achieved response was linear, as expected and their sensitivity depends on
the installation procedure. Regarding the transverse pressure, and besides the

preliminary quality tests, some extra experiments have been performed.

Transverse Pressure

The main problem when an Optical Fiber Sensor has to be embedded into a
large composite structure is to survive to the manufacturing process, because
high compaction pressures are employed. This step puts pressure on the glass
fiber weaves to the optical fiber, provoking a non-uniform deformation along
the FBG. Trying to evaluate this influence, a bare FBG and the designed
transducer have been pressed through a glass fiber weave while their spectra

were measured.
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Fig. 4.46.: Bare FBG spectra under different loads (left). Spectra of the proposed transducer
under different loads (right).

In Fig. 4.46, the spectra of a bare FBG and the proposed transducer are
depicted for different loading conditions. The resin block of the transducer
helps to redistribute the transverse pressure and the surrounding reinforce-
ments limit their cross deformation. On the other hand, when a bare optical
fiber is pressed against an irregular surface, these irregularities are transferred

to the FBG structure, deforming its final spectrum.
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Temperature response

The thermal response of a FBG embedded into composites is mainly driven
by the amount and type of the surrounding resin. However, when a transducer
is embedded into a host composite material, its final thermal sensitivity is
given by the hosting material properties. The thermal response of the proposed
transducer has been obtained by applying a temperature sweep to both free
and embedded transducers. The achieved results are depicted in Fig. 4.47.
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Fig. 4.47.: Temperature response of a free (crosses) and embedded (circles) transducer against

their linear fit.

The thermal response of a free transducer is determined by its geometry
and ratio of fiber reinforcements and resin. However, when it is embedded
into a bigger composite block, the ratio between reinforcement fibers and
resin changes. In this case, the amount of resin that surrounds the FBG is
higher when the transducer is embedded, thus its thermal sensitivity increases.
Despite this variation, when different transducers have been included into the
same composite material, they offered the same thermal sensitivity. This kind
of embedded sensors must be thermally characterized after their embodiment

into the final material.

4.3.3.4. Specific remarks

A different implementation of a classical FBG strain gauge has been de-

veloped for its embodiment into large composite structures. An easy-to-
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manufacture transducer based on a resin block with two surrounding rein-
forcements has been designed to support the high transverse pressures applied
during the manufacture of composite materials. The achieved results exhibit
a low transverse pressure sensitivity even with fabrication imbalances (such
as the appearance of air bubbles close to the FBG). Several transducers have
been manufactured using the same process exhibiting a great repeatability and

tolerance, enabling both design and process for industrial applications.

4.3.4. Field demonstrations

All the proposed transducers have been experimentally verified under labo-
ratory conditions, being useful to generate new knowledge and techniques to
improve the present technology platform. However, all the proposed devices
and techniques must also be tested under real conditions to be successfully
applied in real scenarios.

Two field implementations of FBG based transducers have been applied to
real scenarios. Starting from the characterization of civil engineering materials
by embedding FBG based transducers into a pre-stressed concrete beam and
following by adding a strain sensing system to a wind turbine blade of 37
meters length, both examples are useful to improve their further applicability.

In both applications, different FBG transducers have been adapted to be
able to work under field conditions. Many implementation problems have to be
solved before installing each transducer such as: the alignment of the sensors
during the installation, the optical fiber protection to reach the structure, the
protection of the interrogation equipment and so on. However, each of these
challenges gives rise to the development of more robust OFS sensor systems

capable of working under real environments.

4.3.4.1. Pre-stressed concrete beam monitoring

In the construction of some precast concrete structures, the armor is pre-
stressed before the concreting process. After the concrete is hardened and has
gained the right strength, the armor is slacked. During the slacking period, the
pre-stressing force initially applied to the armor is transferred by adhesion to

the concrete. This inner process has not been properly modeled yet, because
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Concrete compression

>
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Fig. 4.48.: Expected compression force distribution after the unstressing step during the fabri-
cation process.

the employed techniques were low reliable and with low precision for these
requirements, thus limiting the existing models of armor response.

The adherent nature of a pre-stressed reinforcement is defined through the
conventional anchorage length (Lg) after the unstressing process. As illus-
trated in Fig. 4.48, the anchorage length (L) can be defined as the length of
the coating required to ensure the transmission of the maximum pre-stressing
force (from the armor to the concrete). This transmission can be noticed in
concrete structures by releasing the reinforcement ends, initially stressed to
the 80% of their nominal breaking load.

The standard UNE 7-436-82 “Bond test of steels wires for pre-stressed con-
crete” [58] defines the procedure to determine this parameter and its confi-
dence criterion. This method is based on measuring the penetration length of
both reinforcements edges after releasing the armor stress. This measurements
should be repeated after 1, 6, 24 and 168 hours to monitor the whole slacking
process.

However, these measurements are usually performed by very traditional
procedures: several points are marked on the beam surface and the distance
between them is measured during the slacking period. This commonly used
method is unable to get real measurements of the inner part of the beam and
some measurement errors are easily committed, reducing its final performance.
Based on FBGs, a quasi-distributed sensor system able to measure both tem-
perature and strain/elongation along the longitudinal axis (inside the beam)
has been employed to measure the anchorage length of pre-stressed concrete

beams.
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Fig. 4.49.: Design details and a photo of the manufactured transducer. Dimensions are in
millimeters.

Transducer design and manufacture

The compression at different beam positions has to be measured to deter-
mine the anchorage length. A plastic (PMMA) holder of 3 mm thickness has
been especially designed to house 16 FBGs at preset locations. Two fixing
areas surround each sensing point to force a better joint with the concrete,
causing a homogeneous deformation on the central part of each sensing point.
An extra FBG has also been included at the transducer edge to obtain the
inner beam temperature. The holder is detailed in Fig. 4.49.

A grove has been mechanized into the central axis of the holder to accom-
modate 4 optical fibers, each one with 4 FBGs to measure the compression at
each sensing point. Each FBG is glued (using cyanoacrylate) to the bottom
surface of a central groove made in the holding piece before sealing the grove
using thermofusible adhesive. This groove is also used to guide the optical
fibers along the transducer, protecting them from possible hits or cracks dur-
ing the installation. The extra FBG has been embedded into an epoxy resin
block to enhance its thermal sensitivity and it has been placed loosely, isolated
from the transducer deformation. The four optical input-output fibers were

protected with a plastic tube to reach the outer edge of the beam.

Transducer Installation

The manufactured transducer has been embedded into the central axis of
a prismatic concrete beam of rectangular section (0.2 by 0.15 m?) of 3.55 m
length. The beam has been built using a concrete with a minimum value of
resistance of 65 MPa at 28 days. During the concreting process, three cylin-

drical test control samples were prepared (h = 300 mm and ¢ = 150 mm)
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Top view /concrete beam wires

Fig. 4.50.: Installation scheme and photos during the embodiment. Dimensions are in millime-
ters.

to determine the concrete compressive strength. Two surrounding steel re-
inforcements have been pre-stressed before the concrete curing. An electric
strain gauge has been glued to each reinforcement wire to verify the steel
stress during the clamping process.

The loading process of the reinforcements has been performed in several
steps (with a minimum of three), recording the applied load and deformation
of both wires. These values are compared to the typical stress-strain diagram
of the tested steel, in order to avoid errors in the initial clamping force. After
the applied load is stable, a period of 24 hours is required before concreting
the beam.

Given that the adhesion properties of the pre-stressing reinforcement have
to be measured, the transducer is placed near one edge of the concrete beam
to analyze its compression evolution. It is fixed in the middle of the two steel
reinforcements using nylon wires before the beam concreting. The first sensing
point is placed at 335 mm from the edge of the beam and the last at 1460 mm.
The distance between two consecutive sensing points is 75 mm. Installation
details are depicted in Fig. 4.50.

When the concrete had acquired the right strength (5 days after), the stored
samples were broken to measure the achieved resistance. The mean resistance
value of the three samples was 38.5 MPa, which is higher than the standard
test requirement of 24.5 MPa. After the resistance test, the formwork has
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Fig. 4.51.: Temperature evolution during the concrete curing process.

been carefully removed before placing two comparators at both beam sides
that recorded the initial penetration values before the releasing process of the

reinforcement wires.

Results

The whole process has been monitored since the pouring process. The stress
of the reinforcement wires has been maintained during the concrete curing.
After the beam curing, both reinforcement wires have been released while the
beam deformation was measured during 220 hours. The first remarkable result
is the temperature evolution during the concrete curing. As shown in Fig. 4.51,
the temperature stabilizes after 20 hours with a final rise of AT ~ 13°C.

After the concrete curing, the stress of the reinforcement wires is removed.
For this process, each wire is stressed to release the fixing means and after-
wards the load is reduced gradually. The process is repeated for each wire.
The greater compression is obtained during the starting minutes but the beam
continues comprising with time. The compression measured during the releas-
ing of both wires is depicted in Fig. 4.52 (left). Several time references have
been taken to get the spatial evolution of the beam deformation (1, 6, 24, 168
and 220 hours after the releasing) and the deformation for these references is
depicted against the beam length (Fig. 4.52, right).

The achieved results have been fit by two lines whose intersection sets the
measured anchorage length at Ly ~ 1085 mm (Fig. 4.52, right). This value

has also been calculated according to the analyzed standard, employing the

107



4. Sensors based on FBG technology

—o T=220h

— T=168h \
-1p —8 T=24h
—% T=6h O_AL"""‘ONO
—o T=1h
L L L L 71'2-
0 0.05 0.1 0.15 0.2 0.25 335 485 635 785 935 1085 1235 1385
Time(h) Distance from edge (mm)

Fig. 4.52.: Initial compression during the releasing process (left). Deformation along the beam
at different times: 1, 6, 24, 168 and 220 hours after releasing (right).

averaged value of penetrations in both reinforcements (d,,). The standard
defines the anchorage length as (Eq. 4.8):

L. =35l Ams (4.8)
f pm,G

where Fj is elastic modulus of the active reinforcements (steel, s ~ 200 G Pa);
Ay, is the cross-section area of the active reinforcement (A, &~ 140 mm?);
Jpm.c is the guaranteed breaking load of the active reinforcements (fy, ¢ =
Ay - fraz e = 140 mm? - 1860 M Pa); and 4, is the averaged value of pen-
etrations for the three samples after 7 days (168 hours). According to the
standard, the anchorage length of the passive side is L, ~ 1095 mm and the
averaged anchorage length is Ly, ~ 1054 mm.

The results achieved with the proposed method match those calculated using
the formulation proposed by the reference standard. The difference between
the classical approach and the proposed transducer is € & 10 mm, mainly given
by the spatial resolution of the proposed technique. However, the achieved
values are under a 1% error with a 10% tolerance level in the standard when

using alternative methods for determining the anchorage length.

Specific remarks

The determination of the anchorage length of an active reinforcement of a
concrete structure is given by the UNE standard. This process is based on

measuring the penetration depth of the reinforcements using traditional (with
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low precision) methods. A quasi-distributed transducer based on several FBGs
has been developed and tested to measure this parameter. The proposed trans-
ducer enables a high precision monitoring of the elongation and temperature
into the beam core-axis at different locations.

After the seven days proposed by the standard (UNE 7-436-82) for measur-
ing the penetration, it has been observed that the deformations are not stable
and the beam shortening process continues, thus contradicting the standard
assumption. This OFS technology will be proposed to be admitted into the
standard to monitor these parameters.

4.3.4.2. Wind turbine blade monitoring

Employing FBG based transducers, a full-scale wind turbine blade (AB37-
IT) manufactured by the company Aeroblade Inc. has been monitored. Start-
ing from a high precision strain transducer, a strain patch has been designed
to be installed on the structure surface (as in commercial systems). Employing
a total of 15 strain patches, a sensor system capable of retrieving the strain
distribution of a loaded structure has been experimentally verified during 4
loading tests. All sensing patches have been distributed into three critical
areas to evaluate the wind turbine blade response. The final tests exhibit a
great linearity and repeatability proving the feasibility of applying FBG-based
sensing technology in this field of application.

Transducer design and manufacture

The whole sensor system relies on the basic strain sensing point: the strain
patch. Based on a FBG of 4 mm length, a GFRP patch has been designed
to be superficially installed to a hosting structure. This composite patch
is manufactured using Vacuum assisted Resin Infusion (VaRI). The initial
resin block is a strain FBG transducer for high precision applications that
protects the bare optical fiber from breaking. This strain transducer has been
embedded into a bigger patch with two protected optical fiber splices to optical
fiber cable.

Each strain transducer has been manufactured by pouring epoxy resin into a
nonstick mold. Using a Computer Numerical Control (CNC) cutting machine,

the male mold has been mechanized following the proposed design (Fig. 4.53,
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Fig. 4.54.: Patch manufacturing process (top). Final sensing patch (bottom). Courtesy of
Aeroblade.

top) with a constant thickness of A & 0.5 mm. This mold has been employed
to build a female mold using nonstick silicone. The FBG is aligned with the
middle axis before pouring low viscosity epoxy resin, followed by a vacuum
stage to guarantee the homogeneity of the final block by removing the air
bubbles. The epoxy resin is thermally cured for a few hours to obtain the final
strain sensor. A photo of a manufactured strain transducer is depicted in Fig.
4.53 (bottom).

Each high precision strain transducer has been spliced to standard 3 mm
optical fiber cable at fixed distance before protecting both weak points. Once
spliced, each transducer was embedded into a two layer GFRP plate using
a highly precise VaRI process, avoiding damages to the strain transducers.
After finishing the GFRP plate, each individual patch has been mechanized
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Fig. 4.55.: Wavelength patch distribution and test directions (top). Different station distances
(bottom).

with a final dimension of w ~ 30 mm by L ~ 250 mm and a total thickness
of h = 1.5 mm. Details of the manufacturing process and the final patch are
depicted in Fig. 4.54

Installation

A total of 15 strain patches of 5 different wavelengths have been distributed
into three optical fibers. Two commercial temperature transducers have been
also included into a 4th optical fiber. Following the manufacturer’s sugges-
tions, the strain patches have been installed into three rings placed at different
distances (stations) from the blade root. An installation scheme is depicted
in Fig. 4.55.

Each sensing station has been monitored by an optical fiber channel with
five strain patches. Each patch has been glued to the blade surface just in
the central patch area, leaving both sides unglued to prevent splices breaking.
After gluing each patch, a plastic sealer has been added to improve the patch
protection and remove undesirable vibrations. The patch installation process
is depicted in Fig. 4.56. The two temperature transducers have been installed
in both spar caps (blade central areas) using thermal paste to compensate
possible temperature drifts.

The optical fiber channels have been connected to a commercial unit (Si425

of Micron Optics) for their interrogation. An electric signal coming from a

111



4. Sensors based on FBG technology

Fig. 4.56.: A patch glued in its central area (top). Sealer application over a glued patch
(middle). Patch finally installed (bottom). Courtesy of Aeroblade.

loading cell has been recorded as reference signal using an Analog-Digital

converter connected to a computer.

Results

Several tests have been performed at the National Renewable Energy Center
(Cener) at Navarra (Spain). The blade root was fixed to a concrete foundation
while different wire ropes attached to pulling towers load the blade. A scheme
of the loading facilities is depicted in Fig. 4.57.

Four loading tests to evaluate the blade response have been carried out:
MEdge positive and negative and MFlat positive and negative (Fig. 4.55). In
each test, one main direction of the blade is pulled while its root is fixed. De-
pending on the test, different start and end loads have been employed reaching
a peak deformation above 101% of the designed maximum load. The achieved
results are depicted in Fig. 4.58.

These results have been compared to loading cell signals and the maximum

blade displacement is coherent with the measured peak deformations. In the
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Fig. 4.57.: Scheme of the loading facilities at CENER (Navarra). Five towers pull from the
blade fixed at root.

MEdge test, the most important measurements are given by the patches lo-
cated at the leading and trailing edges (channels 2, 3 and 4). On the contrary,
the spar caps patches (channels 1 and 5) provide useful data on MFlat tests
achieving wavelength drifts above A\ > 4 nm. In Fig. 4.59, one of the most
significant measurements (low spar cap patch) during the MFlat positive test
is compared to the loading signal. The same linearity has been achieved in all
of the loading tests.

Specific remarks

A sensor system based on FBGs transducers has been employed to monitor
the loading process of a full-scale wind turbine blade. FBG based strain gauges
have been adapted to be installed on the structure surface by embedding
them into a bigger composite patch. A total of 15 strain sensing points have
been installed at three given distances from the blade root. Due to the short
developing time of this work, the strain patches have been directly tested after
their installation. However, the achieved results exhibited a great linearity
and repeatability. Although the proposed solution has been adapted to its
superficial installation, these results help to identify early problems of a full

integrated sensing system.
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Fig. 4.58.: Measured deformations during MEdge - (a), MEdge + (b), MFlat - (c), MFlat +
(d) tests.

4.3.5. Summary

In this section, different FBG based solutions have been proposed and ver-
ified to monitor specific properties of composite materials. Employing these
new sensing capabilities, more complete models can be developed including
new features beyond the usual ones (e.g. strain and temperature). Partic-
ularly, a new device to evaluate composite joints has been proposed to be
employed in complex structures, detecting early failures. Another sensing
head capable of monitoring the compaction pressure during the fabrication of

a composite material and also capable of retrieving deformation values when
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Fig. 4.59.: Measured strain on patch 2500.5 during the MFlat + test compared to the load cell
signal.

the structure is under operation has also been developed. This new device al-
lows a better tracking of composite materials, starting at their manufacturing
process.

In addition to adding new sensing features to SHM models, a better im-
plementation of existing FBG based strain sensors has also been addressed.
By employing materials highly compatible with the hosting structure, a trans-
ducer design has been proposed and tested to bear real manufacturing condi-
tions of large structures, dealing with high transverse pressures.

Finally, some of the technologies developed during this work have been
tested in field applications. The first example was the embodiment of a FBG
based transducer into a pre-stressed concrete beam to evaluate specific pa-
rameters. The second, and most challenging example, was the monitoring a
full-scale wind turbine blade during loading tests.

4.4. Conclusions

Different aspects of FBG based sensors have been addressed in this chapter.
Although this technology has been widely applied to many different engineer-
ing applications, there are still lots of new applications for these devices to be
found. This chapter has been centered in three main sections where, starting

from the improvement of traditional sensors, some final application examples
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have been described.

Trying to improve the traditional interrogation methods of FBGs, differ-
ent processing schemes have been proposed to retrieve the longitudinal axis
deformation of FBGs just from the intensity of their reflection spectra. The
proposed algorithms combine a custom defined error metric for spectral com-
parison and a Particle Swarm Optimization technique to get the deformation
values of different FBG sections. This algorithm has been applied even to
work with uniform FBGs, without spatial resolution limitations, by dividing
the FBG length into N sections. This technique can be very useful for quasi-
distributed sensing applications based on FBG technology by retrieving the
individual intragrating strain distribution of several FBGs.

Also dealing with the improvement of the existing sensing methods, the fol-
lowing section was devoted to the widely addressed problem of temperature-
strain discrimination. Although many different approaches have been reported
to solve this problem based on composite materials, a wide set of solutions
can be proposed to improve the discrimination. Using CFRP as host ma-
terial, several sensing heads for strain-temperature discrimination based on
embedding Fiber Bragg Gratings into composite plates have been designed
and experimentally tested. The most interesting design relies on the drilling
of two symmetrical holes to provoke different strain sensitivities to embedded
FBGs. A temperature-independent strain sensor has also been manufactured
and tested. By creating a non-uniform strain profile on an embedded long
FBG, its spectral peak has been split into two, being its distance propor-
tional to the plate deformation. Apart from applying the proposed designs
as sensing elements, they can also be considered in the structure design to be
included as structural parts, performing both tasks, mechanical reinforcement
and sensing.

Considering that Smart Structures are very related to composite materials,
OFS and particularly FBGs can be employed to measure specific parame-
ters of composite structures. Employing these new sensing capabilities, more
complete models can be developed including new features beyond the com-
mon used ones (i.e. strain and temperature). Different FBG based solutions
were proposed regarding this point such as: a new device to evaluate compos-

ite joints of complex structures or a sensing head capable of monitoring the
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compaction pressure during the fabrication of a composite material. These
features can improve the existing structural models by detecting early stage
failures.

Within the composite materials, a better implementation of existing FBG
based strain sensors has also been addressed in addition to the measurement
new features. By employing materials highly compatible with the hosting
structure, a transducer design has been proposed and tested to bear real man-
ufacturing conditions of large structures. Based on a resin block with two
surrounding reinforcements, it has been designed to bear the high transverse
pressures applied to the composite materials compaction. The achieved results
exhibit a great repeatability and tolerance, enabling both design and process
for industrial applications.

Employing some of the proposed FBG-based technologies for real challenges,
different field applications have also been addressed. Related to civil engineer-
ing, a pre-stressed concrete beam has been monitored using embedded FBG
transducers to measure specific parameters for a better understanding of the
inner behavior of these materials. Another example was the monitoring of a
full-scale wind turbine blade during its loading tests. This scenario deals with
many challenges regarding actual Smart Structures and this experience gives
rise to a better OFS development. Several conclusions can be retrieved from
both examples but, in summary, both applications were useful for exhibiting
the benefits of OFS techniques in the future Smart Structures development.

All the works described during this chapter are just a small increase to the
existing state of the art, but several contributions have been obtained. Par-
ticularly, two emerging techniques for Smart Structures: composite materials
and Fiber Bragg gratings have been merged and some benefits have arisen
from their combination. As a result of this research, 5 journal articles, 4

international conference papers and 1 industrial patent have been published.
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Chapter 5

Speckle based sensors using
Polymer Optical Fibers

Polymer Optical Fiber (POF) based sensors claim to be a widespread tech-
nology in Smart Structures. Although optical losses in POFs are much higher
than in conventional glass fibers, robustness, ease of handling and low cost
have made them an attractive option for sensing applications in structural
health monitoring [1, 2]. In this regard, POFs exhibit advantages including
high elastic strain limits, high fracture toughness, and excellent flexibility and
adaptability.

Based on multimode fibers, speckle interferometry has been studied and
employed as a sensing tool by several authors [3-7]. These Fiber Speckle-
gram Sensors (FSSs) based on speckle patterns and produced by coherent
light within a multimode fiber, are known for their remarkable sensitivity to
external perturbations. In addittion, due to cost reductions in electronics,
the FSS technique can be implemented as a low cost technology, but main-
taining an extremely high sensitivity to different perturbations. Using F'SS,
several parameters have been successfully measured such as vibration [3, 7],
micrometric displacements [4, 5], temperature [5] or angular alignments [6].

Combining POF and speckle approaches, different sensors and techniques
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5. Speckle based sensors using POF

have been developed during this PhD work. Particularly, the sensitivity ben-
efits of FSS have been studied for vibration sensing purposes (Section 5.2,
Vibration sensing), demonstrating their applicability to heart rate measure-
ments and even for seismic purposes. On the other hand, in Section 5.3 (Strain
sensing) a processing scheme is proposed to extend the dynamic range of a
speckle-based strain sensor. Finally, another processing scheme has been pro-
posed to enhance the sensitivity of FSS, and it is detailed in Section 5.4 (Radial
speckle).

5.1. Sensing principle

The speckle phenomenon in optical fibers has been treated by several au-
thors [8-10]. It is generally considered that the number of speckles projected
by a multimode optical fiber on a screen is approximately equal to the num-
ber of modes (M) that the fiber supports [11]. For a step-index fiber, the
number of modes is approximately M = V2/2 and for a graded-index fiber is
M = V?%/4, where V is the normalized propagation constant. This value is
defined as V' = 2raN A/\, where N A is the numerical aperture of the fiber, A
the wavelength of the light source and a is the radius of the fiber core. For a
multimode step-index fiber, the expression for M can be calculated by resolv-
ing the Helmholtz equation considering a plane wave rectilinearly polarized.
Based on the ray model approximation, it can be considered that each mode
has a different phase velocity caused by different optical paths, and at the
output end of the fiber, each mode has a different spatial position.

When a coherent light is propagated through the fiber, the speckle phe-
nomenon is defined as an interference between different modes and self-mode
interaction [3]. The output speckle pattern (e.g. projected onto a screen)
is composed of a large number of bright spots whose intensity varies slowly,
mainly caused by environmental effects, but the total intensity of the speckle
pattern remains constant.

Several changes in the fiber geometry and in the refraction index are caused
when a external perturbation is applied to the fiber (such as temperature,
pressure or strain). These changes also cause variations in the output speckle

pattern distribution, but its total intensity remains constant. There is a model

120



5.1. Sensing principle

Optical Fiber
Laser

:) Speckle

Fig. 5.1.: The speckle pattern (specklegram) of a multimode fiber projected to a screen.

[3] that determines the relation between the speckle pattern variation and the
perturbation to be measured. This model considers that the mode propagation
and the mode interference are both modified by the perturbation (F'(t)), that
is reflected in the speckle intensity variation. This model is limited to small
perturbations and the intensity of each speckle I; can be calculated as the

integration of the spatial intensity function for each speckle area:

I =A; - {1+ B; - [cos(d;) — F(t) - ¢; - sin(d;)]} . (5.1)

where A; represents the self-mode interaction; and F(t), B; and ¢; define
the interaction between different modes. Particularly, F'(¢) is the external per-
turbation of the fiber. The argument of the harmonic functions (¢;) describes
the difference in the propagation constant and the random phase of all the
pairs of modes considered within the same speckle intensity ;. A;, B;, ¢; and
0; are constant values for any given 7.

In order to extract the perturbation information (F(t)), a differential pro-
cessing method is applied to Eq. 5.1. The sum of the absolute value of the

changes in all the signals is computed and can be described by:

In Eq. 5.2 the term within the brackets sums all the components of the
speckle pattern, so the sum will remain constant despite local variations (the
total energy is maintained). Eq. 5.2 can be written as:

dlp dF(t)

Based on this approach, several sensors have been demonstrated [3, 12].

However, when the perturbation applied to the fiber is larger (not weak),
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5. Speckle based sensors using POF

the approach required to achieve Eq. 5.3 is not valid, so the method is very
limited in dynamic range. In the described model, only the self-mode and the
mode-mode interactions are taken into account, while the physical process is
much more complex. The influence of the radiated modes, propagation losses,
bendings or micro-bendings has been ignored, so it can be assumed that more
complex phenomena besides the self-mode and mode-mode interaction are
produced. These effects in propagating waveguides have been analyzed by
using the perturbation theory [13]. By observing a speckle pattern evolution,
when a large perturbation is applied, the individual speckle area and position
change, indicating a redistribution in the modal state energy. Obtaining an
analytical description of all these phenomena is not a trivial task. However,
a correlation between the speckle distribution and the external perturbation

can be computed using the available computer methods.

5.2. Vibration sensing

The high speckle sensitivity to external perturbations has been studied for
vibration sensing purposes. Although having a very high sensitivity increases
the final noise, it also allows the FSS application to measure extremely low
perturbations (e.g. heart monitoring or seismic activity). Several optical and
physical parameters contribute to the final F'SS sensitivity, requiring a specific
POF selection for each application.

In this work, a differential processing scheme exploits the sensitivity of
specklegram sensors based on different POFs. Employing a simple differential
processing scheme, three different POFs have been tested to measure their
vibration sensitivity using a CCD camera. This technique has been experi-
mentally employed in two different applications: a heart rate sensor based on

a cheap CCD camera and a low cost sensor system for seismic monitoring.

5.2.1. Differential processing

Trying to take advantage of the FSS sensitivity, a differential processing
scheme is proposed to obtain vibration measurements. As detailed in the
previous section and demonstrated in [12], the specklegram correlation is pro-
portional to the strain but just when the perturbation (AF) is small enough.
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5.2. Vibration sensing

Fig. 5.2.: Two consecutive specklegrams and their differential processed image.

The correlation between specklegrams is useful within the same modal state
when it is proportional to the external perturbation. Based on this approach
and following the notation (Eq. 5.3), a differentially processed sequence for

two specklegrams of NxM pixels can be defined as follows:

DU = Alrli =L} = ey S S D~ bl 6)

where K is the full scale value of the specklegram colormap (e.g. K = 255
for 8-bit grayscale) and py,,, corresponds to the pixel of the n, m position of
the specklegram 7.

The differential intensity variation (Eq. 5.4) is proportional to the small
variations caused by the perturbation between two consecutive specklegrams.
Although the dynamic range of this approach is very limited [12], it is per-
fectly valid when the capturing sampling frequency is high enough (e.g. video
standard: 30 Hz). Given that this method is only related to the current and
previous specklegrams, all long term drifts (such as temperature) are removed

from the sensor system.

5.2.2. Experiments and results

Several parameters contribute to the final sensitivity of a F'SS, both optical
and physical. Particularly, the speckle size is related to the FSS sensitivity. A
fiber with a larger number of modes has smaller speckles, which is usually more
sensitive and, therefore, more noisy. Trying to analyze the optical response
of specklegram sensors and the influence of their mechanical properties to the
final sensitivity, different POFs have been characterized for their application

as sensing heads.
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Manufacturer Mitsubishi Rayon Mitsubishi Rayon Chromis Fiberoptics
Core diameter 980 um 240 pm 50 pum

Fiber diameter 1 mm 250 um 250 pum

Core material PMMA PMMA PF

Profile step-index step-index graded-index
Refractive index (1) 1.49 1.49 1.358
Numerical Aperture 0.5 0.5 0.2

Weight (mg/m) 1000 60 60
Number of modes ¢ 3082691 184884 665

“for A = 0.6328um

Table 5.1.: Characteristics of the tested optical fibers.

Two step-index and a graded-index POFs have been tested. With core
diameters of 980, 240 and 50 pum and external diameters of 1 mm, 250 and
250 pm respectively, the two step-index are of different material (Polymethyl
methacrylate, PMMA) than the graded-index (Perfluorinated polymer, PF).
The different properties of the tested optical fibers are detailed in Table 5.1.

5.2.2.1. Experimental setup

Each fiber has been tested employing the same experimental setup: a cylin-
drical PZT actuator of 40 mm of external diameter (manufactured by PI) has
been surrounded with the fiber under test with a single lap. A He-Ne laser
(A = 0.6328nm) was attached to a fiber end while the other, that projects
the speckle pattern, was connected to a high speed CCD camera (Pixelink
PLA-741). A FBG has also been glued to the PZT surface to obtain its de-
formation. The camera, the PZT modulator and the FBG interrogation unit
(Micron Si425-500) were connected to a computer to control the experiment
as depicted in Fig. 5.3.

The PZT actuator was modulated by applying a sinusoidal wave varying its
frequency and amplitude from 1 to 25 Hz and from 500 to 1000 peak to peak
volts, respectively. A sweep of 6 steps in the amplitude range and for 5 different
frequencies has been performed for each fiber (a total of 3 x 30 different cases).

For each modulation step, the modulation wave was maintained for 30 seconds
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Fig. 5.3.: Experimental setup employed in the fiber characterization.

:

Fig. 5.4.: Different speckle patters obtained with the tested POFs of 980 pm, 240 um and
50 um core diameter, respectively. As the number of modes increases, the speckle

becomes smaller.

to get an averaged value of the speckle value. The capturing rate of the CCD
camera was set at 250 frames per second and its resolution limited to 96
by 96 pixels to reduce the amount of data. An example of three recorded
specklegrams of the different fibers is depicted in Fig. 5.4

After capturing the video sequences, the same processing method has been
employed for every tested case. A differential operation has been applied
between two consecutive frames (Eq. 5.4) obtaining a sequence of the video
length, whose values are related to the speckle pattern variation. This sequence
has been low pass filtered to reduce the noise before detecting the peaks of
the sinusoidal wave. The resulting peak-to-peak values have been averaged
for several cycles to reduce the total noise. The same low-pass filter and
peak detection schemes have been employed to the FBG signal to obtain the
reference values. An example of the processing sequence is depicted in Fig.
5.5.
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Fig. 5.5.: The differential sequence (solid line) is low-pass filtered (dotted line) before detecting
the peaks of the sinusoidal wave (maximums with diamonds and minimums with
circles).

5.2.2.2. Results

The PZT deformation is proportional to the control voltage. The computed
pixel difference for each deformation and frequency is compared to the FBG
measurements in Fig. 5.6. Due to the proposed differential processing scheme,
this sensing method is more sensitive for higher frequencies, but always far
from the maximum sampling rate of the camera. The two tested fibers with
a higher number of modes have a very good linear response to the applied
deformation, having a coefficient of determination (R?) above 0.99, being the
higher frequency test the best scenario. On the contrary, the less sensitive
fiber (50 um) fits worse the linear response even for the best case (at 25 Hz).

The amount of contained light granules (speckles) in a specklegram depends
on the fiber core diameter (Fig. 5.4). The sensitivity of a F'SS is related to
the amount and size of speckles generated by multimode fibers. However,
based on the achieved results, this is not the only reason because a fiber with
less modes (240 pm) exhibits a higher sensitivity than other with much more
modes (980 pwm). Another interesting influence is given by the fiber mass: a
light fiber is easily moved by a mechanical perturbation. The mass difference
between the 980 and the 240 um contribute to their sensitivity variation. On
the other hand, the other light fiber (50 pum) also shows a low sensitivity due
to its lower number of modes.

Although the achieved sensitivity depends drastically on the sampling rate
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Fig. 5.6.: Measured response of the three tested fibers against the deformation measured by
the FBG.

employed in the camera, the general response of each FSS must be maintained
because it is related to their optical and mechanical parameters. Two fiber
with a similar number of modes and mass should give rise to similar sensitiv-
ities, but when the chosen fiber is heavy, its mechanical response will become
smoother, thus decreasing the sensor sensitivity. Regarding the number of
modes, having a smaller speckle size (that is related to the number of modes)
normally increases the sensor sensitivity to an external perturbation, but it
also increases the final noise.

Based on the experimental characterization of different multimode fibers,
two different benefits can be exploited in FSSs. Particularly, a low sensitive
fiber (50 wm) has been applied to the heart rate measurement, application
where noise is a critical factor. On the other hand, a high sensitive fiber
(240 pm) has been employed to build a seismic sensor, where high frequency
sensitivity is required.
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Fig. 5.7.: Setup employed for heart rate monitoring.

5.2.3. Heart rate detection

Employing the differential processing and having into account the exper-
imental characterization of different POFSs, a specklegram sensor has been
proposed to monitor the human heart rate. FSSs have enough sensitivity to
detect the pressure variation on wrists and also to deal with small movements
of the wrist.

Based on the previous results, the low sensitivity fiber (GI, 50 um) has been
chosen for this application. Attaching a commercial web-cam to a fiber side
and a cheap laser diode to the other, a short length of the fiber was placed
into a plastic holder to house the wrist. The proposed setup is depicted in
Fig. 5.7.

The bottom side of a wrist is placed on the top of the plastic holder, be-
ing the wrist directly in contact to the optical fiber. Pressure variations on
wrist veins are transferred to the optical fiber, what modifies the projected
speckle pattern. The sequences of 100 by 100 pixels specklegrams have been
acquired at 30 frames per second and differentially processed. The heart rate
of two different people have been measured using the proposed sensor and are
depicted in Fig. 5.8

Both specklegram sequences have been differentially processed and normal-
ized for viewing purposes. Based on the differential sequence, sharp peaks
of each sequence have been identified to calculate both heart rates (43.5 and
78.9 bpm). Wrist position is a critical point, as can be noticed in the peak
value variations due to slight wrist movements and on the noise background.
Although these sequences can be enhanced employing low pass filters, the cho-

sen low sensitivity POF and camera sampling rate are enough for achieving a
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Fig. 5.8.: Heart rate of two people measured using the proposed POF-based sensor.

clean heart beat detection.

Several parameters contribute to the final performance: the employed POF
or the camera sampling rate, but isolating the POF from other external per-
turbations is the greatest challenge. Particularly, the proposed setup has been
designed to be easy to test, not to achieve a high performance. In a real sce-
nario, a POF surrounding the wrist should be more sensitive to heart beat

detection and both laser and camera can be included into the sensing head.

5.2.4. Seismic sensor

Other different vibration monitoring application has also been addressed
using F'SSs. Based on the previous characterization, a high sensitive POF (240
pum) has been employed to build a highly sensitive sensor for environmental
vibration. The proposed sensor is depicted in Fig. 5.9. A cheap laser diode
for illumination and a standard web-cam to record the specklegram sequences
have been combined to a piece of POF vertically suspended into a closed tube.

A fiber length of L ~ 40 c¢m isolated from air vibrations has been glued
to a plastic ring on its bottom edge. This ring has been also attached to an
USB camera to center the speckle pattern directly to the CCD. The end of the
fiber has been directly attached to the camera to reduce the CCD exposition
time and get clearer images under moving conditions. The plastic ring also
fixes the lower end of the fiber to the camera, maintaining the position of
the speckle pattern over the camera. With the resulting setup, the suspended
fiber is slightly tightened between the upper fixing point and the plastic ring.
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Fig. 5.9.: Setup employed for measuring environmental vibration.

Each vibration causes a little displacement between the top and bottom parts
of the tube, what deforms the suspended POF and produces a speckle pattern
variation.

The whole vertical tube has been attached to a table where an eccentric
DC motor has also been fixed to generate small vibrations between 1 and 10
Hz. A commercial accelerometer (ADXL311) with a £2 G range has been
glued to the table surface to monitor the main axis vibration. Based on the
described setup (Fig. 5.9), different sweeps have been performed varying the
DC voltage of the eccentric motor and causing different accelerations. Due to
the great amount of modes present in the chosen fiber, with a small section
of the whole camera image is enough for the later processing. Particularly, in
this application a 100 by 100 pixels resolution has been recorded at 30 frames
per second.

All the specklegram sequences have been differentially processed and nor-
malized for viewing purposes. In Fig.5.10 (left), a differentially processed
sequence of 14 steps sweep is depicted. These differential values have been
averaged (100 samples) for each vibration step and compared to the measured
acceleration (Fig. 5.10, right).

The first and last speckle processed points have been measured under non
vibration induced conditions, establishing the noise threshold. The same evo-

lution is observed in both measurement sets, being remarkably linear against
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Fig. 5.10.: Normalized differential processed sequenced (left) and averaged differential values
(circles) compared to measured acceleration (diamonds, right).

the motor control voltage (different steps). A drop on both sets can be no-
ticed at t &~ 70 s caused by the resonant frequency of the motor fixing piece.
In addition to the mechanical response of the holding structure, the accelera-
tion measurements show a high noise component introducing an uncertainty
of e &= £0.05 G.

Although different parameters of the proposed setup may vary the final
sensitivity: type of fiber, fiber length, end ring dimensions and so on, the pro-
posed sensing head has been experimentally tested, showing enough sensitivity
to measure very low vibrations, exhibiting the benefits of FSS for vibration

monitoring using low cost optoelectronics elements.

5.2.5. Summary

Different sensing heads for dynamic perturbations have been proposed and
experimentally verified. A simple differential processing scheme has been ap-
plied to recover the perturbation from the measured specklegram sequences.
Employing a relative high sampling rate (above 30 Hz), perturbations between
two consecutive specklegrams can be considered low, being the speckle pattern
variation proportional to the perturbation.

Three different multimode POFs have been characterized for their appli-
cation to vibration sensing purposes. Different properties, both optical and
mechanical, contribute to their final response, but different benefits of FSSs
can be exploited for each application. Based on the achieved results, two vi-

bration sensing applications have been proposed and experimentally verified.
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A sensing head to measure the human heart rate and an experimental setup for
environmental vibration monitoring have been successfully tested, employing
cheap optoelectronic components. The proposed sensors exhibit high sensi-
tivities to mechanical perturbations and can be implemented using low cost

commercial devices.

5.3. Strain sensing

FSSs have been successfully employed for high sensitivity applications in
many different scenarios. However, most of the reported applications are far
from measuring key parameters for structural monitoring (e.g. strain) due
to the limited dynamic range or the over-sensitivity and cross-sensitivity of
the FSS principle. Nevertheless, a strain measurement scheme based on FSS
has been reported [12] by adhering multimode optical fibers to a cantilever
beam and measuring the speckle intensity variation that is proportional to
the applied strain. The achieved results exhibit a good linearity, but this
scheme is limited in dynamic range because it is based on a weak perturbation
approximation.

Specklegram based sensors have been also combined with some photore-
fractive materials to stabilize the processed sequences [14, 15]. This effect
can be applied to reduce the extra noise due to the typical oversensitivity of
specklegrams and to extend the dynamic range for slow varying perturbations.
However, these kind of materials are not suitable for low cost applications.

Taking advantage of the cost reduction on computation technologies, a new
processing scheme to extend the dynamic range of Fiber Specklegram Sensors
is proposed and demonstrated. The designed algorithm employs the morpho-
logical differences between two specklegrams under very different perturba-
tions to determine key-specklegrams as reference points. The speckle intensity
variation is computed to the closest key-specklegram and the absolute strain
can be obtained by employing this partial variation. A FSS has been em-
bedded into a composite beam and several strain tests have been performed.
The obtained specklegram sequence has been morphologically processed ob-
taining a very good performance. The proposed scheme is also suitable for

applications where cost is a critical point.
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Fig. 5.11.: Preprocessing steps. A 200x200 pixels gray level image of a specklegram (a). The
same specklegram thresholded (b) and filtered (c).

5.3.1. Morphological processing

The specklegram correlation is proportional to the strain but just when AF
is small enough [12]. The correlation between specklegrams is useful within
the same modal state when it is proportional to the external perturbation.
Given that the correlation is not a useful metric to compare two specklegrams
of different modal states, a different approach is required. The morphological
processing obtains the distribution of the different bright speckles and employs
it to “define” the specklegram characteristics. Thus, to extend the dynamic
range through different modal states, the correlation term may be computed to
different Key-Specklegrams (KSs) associated with the different modal states.
These KSs are determined during the sensor calibration ramp and they are
associated with a strain value, establishing different local reference points cor-
responding to the different modal states. The incorrect determination of the
KSs may lead to a wrong sensor performance.

In the morphological processing, the specklegram is converted to a binary
image (using a threshold) and the different white spots (associated with bright
speckles) are defined from their X-Y position and area. After the thresholding,
a circular averaging filter is employed to reduce the sharpness of the obtained
dots. This filtering creates a clustering effect by combining several small dots
into a bigger one, reducing the final noise. This noise reduction is more sig-
nificant when the bright speckles are close to the threshold, where a big spot
can be decomposed into several smaller ones.

The obtained spots are sorted by area, making the larger ones more relevant.
The list of sorted spots is the geometrical representation of a specklegram and

it defines its high level morphological structure. Once the structure of a speck-
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Fig. 5.12.: Morphological comparison between two specklegrams of different modal states.

legram has been determined, the spots with larger areas of both specklegrams
are compared to the closest ones taking into account their position. After
having established the spot correspondence, their area difference is calculated
and normalized against the total area. This value is related to the amount of
coincident bright speckles between the two specklegrams, which is also related
to the coincidence (or not) of the modal state. A high error value indicates a
completely different bright speckle distribution, what implies a different modal
state.

In Fig.5.12 two specklegrams of different modal states are depicted. The
five spots with the larger areas (most relevant) are marked with circles for
both images. The five most relevant coincident spots between specklegrams
are also marked with crosses. In this case, most of the bright speckle area is
not coincident (three of the most relevant spots of the right specklegram are
not matched) so the obtained value is high, indicating a different modal state.

Strain specklegram sensors need to be calibrated before their application
and, consequently, a calibration procedure is required. During this step, a
controlled strain ramp is applied to the POF while the specklegrams are ac-
quired. When the applied perturbation (e.g. strain) is high enough, the modal
state is not maintained and the speckle intensity variation (Alr) does not
replicate the perturbation. The morphological metric is employed to identify
the different modal states during the calibration ramp and to establish their
correspondent KSs to have local reference points (KSs), where the speckle in-

tensity variation will be calculated. This parameter, for two specklegrams of

134



5.3. Strain sensing

NxM pixels, can be defined as follows:

(5.5)

_nm

Alr{i,j} = 7 N Mg Z_

where K is the full scale value of the specklegram colormap (e.g. K = 255
for 8-bit grayscale) and p,,,, corresponds to the pixel of the n, m position of
the specklegram ¢ or j. Applying this notation to Eq. 5.3, the perturbation
value of the i-th specklegram under a weak perturbation having the initial

specklegram as reference can be obtained with:

AF{i} = é CATH{0,i} = Lo - AIp{0,4}, (5.6)

being L the proportionality constant (slope) between the speckle intensity
variation (between the i-th and the first specklegram). During the sensor cal-
ibration step, different KSs are detected and their associated slopes (Lgg))
and strain values (Skg(r)) are also saved. Consequently, when a new speckle-
gram is available, I(7), it can be evaluated in terms of its closest KS under the
weak perturbation assumption. The speckle intensity variation of the incom-
ing specklegram is calculated with all the stored KSs. The closest is employed
as a strain reference and, with its slope, the strain value can be calculated. The
second closest KS is employed to indicate the direction (d(7)) of the calculated

strain offset. The absolute strain value can be obtained as:

Strain(i) = AF{i} = Sggu) +d(i) - Lgsq) - Ir{KS(i), 1}, (5.7)
where K S(i) denotes the KS associated with the (i) specklegram; Sg g

and Lgg(;) denote the strain value and slope correspondent to the KS asso-
ciated with the i-th specklegram and d(i) € [—1,1]| describes the intensity
variation direction (positive or negative). However, for the incoming speckle-
grams falling in the middle of two KSs, the final strain value is obtained as
the mean value of both references. This effect is detected when the two closest
KSs intensity variations are very similar. The absolute strain value under this

assumption is computed as:

Strain(i) = 1/2- {SKS(i)l +d(i) - Lrs) IT{KS(Z)l’i}} T

1/2- [Ssn — (i) - Lisgy - I{KS @iy~ )
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Fig. 5.13.: Experimental setup. The POF is attached to a laser diode and a CCD camera. The
FBG is interrogated using a commercial unit.

where K S(i); and KS(i)y denote the two KS with lower intensity varia-
tions with the i-th specklegram. This averaging step reduces the amount of
noise in transition areas when the distance (intensity variation) between two

specklegrams is very close.

5.3.2. Experiments and results

The described processing scheme has been tested with an experimental
strain measurement. For this purpose, a Glass Fiber Reinforced Plastic (GFRP)
beam has been manufactured with an embedded easy-to-handle POF. The
chosen POF has a core diameter of d. = 50 pum and an external diameter
of d, = 250 um. A graded-index profile has been also chosen to reduce the
number of modes, thus decreasing the noise. A Fiber Bragg Grating written
in a standard telecommunications fiber has been also embedded to obtain the
strain reference for the calibration ramp and further measurements. The beam

has a constant thickness of 2 mm and a final size of 400x60 mm.

5.3.2.1. Setup

The beam is fixed in one side and the other is attached to a mobile part
connected to a screw that stretches the whole beam uniformly. An edge of the
POF is connected to a cheap laser diode and the other side is connected to
a CCD camera (Pixelink PL-A741). The FBG is attached to a Fibersensing
FS4200 interrogation unit to obtain the reference strain value of each experi-
ment. The whole setup is depicted in Fig. 5.13.

Several increasing and decreasing strain ramps were applied to the beam

provoking a maximum deformation of As ~ 200ue. The strain was uniformly
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Fig. 5.14.: Calibration strain ramp. Strain values obtained with the morphological processing
(solid line) are compared against the strain measured with the FBG (dashed line).
The values proportional to the speckle intensity variation are also plotted (dotted
line).

distributed along the 400 mm of the stretched beam. During the experiment,
the first increasing ramp was employed for the sensor calibration. The rest of
the measured values were used to study the performance of the sensor out of

the calibration ramp. Specklegrams were captured at 25 frames per second.

5.3.2.2. Results and discussion

The morphological processing scheme was applied to obtain the KSs of an
increasing strain ramp. For the analyzed data, the processing scheme obtained
five KSs during the calibration step (the last one was added to determine the
direction of the strain values above the last KS). Once the calibration proce-
dure was finished, the same specklegrams sequence was employed to estimate
the strain using the proposed method.

In Fig.5.14 the five identified KSs (circles) are plotted over the reference
strain value (obtained with the FBG). The strain values obtained using the
morphological processing are also depicted (solid line) and compared to the
correlation processed ones (dotted line). The correlation method (Normalized
Speckle Intensity Variation, NSIV) is described in [12] and it is limited to
small deformations because it is only valid for the same modal state. As can
be observed in Fig. 5.14, when the deformation is large enough to change the

modal state, the correlation method is useless because specklegrams can not be
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Fig. 5.15.: Strain values obtained with the morphological method (solid line) are compared
against the strain measured with the FBG (dashed line) during strain ramps not
included in the calibration. The values proportional to the speckle intensity variation
are also plotted (dotted line).

directly compared. The achieved accuracy within the calibration ramp of the
morphological scheme is remarkable, being always under max(As) =~ 29.0ue
with a mean error of As ~ 5.6p¢, good enough for the majority of structural
applications. However, the case under analysis is an optimistic situation where
the application scenario is exactly the same as the testing one. Consequently,
the same calibration parameters have been also employed to test the sensor
with other strain ramps.

A more realistic scenario is depicted in Fig. 5.15, where the calibration
parameters obtained in the previous ramp (Fig. 5.14) have been applied to
process specklegrams from other increasing and decreasing ramps. The KSs
employed during this test are the same ones established during the calibration
test. The morphological processed values (solid line) are plotted against the
strain reference (dashed line) and the NSIV values (dotted line). The accuracy
of the morphological method is not as good as the previous one, but it is still
remarkably good for many structural applications, having a mean strain error
of As &~ 13.2ue and a maximum of maz(As) =~ 65.1ue. The worst cases
are located during a transition between two reference KSs. This particular
test indicates the suitability of the proposed processing scheme to work with
a good response out of the calibration area, despite the noisy nature of the

specklegram sensors. In addition, the maximum strain error is obtained during
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5.3. Strain sensing

the transition between KSs, when distances to both references are larger, but
this error is not proportional to the sensor dynamic range. Several factors are
contributing to the final error, but one of the most significant is to light up
the sensor with a multimode POF what varies the modal state before reaching
the sensing area. This problem can be reduced by using a monomode fiber to
carry the light to the sensing area as proposed in [12], or by locating the CCD
camera right at the end of the sensing area, reducing the extra perturbations.

Although the obtained accuracy, using the correlation term to calculate the
strain deviation in the morphological processing, is good enough for many
applications, it can be improved by employing other comparison methods less
noise dependent. The morphological scheme has also been tried as a method
to obtain the strain deviation over a KS, but, due to its noise immunity, it
has proved to be useless to perform this task. Some trade-off between noise
immunity (morphological scheme) and sensitiveness (correlation) is required
for a metric to obtain strain from specklegrams in real scenarios.

The dynamic range of the proposed technique is mainly limited by the KSs
detection, when two equal KSs arise from the calibration ramp. Having identi-
cal KSs may lead the strain reconstruction to a wrong value. The probability
of reaching two equal KSs is given by several factors such as the number of
speckles of the specklegrams (proportional to the number of modes of an opti-
cal fiber) or the captured spot area and resolution. Based on the experimental
tests, the probability of reaching two equal KSs with the proposed setup is
very low, enabling this technique to be applied to full-range applications (e.g.
5000 pe) without modifying the setup.

5.3.3. Summary

A morphological processing method to enhance the dynamic range of Speck-
legram strain sensors has been proposed and demonstrated. The proposed
method analyzes the geometrical properties of the specklegram to determine
if the modal state of the hosting multimode fiber remains unaltered. Once
the working range of each modal state is established (given by its associated
Key-Specklegram), the correlation between the incoming specklegram and the
KS is employed to obtain the absolute strain value. The processing scheme

has been experimentally checked, exhibiting a great accuracy even with speck-
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5. Speckle based sensors using POF

legrams not considered in the calibration steps, obtaining a final mean error of
As ~ 13.2ue. A low cost implementation of the proposed scheme is possible,

enabling this method for different sensing purposes.

5.4. Radial speckle

Different approaches to obtain external perturbations of FSS have been
described in the previous sections. Based on different processing schemes,
several sensing heads have been experimentally tested to retrieve dynamic (e.g.
vibration) or static perturbations (e.g. strain). Nevertheless, all the described
methods employ each specklegram as a sample and the retrieved information
comes from the difference between specklegrams (either employing differential
or morphological processing). However, from each individual specklegram,
valuable statistical information regarding the POF modal distribution can be
obtained.

Approximating the propagation within a multimode fiber by the ray model
[16], some modal distributions in the speckle pattern can be established. Low
order modes, whose optical path are close to the fiber longitudinal axis, will
interfere (produce speckle dots or darks) centered in the middle of the speckle
pattern. On the contrary, high order modes, whose optical path passes far
from the longitudinal fiber axis, will produce speckle dots (or darks) all over
the output speckle pattern. As the order of the modes decreases, their output
positions change from being confined in the middle of the spot to be distributed
all over the output speckle pattern. Thus, when the number of modes of the
employed optical fiber is high, statistically, the outer speckle dots are caused
by the interference of the higher order modes, which are more influenced by the
perturbation to be measured. Otherwise, the speckle pattern center is mainly
driven by low order modes that are less sensitive to external perturbations.

Based on this statistical approximation of mode propagation and its po-
sition within the output specklegram, the outer areas of the speckle pattern
exhibit different sensitivities than those situated closer to the center. During
this work, a processing method that tries to exploit this sensitivity difference
has been proposed and experimentally verified. Based on a radial process-

ing scheme, different sensitivities can be obtained from the same specklegram
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Fig. 5.16.: Low order modes interfere in the speckle pattern center. High order modes are
spread over the pattern.

sequence, taking advantage of the spatial information within each individual
speckle pattern.

5.4.1. Radial processing

Beyond extracting information only from differences between specklegrams,
this method retrieves information from each specklegram. Based on the statis-
tical relation between modal orders and speckle dot positions, the differential
processing scheme has been adapted by employing rings of different radius
instead of the whole speckle pattern. These rings are defined as a binary mask
R, that is non-zero for each pixel within the ring area (n,m). Given that
the number of pixels of each ring is not the same, the correlation value has to
be scaled with the processed area to obtain the correlation per pixel. For any
specklegram pair (7, j), Eq. 5.4 can be scaled instead of considering the N by

M pixels image:

o N M
AIT{%j}_ K - A I Z z_:

n=1lm

- nm‘ M (59)

where A is the ring area in pixels, R, ,, the ring binary mask and [, the
intensity scale of the ring. Since the amount of light of each pixel is not
constant (lower intensities are located in outer regions), the averaged intensity
(Is.) within each ring has been employed as a scale factor to correct this

difference:
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50 px

Fig. 5.17.: Example of a binary mask (left) and their combination with a specklegram (right).

L N M
I, = E.Z S [P R, (5.10)

being L the number of specklegrams of the sequence. The ring width must
be greater than the speckle size to have enough speckle dots within the area
of each ring to achieve a valid statistical behavior.

In Fig. 5.17, an example of a binary mask is depicted (left) and its combina-
tion with a speckle pattern (right). A high number of individual speckles are
required within each ring area to get valid measurements. When the speckle
pattern is modified, the energy within each ring must remain constant to have
enough information. Having a large specklegram area (ring area in this case)
will allow a pattern redistribution within the same area, maintaining its total

energy (intensity).

5.4.2. Experiments and results

Radial speckle has been combined to the differential processing scheme to
enhance its final sensitivity (Eq. 5.9). Based on a setup that provokes acoustic
vibrations close to the fiber under test, two highly multimode POFs have been
tested. Several rings of different radius but constant width have been employed

as binary masks to compute the correlation between consecutive specklegrams.

5.4.2.1. Experimental setup

Two highly multimode POFs of 240 pm and 980 pum have been perturbed

with a shaker that creates vibrations from 1Hz to 10Hz, employing a constant
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Fig. 5.18.: A shaker has been placed close to the multimode fiber.

amplitude. Some characteristics of the employed fibers have already been
detailed in Table 5.1. One side of the fiber under test has been connected to
a cheap laser diode and the other to a USB camera capturing at 25 fps. A
sequence of several specklegrams of 640 by 480 pixels has been captured for
each fiber and frequency. The employed setup is detailed in Fig. 5.18.

Each video sequence has been processed using the described method (Eq.
5.9). Depending on the NA of the fiber and on the distance to the camera,
different spot’s sizes were achieved, so different radiuses have been considered

for each fiber to have enough speckles within each ring.

5.4.2.2. Results and discussion

Different specklegram sequences of both tested fibers have been processed
and compared to a uniform differential processing scheme (considering the
whole speckle pattern). Each sequence comprises a low perturbation section
(mainly influenced by environmental conditions) and a high perturbation sec-
tion (under the induced vibration) after ¢ = 15 s. Both sequences have been
referenced to their initial specklegrams for viewing purposes. One processed
sequence of each fiber is depicted in Fig. 5.19.

The central area of a sequence of each fiber has been normalized and de-
picted in Fig. 5.19. Different radiuses (measured in pixels) have been con-
sidered for each fiber maintaining the same width (50 pixels). The reference
signal has been computed considering the whole spot: a circle (instead of a
ring) with the maximum tested radio. As the radius is increased (maintain-
ing its width), the obtained sensitivity also increases, because these areas are
mainly influenced by higher order modes, which are also more exposed to
the external perturbation. Particularly, for the maximum tested radio on the
980 um specklegrams (Fig. 5.19, right), the perturbation period can even be
appreciated in the processed sequence. There is not enough capturing rate
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Fig. 5.19.: Normalized response for different radiuses of the 240 um fiber under 10 Hz pertur-
bation (left) and of the 980 yum fiber under 1 Hz perturbation (right).

to clearly appreciate the 10 Hz period in the first sequence. On the other
hand, the sensitivity enhancement can also add extra noise to the measure-
ments, because the environmental variations have more influence in the final
sequence. This effect can be noticed in the slope of the sequences when no
extra perturbation has been applied.

Since the proposed scheme is based on speckle statistics, it works properly
in fibers with a very high number of modes, where speckle dots are smaller
and when enough speckle dots are comprised within each ring. If small ring
diameters are considered, there would not be enough speckles within each ring
so, the total intensity within each ring would vary, adding extra noise to the
sequence. However, both tested fibers are highly multimode, thus very narrow

rings can be considered (few pixels) without having intensity instabilities.

5.4.3. Summary

A new processing scheme to enhance the speckle sensitivity to dynamic per-
turbation has been proposed and experimentally tested. Considering different
areas of interest within a speckle pattern, each area is statistically related to
The

radial processing scheme has been experimentally validated using two highly

higher modes that are more sensitive to external fiber perturbations.
multimode POFs that have been subjected to an external vibration while

their speckle pattern were recorded using an USB camera. The achieved re-

sults exhibit a sensitivity increase when areas far from the longitudinal fiber
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axis (corresponding to higher order modes) were processed. This method en-
hances the FSS technique to applications where extremely high sensitivity is
required, taking advantage of the spatial information within each individual

specklegram.

5.5. Conclusions

In this chapter, several sensing systems based on specklegrams have been
proposed. Employing polymer optical fibers as integral transducers, different
approaches based on commercial CCD cameras have been tested to obtain
reliable optical fiber sensors with a relative low cost. Combining the extremely
high sensitivity of interferometric sensors with advanced processing schemes,
both dynamic and static perturbations have been successfully measured taking
advantage of the benefits offered by present computer systems.

Although there is a wide set of commercial POFs for FSS, a selection of
three different multimode POFs have been characterized for sensing purposes.
Two highly multimode fibers and one with a lower number of modes have been
employed to measure dynamic and static perturbations, respectively. Based
on a Piezoelectric Transducer, different properties, both optical and mechan-
ical, have been studied to get the final response of the tested POFs for their
application to vibration sensing. Employing cheap optoelectronic components,
a sensing head to measure the human heart rate and an experimental setup for
environmental vibration monitoring have been successfully tested. Both ap-
plications exploit the extremely high sensitivity to mechanical perturbations
of highly multimode FSSs.

Maintaining the setup employed for vibration monitoring, static deforma-
tion measurements have also been performed despite their extremely high
mechanical sensitivity. A processing scheme that extracts the general speckle
pattern distribution (that is related to the modal state within the fiber) has
been employed to enhance the dynamic range of Specklegram strain sensors.
Dividing the whole dynamic range of the sensor in different sections (given
by Key-Specklegrams, KS), an incoming specklegram is assigned to a section
(given by the KS) and, within this range, the absolute strain value can be easily
obtained. The processing scheme has been experimentally checked, exhibit-
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ing a great accuracy even with specklegrams not considered in the calibration
steps. This processing scheme can extend the application of FSSs for smart
structures, being able to measure the deformation employing a very simple
sensing head.

Taking advantage of the remaining spatial information within each speckle
pattern, another different approach has been proposed to enhance the sensitiv-
ity of the existing F'SSs. Based on the statistical relation between the modal
order and specific areas of the speckle pattern, different sensitivities can be
obtained. A processing scheme based on this approach has been proposed
and tested (Radial Speckle) to verify the areas that offer higher sensitivities.
The achieved results exhibit a sensitivity increase when areas corresponding
to higher order modes (greater radiuses) were processed. This method im-
proves the F'SS technique for applications where extremely high sensitivity is
required. Further investigations may lead this technique to new sensing meth-
ods based on multimode fibers taking advantage of the sensitivity difference
between modes.

All the proposed techniques and sensing heads described during this chapter
only exhibit the potential of POF-based sensors for sensing purposes. Fiber
Specklegram Sensors (FSSs) combine two key advantages: an extremely high
sensitivity to external perturbations and the possibility of developing a full
sensor system employing low-cost commercial equipment. As a result of this
research, 1 journal article and 4 international conference papers have been

published.
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Chapter 6

Fiber laser sensors

Fiber lasers are important for practical engineering applications, such as:
remote sensing, communications, health diagnosis or structural monitoring
[1]. In all of these scenarios, the quality of the light source may limit the final
performance of the associated systems.

Although most photonic systems take benefit from a light source insensitive
to environmental parameters, in particular scenarios, a source that depends
on external perturbations can be useful as a sensing element by obtaining high
precision measurements far from a host structure. Both requirements (high
precision and long distances) can be satisfied by fiber laser sensors, where
one or several wavelength matched FBGs can be employed to create an in-
fiber cavity whose output is a laser signal. There are many applications for
FBG based lasers but, when configured as sensing elements, changes in the
environmental conditions (that affect the laser cavity, the FBGs or both) can
be detected by monitoring the laser output.

In a simplified way, any fiber laser structure requires two key elements:
an active medium to provide the amplification and an optical cavity that
causes the positive feedback. Both elements, the active medium and the cavity
design, determine the output power and the resulting laser modes. Usually, an

extremely stable light source is required to feed optical fiber sensors in critical

147



6. Fiber laser sensors

applications. To achieve the necessary stability, laser sources (and particularly
fiber lasers) should operate in single longitudinal mode (SLM) [2-4], because
their output linewidth becomes narrower and the power stability improves.
These conditions are particularly useful to achieve high resolutions in sensing
systems based on fiber lasers. However, achieving a pure SLM operation in
a fiber laser can be very difficult depending on the employed structure, and
complex techniques are often required.

In a fiber laser, the optical cavity design determines the resulting laser
modes and, basically, two parameters can be modified to reach SLM operation:
shortening the cavity length or narrowing the optical filtering element. In ring
configurations, complex optical filtering techniques are necessary to achieve
the SLM operation because of the long active cavity where modal spacing is
small [2, 5]. On the other hand, optical filtering is less restrictive in linear
fiber lasers based on short cavities where modal spacing is larger [6, 7], but
their output power is lower.

In this chapter, several aspects from the combination of Fiber Bragg Grat-
ings and active fibers have been studied to improve laser structures. Partic-
ularly, the evolution of a passive filtering element (FBG) within a feedback
structure has been modeled in Section 6.1 (FBG spectral evolution in active
fibers), quantifying the narrowing process of a FBG within a ring laser. Trying
to obtain fiber laser sensors, a filtering scheme based on a partial overlap of
two FBGs has been evaluated in Section 6.2 (Filtering technique based on spec-
tral overlapping) and, finally, the proposed filtering technique has been used
to build a SLM sensing head based on a commercial Er-doped fiber (Section
6.3, Single Longitudinal Mode Lasers).

6.1. FBG spectral evolution in active fibers

The laser output spectral properties are usually estimated from the passive
response of their filtering elements taking into account the gain constant in
the filter bandwidth. The number of longitudinal modes operating within the
cavity is usually determined by the filter bandwidth and the spectral spacing
between them [8-10]. Although this approach can be useful in many scenar-

ios, it may lead to inaccurate filtering requirements when extremely narrow
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Fig. 6.1.: Block diagram of a feedback linear oscillator (left). Spectral response of a FBG and
its Gaussian fit (right).

bandwidths are required.

The spectral evolution of the filter element of a laser structure (e.g. FBG)
has been modeled and experimentally characterized in this work. The spectral
distribution of the longitudinal modes in a laser structure have been studied
taking into account not only the optical filter bandwidth, but also the proper-
ties of the feedback network. The laser output spectral properties have been
studied using a feedback model based on the passive response of its filtering
element. As the optical signal passes several times though the filtering ele-
ment, its spectral shape becomes narrower, simplifying the requirements of the
passive filter (FBG) within a laser structure. An experimental fiber ring laser
has been employed to characterize different FBGs as filtering elements and

the achieved laser outputs exhibit a good agreement to the proposed model.

6.1.1. Spectral narrowing principle

A laser scheme can be understood as a feedback linear oscillator where the
output of the amplifying block is fed back to its input. The overall single-pass
gain is quite small and usually a number of passes through the amplifier are
required to generate a coherent output (Fig. 6.1, left). The feedback block
gives the wavelength selectiveness and, typically, a passive filter is employed
to perform this task.

The total frequency width, where all the longitudinal modes occur, is some-
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what related to the filter bandwidth. Usually, the number of longitudinal
modes can be obtained from the equation [10] N ~ FW HMppa/AN, where
AN = \?/nL is the mode spacing between longitudinal modes of the cavity; n
is the refractive index; L is the cavity length; X is the central mode wavelength
and F'W HMFppq is the bandwidth of the corresponding Fiber Bragg Grating
(Full Width at Half Maximum). Nevertheless, the laser signal passes several
times through the feedback block (5(\)), which is a spectrally discriminating
element. Thus, this will have an influence in the laser emission spectrum.
In order to understand how the spectral response evolves, the FBG spectral
response can be approximated for a Gaussian function:

(A-2p)?

BA) = R-e "z | (6.1)
where R is the FBG reflectivity; Ap is the FBG Bragg wavelength and
the variance (0?) is related to the FBG bandwidth. Considering an ideal

lossless system, the output power distribution O()\) after N passes through
the feedback network and its 3dB bandwidth can be defined as:

(A-2p)?
QAp)”

ON) = AWN-RN.e Ve
Worn — 2.v/2 2.
3dB n \/N

where ¢ is a constant value for a chosen FBG and the gain distribution,

, (6.2)

A()N), remains constant for a given laser structure.

From Eq. 6.2, it can be deduced that the 3dB spectral selectiveness (band-
width) is reduced by a factor of 1/v/N due to the feedback network. An
example of a FBG response approximated by a Gaussian function is depicted
in Fig. 6.1 (right). The normalized profile of both responses after N iterations
is also depicted exhibiting their bandwidth reduction.

In Fig. 6.2, several simulated FBG spectra with different reflectivities have
been employed as a filtering block and have been also iteratively processed
to obtain their 3 dB equivalent bandwidth after N passes. These iterative 3
dB bandwidths have been compared to their fits ( 1/v/N) according to the
Gaussian approximation described in Eq. 6.2. As the number of passes (V)
increases, the bandwidths decrease until given limits are reached.

As depicted in Fig. 6.2, the reduction expression obtained from the Gaussian

approximation (Eq. 6.2) of a FBG spectrum works better for FBGs with lower
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Fig. 6.2.: The bandwidth of the equivalent filters after N passes through FBG spectra as filtering
element (circles) is compared to their Gaussian approximation (dotted line).

reflectivities. In this case, the Gaussian approximation remarkably agrees
with the upper section of the FBG spectrum peak. When a FBG spectrum
is iteratively multiplied by itself (several passes through a filtering block in
a feed-back structure), only the higher values exceed zero, and thus the final
spectral response is mainly driven by the peak upper shape.

In an experimental setup, the number of passes through the feedback filter
(N) is limited by several factors such as the saturation of the amplifying
block, the feedback scheme or the passive filter response. Given that the
feedback scheme and the saturation are usually constant for the same setup,
the influence of the employed feedback filter in the laser output has been

experimentally analyzed and tested for a particular fiber laser configuration.

6.1.2. Experiments

In order to experimentally verify the prediction of the last section, an
erbium-doped fiber ring laser (EDFRL) has been mounted based on a commer-
cial EDFA (Photonetics BT-17), where a FBG has been included as a feedback
element using a circulator (Fig. 6.3). Maintaining this setup and therefore
maintaining the feed-back structure, the laser output has been characterized
for different FBGs.

A high resolution Optical Spectrum Analyzer (BOSA-C Aragon Photon-
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N

Fig. 6.3.: An EDFRL is mounted using a commercial EDFA. The feedback filtering is given by
a FBG connected to the ring through a circulator.

ics) with a resolution of 0.08 pm has been employed. Its spectral resolution
has a lower value than the mode spacing between the longitudinal modes.
Consequently, the spectral distribution of the multilongitudinal-modes in the
EDFRL can be determined. In order to measure the spectral range where the
longitudinal modes can achieve the oscillation, the laser output has been held
for a time interval, obtaining the probability distribution of the laser emission.
These measurements are directly related to the equivalent spectral shape of the
filtering device after N passes through the filter during the feedback process.

The laser output of this EDFRL (Fig. 6.3) was measured for a set of 18
different FBGs. These FBGs have lengths between 15 and 24 mm and reflec-
tivities from 50% to 90%. The EFDA pump power has been set to 90 mW
and the laser output signal has been held at BOSA during 15 minutes for each
case.

The passive responses of the FBGs were also measured during the fabrication
process using a white light source and an Optical Spectrum Analyzer (OSA).
The iterative processing scheme has been applied to obtain the equivalent
spectral shape of the FBG in the feedback network from its passive response.
The iteration process is repeated until a given SNR is achieved. This value
has been experimentally adjusted and can be considered constant for a given
setup because it is mainly related to the amplification stage and the system
losses.

Due to the low resolution of the OSA employed to characterize the FBG
passive response (60 pm), each manufactured FBG structure (FBG length) has

been simulated using the T-matrix method, adjusting its reflectivity based on
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Fig. 6.4.: Example of a FBG passive response (dash-dot line) compared to its correspondent
laser output (solid line). The two normalized iterative FBG spectra: measured (dashed
line) and simulated (dotted line) are also depicted.

the measurements to improve the wavelength resolution. In Fig. 6.4, a com-
parison between a FBG spectrum, its processed bandwidths (both experimen-
tal and simulated) and the achieved laser output spectrum, has been depicted.
Both processed (iterative) bandwidths have been obtained by multiplying each
passive FBG spectrum (measured and simulated) by itself iteratively N times,
trying to replicate the oscillation process. Although the passive response of
the employed filtering element has a 3dB bandwidth greater than 100 pm, the
measured laser bandwidth is much narrower (= 25 pm). An explanation of
this behavior lies in the feedback influence to the spectral selectiveness of the
filter response.

In Fig. 6.5, the obtained laser bandwidths (measured using a more re-
strictive 20 dB criterion) are compared to the 3dB bandwidth of the pas-
sive response of each FBG. The iterative processed widths are also depicted.
These values were calculated by empirically adjusting the number of iterations
(N = 23 for measured spectra). It can be observed that for all the measured
FBGs, their passive bandwidths are much higher than the laser bandwidths.
The two iterative bandwidths seem to fit better to the achieved laser band-
widths. Both methods (measured and simulated) remarkably agree with the
measured laser outputs for the wider lasers (first five FBGs). However, for

narrower lasers, the measured iterative bandwidth looks more flat while the
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Fig. 6.5.: Example of a FBG passive response (dash-dot line) compared to its correspondent
laser output (solid line). The two normalized iterative FBG spectra: measured (dashed
line) and simulated (dotted line) are also depicted.

simulated iterative widths follow better the laser width trend. This effect is
caused by the limited resolution of the measured passive response (60 pm)
that decreases in a slow way while the filter iterates. The simulated iterative
bandwidth fits better to the laser width trend because it is not limited in
resolution. However, there are still small errors between the measured laser
widths and the iterative predicted ones, what can be attributed to some im-
plementation issues such as connection losses or slight instabilities of the filter

during its characterization.

6.1.3. Summary

The improvement of the spectral selectiveness of a passive filtering element
(FBG) in a feedback laser structure has been measured and theoretically mod-
eled. The spectral width where all the longitudinal modes can oscillate in a
fiber laser for 18 different FBGs has been experimentally characterized and
compared to an iterative model that obtains the final laser bandwidth from
the passive FBG response. The iterative model multiplies the filter response
so many times as required to obtain the effective narrowing of the filtering
block in a feed-back structure. The proposed method simply tries to obtain
the general properties of the filter block in a feed-back structure; however, the
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achieved results exhibit a very good agreement with the empirically trimmed
number of iterations and they are far from the typical 3 dB bandwidth of
the passive FBG response (5 times lower for the employed setup). In other
works, the requirements for a laser device, especially when single-mode oper-
ation is required, are generally specified based on the passive bandwidth of
the filtering element (typically the 3 dB bandwidth). Nevertheless, with the
present study and experimental results, it has been demonstrated that these
filtering requirements are not so strict for a particular spectral bandwidth

requirement.

6.2. Filtering technique based on spectral
overlapping

Although a simplification in the filtering stages of laser cavities has been
demonstrated in the previous section, very narrow filtering techniques are
still required for many applications, particularly for Single longitudinal mode
(SLM) devices. SLM fiber lasers are an interesting alternative in many appli-
cations (wavelength division multiplexing (WDM) communications, fiber optic
sensors, spectroscopy and microwave photonic systems [1, 11, 12]), where high
resolutions are required. However, achieving a SLM behavior is highly condi-
tioned by the chosen laser configuration.

Specifically, Erbium doped fiber lasers usually present multiple longitudinal
modes closely spaced due to their long cavity length, necessary to achieve
an optimum amplification. As a consequence, an ultra-narrow optical filter
has to be incorporated in the cavity to eliminate the multiple longitudinal
mode oscillations and ensure SLM operation. Different techniques have been
presented to achieve ultra-narrow filtering: saturable absorbers, multi-ring
loops, the use of FBGs as self-injection feedback elements, random distributed
feedback based on Rayleigh backscattering (RBS) or phase shifted FBGs [2,
3, 13-15]. Some of these techniques add complexity to the setups, exhibiting
a lack of flexibility to achieve multiwavelength lasers.

In this work, a narrow filtering technique based on the spectral overlapping
of two uniform Fiber Bragg Gratings (FBG) to achieve a SLM operation in
fiber lasers is described. The spectral overlapping of strange FBGs has been

155



6. Fiber laser sensors

i o
[} e -

Reflectivity
o
=l

0
A (nm)

Fig. 6.6.: One FBG is detuned (dashed line) in terms of the other (dotted line). The overlapped
spectrum (solid line) gives rise to a filter narrower than both individual FBGs.

already applied [16, 17], but, to the best of our knowledge, this is the first
time that two uniform FBGs are combined to reduce the final bandwidth of
the achieved filter. Due to the flexibility of this technique, ultra-narrow equiv-
alent filter bandwidths can be achieved to be employed in different fiber laser
configurations. Several aspects of the FBG spectral overlapping are studied
both theoretically and experimentally. From these results, an erbium doped
fiber ring laser with a cavity length of L. ~ 8 m is also analyzed to exper-
imentally verify that it operates in the SLM condition due to the spectral
selectivity of the filtering technique.

6.2.1. Spectral overlapping

As depicted in Fig. 6.6, a very narrow filter can be obtained by combining
a pair of FBGs partially overlapped. The narrowing effect is produced by
detuning a FBG, but keeping it partially overlapped with the other. In this
way, the two filters are matched just when the wavelength of the optical signal
is within the overlapped section, thus narrowing the whole spectral response.
Using a very narrow filter in an active structure, the resulting laser output
becomes narrower (lower bandwidth), reducing the number of active longitu-
dinal modes and even allowing to reach the Single Longitudinal Mode (SLM)
operation.

As can be noticed in Fig. 6.6, the resulting bandwidth depends on the

detuning factor (DF) or wavelength difference between FBGs. Two uniform
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FBGs of L=9mm length with a 1 dB bandwidth of Wi;5 = 163.3 pm are
detuned DF = AX = 156.4 pm obtaining an equivalent filter of Wy, =
29.8 pm. As demonstrated in the previous section (FBG spectral evolution
in active fibers), there is an improvement on the spectral selectiveness of a
FBG within a feedback structure. Trying to replicate this improvement, a
1dB criterion has been employed to measure the passive FBG bandwidth.

By employing this structure, as the detuning factor increases (maintaining
some spectral overlapping) the narrowing of the equivalent filter also improves.
The main drawback of this scheme is the power drop due to the equivalent
reflection reduction of the overlapped filter. This effect can be minimized by
employing FBGs with a higher reflectivity (even being saturated), because
their side slopes are steeper thus, maintaining the same bandwidth, a higher
equivalent reflectivity can be achieved. However, their tuning process becomes
more challenging. This spectral filtering scheme can be applied to different
fiber laser structures, although a trade-off between reflectivity (limited by the
medium gain) and bandwidth (limited by the modal spacing) needs to be
reached to get SLM operation.

Several simulations have been performed to analyze the evolution of the
combined filter response when different FBGs pairs and detuning factors are

employed.

6.2.2. Simulations

The combined filter response is mainly driven by the edges of the main lobe
of both FBG spectra and their relative wavelength displacement. By employ-
ing FBGs with steeper edges (e.g. high reflectivity or longer FBGs), their
overlapped response bandwidth will experiment a fast drop as their wave-
length displacement increases. Thus, lower bandwidths can be achieved when
using FBGs with steeper edges.

One of the two matched FBGs has been displaced until the main peaks
overlap becomes lower than the secondary lobes. These displacements have
been calculated for two FBG pairs of L = 10 mm length, but with differ-
ent reflectivities (R; ~ 99% and Ry ~ 84% as shown in Fig. 6.7, left). At
lower detuning factors, the combined filter reflectivity and bandwidth are still

comparable to a single FBG; however, when the edges of the main lobes are
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Fig. 6.7.: lllustration of the spectral overlapping of FBGs with different reflectivities (left).
Achieved bandwidth (top) and reflectivity (bottom) during the wavelength displace-
ment (right).

close, a great reduction in bandwidth and reflectivity is produced. This effect
is more drastic when high reflectivity FBGs are employed as can be noticed
in Fig. 6.7 (right), where the achieved 95% bandwidth and reflectivity of the
combined filters have been plotted as a function of their wavelength displace-
ment (difference between Bragg wavelength of both FBGs). As can be noticed,
the achieved bandwidth of the combined filter is lower for higher reflectivity
FBG pairs, allowing a best spectral selectivity (filter narrowing) when working
with saturated FBGs. Particularly, in the depicted simulations, the minimum
achieved bandwidth for L = 10 mm FBGs is BWgy =~ 4 pm for the higher
reflectivity FBG pair and BW}, =~ 6 pm for the lower reflectivity pair. But, as
the reflectivity of the main FBG lobe increases, this effect is also reproduced
for the secondary lobes, what limits the maximum wavelength displacement
and, consequently, also limits the filter narrowing. This effect can be reduced
by employing apodized FBGs, although apodization functions usually give rise
to smoother main lobe edges, what also limits the filter narrowing.

In addition to the reflectivity, the FBG length has to be also considered in
the design process. Longer FBGs of the same reflectivity have steeper main
lobes, but their secondary lobes have the same reflectivity, what benefits the
filter narrowing. In Fig. 6.8 (left) several FBGs of different lengths but same
reflectivity (R = 95%) are depicted. When the FBG length increases, the main
lobe of the FBG becomes narrower and steeper, increasing its edges slope. This
situation can be useful for filtering purposes because their combination can be

also steeper.
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Fig. 6.8.: Reflection spectra of FBGs of different lengths (left). Relation between the achieved
bandwidth and its reflectivity for different FBG lengths from 4 to 22 mm (right).

Although narrower combined filter bandwidths can be achieved by employ-
ing long FBGs with high reflectivities, as their main lobes become steeper,
their tuning process can be more complicated; given that there is a huge re-
flectivity variation for a small wavelength displacement. In Fig. 6.8 (right),
the achieved filter bandwidth is compared to its reflectivity for different FBG
lengths. This graph gives an idea of how abrupt is the tuning process depend-
ing on the chosen FBGs. On the contrary, when the filtering requirements
are not so strict, lower FBG lengths (and/or reflectivities) can be employed
to make the manufacturing process easier and improve the final laser stability

against external perturbations (such as vibrations).

6.2.3. Experiments

A ring laser scheme has been employed for the experimental verification of
the proposed technique (Fig. 6.9, left). In order to reach the best performance
(narrower laser bandwidth) and based on simulations, a combination of two
long FBGs of L = 24 mm with a high reflectivity have been employed as
the filtering element of this laser. Two circulators, connected in series, have
been spliced to both FBGs to get the combination of their reflection spec-
tra. The resulting filter is the partial overlap of both FBG reflection spectra.
The employed FBGs have been characterized using a high resolution Optical
Spectrum Analyzer (BOSA-C, Argon-Photonics) and one spectrum is depicted
against its simulated fitted model in Fig. 6.9 (right).

A FBG has been stretched using a motor stage (Newport MM4005) while
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Fig. 6.9.: Ring laser setup based on the overlapping of two FBGs (left). Experimental spectrum
of one FBG and its associated simulation (right).

the other was fixed. Several stretching sweeps have been performed using dif-
ferent pump powers. Since determining the Bragg wavelength difference of
two partially overlapped FBGs is difficult, all sweeps have been started at the
minimum overlapped point, where the cavity starts lasing. For the employed
FBG pair, this point corresponds to the SLM operation. Based on a fixed
wavelength displacement of A\ ~ 2.5 pm, several increments have been ap-
plied to a FBG as both spectra became more overlapped. In order to measure
the spectral range where the longitudinal modes can oscillate, the laser out-
put has been held for a time interval, obtaining the probability distribution of
the laser emission. These measurements are directly related to the equivalent
spectral shape of the filtering device. For each step, the laser output has been
held by the BOSA for ¢t = 3 mun. This time has been set large enough to
obtain the statistical behavior of the laser, but also short enough to minimize
the errors due to environmental changes such as vibrations or temperature
drifts. Several factors contribute in these bandwidth measurements such as
the number of modes, mode hoping or external vibrations that can influence
the final laser performance.

In Fig. 6.10 (left), the measured laser bandwidth is depicted as a func-
tion of the wavelength displacement of the FBG for different pump powers.
As the overlapped spectral area is reduced, the output laser bandwidth also
becomes narrower. The same behavior has been noticed for different pump

powers, being the main difference in the starting point: a lower pump power
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Fig. 6.10.: 20 dB laser bandwidth against the wavelength difference between FBGs for different
pump powers (left). Output laser power against the wavelength difference (right).

requires a higher equivalent reflectivity, thus, the starting displacement must
be lower. The evolution of the laser power during the strain sweep is also
depicted in Fig. 6.10 (right) for a constant pump power. As the reflectivity
of the combined filter decreases (while the laser bandwidth is also reduced)
the output power also decreases. This power reduction is higher at lower laser
bandwidths (higher displacements).

Although the laser output power drops due to the combined filter reflectivity
reduction, when FBGs with a very steep spectral response are employed, ex-
tremely narrow filters can be achieved based on this technique. Particularly,
for the chosen ring laser structure (with a total length of L ~ 8 m), SLM
operation has been achieved for different pump powers. The SLM operation
was verified with a heterodyne detection system using an Optical Converter
(HP11982A) and an Electric Spectrum Analyzer (HP8592L). The laser out-
put was combined with the signal of a Tunable Laser Source (TLS, Agilent
8164B) using a 3 dB coupler, whose wavelength has been placed close to the
laser output. In Fig. 6.11 (left), a capture with a single peak is shown asso-
ciated with the different tested pump powers, proving the SLM operation of
the laser. However, when both FBGs are more overlapped, the laser begins to
operate in multimode regime, as shown in Fig. 6.11 (right).

The achieved results exhibit the capability of the spectral overlapping tech-
nique to reach very narrow filters for laser structures. Particularly, by employ-
ing FBGs with steeper main lobes, extremely narrow filters capable of reach

SLM operation even with very low modal spacing (AX ~ 0.1 pm) can be ob-
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Fig. 6.11.: SLM operation at different pump powers (left) and multimode operation (right) of
the ring laser measured with the heterodyne detection system.

tained. However, in order to improve the laser stability, when working with
very narrow filters, additional strategies are required to isolate the vibration
and/or temperature variations of the FBGs, such as fixing both FBGs to a
host material.

6.2.4. Summary

A simple filtering technique based on the spectral overlap of two uniform
FBG has been proposed both by means of simulations and experimentally for
its application to laser structures. The achieved results can help on the design
of new laser structures by showing the final performance of two uniform FBGs
employed as a combined filtering element. Despite the fact that both output
power and bandwidth are the most important features in the laser design,
other practical issues must be taken into account in the manufacturing process
such as external noise isolation (e.g. vibration) or flexibility of the tuning
process. The simulated results have been confirmed during the experimental
tests, where the same bandwidths and power evolutions have been measured
using a ring laser configuration employing two partially overlapped FBGs as
the filtering element. This technique has also been tested for very narrow
filtering purposes by achieving the Single Longitudinal Mode operation in a
ring cavity of L ~ 8 m only using two uniform FBGs. In addition, the spectral
overlapping is a flexible technique that can be employed in DBR structures
and it is capable of achieving high performance Fiber Lasers, with the suitable

manufacture and packaging processes.
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6.3. Single Longitudinal Mode Lasers

Many laser configurations have been proposed to ensure a stable SLM oper-
ation. A ring cavity configuration is often employed, but complex techniques
are required to achieve the SLM operation, thus resulting unsuitable for ap-
plications that require a small size [2, 3, 13]. A linear fiber laser becomes
another option to achieve this operation mode. Short SLM linear fiber lasers
using fiber Bragg grating (FBG) have been demonstrated in erbium doped
fibers [6, 18-20], although the cavity length must be short to obtain a SLM
operation. The fiber shortening implies the use of rare-earth ion doped fibers
with a high gain to achieve a high output power. The phosphate glass fiber
with a high Er-doping concentration (5dB/cm) was designed to short linear
SLM fiber lasers [7]. However, this glass is expensive and the required splices
to standard fiber introduce high losses and mechanical weakness. A different
custom made Er-doped silica fiber has also been employed [4] in a linear cav-
ity obtaining a SLM laser, but this fiber exhibits the same drawbacks as the
phosphate one.

Moreover, for real sensor systems, relying on custom made doped fibers
is not a practical solution and using commercial Er-doped fibers (with lower
gains) implies a larger cavity. The achievement of SLM operation with a larger
cavity implies the employment of a very narrow optical filter. Based on the
filtering technique described in the previous section (Filtering technique based
on spectral overlapping), a proof-of-concept laser has been manufactured by
writing two uniform and spectrally displaced FBGs into an Er-doped fiber
creating a DBR structure. An experimental characterization has also been
performed exhibiting the benefits of the spectral overlapping technique to
achieve stable SLM fiber lasers with temperature and strain variations. The
achieved laser sensor combines the same benefits of FBGs: linearity with strain

and temperature with a better Signal to Noise ratio due to the power increase.

6.3.1. Laser manufacturing

The two matched FBGs were written into a commercial erbium doped fiber
(Fibercore M12, which has an absorption ratio of 12dB/m at 980 nm) using

the phase mask technique with a continuous laser emitting at 244 nm. A small
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Fig. 6.12.: Characterization setup during the DBR laser fabrication process. Two uniform FBGs
of 9 mm length were inscribed into Er-doped fiber with a distance between them of
40 mm.

Gaussian apodizing function has been applied to reduce the secondary lobes
of both FBGs. In comparison to the laser structures where two FBGs are
spliced to the active fiber, the writing of the FBGs directly to the Er-doped
fiber reduces the power losses (lower threshold power) and avoids mechanical
weak points. Once the FBGs have been written, one of them was pos-exposed
to drift its Bragg wavelength and reduce the overlapping area, narrowing con-
sequently the equivalent filter bandwidth. The achieved FBGs exhibit a re-
flectivity of 99% with a FWHM bandwidth of 240 pm and the final wavelength
drift is 180 pm.

During the FBGs post-exposition, the DBR fiber laser has been pumped
at 1480 nm to generate the laser emission. As shown in Fig. 6.12, the laser
signal has been monitored by using a high resolution optical spectrum ana-
lyzer (BOSA-C Aragon Photonics) to measure the behavior of the longitudinal
modes. The FBG drift has been stopped when the SLM behavior has been
measured at the BOSA.

6.3.2. Laser characterization

Since the wavelength selective effect is given by the equivalent filter band-
width that results from the partial FBG’s reflection bands overlapping, the
wavelength of the obtained laser is centered at the Bragg wavelength of the

equivalent filter. This value matches the upper and lower edges from the lower
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Fig. 6.13.: SLM operation measured at 25°C'. The laser signal is mixed with a TLS source
obtaining a single peak.

and upper FBG’s bands respectively (1552.2 nm).

The SLM operation was verified with a heterodyne detection system. A
polarization splitter has been connected to the laser output to remove one of
the orthogonal polarization modes. The measurements have been performed
using an Optical Converter (HP11982A) and an Electric Spectrum Analyzer
(HP8592L). A single polarization mode of the lasing signal from the manu-
factured laser was combined with the signal of a Tunable Laser Source (TLS)
using a 3 dB coupler. The TLS (Agilent 8164B) has a full-width at half maxi-
mum (FWHM) linewidth of 100 kHz and its wavelength has been placed close
to the manufactured laser. In Fig. 6.13, a single peak is shown proving the
SLM operation of the tested device

6.3.2.1. FWHM linewidth and wavelength stability

In order to measure the FWHM linewidth of the emitted light, the setup is
changed to the delayed self-heterodyne detection scheme [21]. A phase modu-
lator (Avanex IM10-P) has been employed to perform the 1GHz modulation.
A 100 km length of standard optical fiber has been employed as the delayed
line. An EDFA (MPB-EFA-P18F) has been introduced in the setup to amplify
the delayed line. According to [21], the measured (FWHM) linewidth was the
square root of two times the real linewidth, so this was less than 5 kHz as
shown in Fig. 6.14. This narrow linewidth indicates a stable SLM operation

of the fiber laser, being this very important to achieve high resolution in sens-
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Fig. 6.14.: Linewidth of 4.5 kHz (3dB) measured using self-heterodyne detection with a modu-
lation frequency of 1GHz (left). Wavelength stability (62.2MHz) of both orthogonal
polarization modes measured during 10 minutes (right).

ing systems that depend on the linewidth and stability of the emitted laser
wavelength.

Fig. 6.14 (right) also shows the wavelength stability measured using the het-
erodyne detection method (without the polarization splitter).The laser signal
is mixed with the TLS and both polarization modes are held in the ESA during
10 minutes. The orthogonal polarization mode spacing of 400 MHz (3.2 pm)
corresponds to the typical fiber birefringence. The higher wavelength drift of
both polarization modes is under 65 MHz (0.52 pm).

6.3.2.2. OSNR and power stability

The output laser signal was connected directly to an OSA (HP70952B) to
study the power behavior of the fabricated laser. Maintaining the pump power
emitting at 26 dBm, the generated output optical power was monitored during
1 hour using the OSA.

In Fig. 6.15, the output spectra (monitored with an Optical Spectrum An-
alyzer) of the proposed laser emitting at the Bragg wavelength of the equiva-
lent filter is depicted (left) exhibiting an optical signal-to-noise ratio (OSNR)
higher than 55 dB. The power stability measured each 20 seconds (right) is also
depicted. The achieved stability was 0.91 dB with a 90% confidence interval

during 1 hour.
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Fig. 6.15.: Measured OSNR for a 26dBm power pump (left) and power stability measured
during 1 hour (right).
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Fig. 6.16.: Emitted wavelength displacement during the temperature sweep (left) and the
two orthogonal polarization modes at the extreme temperatures (0°C' and 100°C')

(right).

6.3.2.3. Temperature response

As the laser wavelength is given by the spectral overlapping of the reflected
bandwidths of the FBGs, the wavelength laser response should follow the
FBG thermal response. A temperature sweep between 0 and 100°C' has been
performed while the laser wavelength was measured using the OSA.

The laser response to the temperature sweep is depicted in Fig. 6.16 (left).
The whole DBR structure behaves as its mirror FBGs, exhibiting linear re-
sponse with a 0.9 nm drift within the 100°C' sweep (similar to a FBG written
into standard fiber). The SLM operation has been also studied during the
temperature sweep. The measurements associated with the sweep limits are
depicted in Fig. 6.16 (right). The same single modal behavior (polarization

modes) can be observed at both temperature limits.

167



6. Fiber laser sensors

1554.5 20
+ Measured 7 wS= OUE
-+ Linear: R?~ 0.998 & — $=2000LE
1554.0 30
.“'.
=1553.5 o 40
£ 3
£ o by
R 9]
< 1553.0 - = 50
<)
ma o .
15525 = 60 CRUWL
¥ o
' H
Mg, il
1552.0 70 L
0 500 1000 1500 2000 4 6 8 10 12 14 16 18 20 22
Strain (ue) Frequency (GHz)

Fig. 6.17.: Emitted wavelength displacement during the strain sweep (left). The two orthogonal

polarization modes are depicted in both extremes (right).

6.3.2.4. Strain response

The manufactured device is attached to a micrometric linear motor stage to
perform a strain sweep. If the applied strain is the same for both FBGs, the
laser properties should be maintained while the structure is being stretched.

A strain sweep up to 2000 pe has been performed while the laser wavelength
was measured obtaining a peak drift of 2.2 nm. These results are shown in
Fig. 6.17 (left) and they exhibit the same linear behavior as a single FBG. The
SLM condition has also been evaluated during the sweep using the heterodyne
detection. Results are shown in Fig. 6.17 (right) and the SLM is maintained

for the highest achieved deformation.

6.3.3. Summary

The Spectral overlap technique has been applied to manufacture a DBR fiber
laser by directly inscribing the two spectral overlapped FBGs in a commercial
erbium doped fiber. The total length of the fiber laser, including the two
FBGs, was 58 mm. This laser operated in robust SLM regime for different
working conditions and in two orthogonal polarization modes. The FWHM
was less than 5 kHz and the higher signal wavelength variation was under 65
MHz (0.52 pm). The OSNR was better than 55 dB and the power stability
of 0.91 dB for a pump power of 26 dBm. It has also been confirmed that the
fiber laser maintains a SLM behavior over the whole temperature and strain
range discussed.

From the experimental results, it can be concluded that the proposed narrow
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filtering technique provide a simple approach to achieve a stable SLM fiber
laser where a precise control for the cavity length and a custom made erbium
doped fibers are not required. These fiber lasers can be particularly appealing

for applications requiring high resolution and small size sensors.

6.4. Conclusions

Different aspects of fiber laser sensors have been addressed in this chapter.
Based on the combination of FBGs with active fibers (typically Erbium-doped
fibers), several studies regarding the spectral evolution of filtering elements
within a feedback structure have been performed. Extending these filtering
requirements to obtain sensing heads, different filtering techniques based on
FBGs have been evaluated for laser structures and particularly fo local gener-
ated laser sensors based on commercial Er-doped fibers.

Since FBG are widely employed as filtering elements, the spectral evolution
of a FBG within a laser structure has been modeled and experimentally char-
acterized. The equivalent spectral response of the filter is modified depending
on the chosen feedback structure. Particularly, when employing Fiber Bragg
Gratings (FBGs), an improvement of the spectral selectiveness of the equiv-
alent filter can be observed in the laser output spectrum. A new model that
fits this spectral evolution has been proposed and experimentally tested. The
achieved results exhibit a simplification on the requirements of the passive
filtering element that are mainly related to its passive response and to the
feedback structure.

Although some simplification regarding filtering elements has been experi-
mentally confirmed for laser structures, for specific applications, very narrow
filtering technique are still required. Also based on uniform FBGs, a simple
filtering technique based on the partial overlap of two uniform FBG has been
proposed and studied both by means of simulations and experimentally. The
achieved results offer a detailed view of this filtering method, taking into ac-
count several factors such as the filter bandwidth or the tuning process. Based
on a ring laser setup, this filtering technique has been experimentally tested,
being able to reach the SLM regime even with a long cavity.

Finally, also based on this filtering scheme, a very stable fiber sensor that
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locally generates a laser signal within the sensing head has been manufactured
and experimentally tested. Employing a commercial Er-doped fiber, two uni-
form FBGs have been directly written, being one of them slightly displaced
during the writing process. The achieved results exhibit a great stability
confirming that the fiber laser maintains a SLM behavior over the whole tem-
perature and strain range discussed. These kinds of sensing heads where a
laser signal is directly generated on the sensing area can be very useful for
improving the FBG interrogation distance.

The proposed studies and techniques can improve present quasidistributed
transducers by introducing locally generated laser signals. This kind of sensing
heads exhibits a great improvement regarding the available optical power and
the same linearity of sensing FBGs.

As a result of the research about combining FBGs and Er-doped fibers, 3

journal articles and 1 international conference paper have been obtained.
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Chapter 7

Hybrid Fiber Bragg Grating
Shape Memory Alloy techniques

Hybrid materials with shape-modification capabilities have been commonly
employed in a wide set of different scenarios [1]. Particularly, shape mem-
ory materials [2] exploit different physical and chemical properties to modify
their inner structure under particular circumstances, what allows the design
of new devices adaptable to external changes in temperature, stress, magnetic
or electrical field.

Within this shape memory materials, Shape Memory Alloys (SMAs) [3, 4]
are notable for their widely application to very different fields. Changing the
crystallographic phase of metallic alloys, these materials offer large deforma-
tions and high recovering forces that can add reaction capabilities to many
materials, both for sensors or active structures. Although combining OFSs
and SMAs in the same structure has already been addressed [5, 6], the re-
ported applications are focused on preventing particular conditions instead of
adding real time reaction capabilities by merging both technologies.

With a proper combination of Fiber Bragg Gratings and Shape Memory
Alloys, several hybrid sensing devices and structures that combine sensing
and reaction means have been developed during this PhD work. The sensi-
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Fig. 7.1.: Schematic illustration of the deformation process of a SMA.

tivity enhancement to different parameters of SMAs have been exploited for
the development of temperature transducers with temporal memory (Section
7.2, Hybrid temperature level transducer). A truly Smart Material based on
these technologies has been also developed and is described in Section 7.3
(Smart material based on SMA). A smart material able to react to different
operational conditions has been developed by means of a feedback loop that

employs a SMA and a FBG as actuation and sensing means respectively.

7.1. Shape Memory Alloy

In a simple way, a Shape Memory Alloy (SMA) is a mixture of different
metals that remembers its forged (original) shape [3]. The original shape is
returned by heating the alloy above a threshold temperature. Basically, a
SMA changes from a crystallographic phase (the martensite state) to other
phase (the austenite state) as its temperature rises. The movement caused
during the transition from the “cool” state (martensite) to the “hot” state
(austenite) is caused by the material crystallographic restructuring. By in-
creasing the temperature above a transition threshold, the original structure
is recovered. Once the SMA is cooled again, the original shape is maintained
until an external mechanical deformation is applied over it. Shape memory
alloys derive their unique transducer capabilities from the fact that they can
recover from up to 10% of the strain provoked by external loads. The stabil-
ity of the austenite and martensite phases provides SMA with the capability
for “remembering” different shapes constructed in the austenite phase (“high”
temperature). A schematic illustration of the transition between phases is
depicted in Fig. 7.1.

The thermal response of the SMA actuators is usually very abrupt, causing
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Fig. 7.2.: Thermal response of a loaded SMA wire with a central temperature transition of 70
°C.

a very strong deformation in a very short time. On the other hand, the cooling
process depends on the actuator configuration, but it is usually slower than
the heating process. Since the actuation movement is caused by the thermal
evolution of the SMA, different external parameters such as air movements or
surrounding materials may affect the whole system accuracy, making it more
difficult to get high precision actuators. An example of the thermal response
of a commercial actuator wire is depicted in Fig. 7.2.

Many different shape memory products are commercially available and are
widely employed in other research environments, from mechanical structures
to biomedical applications. Based on the combination of these shape mem-
ory products with other hosting materials, many different structures can be
designed both for sensing and to react to external events.

7.2. Hybrid temperature level transducer

OFS-based temperature transducers are a widely addressed problem [7] and
particularly those based on FBGs [8, 9]. Although FBG based technologies can
be considered a mature research field, the availability of new materials enables
the development of new fiber sensing devices exploiting specific benefits of
different hosting materials to enhance their final performance.

Particularly, during the last decades, the appearance of shape memory ma-
terials [2] has allow the development of new hybrid transducers that take
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advantage of their shape-varying condition. Within these materials, Shape
Memory Alloys [3] offer a very high deformation range that can be employed
for many different applications from biomedical [10] to structures [11]. Despite
its pseudo-plastic response that can be interesting for many applications, SMA
can also be modulated by their temperature. When the surrounding temper-
ature increases above its transition threshold (that can be selected varying
alloy concentrations), a SMA piece will recover its forged shape. Particularly,
for a SMA whose forged shape was a wire and it is under strain, when the
temperature rises, the SMA wire will shrink, recovering its original length.

A new approach to obtain temperature level measurements has been de-
veloped combining FBGs with SMA actuation wires. The achieved device
combines the advantages of both technologies and the optical fiber device can
be easily employed as on/off sensing system. The proposed device has been
conceived to be a maximum detector that is activated when some measurands
(temperature or current) go above a given threshold. Both, point or quasi-
distributed fiber sensors systems can be based on these devices, enabling their
application in a wide set of industrial applications. In this work, this new de-
vice has been described and experimentally characterized to analyze its main
advantages/drawbacks for its employment as a quasi-distributed sensor sys-

tem.

7.2.1. Transducer architecture

The proposed device is based on a nickel-titanium SMA forged in wire shape
with a diameter of 0.25 mm [12]. Applying a pre-stressing force by a small
spring, the SMA wire is strained at room temperature. A typical deformation
(AL/L) for this kind of SMA actuators lies between 2% and 5% and, particu-
larly, the chosen wire has a transition temperature of 70°C', so by heating the
wire above this temperature it will recover its original length (L). A scheme
of the proposed device is depicted in Fig. 7.3 (top).

The proposed device has been manufactured employing a L = 4 mm FBG
written into a standard telecommunications optical fiber. The FBG has been
embedded into a glue block, placed directly in contact to the SMA actuator
wire. A thermal resistant glue capable of reaching temperatures up to 150°C

has been employed to form the sensing block, comprised by a SMA wire glued
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Fig. 7.3.: Scheme of the proposed transducer (top) and a detailed photo of the SMA-FBG
interface (bottom).

to the FBG and a pre-loading spring mounted to an external holder.

Many effects contribute to the final FBG wavelength drift of the proposed
device: the SMA wire shrinkage, the thermal expansion of the base materials
and also the thermo-optic effect. However, based on different contributions,
the most important is given by the SMA shrinkage, which determines the
sensing response: as the temperature rises, the compression of the FBG given
by the SMA wire shrinkage exceeds the other two contributions, achieving a

lower FBG central wavelength.

7.2.2. Experiments

The manufactured proof-of-concept device has been experimentally char-
acterized. Trying to avoid undesired thermal responses (e.g. overheating or
temperature differences between SMA parts), the device has been heated by
passing a controlled DC current through the SMA wire (Joule heating). Given
that the SMA wires have a relative high electrical impedance, they can be
easily heated employing DC currents. The setup employed during the charac-
terization is depicted in Fig. 7.4.

Employing a commercial FBG interrogation unit (Si425-500 from Micron
Optics), the FBG signal was acquired while different currents were applied to
the SMA wire. Setting a peak current in 1.5 Amp, a custom PWM driver

has been employed to apply different equivalent currents to the device. A
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Fig. 7.4.: Setup employed for the experimental characterization of the proposed device (left)
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Fig. 7.5.: FBG wavelength drift (solid line) and wire temperature (dotted line) during the current
sweep (left). Temperature response of the device (right).

thermographic IR camera (FLIR ThermaCam SC2000) has been also employed
to measure the device temperature evolution. A current sweep (that provoked
a temperature increase) has been applied to obtain the thermal response of
the transducer.

In Fig. 7.5 (left), both measurements: the FBG wavelength and the wire
temperature (obtained with the IR camera) are depicted. Their relation has
also been extracted by averaging both signals for each sweep step and it is
depicted in Fig. 7.5 (right). At lower temperatures, the whole sensing block
responses positively to the temperature rise because the thermal expansion
and the thermo-optic process overcome the SMA shrinkage. On the contrary,
when the temperature increases, the SMA starts its transition to recover its

forged shape, offering a steeper response. This process ends above the tran-
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Fig. 7.6.: Train of pulses during the FBG accommodation (left). Single pulse after the FBG
accommodation (right).

sition temperature (70 °C', for the employed wire) when the process starts to
stabilize.

In order to evaluate the repeatability of the manufactured sensor, differ-
ent temperature peak trains have been provoked using different currents. In
Fig. 7.6, both measurements during the first sequence of pulses are depicted
(left). The accommodation effect of the FBG to the housing glue block can
be noticed by the remaining compression on the FBG (besides the remaining
thermal effect within the block). However, after a long pulse sequence (above
100 pulses) this accommodation effect is removed, achieving more repetitive
peaks. When the reached temperature is far from the transition area, the FBG
wavelength drift is very low. On the contrary, after exceeding a threshold, this
drift becomes greater, being easily detectable by different means.

An example of a single peak after the accommodation effect is depicted in
Fig. 7.6 (right). In this pulse, some thermal memory can be noticed, requiring
extra time to reach the initial FBG wavelength. The transducer also exhibits a
slow thermal recovering that is highly dependent on the surrounding materials

and working conditions, but it can be useful to simplify the interrogation.

7.2.3. Quasi-distributed transducer

A quasi-distributed temperature sensor has been proposed formed by sev-
eral connected temperature level transducers. The same sensing element can
be connected in-series to an optical fiber and be interrogated using OTDR

techniques. Employing FBGs of very low reflectivity with the same central
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wavelength, a laser pulse with a lower wavelength can be launched into the
optical fiber while the return light is collected.

Based on the time of arrival, different spatially modulated sensing heads
can be interrogated using the proposed scheme (Fig. 7.7, left). An example
of an expected trace of the proposed system is depicted in Fig. 7.7 (right).
When the temperature of a sensing point exceeds the designed threshold, this
point becomes active, being detected by the OTDR. technique.

7.2.4. Summary

In this work, different technologies (FBG and SMA) have been merged to de-
velop a new hydrid temperature sensing head. Based on the special properties
of SMA wires, a transducer with a steep and negative temperature response
has been experimentally verified. A proof-of-concept sensing head has been
manufactured formed by commercial SMA actuation wires. Its experimental
characterization exhibits its benefits for its application to quasi-distributed
temperature sensing. In addition, just by adding extra means to hold the
SMA wire into its short position after exceeding the designed temperature
threshold, it could improve the device functionality, as it will not require an

on-line monitoring of the transducer.

7.3. Smart material based on SMA

Although different technologies have been combined on the development
of new sensing devices, industrial applications usually require very complex

structures beyond only sensing devices. However, these hybrid sensor systems
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can be an intermediate step towards a fully operative smart material where
both sensing and actuation means are required.

As explained before, different technologies must be joined to achieve a Smart
Structure: sensing, decision and actuation. At a lower scale, a Smart Material
can be defined as a material with sensing and actuation capabilities. The
main differences in comparison to a integral Smart Structure lie in the decision
making. A smart material must be able to adapt itself as a part of something
bigger; on the contrary, a Smart Structure must have a global knowledge
about itself and its surrounding environment and, consequently, the decision
step becomes more challenging.

Several proposals of Smart Materials based on feedback structures have been
reported using Fiber Bragg Gratings (FBG) [13], such as reducing vibration in
a metallic beam with piezoelectric actuators [14] or in a working structure by
modifying a mass position [15]. Even in the robotics field FBG sensors have
been reported providing signals to feed a control loop to reduce the vibration of
a robot arm [16]. On the other hand, Shape Memory Alloy (SMA) actuators
have also been applied to smart materials in different fields such as crack
suppression in carbon fiber reinforced plastics [5] or to adapt wing geometries
[6]. These cases combine both FBG transducers and SMA actuators, but
performed in an offline way, with no feedback process during the structure
operation.

Based on the technologies addressed in the development of sensing heads
(FBGs and SMAs), a Smart Material has been developed during this work.
Taking advantage of both sensing and actuation properties of these different
technologies, an auto-stabilized GFRP structure has been developed. Em-
ploying a closed PID control loop, the position given by the FBG has been
employed to adapt the actuation wire (SMA) to a precise position. The re-
sulting material can adapt its response to different operational conditions and

loads to follow a pre-established target position.

7.3.1. Material description

A simple structure to evaluate the control scheme has been designed based
on an arc-shaped Glass Fiber Reinforced Plastic beam. A glued FBG has been

employed to provide the position measurements and a SMA wire attached to
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Fig. 7.8.: Experimental setup employed to test the proposed smart material.

the bottom has been employed as actuator. A metallic plate has also been
attached to the center of the structure to provoke a vertical load, allowing the
SMA wire to recover its original length. The structure has been designed to
obtain a stable vertical position on the metallic plate attached to the top of the
beam. This vertical position is measured by the FBG through the deformation
in the outer surface of the arc beam. The actuator wire has been designed to
reduce its length, provoking a vertical displacement of the metallic plate.

In Fig. 7.8, the proposed smart material is detailed. The combination of
fixed and sliding edges allows the vertical movement of the central arc-section.
The actuator wire is driven by a custom circuit that controls the current
delivered to the wire and, consequently, the SMA temperature.

However, as described in previous sections, the activation curve of the SMA
is very abrupt and offers a low control. Since the actuation movement is pro-
voked by the thermal evolution of the SMA, different external parameters such
as air movements or surrounding materials affect the whole system accuracy,
making it more difficult to get high precision actuators. In addition, the cool-
ing process depends on the actuator wire conditions, but it is usually slower
than the heating process, achieving a slower movement in one direction. All
these contributions cause a poor repeatability on the actuation system. Try-
ing to overcome this lack of control, a Proportional Integral Derivative (PID)
control loop has been employed to determine the current boosted to the SMA

wire.

7.3.2. Experiments

The left end of the arc-shaped beam is fixed and the movement of the other
one is limited in one axis and free in the longitudinal axis. When the SMA

actuator wire becomes shorter, it raises the metallic plate on the top. Due to
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Fig. 7.9.: Designed smart material with a FBG transducer and a SMA actuator wire.

the pull down load caused by the metallic plate, the arc-shaped beam recovers
its initial position when the SMA is relaxed.

The FBG transducer has been interrogated using a commercial unit (Si425-
500 from Micron Optics) connected to a PC over Ethernet. The SMA actuator
wire has been connected to the same PC using a custom PWM driver that
boosts a controllable current to increase the SMA actuator temperature. The
FBG feedback signal and the actuator driver are linked to the PID control
loop that has been implemented on Matlab.

The sampling frequency of the FBG signals was set to 2 Hz and the PWM
update period was 2 seconds. In order to get a smoother SMA response, the
total current offered to the PWM driver has been limited to 1 Amp. The
PID control loop gain factors have been empirically adjusted. Based on the
setup depicted in Fig. 7.9, the proposed smart material has been driven to
different target positions measured by the FBG transducer. Once the position
of the structure became stable, different extra loads applied to the metallic
plate were provoked to study the material response to varying environmental
conditions.

Different FBG deformations have been employed as PID target positions to
evaluate the smart material “static” response. During these tests, the load ap-
plied to the metallic plate has been maintained while the smart material must
compensate the temperature variations in the SMA wire due to not-controlled
environmental conditions (e.g. air flow or vibration) that influence the heating
and cooling process of the SMA wire. The “dynamic” response of the proposed
material has also been studied. Employing a static target position on the PID
loop, different loads have been applied to the arc-shaped beam by changing
the weight supported by the metallic plate. Trying to benefit this dynamic

181



7. Hybrid FBG-SMA techniques

SV N
g ~
B -
I'4

]
] 2,
‘ .“’"’- -t oo o]
s iy :
IO -] o
----- Target position ,. :
0.5} —— Actual position “ :
— = PWM duty cycle \
...... Error E:
200 600 1000 Time (S) 1600 2200 2800
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loads (right).

situation, the PID loop gains have been empirically modified to achieve a fast
response.

The response of the smart material to both tested situations is depicted
in Fig. 7.10. Three different target positions (specified in AX) have been
employed to feed the PID control (left). The control loop has been trimmed to
generate a slow varying PWM duty cycle (dashed line) that reaches the target
position based on the error evolution (dotted line). The measurements of the
FBG wavelength shift (solid line) exhibit a smooth smart material movement
to its new target position.

The material response to environmental varying conditions has been ana-
lyzed by trimming the PID loop to get a fast response and the achieved results
are depicted in Fig. 7.10 (right). Employing a constant target position, differ-
ent weights have been placed on the metallic plate. When a 100 grams load
(dotted circle) was removed, the control loop reduced the PWM duty cycle
(dashed line) to maintain the target position.

The smart material response to varying load conditions was also analyzed
with a PID faster response configuration, shown in Fig. 7.10 (right). After the
material stabilization, an extra load of 200 grams was added (solid circle) and
the material became stable again. The reaction speed of the structure depends
on the PID control parameters offering the possibility of favoring static or
dynamic responses. Particularly, the overshot achieved during the second test
was higher than the first because of the PID “dynamic” configuration.
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7.3.3. Summary

In this work a new smart material based on a glass fiber reinforced plastic
instrumented with FBG transducers and SMA actuators under a PID control
has been proposed and tested. The feedback signal coming from the FBGs
was employed by a PID loop to achieve a high precision actuator based on
SMA actuator wires. The achieved results exhibit the smart material stabi-
lization capabilities even under varying working conditions. The final material
response can be slightly adapted to react with high precision or high speed
responses by changing the PID control parameters. Both tested situations
show a good response of the proposed material despite the sharp activation

curve of the SMA actuator wires.

7.4. Conclusions

Reflecting the actual interest in merging sensing and reaction technologies,
two widely employed techniques (FBGs and SMAs) have been combined in
this chapter to demonstrate new smart materials and hybrid sensors. Based
on commercial actuation wires of a low transition temperature, different FBG
based structures have been addressed both for sensing and actuation purposes.

SMA has been employed to build a temperature level transducer. Connect-
ing both sides of a small piece of a SMA actuator wire to a loading spring, the
whole structure was strained until the temperature increased over the given
threshold (70°C'), when the SMA wire was shrank. One of the FBG was glued
to the actuation wire employing high temperature glue to translate the tem-
perature variation to the optical domain. The achieved transducer can be
easily interrogated by employing OTDR methods, achieving a simple optic
temperature level sensor system.

Beyond improving the existing FBG based transducers, a small step towards
a working Smart Structure has also been taken by combining both technolo-
gies into a feedback structure. Employing a FBG as a position reference, a
SMA actuation wire has been added to an arc-shaped GFRP beam that sup-
ports a metallic plate. The SMA temperature has been controlled by applying
different currents to the wire. Employing a closed PID loop, the position

of the metallic plate has been corrected in response to different operational
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conditions following a preset location.

Although the described approaches are just proof-of-concept devices, both
developments have been employed to detect integration problems between very
different technologies. Some weak points such as temperature dependence of
the material properties and the integration problems of active materials, had
to be solved before achieving working devices. The obtained conclusions will
help on the development of improved smart sensors and structures. As a result
of these studies, 3 international conference papers have been published based

on the work summarized within this chapter.
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Chapter 8

Data managing and
decision making

With the quick development of sensing techniques, the available amount of
data has been drastically increased, allowing more complex Structural Health
Monitoring (SHM) models. However, this increase in sensing data gives rise to
another problem: retrieving the useful information from large datasets. SHM
models must usually provide a direct output regarding the whole status of
the monitored structure. This direct output is required for a possible actua-
tion within a Smart Structure or to externally take a decision regarding the
structural status (e.g. stop the operation or make maintenance works).

In spite of the fact that SHM simple models are typically well defined, more
complex models may not have an a-priori perfect definition, given that too
many parameters have to be taken into account. Thus, achieving a reliable
solution in these complex scenarios may be an extremely challenging prob-
lem. The improvement in sensing techniques has been widely supported by
the fast development of Information and Communication Technologies (ICT),
that also offer different means to solve data managing and decision making
problems. Particularly, dealing with complex problems hard to replicate us-
ing pre-established models, Machine learning (ML) algorithms exhibit certain
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benefits when some a-priori knowledge is not available. Nowadays, due to
the processing capacity growth, a wide set of complex algorithms can be em-
ployed to simplify the decision task to be directly implemented into the Smart
Structure.

Although ML approaches have not been widely applied to smart structures,
there are several scenarios showing their benefits to deal with complex prob-
lems and large datasets. Examples such as pattern recognition, automatic
navigation [1] or job analysis [2] have been successfully addressed using ML
algorithms without an a-priori knowledge of the problem to be solved.

An important goal when using ML approaches is to let the algorithm learn
the a-priori knowledge by itself, allowing a correct response of the system.
To perform this task, these algorithms are usually trained with data to be
classified indicating the correct output. There are lots of different machine
learning algorithms applied to engineering fields [3], but they do not evolve in
the same way when the incoming data are modified due to noise or environ-
mental conditions changes, making one of them more suitable than the rest for
a given application. This suitability can be studied by changing the environ-
mental parameters of the problem such as the amount of acquired data, the
pre-processing scheme, etc. .. These kinds of studies can show some clues to
improve the final application by establishing the number of acquisition points
or determining their best location and pre-processing scheme.

A small contribution to data managing and decision making has been per-
formed during this PhD work by applying Machine Learning algorithms to
solve SHM problems. A brief introduction to the two evaluated Machine
learning techniques, Hierarchical Temporal Memories (HTM) and Artificial
Neural Networks (ANN), has been detailed in Section 8.1, (Machine learn-
ing approaches). A reference algorithm (ANN) has been compared to a new
computing paradigm (HTM) to study their final performance under different
working conditions based on a well-known SHM problem, described in Section
8.2 (Application to Smart Structures: Impact detection), Both approaches have
been employed to discover the a-priori knowledge of the proposed scenario to

detect low energy impacts in a GFRP beam.
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8.1. Machine learning approaches

Although there are many machine learning algorithms, two of them have
been evaluated for SHM purposes during this work. The widely applied ap-
proach known as Artificial Neural Networks (ANN) has been employed as a
reference algorithm to be compared to a new approach: Hierarchical Temporal
Memories (HTM). Introduced by Hawkings [4] and formalized by George [5],
HTM is a high level computation model inspired in the human neocortex, and
a software implementation called NuPic developed by the company Numenta,
Inc is offered.

ANN is a well known, widely used supervised learning algorithm capable
of modeling highly non-linear problems. The ANN learning algorithm [6] is
inspired in the functional aspects of biological neural networks. It is a super-
vised learning algorithm where a group of interconnected neurons compute the
same non-linear function (typically the sigmoid function) of the weighted in-
puts. ANNs have been widely used in many different fields including machine
vision tasks [7] or industrial process control [8]. Both algorithms require a
training phase before performing the classification tasks to allow the required
problem modeling.

The HTM algorithm can be described as a hierarchy of interconnected high-

level identical nodes that are able to process and store information from their
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data inputs. Each high-level node of this model mimics the behavior of the
cortical columns of the biological brain (/60,000 neurons). Unlike ANNs,
time is a very important aspect of HI'Ms: in the training phase, they are
precisely the time variations of the input data what allows to identify their
invariant patterns and to categorize them. HTMs have been used for different
applications such as recognition of hand-written digits [9] or image retrieval
[10], being most of them within the machine vision field.

As happens in ANNSs, each node of a HTM computes the same algorithm,
but it has two differentiated stages. As shown in Fig. 8.2 (right), the first stage
is the spatial pooler where a set of coincidence patterns (four at the figure) is
created during the training phase. To get the coincidence patterns during the
training phase, every time that new data arrive, their Euclidean distance is
calculated against the set of already created quantization centers. If the dis-
tance of the new data is larger than a configuration parameter, Max Distance,
the pattern is added to the spatial pooler as a new center of quantization.
The output provided by the spatial pooler is a vector with the probability
distribution over the quantization centers, where the maximum of the output
vector is the most probable pattern for a given input.

After the spatial pooler training phase, the training phase of the temporal
pooler follows, where the temporal evolution of its input vectors (the proba-
bility distribution over the quantization centers of the spatial pooler) is used
to progressively build a probabilistic transition matrix between the patterns.
A set of the most probable pattern transitions (temporal sequences) is built,

which is the training result in the temporal pooler. The training phase in the
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temporal pooler is mainly controlled by 2 parameters: Top Neighbors, which
specifies the maximum number of coincidence patterns that are added simul-
taneously to a temporal sequence; and Transition Memory, which specifies
how many input vector transitions are kept in the temporal pooler to track
the time structure of coincidences while learning the time adjacency matrix.

The output of the temporal pooler is a vector with the probability distribu-
tion over the space of temporal sequences, being the maximum of this vector
the most probable sequence found in the training phase. This information is
passed to the upper nodes in the hierarchy.

Once the HTM is trained, the inference mode can be used to perform the
classification task. There are several algorithms for the inference mode, the
Gaussian algorithm is commonly chosen and it works as follows: for every new
set of data at the inputs of the bottom nodes, the probability of being any
of the already stored patterns of the spatial poolers is calculated assuming a
Gaussian function of the Fuclidean distance. The parameter of this Gaussian
function can be also configurable for each node (Sigma). After that, the prob-
ability vector is passed to the temporal pooler and the probability of being
any of the stored temporal sequences is computed. The classification output
computed by this algorithm is the vector with the probability of belonging to
one of the temporal sequences.

Both approaches have particular advantages for the application discussed in
the following section (Application to Smart Structures: Impact detection). On
the one hand, ANNs are a relatively simple algorithm, but with capabilities
of modeling highly non-linear patterns. On the other hand, HTMs are a
more complex algorithm where a lot of parameters have to be set (apart from
the architecture). HTMs can better process temporal sequences by using the
temporal pooler, but they also need very high dimensional input vectors to
work properly. On the contrary, ANNs work perfectly with small dimension
input vectors, but they do not exhibit memory capabilities to process temporal

sequences.
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8.2. Application to Smart Structures:
Impact detection

The ability of both machine learning approaches (ANN and HTM) to map
non-linear problems from experimental data is evaluated under controlled ex-
periments. The chosen scenario is the detection of impacts in a cantilever
beam under vibration instrumented with Fiber Bragg Gratings [11]. The in-
stallation procedure and position of the FBGs has been modified to obtain
different points of view of the same test. Although there are several determin-
istic approaches that solve this problem [12-14], even using machine learning
approaches [15, 16]; all of them employ an a-priori knowledge of the problem
to be solved.

In this work, the main characteristics of both machine learning approaches
have been analyzed by varying environmental parameters such as the number
of sensing points or their location. From the achieved results, some clues can
be extracted about dealing with noisy or partial data when using machine

learning approaches to create a complex model without a-priori knowledge.

8.2.1. Application scenario

Detection of low energy impacts in a composite beam under vibration has
been chosen to test both machine learning algorithms. This is a widely ad-
dressed problem in the literature where, by analyzing strain signals of different
sensors, the impacts can be detected [12] and even located [14]. In this work, a
Glass Fiber Reinforced Plastic (GFRP) beam of 640 by 80 mm has been man-
ufactured including 8 strain sensors located at different positions. One edge
of the beam was fixed while the other one was attached to an electromagnetic
shaker (TTRAvib 51110). The shaker was employed to periodically deform the
beam adding extra noise to the measurements, hiding the low energy impacts.
An electromagnetic actuator was also placed under the beam in 4 different
positions to generate the impacts.

The 8 strain sensors were located at four different positions in the lon-
gitudinal axis, but at two different depths: 4 of them were embedded into

the composite beam and the other 4 were glued to the beam surface. The
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Fig. 8.3.: Photo of the experimental setup (left). Installation details of FBG sensors (right).

Dimensions are in millimeters.

selected strain sensors are based on optical fiber technology, particularly on
Fiber Bragg Gratings (FBGs) [11], a technology highly compatible with com-
posite materials [13]. All the strain sensors have been interrogated using a
commercial unit (si425 of Micron Optics) with a sampling frequency of 250
Hz, what limits the high frequency response of the impacts. To obtain the
data, the shaker has been fed with a sinusoidal wave with a constant ampli-
tude and a frequency varying between 1 and 20 Hz. For each frequency, an
electromagnetic actuator was employed to hit the beam 6 times in 4 different

positions for each frequency (a total of 480 impacts) with a measured energy
of 0.2-0.3J.

8.2.2. Experiments

The addressed application could be easily resolved by pre-processing the
incoming data using a high-pass filter to remove the added noise. In this way,
impacts can be easily detected by simply employing a threshold (Fig. 8.4), but
this solution implies an a-priori knowledge of noise and perturbation frequency
contents. Within this application scenario, characteristics of the available data
were studied in two different machine learning schemes. The amount of fed
data as well as their sensitivity have been evaluated taking into account the

final performance.
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Fig. 8.4.: High pass filtered FBG signal. Impacts can be detected using a threshold.

8.2.2.1. Data processing

Before the training phase of both algorithms, a labeling step identifies each
hit with a fixed duration of 0.36 seconds (90 samples at 250Hz). This value
has been obtained by averaging the impact durations during a pre-processing
step. All the strain data were scaled between 0 and 1 to allow a good numeric
convergence of the algorithms. The available data have been split into 3
datasets for cross-validation. For each case, both algorithms were trained
with 2 datasets and tested with the remaining one. The process was repeated
3 times, developing all the possible combinations, and the final performance
was averaged. In each dataset, 2 of the 6 recorded hits for each situation were
employed.

Impact detection is usually an asymmetric classification problem: there are
more data in the “negative” state (non impact) that in the “positive” state
(impact). In particular, in this work, there are 22.5% of samples labeled as
impacts, so employing the classification rate metric can be confusing. In these
cases, “precision”; “recall” and its harmonic mean “Fl-score” [17] are useful

metrics, and can be defined as:

true positives

precision = — -
true positives + false positives

true positives

recall = — .
true positives + false negatives
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Fig. 8.5.: Deformation of S1 position sensors during an impact with Freq=15Hz.

precision - recall
Flseore = 2

: 8.1
precision + recall (8.1)

In a simple way, a high recall means that the algorithm returns most of
the “positive” states (impacts). High precision means that the algorithm re-
turns more “true positive” states (impacts) than “false negative” states (non
impacts).

After defining the metric, both algorithms, ANN and HTM, were fed with
the same input data in three different scenarios: employing the data from the
8 FBG sensors, just employing the data from the 4 sensors glued to the surface
and just employing the data from the 4 embedded sensors. By using different
ways to feed the data, particular advantages of each approach are highlighted.
In these applications, those sensors placed on the surface are more sensitive
to structural deformation, but they are also more exposed to environmental
conditions (noise). On the contrary, embedded sensors are more protected but
they exhibit a lower sensitivity. The sensitivity difference between embedded
and glued sensors can be noticed in Fig. 8.5, where the signals from two
sensors at the S1 location during an impact are depicted.

It must be noticed that the frequency sweep includes the resonant frequency
of the structure (measured to be 16.4 Hz). Close to the resonant frequency, the
vibration amplitude increases significantly, making more difficult the impact
detection task. Trying to better understand both approaches, different data

strategies were followed and the characteristics of each case are explained
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below.

e Case A: Feeding with the 8 sensors data: In this situation, both surface-
glued sensors and embedded sensors are included in the data fed to both
algorithms. Therefore, there are highly redundant data in the non-impact
state, but for impact states there is additional information due to the

signal desynchronization between different sensors.

e Case B: Feeding with the 4 surface glued sensors data: By using the
surface-glued sensors, there is still highly sensitive data from each posi-

tion, but less redundant data.

e Case C: Feeding with the 4 embedded sensors data: The most sensitive
signals (coming from the 4 glued sensors) are discarded and just the
signals from the 4 embedded sensors are employed. As happens in Case

B, with 4 sensors the data redundancy is lower.

In addition to the different feeding data strategies, the algorithm architec-
ture and parameters have been also swept trying to find an optimum config-
uration. The ANN performance has been tested using 1 and 2 hidden layers,
with a number of hidden neurons in each layer varying between 10 and 40
neurons (in steps of 10). The tested HTM architectures always consider 2
levels (as shown in Fig. 8.1, above the top node), and the number of nodes in
each level varies from 4 to 8 nodes for the first level and from 2 to 8 for the
second level. The remaining HT'M parameters have been empirically adjusted

based on previous works for other classification problems [18].

8.2.3. Results

The performance of both algorithms has been evaluated using the described
metric (Fl-score). The impact condition has been defined as a window of 64
samples of the vibration signal around the real instant of the impact. As there
is not a clear end-of-impact indication within the vibration signal, and due to
the presence of noise, a positive detection of the algorithms is considered when
16 of those 64 samples are labeled as “impact” in the output of the algorithm.
In Fig. 8.6, a positive impact response of both algorithms is depicted (black

line) against the desired output (solid line) and the individual decision of the
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Fig. 8.6.: Positive output of both algorithms for an impact.

algorithm (crosses) for each sample. In the HTM case, the individual decision
is taken by selecting the higher output (non-impact and impact). For the
ANN, the individual decision is taken by comparing the single exit against a
given threshold. This threshold has been modified for each configuration in
order to improve the Fl-score.

As shown in Fig. 8.6, the ANN tends to label less individual samples as
an “impact” than HTM does. ANN is a memory-less algorithm where the
present output just depends on the current sample fed to the algorithm. This
lack of memory causes a more impulsive response of the ANN, in contrast to
HTMs, where the output depends on the previous and current samples. The
achieved responses of both algorithms under the three different approaches are
described below:

8.2.3.1. Case A: Feeding with data from 8 sensors (both embedded and
surface-glued)

In this case, there are 4 data sources with a high sensitivity (sensors glued
to the surface) and other 4 with less sensitivity (sensors embedded into the
GFRP). During the non-impact state, the less sensitive sensors almost do not
add extra information to the others but, during the impact state, the embed-
ded sensors add an extra point-of-view to the algorithms, making easier the
classification task. The ANN works rather well with a 2 level architecture of

30 hidden neurons per level by having an averaged Flscore of 0.967 establish-
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Fig. 8.7.: Best ANN and HTM performance achieved for each case.

ing the threshold in 0.5. The HTM seems to also exhibit a good performance
with an averaged Flscore of 0.987 for a 8-8 architecture (8 nodes in level 1
and 8 nodes in level 2).

As shown, both approaches work correctly in this case. Although ANNs
do not have memory to work with temporal sequences, there are still enough
different points of view of each “impact”, thus the algorithm is able to properly
detect this situation. In general, HI'Ms classify temporal sequences better
when an enough amount of data is available. For this case, the raw samples
coming from the 8 sensors are fed into the algorithm, so there are few inputs
for making spatial patterns in lower nodes. This fact establishes a limit in the
hierarchy complexity to a few nodes in level 1; in fact, simpler architectures

such as 4-2 works also rather well with an Flscore of 0.971.

8.2.3.2. Case B: Feeding with the 4 surface glued sensor data

The most sensitive sensors are still used for the classification task. However,
the amount of redundant data coming from the embedded sensors is reduced,
but with the higher sensitive sensor samples there are enough data for the
classification problem.

The ANN algorithm is directly fed with the 4-dimension vectors. On the
contrary, for the HTM the same 4-dimension input vector is repeated reversed
to give extra information allowing more complex architectures to find the spa-

tial patterns. This step has been skipped for the ANN because no improvement
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is obtained by repeating the same data. The best performance with the ANN
approach is achieved for this scenario, as shown in Fig. 8.7. In this case,
the most sensitive data from the glued sensors have been used having enough
points of view of the impact state and reducing the noise data coming from
the embedded ones. The best achieved Flscore is 0.987 with 2 hidden layers
of 30 nodes each one, and by establishing the threshold to 0.5.

In the case of the HTM, there are still very meaningful data coming from the
4 glued sensors, but the number of inputs is very low to get advantage of the
spatial inference of this approach. However, the HTM seems to work pretty
well by achieving a Flscore of 0.979 with complex architectures such as 8-8.
With a 8-8 architecture the spatial patterns are mostly discarded to benefit
the temporal sequences (8 nodes in level 2). The other approach also exhibits
a good performance: having into account the spatial patterns by using less
nodes in level 1 with a simpler architecture (4-2). The obtained Flscore is
0.970 for this architecture.

8.2.3.3. Case C: Feeding with the 4 embedded sensor data

In this case, the data are coming from the 4 embedded sensors, which have
a lower strain sensitivity and higher noise. As in Case B, for the HTM tests,
the same 4-dimensional input vector has been repeated in the input space
in reverse order to allow architectures with more input nodes. Case C is the
worst case for both algorithms because only the less sensitive and noisiest data
are available. For a memory-less algorithm such as ANNs, working with less
sensitive data is more complicated because it is not possible to separate the
noise component from the true information. Using the ANN, the best achieved
Flscore is 0.911 with 2 hidden layers of 20 nodes each one and by establishing
the threshold to 0.4.

On the other hand, the HTM seems to work better than the ANN: the
capability of this algorithm to manage temporal sequences is reflected in the
obtained averaged Flscore of 0.970. This performance has been achieved with
an architecture of a few nodes in the first level and more in the second one
(4-8). By having few nodes in the first level, the spatial patterns can be
grouped in order to create clearer temporal sequences with less noise feeding
the second level, where the main classification task is performed over the
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temporal sequences of the first level.

In summary, with high sensitive and redundant data, both approaches ex-
hibit a good performance, despite the errors caused by noisy redundant data
on ANNs. With the data from the surface-glued sensors (higher sensitivity
and less noise), both approaches still work well and the ANN works even bet-
ter by not having the noise coming from the redundant data. Finally, with
the data from the embedded sensors, the HTM still have a very good classi-
fication performance due to its memory capabilities, what can be noticed in
the number of nodes of the second level.

8.2.4. Summary

Two machine learning algorithms have been tested using a controlled sce-
nario. A GFRP beam instrumented with optical fiber strain sensors has been
hit 480 times at 4 different locations while some extra noise were added us-
ing an electromagnetic shaker. A high level temporal algorithm (Hierarchical
Temporal Memories) has been compared to the well known Artificial Neural
Networks to detect these impacts. Different ways of feeding the experimental
data to both algorithms exhibit their benefits and disadvantages when dealing
with noisy data. Several configurations of both algorithms have been tested
to achieve their best performance. Particular benefits of each approach can be
exploited in order to reduce the number of sensors and/or to locate them in
critical positions when installed in a real structure. The obtained data have
been employed to train and test several architectures of both approaches. The
achieved results exhibit an improvement in the detection ratio for the HTM
just when partial data are employed. When there are enough sensing points,
simpler approaches such as ANN are better to model the problem without

a-priori knowledge.

8.3. Conclusions

Based on the application of Machine Learning approaches, a proof-of-concept
structural monitoring problem has been solved without requiring any previous
modeling. Although the chosen scenario can be easily solved having into ac-

count the nature of the artifacts to be detected (e.g. impacts), this application
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of ML exhibits the benefits of employing blind algorithms to solve problems
without an appropriate modeling.

Blind modeling can be easily adapted to SHM purposes, where models are
becoming more difficult to develop. Based on the actual computing technolo-
gies, complex ML algorithms (e.g. HTMs) can take advantage of their tempo-
ral modeling capabilities to create an abstract model of a working structure
simply from the raw data directly obtained from the sensing network. This
abstract model can be employed to analyze the current status of a working
structure (one of the key factors of SHM) and to decide the possible actuation;
achieving an on-line diagnosis tool capable of reacting to environmental and
structural variations, in summary: a Smart Structure.

Beyond the final application of ML approaches, a new computing method
(HTMs) based on retrieving the temporal invariant patterns within the input
data has been proposed in this work. This model has been analyzed and com-
pared to a reference ML approach (ANN) for their application to real scenarios,
where partial or noisy data have to be employed to obtain a final response.
Although both approaches exhibit specific benefits, HT'Ms work better with
partial data showing their potential towards a fully operative structural model

based on complex data. As a result of this study, 1 journal article has been
published.
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Part Ill.

Conclusions and future lines

The R&D works performed towards the improvement of optical sensing devices
and techniques for Smart Structures have been briefly summarized in this part.
The most significant conclusions have been extracted and, finally, the present

open investigations and future R&D lines have been also detailed.

e Chapter 9: Summary and Conclusions

e Chapter 10: Open Future Lines
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Chapter 9

Summary and Conclusions

A Smart Structure must combine three main characteristics: sensing, deci-
sion making and actuation, to be able to adapt its own condition and to react
to environmental changes. Although Optical Fiber Sensors have been widely
employed on Smart Structures, there are still many unsolved challenges. Af-
ter reviewing the present state-of-the-art, several open challenges have been

identified and grouped regarding their application field.

1. To improve the existing sensing technologies and to develop
sensing heads for new structural parameters: Based on the re-
quirements of new SHM models, many different parameters have to be

detected and measured to obtain more complex structural models.

2. To achieve more suitable OFSs for low cost applications: There
are still particular application scenarios where cost is a limiting factor.
In this regard, achieving reliable solutions at lower costs would help their

introduction in a wider variety of applications.

3. To obtain high precision remote measurements for environmen-
tal monitoring: A truly Smart Structure must be also aware of its

surrounding environment, thus, obtaining high precision measurements
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beyond the structure itself may help the structure to react.

4. To combine OFSs techniques with actuation systems: Although
sensing technologies have been widely addressed using OFSs, additional
approaches based on other technologies are required to make the struc-

ture reaction possible.

5. To employ different algorithms to process OFS data: Taken a
decision from raw data is a main characteristic of Smart Structures, thus,
several approaches should be explored to extract valuable information

from these data.

Following the identified challenges, different contributions in each group
have been addressed in the course of this PhD. Mainly related to the devel-
opment of complex structures based on composite materials, different sensing
devices have been proposed to be merged with these widely developed mate-
rials. Employing Fiber Bragg Gratings as the main technology. Both sensing
techniques and devices have been developed to improve their application to
structures.

A new technique to retrieve the inner strain distribution of Sampled and
Uniform FBGs only employing the intensity of their reflection spectra, has
been proposed and experimentally verified. Trying to improve typical interro-
gation methods of FBGs, the proposed algorithms combine a custom defined
error metric for spectral comparison and a Particle Swarm Optimization tech-
nique to get the deformation values of different FBG sections.

Based on composite materials, different solutions have been proposed to im-
prove the widely studied problem of temperature-strain discrimination. Sev-
eral sensing heads for strain-temperature discrimination based on Fiber Bragg
Gratings embedded into composite plates have been designed and experimen-
tally tested. The most interesting approach relies on drilling two symmetrical
holes to provoke different strain sensitivities to embedded FBGs. The pro-
posed designs can be considered during the structure design to be included as
structural parts, performing both tasks, mechanical reinforcement and sensing
areas.

Also related to composite materials, a better implementation of the exist-

ing FBG based strain sensors has been also addressed. A transducer design
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has been proposed to support real manufacturing conditions of large struc-
tures, making it suitable for industrial applications. Apart from improving the
traditional sensing heads, different FBG based solutions have been proposed
for composite materials such as a new device to evaluate composite joints of
complex structures or a sensing head capable of monitoring the compaction
pressure during the fabrication of a composite material.

All the FBG approaches have been verified within the laboratory. However,
in addition to these experiments, several devices have been also tested under
field conditions. Particularly, a full-scale wind turbine blade has been moni-
tored during its loading tests exhibiting some of the benefits of OFS techniques
in the development of Smart Structures. Although many solutions based on
FBG technology have been proposed for Smart Structures, other approaches
can be also studied to be included into this multidisciplinary research field.

Speckle interferometry within multimode optical fibers has been also studied
to enlarge the applicability of OFS technologies by achieving low cost sensors
based on commercial devices. Combining cheap sensing heads with processing
schemes, different physical parameters have been successfully detected and
measured, exhibiting some of the benefits of this technique.

Combining the extremely high sensitivity of interferometric sensors with
advanced processing schemes, both dynamic and static perturbations have
been successfully measured taking advantage of the benefits offered by the
current computer systems. Employing cheap optoelectronic components, a
sensing head to measure the human heart rate and an experimental setup
for environmental vibration monitoring have been successfully tested. Both
applications exploit the extremely high sensitivity to mechanical perturbations
of highly multimode Fiber Specklegram Sensors (FSSs).

Although FSSs exhibit an extremely high mechanical sensitivity, static de-
formation measurements have been also studied, overcoming the noise. A
processing scheme that extracts the general speckle pattern distribution (re-
lated to the modal state within the fiber) has been employed to enhance the
dynamic range of Specklegram strain sensors. A fully operative sensor system
for structural monitoring based on POFs and cheap optoelectronic components

has been proposed and successfully tested.
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A different approach has been proposed to improve the sensitivity of exist-
ing FSSs. By taking advantage of the remaining spatial information within
each speckle pattern, their sensitivity can be improved because each area is
statistically related to different order modes. A processing scheme has been
proposed and tested, achieving a sensitivity increase when areas correspond-
ing to higher order modes are processed. Further investigations may lead
this technique to new sensing methods based on multimode fibers using their
sensitivity difference between modes.

In order to reach far sensing points, different contributions to fiber lasers
have been also addressed during this work. Employing commercial Erbium
doped fibers, several studies regarding laser topologies and filtering require-
ments have been analyzed to improve the design of new active sensing heads
based on fiber lasers.

Particularly, a simple filtering technique based on the partial overlap of two
uniform FBGs has been studied. The achieved results offer a detailed view of
this filtering method to be employed in Fiber Lasers, taking into account sev-
eral factors such as the filter bandwidth or the tuning process. Based on this
filtering scheme, a very stable fiber sensor working on the Single Longitudinal
Mode regime has been manufactured employing a commercial Er-doped fiber.
Experiments confirmed the laser stability and that a SLM behavior was main-
tained over the whole temperature and strain range considered. This laser
sensor locally generates a strong laser signal within the sensing head that can
be very useful to improve the FBG interrogation distance.

Different materials with actuation capabilities have been studied to be em-
ployed in the development of new hybrid sensing-actuation systems. Partic-
ularly, merging two widely developed techniques, FBGs and Shape Memory
Alloys (SMAs), different structures have been addressed both for sensing and
actuation purposes. Based on commercial actuation wires, a temperature level
transducer has been proposed to be interrogated by OTDR methods, achieving
a simple optic temperature level sensor system.

Going beyond the development of sensing systems, SMA wires have been
also employed to build a Smart Material, as an intermediate step towards a
working Smart Structure. Employing a FBG as position reference, a SMA

actuation wire has been added to an arc-shaped beam that places a metallic
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plate into any particular location. Employing a closed PID loop, the position
of the metallic plate has been corrected in response to different applied forces
that move the structure from the target location. Although the described
approaches are just proof-of-concept devices, both developments have been
employed to identify possible problems during the integration of very different
technologies.

A working Smart Structure must be able to react to its environment, thus,
on-line decisions have to be taken to determine the actuation (or not) based
on the raw data coming from the sensing system. Complex Machine Learning
(ML) algorithms can be employed to analyze the raw data and take a deci-
sion. Employing blind algorithms to solve problems without an appropriate
modeling can be very useful for SHM purposes, where models are becoming
more difficult to develop.

Regarding this issue, a proof-of-concept structural monitoring problem has
been solved without requiring any previous modeling by employing two ML ap-
proaches: Artificial Neural Networks (ANN) and Hierarchical Temporal Mem-
ories (HTM). Both algorithms have been applied to a real scenario, where
partial or noisy data has been employed to obtain a final response. Although
this particular problem can be solved by other means, the application of ML
approaches exhibit the benefits of blind modeling when dealing with complex
models. These abstract models can be employed to analyze the status of a
working structure and to decide the possible actuation; achieving an on-line
diagnosis tool capable of reacting to environmental and structural variations,
in summary: a Smart Structure.

The majority of the results obtained during this R&D work and included in
this document have been validated by the international sensing community:.
The industrial application of the achieved results has been previously analyzed
to be protected before their communication on specialized international con-
ferences and journals. An industrial patent, 15 journal articles and more than
40 contributions to conferences have been achieved as a result of this thesis
work. In addition, different R&D works are currently being prepared to their

submission.
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Chapter 10

Open Future Lines

The ultimate goal of this research is the contribution to the technology plat-
form that makes possible the development of working Smart Structures that
endure autonomously. Although several topics have been addressed during
this PhD work, there are still lots of open challenges to be solved.

Regarding each of the main blocks, specific challenges can be identified.
Starting for the sensing area, and particularly for the most employed technol-
ogy, FBGs, different lines can be identified. Many different sensing solutions
have been proposed based on FBG technology, however, as the complexity
of working structures increases, different high order parameters have to be
measured. The developing of new sensing heads for specific purposes must
be reinforced with mechanical and structural knowledge, having into account
high level mechanical responses during the development.

Other drawback of OFSs that can be improved is their associated cost. Al-
though FBGs are significantly more accessible than a few years ago, there
are still very expensive for many applications, thus working on cost reduc-
tion could improve their spreading over different fields. Related to this issue,
other addressed technology, speckle interferometry in multimode POFs, may
contribute by achieving practical implementations using inexpensive devices.

However, a compact and robust implementation of these devices is required
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to be employed in real scenarios. Besides, based on the same components,
different wavelengths can be employed for different channels and extra means,
based on modulating the laser source or improving the processing schemes,
what can also enhance the spatial resolution and sensitivity of these sensors.

The other addressed sensing technology, Fiber Laser Sensors, can be very
useful to face particular problems of large structures. However, a better under-
standing of fiber laser configurations to determine the filtering requirements
would help the design of these devices. From an implementation point of view,
the development of sensing heads improving the existing packages for field ap-
plications can be a great impulse for the real application of these devices, that
can offer the same benefits of FBGs but improving their working range.

Going beyond sensing areas, there are lots of current challenges to be solved,
within actuation and decision making. Particularly, regarding actuation sys-
tems, very different materials with actuation capabilities may be combined to
OFS techniques on the design of new sensing heads for different measurands,
what could improve the complex structural models. The same idea can be ap-
plied for actuation systems, where the introduction of new materials such as
Shape Memory Polymers could improve drastically the material performance,
having native means to react to its environment.

All these new materials with sensing and actuation capabilities must be
controlled by sophisticated approaches, thus, following the structures design,
more complex algorithms must be employed to determine the health of the
structure, being able to work with very large datasets. Although this has
been a poorly addressed problem, with the processing capacity increase this
research field should become more active, achieving truly intelligent systems,

capable of protecting the monitored structure.
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Part IV.

References

This part includes all the references cited in the document, separated by chap-
ters an also ordered alphabetically. Finally, the list of publications obtained
during this PhD period is shown, classified both as the ones close related with
the PhD work and the ones obtained as a consequence of collaborations with
other members of Photonic Engineering Group. Chapters included in this

section are:

e Chapter 11: References by chapter
e Chapter 12: References in alphabetical order

e Chapter 13: List of publications
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