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Resumo

Cada vez mais os sensores mecanicos ¢ eletronicos tradicionais estao sendo substituidos
por sensores baseados em fibras Opticas uma vez que estas apresentam grande flexibilidade,
fator de forma reduzido, imunidade a interferéncia eletromagnética e grande capacidade de
multiplexacdo. A evolucdo da tecnologia de fibras Opticas e o advento de fibras
microestruturadas trouxeram opgdes de design, funcionaliza¢do e aplicagdo virtualmente
ilimitadas nas areas de transmissdo de dados, imageamento, iluminagdo e sensoriamento.
Apesar disto, os sensores de fibra 6ptica comumente disponiveis no mercado hoje em dia fazem
uso de interrogadores de alto custo como analisadores de espectro Optico, dependem de
esquemas interferométricos complexos, ou ambos. Este trabalho explora uma gama de novos
sensores baseados em fibras Opticas especiais, como sensores em fibras de cristal fotonico
fabricadas em silica, fibras de vidro opto-magnético, fibras com estruturas concatenadas, fibras
poliméricas, fibras microestruturadas em biopolimero de agarose, e guias de onda de agarose
dopadas com nanoparticulas fluorescentes que foram desenvolvidos tendo em mente o uso de
interrogadores de baixa complexidade e custo como alternativas aos sensores de fibra Optica
tradicionais. A capacidade destes novos sensores de monitorar varidveis diversas ¢
demonstrada, incluindo temperatura, deformagao mecanica, curvatura, indice de refracdo, nivel
de liquido, campo magnético, potencial hidrogenionico e taxa de evaporagao de fluidos em
microcanais. Tendo uma grande presenca ja estabelecida no meio comercial, sensores do tipo
redes de Bragg também foram explorados para aplicagdes inéditas, como o desenvolvimento
de anemometros Opticos, monitoramento de valvulas de ar em adutoras de agua, e obtencao de

parametros de escoamentos multifasicos em mili/microcanais.

Palavras Chave: sensores de fibra Optica; sensores de fiber speckle; fibras Opticas especiais;
fibras Opticas poliméricas; fibras Opticas biodegradaveis; redes de Bragg; nanoparticulas

fluorescentes.



Abstract

Fiber optic sensors are increasingly more prevalent in applications that were typically
dominated by more traditional mechanical or electronic sensors, given the inherited advantages
fiber sensors bring, such as increased flexibility, great multiplexing capability, small form-
factor, and immunity to electromagnetic interference. The continued improvement of fiber optic
technology and the advent of photonic crystal fibers resulted in virtually limitless options for
designing and functionalizing optical fibers, allowing the development of a vast array of new
applications for data transmission, imaging, and sensing. Despite that, optical fiber sensors
already established for commercial applications typically make use of expensive interrogation
equipment such as optical spectrum analyzers, are based on complex interferometric setups, or
both. This thesis demonstrates several novel fiber sensors based on specialty optical fibers such
as microstructured silica optical fibers, magneto-optic glass fibers, concatenated fiber
structures, polymer fibers, agarose biopolymer structured optical fibers, and agarose
waveguides doped with fluorescent nanoparticles, all developed with the mindset of enabling
low-cost and low-complexity sensor interrogation setups as alternatives to the currently
established commercial fiber probes. The fitness of these new probes to measure a wide array
of physical and chemical variables is explored, including temperature, mechanical strain,
curvature, refractive index, liquid level, magnetic field intensity, pH, and evaporation rate of
fluids in microchannels. Already boasting a large presence for commercial solutions, fiber
Bragg gratings-based sensors were also explored in novel applications, namely the development
of all-optical anemometers, monitoring of air-vacuum valves in water adductor systems, and

the assessment of multiphase flow parameters in mili/microchannels.

Key Words: Optical fiber sensors; fiber specklegram sensors; photonic crystal fibers; polymer

optical fibers; biodegradable optical fibers; fiber Bragg gratings; fluorescent nanoparticles.
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1 INTRODUCTION

1.1 Motivation

In the field of modern sensor technology, research and development efforts are primarily
directed towards novel and reliable sensing solutions that can deliver higher sensitivity and
accuracy than that of the state-of-the-art. Furthermore, secondary goals often gravitate towards
lowering cost, decreasing form-factors and enhancing the robustness to environmental factors
and sources of interference.

A steady influx of novel sensors and sensing systems is a foundational building block
of modern technological and scientific advancement, as unraveling fundamental natural
sciences phenomena requires increasingly more precise instruments, metrological standards
need periodic refinements, and industries invest into quality control and process monitoring
solutions to stay competitive in a global market. Given this context, optical fiber sensors have
been a prolific object of study due to their inherent favorable characteristics, notably the ability
to be tailored to respond to a wide variety of physical and chemical variables, small form-factor,
immunity to electromagnetic interference and high multiplexing capability.

Despite their advantages, the current generation of commercial fiber optic sensors is still
dependent on expensive interrogation equipment like optical spectrum analyzers, makes use of
complicated interferometric setups, or both. However, new fiber sensors designed to replace
well established mechanical and electronic sensors, and to fulfill roles where current sensor
technology falters, are being researched and developed at an accelerated pace.

The current thesis then aims to explore this gap in the state-of-the-art of fiber sensing
technology by investigating several novel optical fiber probes based on specialty fibers that are
designed to make use of cheaper and simpler interrogation setups. This was achieved by making
use of the combined infrastructures of the laboratories of Photonic Materials and Devices
(School of Mechanical Engineering), and Specialty Optical Fibers (“Gleb Wataghin” Institute
of Physics) in the State University of Campinas (UNICAMP), that allow for a high degree of

freedom to design, manufacture, and validate new optical fiber sensor designs.
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1.2 Objectives

The objective of this work can be summarized as the development and characterization
of novel fiber optic probes to assess a diverse array of physical and chemical quantities, as well
as exploring new applications for conventional optical fiber sensors (fiber Bragg gratings).

Reaching this goal involves manufacturing the fiber probes either in-house or with the
help of partnering institutions, followed then by conducting extensive experimentation to
characterize the response of the new sensors to physical and chemical quantities of interest in a
controlled laboratory environment.

Optical fibers fabricated from a wide array of materials and dopants were investigated,
and distinct interrogation techniques were chosen to collect sensor data as appropriate. Probe
design was not restricted to conventional cylindrical core-cladding structures, but photonic

crystal fibers, no-core fibers and concatenated fiber structures have been investigated as well.

1.3 Chapter Summary

This thesis is divided in seven chapters, including the current Introduction. Chapter 2
contains a literature review on optical fibers, detailing the fundamental theoretical framework
and defining conventional and specialty fibers. Chapter 3 presents an overview on sensing with
optical fibers and common types of fiber sensors, with an emphasis on fiber specklegram
sensors as they comprise the main focus of this work.

Chapter 4 and 5 contains detailed information on novel optical fiber probes developed
in the context of the author’s doctorate studies, with Chapter 4 presenting probes based on glass
fibers and Chapter 5 polymeric materials fibers. Chapter 6 relates to new application cases for
traditional fiber Bragg gratings (FBG) sensors, and the Conclusions are contained in Chapter 7.

The studies presented in Chapters 4 through 6 are fruits of collaborative research work
I (co)authored and that have been published in the international literature. For a breakdown of
my contributions towards each of the featured studies please refer to the List of Publications

section earlier in this document.
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2 OPTICAL FIBERS FUNDAMENTALS

2.1 Optical communications and optical fibers: A brief history

Light and optical phenomena have fascinated mankind for millennia, with the earliest
documented formal discussions on the nature of optical laws and vision dating back to ancient
Greek philosophers in 400-300 BC, most notably with the publication of Euclid’s Optics (1).
Even before that, humans learned to use light to communicate and relay information, such
examples are lighthouses, that can be traced to as early as ~660 BC (2), and fire and smoke
beacons employed in the Great wall of China to warn about enemy invasions (3). Since these
ancient times, optical communication methods continued to evolve in complexity and capability
throughout history, tracking alongside advances in the optical sciences.

In the 2™ century BC, Greek engineers devised an optical telegraphy system in which
letters of the Greek alphabet were listed in a 5x5 table and two groups of up to five torches
(signaling row and column) could be used to send messages (4). Ancient Romans used polished
metallic plates to convey signals by reflecting sunlight (5), a precursor to Carl Friedrich Gauss’
heliotrope, an optical instrument used to mark the position of land surveyors using a mirror and
telescope to reflect sunlight over great distances (6). The expansion of seafaring led to the
development of specialized tools using the light from the oldest of beacons, the celestial bodies.
Of note are the Arabian kamal from the late 9" century (7); astrolabes, which were invented
around 150 BC for astronomical and surveying purposes but only employed for navigation from
the 10™ century onwards (8); and reflecting instruments such as the sextant by John Hadley and
Thomas Godfrey in the 1700’s (9).

Modern times saw the advent of the heliograph, an instrument created by Sir Henry
Christopher Mance in 1869 that used sunlight and a mirror that could be quickly tilted or
covered with a shutter, allowing the transmission of messages in Morse code in ranges of up to
100 miles without electrical power (10). Another interesting invention from the same time
period was the photophone by Alexander Graham Bell in 1880, only 4 years after his successful
demonstration of the telephone, this device employed a thin mirror connected to a mouthpiece

to modulate sunlight by voice, a receiver would then capture the modulated reflected light and
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convert it into sound again using a speaker, essentially functioning as a wireless optical
telephone (11). This was the first device to use light as a carrier wave to transmit data (11).

Optical fibers themselves only emerged as long-distance carriers of light waves very
recently as the culmination of several studies and advances in optics and optical materials.
While the concept of total internal reflection was discussed as early as 1300 AD, it was not
mathematically defined until the publication of Snell’s Law in 1690 (12). It was then only in
1842 that the idea of using total internal reflection to guide light was first explored by Colladon
and Babinet in the demonstration of a lighted laminar water fountain (12-14). In the following
decades this demonstration inspired the creation of devices using glass rods or bundles of rods
and fibers for illumination purposes and limited imaging applications (12). Even after Bell’s
demonstration of light as a carrier wave for the photophone in 1880, optical communications
and fiber optic technology stagnated for almost a century as two big obstacles stood in the way
of developing practical solutions for long range communications: lack of an adequate light
source that could be modulated as a carrier wave; and glass fabrication processes at the time
embedded several impurities leading to transmission losses exceeding 1000 dB/km (12,15).

The demonstration of the first laser in 1960 by Theodore Maiman (16) brought forward
the needed paradigm shift to renew interest in optical communications, and soon, in 1964,
engineers at Bell Labs suggested two designs of “beam waveguides” as transmission media for
laser light: one comprised of long tubes with a series of focusing lenses, and a second using
tubes with heated walls and filled with gas to create gas lenses (15). In parallel, fundamental
research on the optical properties of glass aimed to reduce transmission losses to produce a
more flexible and less bulky optical waveguide alternative, with Kao and Hockham pioneering
a study in 1966 suggesting that fundamental light propagation mechanisms in glass provided
an upper boundary of only 20 dB/km attenuation, provided the concentration of iron inclusions
in the glass could be reduced to at least 1 part per million (17). This 20 dB/km attenuation figure
was soon surpassed by engineers at Corning Glass in 1970 that produced silica fibers with a
loss of 17 dB/km for the wavelength of 633 nm, and by 1985 low loss fibers with attenuation
lower than 0.25 dB/km were already widespread commercially available (12,15).

These breakthroughs solidified the field of optical fiber communications, and nowadays
all voice and data communications employ silica glass fibers at some point (12), the global
production of optical fibers exceed 180 million km yearly (12), and the use of optical fibers has

expanded past data transmission and into the realm of sensors and smart structures(18,19).
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2.2 Theoretical framework

The traditional optical fiber is a cylindrical waveguide of reduced diameter (< 1 mm)
and long lengths (few mm to several km range) fabricated from dielectric materials (glass and
polymers) to confine and transmit optical signals from the ultraviolet (UV) to the infrared (IR)
spectrum with low loss by means of total internal reflection (18,20). Light guidance by total
internal reflection can be achieved by a fiber structure composed of a core with an index of
refraction n; surrounded by a cladding with index of refraction n2 < n;, a buffer coating layer

(usually polymeric) can also be present for mechanical protection, as illustrated in Figure 1.

2a \
| Cladding 1 Buffer coating
Na <M

Figure 1 — Typical structure of an optical fiber. Adapted from (20).

n

Glass fibers are mostly fabricated from fused quartz glass (Si02). Dopants are added to
the core, or core and cladding both, to slightly modify their refractive indexes so that n, <nj is
satisfied. The most common dopants used to increase the refractive index of the core are GeO>
and P>0Os, while B2O3 and Fluor can be added to the cladding to decrease its refractive index.
For polymeric fibers, dissimilar polymers can be chosen as core and cladding materials (20).

Not all light directed at the fiber’s core will be successfully coupled into the fiber and
transmitted, depending on the incidence angle of light when it reaches the core/cladding
interface it can either refract to the cladding or bounce back to the core by total internal
reflection. Light refracted into the cladding will be heavily attenuated or radiated to the outside
medium, effectively being lost (20).

Consider a ray of light coming from an external medium with refractive index » and
reaching the fiber core with an incidence angle 6,, as shown in Figure 2. This ray will be
reflected in the core/cladding interface if it satisfies the total internal reflection condition set by
Snell’s law, in which sin(¢) = n,/ n,, with ¢ being the incidence angle in the core/cladding

interface (20).
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Figure 2 — The condition for total internal reflection determines the acceptance cone to transmit incident light.
Adapted from (20).

Performing the inverse calculation from Snell’s law, it is possible to determine the
maximum permitted value for 8,, defining an acceptance cone for light to be successfully

launched into the fiber:
n-sin(Ogmax) = N2 —nZ~nV2A; A=1-ny/n;  (2.1)

The quantity m in Equation (2.1) is usually referenced as the Numerical
Aperture (NA) of the optical fiber, and the right-hand side approximation is valid for an index
of refraction contrast A <« 1. Typically, for a given n;, n2 is chosen such that A is 0.01 (20).

An optical fiber that has a core with a constant index of refraction n;, such as the one
represented in Figure 2 is referred to a step-index fiber. Optical fibers can also be fabricated
such as the refractive index of the core has a maximum value 7, at the center and gradually
decays to n2 following a power-law profile. This second type of fibers are referred to as graded-
index fibers, and in this case the numerical aperture NAg and index contrast Ay are given by

Equations (2.2) and (2.3) respectively (20):

N = [mt - [1- 000 @2)

2 2
nl_nz
A, = 2.3
g 2n? (23)

where a is the radius of the core, 7 is the radial distance from the center of the fiber (0 <

r < a), and a is the exponent of the power function used to generate the index profile. Figure 3
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shows the difference between step-index and graded-index fibers, along with the refractive

index profile (on the left) and typical diameters for glass fibers (on the right).

Index profile Fiber Cross Section and Ray paths Typical dimensions
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Figure 3 — Types of optical fibers by index profile and number of guided modes. Adapted from (20).

All particularities of light propagation in optical fibers (such as the “modes” shown in
Figure 3) cannot be fully comprehended with only geometrical optics however, and this
problem must be approached from the perspective of electromagnetic wave propagation theory.
For the boundary conditions of optical fibers (dielectric materials, linear and isotropic,
no free charges or electrical current), Maxwell’s equations assume the following configuration

(20):

V-D=0 (26)

V-B=0 (2.7)
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where E and H, are the electric and magnetic fields, and D and B are the electric and magnetic
flux densities. In cylindrical coordinates (r, ¢, z), for waves propagating in the z axis of the

waveguide (E = Eo (1, $)e/@t=F2) ; H = Hy(r, p) e/ (@t=B2), Equation (2.4) yields (20):

—(— + jr,BE¢) = —juwH, (2.8)

. J0E; .
JBE, + 7= = juwHy  (2.9)

1,0
;(a (rEg) =

oE,
¢

) = —juwH, (2.10)

in turn, Equation (2.5) then yields:

1(aHZ+' H)—' E. (211
9 jrBHy | = jewE,  (2.11)

. oH; .
jBH, + o = —jewEy (2.12)

1(6 H aHT)— ewE, (2.13
where f§ and w are the wave’s propagation constant and angular frequency, and € and u are the
dielectric constant and permeability of the fiber material respectively. By rearranging Equations
(2.8) through (2.13) it is possible to write the electric and magnetic field components E;., Eg,
H, and Hy as functions of E; and Hy, by which point substituting into Equations (2.10) and
(2.13) returns the following differential equations (20):

0%E;, 10E 1 0%E
z 108z 107%z
or? r or r? d¢?

+ (w?eu — BHE; =0 (2.14)

0%H, 10H 1 0%H
z 100z 107Hy
or? r or r? 0¢?

+ (w?eu — B*H; =0 (2.15)

These equations can be solved using the variable separation method: taking Equation

(2.14) for example it is possible to write (20),

E; = AF,(r)F,(P)F3(2)F(t)  (2.16)
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where 4 is a constant and F; through F are single variable functions.

The components pertaining to z and time ¢ are given by F3(2)F,(t) = e/™t=8?) and the
circular symmetry of the waveguide makes it so that F is a periodic function of the form
F,(¢) = e/¥? where v is an integer (20). Substituting in Equation (2.16) then results in the

following expression for E, (20):

i WL W V=0 @17
or? " r or wen—p rz )t (217)

An analogous procedure can be followed to derive an expression for Hz. Equation (2.17)
is a Bessel’s differential equation with a family of solutions given by Bessel functions. Each
solution to Equation (2.17) describes a wave with a distinct electrical field distribution that is
guided by the optical fiber, referred as a “mode”, meaning that the energy from a single light
wave entering the fiber can be coupled into several different linearly superposed modes that
propagate simultaneously along the fiber (20). There are several important implications that can

be observed from modal analysis and the guided wave equations in optical fibers (20,21), such

as that:

1) Each guided mode has a slightly different propagation constant f, meaning they
follow distinct paths inside the optical fiber, experience an “effective” refractive
index in the core that is slightly distinct from n; and by consequence their
wavelengths are also slightly different and smaller than it would be in the vacuum.

11) When multiple modes are present, light will travel down the fiber as a wave packet

and given (i) the packet will tend to broaden over time (known as modal dispersion)
and fall out of phase, so the shape of the transverse energy distribution of the linear

superposition of modes is not constant and will change along the z axis of the fiber.

1) Each mode also has a distinct diameter, and the modal energy distribution is not
completely confined to the core but can extend to the cladding (Figure 4) and even
to the external medium depending on the cladding thickness. The portion of the

transverse field that penetrates past the core is referred to as the Evanescent Field.
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Figure 4 — Transverse electric field of a few guided modes extending past the core of an optical fiber (21).

Figure 5 shows a few examples of the intensity distribution of £7 for the first few linearly
polarized guided modes. As it can be seen in both Figure 4 and Figure 5, modes are named and
numbered according to the characteristics of the £ distribution. In Figure 4 there are transverse
electric (TE) modes ordered (mode number m) accordingly to the number of nodes (zeros) in
Ez, while in Figure 5 the linearly polarized (LP) modes are classified with two sub-indexes for
the number of peaks in Ez in the azimuthal and radial directions. The solutions to equations
(2.4) and (2.5) in optical fibers also lead to modes with coupled electric and magnetic fields,
called hybrid modes, or HE/HM modes, that also use the sub-index pair notation (20,21,22).

The higher the mode number the largest is the mode diameter, resulting in lower “order”
(mode number) modes presenting less cladding penetration, while higher order modes have
more of their energy outside the fiber core, with the smallest mode being the gaussian profile
of LPo1. As discussed previously, light traveling in the cladding are more heavily attenuated,
and as such high order modes tend to disappear the longer the length of the fiber is. This implies

that for a sufficiently small core size only the gaussian profile LPo; mode (often referred as
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‘fundamental mode’) will be supported. A fiber that supports only one mode is a single-mode

fiber, and fibers that guide multiple modes are multimode fibers, as shown in Figure 3 (20,21).

LPo1 LP11a LP11b LP21a
o
o

LP21p LPo2 LP31a LP31p

o0 Dﬂ Dﬂ oVo
00 00 0,0

Figure 5 — First few linearly polarized (LP) modes supported in a multimode optical fiber (22).

The total number of supported modes M for a step-index fiber, M, for a graded-index
fiber can be estimated using Equations (2.18) and (2.19) respectively (20):

2

%
M~ (218)

M ¢ i
9 " a+2 2

(2.19)

where o is again the exponent of the power function used to generate the graded index profile,
and V is the Normalized Frequency defined as (20):

V= (ZﬂTa) NA (2.20)

where A is the wavelength of the light being launched into the fiber, a the core radius and NA
is the numerical aperture of the fiber. The approximations given by Equations (2.18) and (2.19)
are valid for large values of V, and if V' < 2.405 the fiber will only support the fundamental
mode. It is important to note that since the normalized frequency V has a dependency on A, the

classification as a single-mode or multimode fiber is then relative to the wavelengths of the
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light signals launched into the fiber for a given application, and the fiber parameters a and NA
can be tweaked accordingly. Finally, for a multimode step-index fiber, the average fraction of

the optical power that is guided in the cladding can be estimated as 1.25 x M (20).

2.3 Specialty optical fibers

There is not a closed definition of what constitutes a specialty optical fiber, rather the
term is used as a “catch-all” for any fiber that deviates from the more standard fiber structures
described in the previous section. These deviations can be related to the materials used in the
fiber fabrication, such as modified SiO glasses doped with fluorine for deep UV fibers (23),
tellurite glass fibers for supercontinuum generation (24) and mid-IR transmission (25), among
other materials (26,27), or fibers with liquid cores (28) and gas-filled hollow-core fibers (29).
Another “class” of specialty fibers are fibers with non-standard geometries, such as D-shaped

fibers (30) (Figure 6, left), tapered fibers (31) (Figure 6, right), and multi-core fibers (32).

Germania-doped core, ngge

Claddin

DL

Fluorine-
doped cladding, n¢ja4

Figure 6 — Left: Cross-section drawing of a D-shaped optical fiber (30); Right: Schematic drawing of a fiber
optic taper, adapted from (31).

Perhaps the most well-known specialty fibers are Photonic Crystal Fibers (PCFs), also
known as “holey fibers” or “microstructured fibers”. PCFs are optical fibers in which the
cladding contains several air holes to allow guidance on single-material pure silica fibers —
although nowadays PCFs with other materials (33-35) have also been demonstrated — or in
fibers with hollow cores. The concept of using air holes in the cladding to produce single-
material silica fibers started being explored only a few years after the demonstration of the first

low-loss glass fibers, and in 1974 Kaiser & Astle (36) developed a pure fused silica fiber where



37

the core is surrounded by big airholes and supported by very thin glass bridges (Figure 7), this

concept is now usually referred to as Suspended Core Fibers (37).

Figure 7 — Cross-section of a single-material fiber with the core suspended in air by thin glass bridges (36).

The term “photonic crystal fiber” itself was only coined in 1996 by Knight ez al. (38)
when reporting a new undoped all-silica optical fiber with a solid core surrounded by a cladding
containing several small air holes in a hexagonal pattern (Figure 8). Although the entire fiber
was fabricated in single-material pure silica, light is still guided in the core since the presence
of the air holes lowers the average refractive index in the cladding region (38). In contrast with
these “index-guided” PCFs, the careful arrangement of cladding air hole pattern allows for
hollow-core fibers in which the core, also an air hole (albeit of a larger diameter), supports the
guidance of light through the photonic bandgap effect or anti-resonance, i.e., the periodic
structure of the cladding effectively acts as a cylindrical Bragg mirror that does not allow light
with certain wavelengths to leave the core (39-41). Figure 9 is a side-by-side comparison of
scanning electron micrographs of an index-guided PCF (left) and a photonic bandgap PCF
(right). As PCF design possibilities are virtually limitless, microstructured fibers have been
shown to exhibit varied interesting properties such as single-mode guidance for all wavelengths

(42), guiding in the terahertz regime (43) and near zero group velocity dispersion (44).

Figure 8 — Scanning electron micrograph of the first reported photonic crystal fiber (38).
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Figure 9 — Scanning electron micrographs of an index guided PCF (left) and photonic bandgap hollow-core PCF
(41).

Fabrication of specialty fibers and PCFs is typically achieved by fiber drawing methods,
where a “preform” — a larger diameter precursor with roughly the same geometry as the final
desired fiber — are fed into a high-temperature furnace to be made malleable and are then drawn
(pulled) out at a constant speed. By adjusting the preform feed speed and the drawing speed the
final diameter of the fiber can be tweaked (20,21). Preforms for PCF fabrication can be prepared
by extrusion (45), sol-gel casting (46), injection molding and drilling (47), 3D printing (48), or
most commonly by stacking glass rods and capillaries inside a larger diameter tube (49) as

shown in Figure 10.

Figure 10 — Fabrication of a bandgap hollow-core fiber by the “stack and draw” method. A: primary preform
obtained by stacking glass capillaries; B: first stage drawing of the preform into a “cane” of a few mm in
diameter; C: optical image of the cross-section of the cane; D: micrograph of the finalized fiber (49).
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3 OPTICAL FIBER SENSORS

Due to the great flexibility potential on the fabrication of optical fibers, as discussed in
the previous chapter, optical fiber sensors (OFS) is an incredibly extensive field of research and
several books can be written only on the fundamentals and introductions (18,50,51) on each
branching subject of the topic in question.

Optical fibers can be used as sensors whenever a fiber is designed so that a physical,
chemical or other variable of interest can be made to produce a repeatable and quantifiable
modulation of the light guided in the fiber, be it an intensity modulation, phase modulation,
modal energy redistribution, polarization changes or spectral shifts (18,50,51). Applications
wise, several OFS have been successfully demonstrated for chemical and biological sensing
(52), strain and temperature sensing (53), smart structures and structural health monitoring
(19,54), refractive index sensing (55), electrical current sensing (56), magnetic field sensing
(57), microfluidics applications (58), vibrations and displacement sensing (59), etc.

The ever-increasing prevalence of OFS displacing more traditional electronic sensors is
not only due to their design flexibility, but most importantly due to inherent advantages such as
their compactness, immunity to electromagnetic interference, high multiplexing capabilities
and presenting no electrical safety concerns (18,50,51). It is also worth noting that when
selecting the optical fiber material for sensing applications, compared to glass fibers the
polymer optical fibers (POF) tend to be cheaper, easier to handle, are more flexible (able to
withstand strains in excess of 30% without breakage), and present a much higher elastic limit
(10%) in comparison to glass (1%), for the tradeoff of significantly higher transmission losses

and more restrictive operating temperature and humidity conditions (60).

3.1 Intensity based optical fiber sensors

As the name indicates, these kinds of OFS are based on modulating the intensity of light
that is transmitted down, or reflected back, an optical fiber. They tend to be simpler and

historically find applications for mechanical measurements (18,61), such as displacement by
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placing an optical fiber in front a movable reflecting surface and measuring the back-reflected
intensity as a function of the distance between the fiber and the surface (Figure 11, left) or by
sandwiching the fiber between movable corrugated surfaces that push on the fiber leading to

transmission losses by the formation of microbends (Figure 11, right) (61).

d v
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Figure 11 — Intensity-based fiber optic displacement sensors. Left: Probe based on intensity of light reflected
back into a fiber by a mirrored surface. Right: Probe based on transmission losses caused by microbending. (61).

More recently intensity-based probes have seen renewed interest for biosensing
applications by incorporating luminescent or selectively light absorbing materials that respond
to biochemical compounds (62). Biochemical sensing and nanofluid characterization have also
been realized using quasi-elastic light scattering based fiber probes (63,64). As an interesting
recent example Yang et al. (65) demonstrated a temperature probe for chemical reactions that
consists of a fluorescent Er**/Yb*" co-doped tellurite glass wire spliced to a single-mode fiber.
When a 980 nm laser source is coupled into the fiber the co-doped glass exhibits a luminescence
in the visible range with peaks at 522 nm and 544 nm, as temperature increases the intensity of
the 522 nm peak diminishes and of the 544 nm peak increases (Figure 12). Temperature can be

inferred by assessing the intensity ratio between luminescence peaks.

Intensity(a.u.)

Wavelengthinm)

Figure 12 — Temperature dependent luminescence of doped tellurite glass excited by a 980 nm laser source (65).
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3.2 Interferometric optical fiber sensors

This category is comprised of sensors based on the implementation of optical fiber
interferometers. One of the most common examples are fiber Fabry-Perot interferometers (66-
68), which are resonant cavities comprised of two consecutive (semi-)reflective surfaces and
can be realized in optical fibers by, for example, creating an air gap between two pieces of
optical fiber encapsulated in a glass capillary (Figure 13, left), or creating an air gap between

the tip of an optical fiber and a flexible membrane (Figure 13, right).
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Figure 13 — Two realizations of fiber Fabry-Perot interferometers. Left: Air gap between two fiber pieces in a
capillary tube (66). Right: Fiber tip Fabry-Perot interferometer with a flexible diaphragm (67).

When a broadband light source (Figure 14, left) is coupled into the fiber, the output of
the fiber Fabry-Perot, which can be interrogated both in transmission or reflection, exhibits a
series of transmission/reflection peaks and valleys (Figure 14, right). Using Equation (3.1), the
length d of the Fabry-Perot cavity can be determined from the wavelength of two consecutive

peaks or valleys, A, and A,, of the output spectrum (68).
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Figure 14 — Left: Spectrum of a broadband light source coupled into a fiber with a Fabry-Perot interferometer.
Right: Output reflection spectra of the fiber interferometer (68).
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A1,

d=—2__
2(A2 — A1)

(3.1)

Through monitoring changes in the cavity length d it is possible to use the fiber Fabry-
Perot interferometer as a strain, temperature, pressure or displacement sensor (69). Other
examples of interferometric fiber optic probes are distributed strain and temperature sensors
using Mach-Zehnder interferometers with optical frequency domain reflectometry interrogation

setups (70), and fiber optic gyroscopes based on the Sagnac interferometer (71).

3.3 Evanescent wave and surface plasmon sensors

As discussed previously in Section 2.2, light guided in an optical fiber is not entirely
contained in the core, but part of the optical power penetrates the cladding as evanescent waves.
Equation (2.17), the Bessel differential equation, must be solved for both the core and the
surrounding medium, which is usually the cladding (20,21). This interaction between the guided
waves 1n the core of the waveguide and its surroundings can be exploited for sensing
applications in various ways: suspended core fibers can be used in gas and liquids sensing
applications (72,73), or no-core fiber (solid single-material rods) segments can be incorporated
in concatenated fiber structures (Figure 15) to allow localized evanescent wave probing of

refractive index of liquids among other applications (74).
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Figure 15 — (a): Concatenated multimode-nocore-multimode fiber structure for refractive index sensing.
(b): Response of the sensor (in transmission) for liquids with refractive index between 1.3 and 1.42 (74).
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The sensitivity and selectivity of sensors based in evanescent waves can also be
augmented by making use of the surface plasmon resonance (SPR) phenomenon. In SPR fiber
probes metallic materials such as gold and silver are deposited in the surface of the fiber, the
evanescent waves from the waveguide interacts with the free electrons on the metal surface
stimulating the emission of surface plasmon waves, which in turn creates a feedback response
with the evanescent waves (74). SPR sensors have been demonstrated for multiple applications,

including refractive index sensors (74), chemical sensors (75) and biosensing (76).

3.4 Optical fiber gratings sensors

Optical fiber gratings are periodic modulations of the refractive index of the fiber’s core
or cladding, this can be achieved by mechanical means (e.g. pressing on a fiber with a
corrugated plate (77)) or, more commonly, photo-inscribed into a fiber due to the inherit photo-
sensitivity of GeO> doped fibers to UV radiation (78,79). There are 3 main classifications of
fiber gratings according to their period. Fiber Bragg gratings (FBGs) have a period in the order
of hundreds of nanometers and act as a narrow-band spectral mirror by coupling a forward-
propagating core mode to a backwards propagating one (78). Gratings with periods of the order
of hundreds of um to a few mm are referred as long period gratings (LPGs) and can couple a
lower order forward-propagating core mode to a forward propagating cladding mode (leading
to a heavy attenuation band) or another forward-propagating mode of a higher order (79).
Finally, rocking filters are a special type of LPG, usually obtained by twisting the fiber during
the grating inscription, that promotes coupling between orthogonally polarized modes (80).

Due to their simplicity, ability for being interrogated both in transmission and reflection,
and high multiplexing capability, FBGs have a significantly stronger presence both in the
scientific literature and commercially available end-products (18,78), and as such they will be
briefly discussed in more detail in this section. Figure 16 is a schematic representation of the
FBG operation principle. A broadband input source is coupled into the fiber, as light passes
through the FBG a narrow-band signal is coupled in reflection, and the transmitted signal shows
a dip in the same wavelength range. The peak reflection wavelength is referred as the Bragg

wavelength, Az, and is given by Equation (3.2):
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Figure 16 — Transmission and reflection spectra from an FBG (81).

/13 = ZneffA (32)

where n. is the effective refractive index for the core fundamental guided mode and A is the
grating period (81). Mechanical or thermal loads experienced by the FBG will shift A5 as they
impact ¢ through the thermo-optical and photo-elastic effects, and A through thermal

expansion and mechanical strain, so that (81):

AA
T: = (ap + AT + (1 —p e (33)

where ap, ¢ and p, are the coefficient of thermal expansion, thermo-optic coefficient, and the
effective photo-elastic constant of the fiber material respectively, AT is the temperature change
experienced by the FBG and ¢ the applied longitudinal mechanical strain. Typical sensitivity
values for GeO: doped silica fibers are ~13 pm/°C and 1.2 pm/pe (81).

As they are sensitive to both mechanical strain and temperature, FBGs tend to often be
explored for structural health monitoring and related applications (81-83), but the temperature
cross-sensitivity needs to be compensated, which is also a highly active research topic (84).
While interrogation cost can be relatively high (commonly based on Optical Spectrum
Analyzers), the cost per measurement point can be drastically lowered by multiplexing FBGs
in a single fiber. Furthermore, low-cost FBG interrogator setups with price points as low as
USD 2,000.00 are also detailed on the literature and can be assembled using readily available
commercial components (85-87). For this reason, new FBG based monitoring applications were

also investigated in this thesis.
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3.5 Fiber specklegram sensors

A significant portion of the sensors developed in the context of this work and reported
in Chapters 4 and 5 are fiber specklegram sensors (FSSs), this is owed in part to the fact that
from all the fiber sensors discussed in this chapter, FSSs are possibly the ones that boast the
highest combined sensing versatility and sensitivity. This is in a sense also a double-edged
sword, as will be discussed in this section.

The term “fiber specklegram’ sensor was proposed by Wu, Yin & Yuin 1991 to formally
classify an emerging type of fiber sensors in which the output intensity is subjected to relative
modal phases in multimode fibers, boasting high sensitivity comparable to interferometric fiber
sensors but with simpler interrogation setups (88). According to the earlier discussion in Section
2.2, the solution of the Maxwell Equations led to the conclusion that various guided modes can
exist simultaneously in a multimode optical fiber. To put this in perspective, applying Equations
(2.18) and (2.20) to a multimode step-index fiber with a core diameter of 50 um (Figure 3),
refractive index contrast A =0.01 and a A of 633 nm returns a normalized frequency V of 51.13
and an estimated number of guided modes of M = 1307. All the guided modes are linearly
superposed, and the spatial distribution of the complex amplitude A(x,y) of the electric field

obtained by the interferometric superposition of M modes over the x-y plane is given by (89):

M-1
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where a,,, and ¢,,, are the amplitude and phase distribution of the m-th mode, the intensity /(x,y)

distribution of the projected fiber output is then (89):
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From Equation (2.14) it is evident that the output /(x,y) profile, that can be perceived by
the eyes or measured by a camera (Figure 17), contains information on amplitude and phase
difference between guided modes, i.e., the output intensity is subjected to the relative modal
phases (88,89). Any disturbance to the fiber status or guiding conditions will be reflected in the

solutions of the Bessel differential equations, impacting the propagation constants 3 that satisfy
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the guiding condition, leading to changes in the number of guided modes, as well as the
amplitude and phase distribution of the modes, with the ultimate consequence that the
disturbance will manifest itself in the spatial distribution of /(x,y) (88-90). In short, FSSs are as
sensitive as interferometric based sensors to a wide array of variables that can affect the guiding
conditions simultaneously, this confers FSSs with high versatility and sensitivity at the same

pace extra care must be given to avoid cross-sensitivity with undesired variables.

Figure 17 — Photograph of a fiber specklegram from a commercial multimode fiber. Light source is a 633 nm
He-Ne laser, and the image was projected from the fiber end-face into a lens-less webcam using a 20x objective.

For the best results when working with fiber specklegram based sensors, a good speckle
contrast is desirable. From Equation (3.5) and Figure 5 one can infer that the larger the number
of modes supported in a fiber, the more complex and granular the speckle pattern will become.
Indeed, the maximum number of degrees of freedom in a fiber speckle distribution is given by
the number of guided modes M (91), and therefore the speckle contrast increases as the optical
power from the laser source is coupled into a larger number of guided modes in the waveguide.
It is demonstrable that as M increases, the number of speckle granules Ns, in a fiber specklegram
steadily achieves parity with M (92), and while exciting the maximum theoretical number of
modes a fiber can support is not feasible in practice, introducing misalignments in relation to
the core when launching light into the FSS and using mode scramblers helps maximize the
number of excited modes (92,93).

Measuring with FSSs is realized by quantifying the change in /(x,y) caused by the
variable of interest by comparing specklegrams for various fiber states. Different techniques for
tracking the specklegram changes are currently available, including statistical analysis (90),
morphological image processing (94), entropy analysis (95), machine learning (96), and
correlation metrics (89). In particular, the latter has comparatively simpler implementation,

allows for low cost experimental setups and is capable to quantify subtle deviations in the output
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speckle pattern, yielding improved response as achieved by, for example, the normalized inner-
product coefficient NIPC (97) and the zero-mean normalized cross-correlation coefficient
ZNCC (89). FSSs have been successfully demonstrated for various applications such as
structural health monitoring, tactile sensors, security and surveillance, measuring displacement,
vibration, viscosity, strain, heart rate, among others (98-103).

In this thesis, specklegram images and videos will be analyzed using correlation
coefficient Z of the Zero Mean Normalized Cross-Correlation (ZNCC), defined as (89):

P LYo — 1)U =1) (3.6)
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where [ and [, are the 2D intensity map for the fiber subjected to a load and in the reference
condition respectively, while I and I, and the average intensity for each of those maps
respectively. While many other correlation metrics could be adopted for this, such as the NIPC
or the phase-only correlation (POC), ZNCC was chosen as it demonstrably has equivalent
performance to the other competing metrics but with the advantage of being insensitive to
intensity fluctuations of the laser source, making it more robust (89,97).

Despite the robustness advantage, it is important to highlight that ZNCC is subject to
the limitations expected for normalized correlation metrics. The values returned by Equation
(3.6) are limited between 1 and 0 which can lead to a limitation of a sensor’s dynamic range
due to the saturation of the metric, and, as Z is returning a similarity score between random-like
patterns, the response curve of Z to a variable of interest is expected to be non-linear. To avoid
this issue, the extended-ZNCC (EZ) metric will be used in this work to analyze some
specklegram datasets. EZ is a non-saturating metric defined as (104):

EZ=17,F 22U =1 =D ——1t=2,F(Z-1) 37)
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in which Z, is a cumulative offset. Every time the calculation of Z crosses a pre-set threshold
7, the current value of Z gets appended to Z, the last load state specklegram I is set as the new
reference state I, and calculations resume. This process is repeated until the dataset is fully
processed resulting in a continuous E£Z curve with no upper or lower boundary. The plus or
minus sign is there so the value of £Z can be set to either increase or decrease to better pair the

behavior of the metric with that of the variable affecting the specklegram probe (104).
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4 SENSORS BASED ON GLASS FIBERS

Optical fiber sensors developed in the context of this thesis that were fabricated from
glass preforms are compiled in this chapter. Several research papers have been either published
or submitted for publication based on the work presented here, namely references (105) and
(106) pertaining to Section 4.1, (107) for Section 4.2, (108) and (109) for Section 4.3, and (110)
for Section 4.4. Figures in this chapter are for the most part reused or adapted from the listed
publications. Additional information and figures not included in the published manuscripts (due
to article length restrictions, for example) may also be presented, deepening further the

discussion on these sensors.

4.1 Specklegram based monitoring of evaporation inside capillary-like optical fibers

Measuring evaporation in microchannels and capillary structures is relevant in several
applications, such as in evaporative cooling devices and porous coating technologies (111,112).
Optical fibers can be used as a medium for carrying and analyzing fluids via microchannels
intrinsic to the fiber. Even though liquid sensing with fiber devices such as Photonic Crystal
Fibers is a prolific research topic (113), a simpler approach based on capillary-like fibers can
be used (114,115). Here, a new approach for monitoring the evaporation of a liquid inside a
capillary-like fiber is discussed. The fiber was filled with the fluid sample and light launched
into the capillary wall. Light travels down the capillary and interacts with the fluid, producing
changes in output fiber speckle pattern that was then processed in order to retrieve the

displacement of the air/liquid interface.

4.1.1 Materials and methods

The probe consisted of a hollow glass capillary tube with an outer diameter of ~250 pm
and inner diameter of ~200 um (Figure 18a). It was drawn from a 6x3 mm industrial grade

fused silica tube preform. Drawing parameters were furnace temperature 1902 °C, preform feed
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speed 1.5 mm/min and drawing speed 0.80 m/min. A constant manometric pressure of 0.4 kPa
was maintained inside the tube by injecting inert argon gas to prevent the walls from collapsing.

A piece of the capillary fiber approximately 55 mm long was filled with fluid by
attaching it to a hypodermic needle and syringe containing water with red food coloring. To
avoid unwanted loss of fluid by leakage or evaporation both sides of the glass capillary fiber

were sealed by injecting and hardening photocurable resin, as shown in Figure 18b.

L1
v Length: 27 pm (b)
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“e w3
Length: 192 um

Figure 18 — Optical microscope images of (a): a sample of the capillary fiber, and (b): resin sealed capillary
filled with water and red dye.

A schematic of the experimental setup is depicted in Figure 19. Light from a He-Ne
laser source (A = 633 nm) shone through a neutral density filter (NDF) and was directed to the
sensing fiber by the mirrors M1 and M2. Objective lenses L1 (20x) and L2 (40x) were mounted
on precision translation stages and launched the light into the sensing fiber as well as focused
the output speckle pattern into the exposed CCD of a webcam. A microscope was used to
monitor the movement of the liquid inside the sensing fiber. Both the webcam and the
microscope camera were connected to a computer via USB cables for data acquisition. Figure
20a is a picture of the air/liquid interface as seen by the microscope, and Figure 20b is the
projection of the output fiber specklegram as captured by the webcam. Specklegram video was
captured in AVI format, 15 fps and 800x600 pixels resolution.

With an average wall thickness of 25 pm and proper choice of the filling fluid for
refractive index contrast with glass, the capillary behaves as a highly multimode waveguide for
the light from the He-Ne source. The guided modes interact with the fluid through evanescent
waves, and as the liquid/air interface moves inside the capillary the output specklegram changes

in response to the dynamically shifting guiding conditions. Changes to the specklegram were
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quantified by evaluating the ZNCC from a 200x200 pixels window slightly off-centered in
relation to the capillary wall thickness (dashed-line yellow rectangle in Figure 20b).

M1

N ( F |

D He-Ne Laser |

P L o

Microscope
Fiber speckle

L L2 i

M2 Fiber ll

Webcam

Figure 19 — Schematic of the experimental setup, a frame of the captured specklegram video is shown to the
right along with a representation of the analysis window for the calculation of ZNCC. NDF = neutral density
filter; M1/M2 = mirrors, L1/L2 = objective lenses (105).

Air/liquid _ap §

interface

Figure 20 — (a) Image of the liquid filled capillary fiber showing the air/liquid interface as observed by the
microscope. (b) Observed output specklegram as captured by the webcam, dashed yellow rectangle represents
the 200x200 pixels ZNCC analysis window.

The He-Ne laser was let stabilize for about an hour before starting the experiments. One
of the sealed extremities of the sensing fiber containing a liquid of interest was then cleaved out
and the fiber carefully placed between the lenses, open side facing the webcam. A LabVIEW
routine was used to capture and save images of the meniscus with the microscope camera.
Overlays for image count and a scale for measuring the movement of the meniscus were also

included in the LabVIEW routine.
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4.1.2 Results and discussion

First the temporal evolution of the correlation coefficient Z for a capillary filled with air
and one filled with fluid were compared to determine if the probe is indeed sensitive to the
displacement of the liquid/air interface, this comparison is shown in Figure 21a. Without the
filling liquid Z is very stable and remains higher than 0.995 (solid black line, the small initial
dip at # = 0 seconds from Z = 1.00 is due to the webcam video capture noise), that is, guiding
conditions remain constant and so does the output specklegram. A clearly distinct behavior was
observed for the liquid filled capillary (red line), with Z steadily decreasing with time,
demonstrating the probe produces a direct response to the evaporation of the filling fluid.

The general behavior of Z in relation to the displacement (Ax) of the liquid/air interface
can be observed by plotting both Z and Ax over time (¢) in the same graphic. This is shown in
Figure 21b for a Ax of 40 um over a Af of 450 s. As can be observed, Z exhibits a fairly linear
response over time with good correspondence to Ax. Note that Ax is the relative displacement
observed during the timespan of a single experiment, and not the absolute position of the

air/liquid interface in relation to the unsealed tip of the capillary, with Z computed accordingly.
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Figure 21 - (a): Comparison of the Z curve over time for an air-filled capillary and a water filled capillary. (b):
Combined displacement and Z data over time up to a maximum displacement of 40 um, dashed red line is a
linear fit of the displacement data (105).

Several more tests were performed in sequence for Ax values of 20, 30, 40 and 50 um,
two repetitions per Ax value for a total of 8 experiments. The results are presented in Figure 22.
Finally, by taking the average final Z value for each set of tests in Figure 22 it is possible to plot

Z as a function of Ax in Figure 23.



1.00

0.98

0.96

0.94

0.92

0.90

1.00

0.98

0.96

0.94

0.92

0.90

0.88

0.86

52

1.00

| 20 pum - Test 1
[ =20 um - Test 2

(a) (b)

0.98
0.96
N 0.94

0.92

| =30 pum -Test 1

0 20 40 60
Time [s]

80

: =40 um - Test 1

[ e———A40 um - Test 2

0 100

200
Time [s]

0.90
[ =30 pum - Test 2
1 1 0'88 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 120 0 50 100 150 200
Time [s]
1.00
0.98 (d)
096
094
092
N L
090
0.88
| =50 um - Test1
0.86
| =50 um - Test 2
0.84 I T N T T I T T T T T T T O T T O A A AR A 1
300 0 50 100 150 200 250 300 350 400

Time [s]

Figure 22 — Z over time for displacements Ax up to (a): 20 pm, (b): 30 pm, (c): 40 um, and (d): 50 pm (105).
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Figure 23 — Average Final Z as a function of displacement. Dashed black line is a guide to the eyes, solid red line
is a linear fit (R? = 0.999) of the for the 0 um to 30 um range (105).
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As in evident in Figure 22, the correlation curves are fairly noisy, but have well defined
slopes with Z decaying in a linear like fashion with Ax. Specklegram probes are sensitive to any
changes in guiding conditions, so factors like imperfections in the capillary geometry, water
microdroplets attached to the inner surface of the capillary, possible interactions of higher order
guided modes with water vapor inside the microtube and localized evaporative cooling can all
affect the specklegram in hard-to-quantify ways. One more detail of note is that even though
the analysis window for ZNCC calculations was placed nearer to the inner wall of the capillary,
some response to interactions between the guided modes and the external medium of the probe
are also expected.

Despite the non-linear response observed for the full 0 — 50 pm tested Ax range in Figure
23 (dashed black line), when limiting the analysis to the 0 — 30 pm Ax range the response is
linear (red solid line, R2 = 0. 999), exhibiting a sensitivity S = -3.6x10° pm™'. Assuming a Z
resolution of 5x107 (89), the limit of detection in the linear response range is then 1.4 pm.

One possible solution to improve the stability of the probe’s response and shield it from
external factors is to introduce a Germanium doped glass rod fixed to the inner wall of the glass

microtube, as illustrated in Figure 24.

L2
Length:129 pm

L4 L3
Length:63 wm : Length:40 pm

Length:259 um

Figure 24 — Optical microscope image of a capillary-like optical fiber with a Ge doped glass rod of ~40 pm in
diameter attached to its inner wall.

Just as a regular optical fiber, the refractive index contrast between fused silica glass
and Ge doped glass will prevent light launched in the Ge doped rod from leaking into the glass

tube, strongly limiting the interaction between guided modes and the external medium to the
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interface between the rod and the fluid contained inside the capillary. As of the writing of this
document prototypes of this modified probe (such as the one in Figure 24) have been fabricated

but there was not yet an opportune moment to conduct extensive laboratory testing.

4.2 Fiber specklegram chemical sensor based on a concatenated fiber structure

Even though the assessment of liquid samples with optical fiber sensors can be
accomplished by means of several techniques, including all-fiber reflectometers (116), fiber
Bragg gratings (117), long-period gratings (118), surface plasmon resonance (119), multimodal
interferometers (120), tapers and microfibers (121), and photonic crystal fibers (122), most of
these approaches rely on complex fabrication procedures and expensive interrogation schemes.

Currently, a few examples of fiber chemical sensors based on the speckle field analysis
have been reported. In (123) a multimode-single-mode-multimode (MSM) hetero core structure
was designed so the refractive index of the surrounding medium modulates the fiber modes
guided through the single-mode fiber (SMF) cladding, affecting the output specklegram.
Another approach consists of using a no-core fiber (NCF) fiber as the sensor probe: since the
number and the average size of light speckles depend on the fiber numerical aperture, the
external refractive index can be estimated by specklegram morphological analysis (92).
Biochemical measurements can also be carried out with a functionalized fiber taper, allowing
for DNA detection by speckle field correlation (124). Ultimately, in (99) a vibration transducer
was used to obtain the frequency response of a reservoir filled with the assessed sample,
therefore the liquid can be identified based on its viscosity value. Nevertheless, most of these
sensors present a limited response in terms of measurement range because the sensitivity
drastically decreases as the refractive index of the sample deviates from the fiber one.

In this context, an optical fiber specklegram chemical sensor based on a concatenated
multimode-no-core-multimode (MNCM) structure is presented here. The modal interference in
the NCF section depends on the refractive index of the surrounding liquid, so the output speckle
field can be processed by correlation techniques to retrieve information regarding the sample
properties, such as refractive index, temperature, and liquid level. Conversely to the previous
works (125), in this study the MNCM structure is interrogated based on the speckle field

analysis instead of the transmission spectrum, presenting improved sensitivity and dynamic
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range, and requiring simpler instrumentation. Furthermore, as the proposed sensor explores the
light interaction in the NCF section rather than the cladding of a single-mode fiber (123), the
coupling efficiency between the higher-order modes of the NCF exposed to the surrounding
media and the core-propagating modes of the output multimode fiber is higher, therefore the

specklegram is more sensitive to the external refractive index differences.

4.2.1 Materials and methods

Consider the MNCM structure depicted in Figure 25, formed by a pair of multimode
fibers (MMF) — with core and cladding radii and refractive indexes a, b, n; and n>, respectively
— connected to a NCF fiber (refractive index n2, radius b, and length L). The light from the
MMFT1 core is coupled to the NCF section, so a number of modes MNC are excited depending
on the NCF radius b, the surrounding refractive index »3, and the wavelength A. For a fiber
supporting a large number of modes and assuming that the power is equally distributed to all
modes, Mnc can be estimated for a step-index fiber by Equation (2.18). The excited modes in
the NCF segment are coupled to the core and cladding modes of the MMF?2 fiber. Neglecting
the contribution of the cladding modes and the reflections in the NCF-MMF2 interface, and
assuming that the fibers are in the absence of vibration, bending, and temperature variations,
the changes in the specklegram produced by MMF2 can be correlated to the external index n3
experienced by the NCF section.

The MNCM structure was fabricated by joining a 125 um diameter no-core fiber (drawn
from a pure silica rod) to a pair of step-index MMF (62.5/125 pm core/cladding diameters, ~2
m length) using a Fujikura 12R fusion splicer. The transmission spectra were evaluated with a
supercontinuum white light source (SuperK Compact, NKT Photonics) by means of an optical
spectrum analyzer (OSA AQ-6315, Yokogawa) for NC section lengths ranging from 30 to 60
mm and the fiber surrounded by the air (n3 = 1). As observed in Figure 26, the resonance dips
produced by the multimodal interference (MMI) experience a blue shift as the NCF length L
increases. The rejection wavelength values As do not exactly match the values reported in (125)
probably due to differences in the MMFs core dimensions and deviations in L, but the trends of
the curves corroborate the reference. In particular, the dip observed at 1454 nm for L = 60 nm

is related to the reimaging of the MMI.
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Figure 25 — Schematic of the MNCM structure. Light from the MMF1 fiber core is coupled to the NCF section,
where the MNC modes are excited as a function of the sample refractive index n;. Part of the light is coupled to
MMF?2 core, resulting in an output specklegram /(x, y) which is processed to retrieve sample properties (107).
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Figure 26 — Transmission spectra of the MNCM fibers in the air for different NCF lengths. The spectra were
offset for the sake of visualization (107).

Variations in the external refractive index affect the coupling between the NCF modes
to the core and cladding modes of MMF2, changing the magnitude and wavelength of the
rejection dips. At the resonance, the output field of the NCF is characterized by an intensity
halo in the borders of the waveguide, indicating that most of the light is transmitted as
evanescent modes, which are more sensitive to n3 but reduces the coupling efficiency between
the NCF and the MMF?2 core (125). On the other hand, since no significant dips were observed
at ~ 633 nm for the tested NCF lengths, the speckle field changes in response to n3 can be
related to variations in the beat length, given that L is fixed (126). In practice, even though the
specklegram experiences the effect of MMI, in the proposed MNCM setup the sensing principle

is more associated to the modulation of MNC by n3, as it directly influences the number of
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modes that are effectively coupled to the MMF2 core. With respect to the probe length, albeit
the use of longer NCF segments can increase the physical contact with the liquid refractive
index, thus theoretically improving the sensitivity, in practice it is preferable to choose shorter
NCF fiber sections because the exposed fiber segment is too susceptible to the extraneous
variables such as temperature and vibration, making the system less robust and difficult to
implement. Therefore, all experiments were conducted with an L = 30 mm NCF.

The specklegram images obtained during experimentation were converted to grayscale
and reduced to a square 201 x 201 pixels region-of-interest (ROI) for removing the speckle
boundary effects. Next, the ROI was denoised by a 2D wavelet transform using the Daubechies
db4 function, and finally the specklegram changes were evaluated with the ZNCC by routines
developed in MATLAB. All experiments were conducted at room temperature, with the system

mounted on a vibration-free table and in the absence of external illumination.

4.2.2 Results and discussion

An important feature of hetero-core structures is the ability to change their spectral
response proportionally to the ratio of fiber length surrounded by the analyzed liquid, making
such devices effective for continuous level measurements (127). In order to investigate the
specklegram sensor response, the optical fiber was placed inside a 10 mm diameter, 60 mm
height cylindrical vessel by maintaining the waveguide straight in vertical orientation, as
illustrated in Figure 27a. The output near-field specklegram from the MMF?2 is expanded with
another objective (20 X magnification, NA = 0.40), and then is detected by a CCD camera (uEye
IDS UI-2230SE-C HQ, 1024 x 768 pixels resolution, 15 fps).

DI water was carefully supplied by means of a micropipette to gradually submerge the
NCF section and the experiments were repeated 5 times by varying 4 from 0 to 30 mm in
increments of 3 mm. The ZNCC was evaluated by choosing the reference status Iy as the NCF
section in the air (Zyp, # = 0 mm) or completely immersed in water (Zz, # =30 mm). As observed
in Figure 27b, the correlation coefficient increases as the liquid level approaches the reference
condition, and even though the sensor response is not linear within the full range, it is possible
to combine information from Zy and Z; curves to retrieve 4. The maximum sensitivities are
dZy/dh = (4.90 £ 0.76) X102 mm ™' (~0.20 mm resolution) for the 0 < # < 15 mm range, and
dZL/dh=(4.70£0.66) x102mm ! (~0.21 mm resolution) for 15 < /4 <30 mm. For comparison,
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multi-modal interferometers assisted by FBG have been reported with < 0.1 mm resolution and
linear response for 50 mm range (127,128), but such approaches demand additional fiber
processing and more complex interrogation systems.

The difference in the surrounding media caused by the fiber immersion fraction
generates a physical discontinuity in the waveguide. The dissimilar NCF sections work as a pair
of modal filters, each transfer function corresponding to the NCF subjected to the air or to the
liquid, in which the maximum number of guided modes depends on n3 and the immersed length
h. Indeed, the variations in the speckle field distribution occur because the liquid level defines
the propagation distances and the phase changes experienced by the several modes of each NCF
segment (129). Moreover, the low sensitivity regions observed at the NCF extremities (4 = 0
and 30 mm) are due to the core’s diameters mismatch in the MMF1-NCF and NCF-MMF2
couplings. The propagating light modes are not fully excited in the waveguide transitions (130),
just as the effective number of modes modulated by the external media, therefore the speckle-
gram changes are mitigated in comparison to the other regions, consequently, the practical level

dynamic range is shorter than the NCF length L.

ZNCC

(@) al:
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Figure 27 — Measurement of the water level. (a) Experimental setup: the no-core fiber (NCF) section of length L
is immersed in the analyzed liquid of relative level 4. (b) Sensor response as a function of h for the ZNCC
referenced to 4 =0 mm (Zy) and 42 = L =30 mm (Z;). The solid lines are guides to the eye (107).

The evaluation of the MNCM structure sensitivity to the external refractive index n; was
conducted by placing the no-core fiber section in a cylindrical silica glass reservoir (10 mm
diameter and 70 mm length), which was filled with ethanol-DI water solutions prepared with
different concentrations. The measurement setup is depicted in Figure 28. The MMF1 is

subjected to a mode scrambler (a custom-made microbending transducer with 1 mm periodicity,
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50 mm length, and 0.5 mm preload) for improving the power distribution, whereas the stripped,
30 mm length NCF is placed in the test environment. The liquid was gradually poured into the
chamber, whereas the setup was kept static during the measurements with the fiber straight to
avoid extraneous specklegram modulation. The fiber was also carefully cleaned using
isopropanol between measurements and dried using a bulb blower to guarantee that the NCF

section in only surrounded by the air before pouring the next sample.

FUT 1(x,)

Figure 28 — Experimental setup for measuring the refractive index n3. LS: laser source; MMF: multimode fiber;
MS: mode scrambler; FUT: no-core fiber section under test; /(x,y): specklegram; CCD: camera; and PC:
computer (107).

The variation of the near-field specklegram image /(x,y) is shown in Figure 29a for the
NCEF section immersed in water (n3 =1.333), 16 wt% ethanol solution (n3 =1.344), and pure
ethanol (n3 =1.361). The specklegram changes are related to the modulation of the number of
guided modes in the NCF MNC, which is a function of 73 through Equation (2.18). Even though
it is not trivial to characterize the morphological characteristics of the speckle field as carried
out in (92), the sensor response can be quantified in terms of the ZNCC values computed by
adopting the reference statuses as the fiber immersed in water and in ethanol, Zy and Zg,
respectively. The results are depicted in Figure 29b, where the data points correspond to the
average of 3 experiments. The correlation coefficient is reduced as n; deviates from the
reference condition, so Zy and Zg present complementary behaviors.

The sensitivity for the sensor referenced to water evaluated for a 95% confidence
interval is dZw /dn; = 18.7 + 2.5 RIU! (refractive index units). Considering a 4Z = 0.01
resolution on the evaluation of the ZNCC, the system practical resolution is Anz = 0.01/18.7 =
5.35x107* RIU. In case of Zg, the sensitivity and resolution are dZg /dn = 16.4 + 3.1 RIU ! and
Anz = 0.01/16.4 = 6.1x107* RIU, respectively. The sensor characteristics for Zy and Zg are
practically equivalent, indicating that both references can be used for determining the

calibration curve. Moreover, the sensor presented reliable results in terms of repeatability
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according to the random uncertainties contained in the error bars of Figure 29b, with maximum
standard deviations of 0.06 and 0.02 for Zy and Zg, respectively.

One may notice that the proposed MNCM structure is capable to detect refractive
indexes values very different from silica (72 = 1.45), in contrast to the previously reported MSM
fiber specklegram sensor, in which the response is non-linear, and the dynamic range is
restricted to n3 > 1.38 (123). The present device also exceeds the former chemical sensor based
on the speckle field morphological processing (92), in which a ~0.003 RIU resolution for the
1.33 < n3 < 1.45 range was achieved. More-over, even though the tapered specklegram sensor
reported in (124) exhibited higher sensitivity for low solute concentrations, it must be stressed
that the MNCM structure is more mechanically robust and simpler to fabricate. Ultimately, the
specklegram MNCM sensor can be compared to the multimodal interferometer described in
(125): the transmission spectrum analysis yielded a ~ 4.37 x 10~* RIU average resolution for
the 1.30 <n3<1.44 range, but the sensor response becomes nonlinear as n;3 equals n,. Regarding
the 1.33 < n3 < 1.36 interval, the resolution is decreased to 0.01 RIU, which is lower than the
specklegram approach.

In practice, the dynamic range of the FSS is limited by the numerical aperture in the
NCF section and by the saturation of the correlation function. Once the former governs the
number of excited modes in the no-core fiber, fewer modes are coupled to the MMF2 fiber core
as n3 approaches n2, thus affecting the power and the number of light peaks in the output speckle
field (92). Particularly, the interference condition also depends on the length of the NCF
segment (131), so the specklegram visibility can be improved by adjusting the MNCM probe
characteristics during the fabrication. Furthermore, MNC also decreases with the numerical
aperture, causing the attenuation of the output speckle distribution. Although the ZNCC
algorithm compensates the intensity fluctuations by subtracting the average value, the output
power is expected to be lower in case of a reduced number of modes because a significant part
of the optical signal will be lost in the NCF segment, hindering the sensitivity of the correlation
analysis (89). On the other hand, the dynamic range can be enhanced by implementing EZNCC
calculations as described in Chapter 3 to avoid the correlation saturation issue. Alternative
methods also include the morphological processing (132) and recursive division (98) of the
speckle field image, but it must be stressed that the measurement range is still limited by the
numerical aperture of the NCF, i.e. the correlation analysis will be less responsive for n; values

closer to ny.
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Figure 29 — Sensor response to the sample refractive index. (a) Near-field speckle field intensity for the NCF
immersed in different liquids. The intensity values were normalized for the sake of visualization. (b) ZNCC
values with the reference statuses set to the fiber immersed in water (Z) and ethanol (Zg). The solid lines
correspond to linear curve fittings (R? > 0.98). (107).

Finally, it is worth noticing that the temperature affects the sensor response by means
of the sample and the silica thermo-optic coefficients, dns/dT and dn»/dT, respectively. As the
former is related to variations of the liquid refractive index due to temperature changes, the
latter plays a role in the heat transfer mechanism from the environment to the fiber material.
The temperature influence also relates to the thermal expansion, and photo-elastic properties of
the fiber material (133). In particular, the silica NCF is expected to be less sensitive to
temperature fluctuations than the germanosilicate fiber due to a lower thermo-optic coefficient
(125), so the thermally induced 7> deviations in the silica probe are less critical. On the other
hand, the number of guided modes in the NCF section is affected by the temperature-dependent
refractive indexes of the silica waveguide and the external medium (134), consequently, the
output speckle field distribution changes even for minor temperature fluctuations.

Since the guiding conditions in the NCF section depends on both 7> and n3 (125), the
light coupled to MMF?2 is expected to be affected by temperature fluctuations, consequently
changing the output specklegram and inducing errors in the liquid level estimation. In case of
the chemical sensing, the thermal effect must be compensated for properly resolving the sample
refractive index dependence. A straightforward approach consists in using a reference arm
subjected to the same thermal load, so the changes in the ZNCC value due to the variations of
sample composition and temperature can be discerned by comparing both output specklegrams
(124). Alternatively, it is possible to implement an automatic compensation scheme by setting
a threshold ZNCC value in the reference arm, causing the sensor characteristics to be restored

whenever the temperature fluctuation exceeds a critical value (104).
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For investigating the thermal sensitivity of the FSS, the NCF section surrounded by the
air was heated from the room temperature (~26 °C) up to 35 °C by means of an infrared lamp
(PAR38 Phillips, 150 W). A type K thermocouple positioned in the vicinity of the MNCM fiber
was employed to continuously monitor the sample temperature 7, whereas the probe was kept
suspended in the environment to avoid the specklegram changes induced by mechanical or
thermal conduction effects. The variation on the ZNCC value as a function of 7 is depicted in
Figure 30. The correlation coefficient presents a linear decrease for 26 < 7'< 36 °C, yielding
dZ/dT = (7.14 £ 0.07) x 1072 °C"! sensitivity and 0.14 °C resolution. As a comparison, in (125)
a 9.6 pm/°C sensitivity and ~10 °C resolution (given a 0.1 nm spectral resolution) was reported
for the 25 — 300 °C range by using a spectral MNCM interferometer, whereas in (135) a bent
Ge-doped NCF provided 6.5 nm/°C sensitivity and ~0.02 °C resolution in the 51 — 65 °C range.
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Figure 30 — Variation of the ZNCC as a function of the sample temperature for the MNCM probe placed in the
air. The solid line is the linear curve fitting (107).

An optical fiber specklegram sensor based on the MNCM structure was demonstrated.
The system presented 18.7 RIU™!, 0.07 °C™!, and 0.05 mm ! sensitivities comparable to other
reported multimodal interferometers based on more complicated interrogation schemes. The
proposed device also takes advantage of the intrinsic specklegram sensors features, making it
possible to improve the system characteristics according to the application. On the other hand,
the sensor performance is still limited by the speckle field sensitivity to extraneous effects such
temperature changes, in this sense further studies will focus on the enhancement of the sensor

characteristics, as well as its application in practical measurements.
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4.3 Multimode exposed core fiber specklegram sensor

Since the first reported photonic crystal fibers, the concept has been refined and iterated
upon for various applications. Suspended core fibers found many applications in fluid and gas
sensing due to the high fraction of mode energy located in the air holes, and eventually fibers
with periodically exposed cores were proposed to solve practical problems with introducing
fluids in suspended core fibers (136). The first fully exposed core fiber (ECF) was later
demonstrated with a lateral slot running along all fiber length (137), this result opened a new
route to design and explore waveguides that are simultaneously robust, sensitive to the external
medium and easily accessed. Since then, ECFs have been explored for various physical and
chemical sensing applications (138-142).

Until recently, exclusively single-mode or few-modes ECFs were explored (137-142),
this work was the first demonstration of a novel fiber specklegram sensor (FSS) based on an
original highly multimode ECF concept with a lateral slot that runs along the full extension of
the fiber. This new design allowed for the first time the interrogation of ECFs as fiber
specklegram sensors, which are particularly interesting for their ability to achieve high
sensitivity with simple and low-cost interrogation setups (143,144). Here the performance of
the probe was evaluated for measuring temperature, refractive index and liquid level (length of

fiber bathed in fluid).

4.3.1 Materials and methods

Fabrication of the exposed core fiber was conducted in the facilities of the Institute for
Photonics & Advanced Sensing and School of Physical Sciences, University of Adelaide,
Australia. Fiber samples were then shipped to Brazil for testing in UNICAMP.

The fiber preform was prepared by drilling a 150 mm long, 21 mm thick pure silica rod
using the same technique reported for few-modes ECF in (145). An ultrasonic CNC milling
machine was used to drill six holes in a hexagonal pattern with a missing hole in the center to
form the fiber core. The diameter d of the air holes was 2.8 mm and the hole-to-hole pitch ratio
A 3.2 mm, translating to a core diameter of 3.6 mm and preform d/A of 0.875. The minimum
gap between adjacent holes was 0.4 mm. A diamond endmill was then used to open a 1 mm

wide slot on the surface of the preform to expose one of the holes to the external environment.
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Figure 31 shows a 3D rendering of the fiber preform modeled using AutoDesk Inventor and an
optical microscope image of the drawn fiber, note that the fiber was illuminated from below

making the core shine bright white.

Figure 31 - (a) 3D model of the fiber preform — inset shows the cross-section view of the fiber; (b) optical
microscope image of the fiber cross-section (108).

Drawing to an optical fiber was realized in a single stage using a draw tower, with an
overall size reduction of 80x. The preform had both ends fused to silica tubes for easier handling
and to help locate the structure within the furnace hot zone. Drawing was realized at 2005 °C,
with a feed rate of 0.8 mm/min and a typical pulling rate of 5 to 10 m/min. To increase d//1 a
12 mbar positive pressure was applied in the preform holes during drawing. Expanding the
holes helps to better confine the optical mode as light is guided through total internal reflection
due to index contrast between the silica core and holey cladding, reducing confinement loss.
The drawn fiber has external diameter of ~250 pm, core size of ~35 um and d/4 of
approximately 0.96.

The lateral slot provides an external fluid direct access to the fiber core, allowing for the
interaction between the fluid and core-guided modes through their evanescent fields. As the
fluid substitutes an air hole, the mean refractive index (RI) of the cladding changes, and by
consequence the effective RI of the guided modes is also affected (146-148). The fiber is
sensitive to the refractive index of the fluid, which manifests as changes in the output
specklegram of the fiber core as the number of core-guided modes, and the energy distribution
among them, is altered by the presence of the fluid. In order to expose the ECF to a fluid of

interest in a controlled fashion a fiber bathing apparatus (Figure 32) was designed and machined



65

out of a single aluminum block. The apparatus has alignment rails for fiber holders, as well as
for positioning on top of a XYZ precision linear stage. In its underside there is a clearance for
a Peltier device for temperature control, whereas the upper surface contains a cross-shaped
bathing area 25 mm long by 10 mm deep intercepting the fibers path. The side-lobes in the

bathing area allows for easier introduction on removal of fluid without disturbing the ECF.

Fiber bathing area

Rails for
Fiber Holders

/

Clearance for
Peltier device

Figure 32 — Up: 3D model of the fiber bathing apparatus indicating its main features, such as alignment rails and
a slot for a Peltier device. Down: Machined bathing apparatus with fiber holders and a Peltier device.

The experimental setup is depicted in Figure 33 and is similar to that of Figure 19 in
sub-section 4.1.1. Light from a He-Ne laser (633 nm, 5 mW) passed through a neutral density
filter (NDF) and was redirected by mirrors (M1, M2) to a 20x objective lens (L1). Lens L1
coupled the laser light into the fiber, which was secured to the bathing apparatus, while a 40x
objective (L2) focused the output speckle pattern to the CCD of a webcam. Light was launched
into the core by aligning the laser beam with the axis of the fiber, centering it in relation to the
core and adjusting the focus so the beam and the core diameters coincide in the plane of entry.
Video was captured at 800x600 pixels resolution and 15 frames per second. A Peltier device
was positioned directly below the fiber bathing area to control the temperature, with thermal
contact facilitated by a thin layer of thermal grease. To provide a quantifiable metric for
specklegram shifts ZNCC was used, it was calculated from a 200x200 pixels region-of-interest

(ROI) positioned as shown in Figure 34.
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Figure 33 - Experimental setup used to characterize the ECF’s response to temperature and refractive index of
fluids. NDF: Neutral density filter. M1, M2: mirrors. L1: 20x objective. L2: 40x objective (108).

ZNCC analysis

Figure 34 — Output specklegram from the core of the ECF as captured by the webcam. The dashed yellow square
indicates the 200x200 pixels region-of-interest for ZNCC calculation (108).

In this study, each data point presented in the results contained in Section 4.3.2 is the
mean Z (u:) for a ~10 seconds video (~150 frames). While the precision of Z is given by the bit
size of the floating-point variable used in the computations, in practice the intrinsic electronic
noise of the webcam, combined with external sources of noise pose a practical boundary for the
ZNCC resolution due to data dispersion. It is worth noting this approach to determining the
resolution of the probe based on noise is noted in Section 4.14 of the International Vocabulary
of Metrology (VIM) (149). To determine a sensible resolution metric firstly the standard
deviation for each datapoint was calculated. Let’s look at, for example, the distribution of Z for
all frames of a video collected with the ECF bathed in water at 26.0 °C calculated using as a
reference the probe bathed in water at 23.0 °C, as indicated by the blue dots in Figure 35. In
this example, u- is 0.3273 and the standard deviation ¢ is 5.9x10™. For a 99.9% expected
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fraction of Z values in range of u: it is possible to use the boundary u: + 3.5¢ (150). In Figure
35, the horizontal green line represents . while the orange lines are u: + 3.5¢. The lower and

upper boundaries created by the orange lines easily contain most, if not all, ZNCC data.
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Figure 35 — Scatter plot of Z for a single video collected with the ECF. Blue dots are the datapoints, green line
indicates average Z for the dataset and the orange lines are offsets of + 3.5¢ in relation to the average value.

When analyzing the entire data space for this study (all videos), the average value of o
is around 5.0x10™, the upper and lower boundaries then become u = 1.75x1073, which is an
interval with a width of 3.5x10%. To accommodate for datasets with higher ¢ values such as the
provided example in Figure 35, 5x10~ was chosen as a conservative estimate for the width of
the interval in which the true value of u- is expected to be contained, so effectively 5x107 is
the practical ZNCC resolution. This value was then converted into temperature, refractive index

or bathed length resolutions as appropriate.

4.3.2 Results and discussion

To evaluate the response of the probe when a span of fiber is submerged in fluid, the
bathing apparatus was substituted for a 100 mm long, 25 mm wide solid aluminum block. The
block’s surface was made rough by sanding with a sandpaper to prevent water from pooling
due to the surface tension. Fine lines were drawn on the block, dividing it into 5 mm long
sections. A ~110 mm long fiber piece was placed on top of the block and secured in place by

applying adhesive clay to the first and last sections. Water was then added to the block section
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by section. Data was recorded from no water in contact with the fiber (submerged length = 0
mm) to use as reference for ZNCC calculations, and up to a submerged length of 50 mm in
increments of 5 mm. Figure 36 is a plot of the experimental data, u- is observed to drop as the
fiber is progressively submerged in water. As the response is non-linear, resolution was
computed for each step, returning maximum and median values of 0.12 mm and 0.40 mm

respectively. Mean sensitivity over the 0.0 — 50.0 mm bathed length range was -0.015 mm™'.
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Figure 36 — ECF response to length bathed in water. Blue curve is a quadratic fit of the data (R2 = 0.958). (108).

Afterwards, utilizing the fiber bathing apparatus, a ~130 mm fiber piece was bathed
(submerged length = 25 mm) in multiple liquids with distinct refractive indexes — water (n =
1.3330), ethanol (n = 1.3632), 33% w/w glycerol solution (n = 1.3747) and isopropyl alcohol
(IPA, n = 1.3772) — and the value of u. for each bathing fluid was recorded (ZNCC reference
set as the undisturbed fiber in air). Refractive index for each fluid was measured using a digital
handheld refractometer (Palm Abbe PA202, Misco, 589.29 nm). The results are depicted in
Figure 37, the ECF exhibits a mean resolution of 4.6x10* RIU, higher than sensors based on
conventional multimode fibers (107), and mean sensitivity of -10.97 RIU™!. As can be observed
from these metrics, the air-referenced fiber is very sensitive in the 1.33-1.37 RI range, making
it attractive for biomedical applications (151-154). Measurement range can be adjusted by
choosing a different reference fluid for ZNCC calculations. It is also important to notice that,
in Figure 36, for a 25 mm submerged length a ZNCC of approximately 0.5 was observed, which

coincides with the value for water obtained using the bathing apparatus in Figure 37. As these
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measurements were conducted independently, it demonstrates that the ECF produces repeatable

and reliable results.
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Figure 37 — ECF response to bathing with distinct fluids: water, ethanol, 33% w/w glycerol solution and
isopropyl alcohol (IPA). Blue curve is a quadratic fit of the data (R? = 0.989). (108).

Finally, the temperature response of the ECF was assessed, there is also special interest
in evaluating the thermal response of speckle-based probes since cross-sensitivity can be an
issue in experimentation. First, the ECF response was characterized for quasi-static temperature
variations. To avoid evaporation of the bathing fluid and losing heat to the surrounding air, the
bathing area was sealed with aluminum tape. A type K thermocouple was inserted in one of the
side-lobes of the bathing area through the tape to assess temperature, as illustrated in Figure 38.

Heat energy was introduced slowly into the system using the Peltier device.
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Figure 38 — Setup modifications for assessing the ECF response to quasi-static temperature variations.
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This experiment was conducted for both air and water baths to observe the influence of
the thermo-optic coefficient of the fluid in the probe’s response. Heating rate was approximately
0.1 °C/min and, after each step of 0.5 °C, the temperature was let stabilize for 2 minutes before
collecting data. Figure 39 shows the response curves for water and air, ZNCC was referenced
at 22.5 °C for both fluids. For a 5x10* ZNCC resolution, maximum and median temperature
resolutions for a 130 mm long fiber piece are 0.017 °C and 0.030 °C respectively for water, and
0.017 °C and 0.027 °C for air. Mean sensitivity over the 23 °C — 28 °C range is -0.19 °C"! for

water and -0.20 °C"! for air.
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Figure 39 - Response of the ECF to quasi-static temperature variations for the fiber exposed to air (orange dots)
and bathed in water (blue dots). Solid lines are quadratic fits of the data (108).

Despite water’s thermo-optic coefficient (-7.71x10° — 633 nm) being two orders of
magnitude higher than air’s (-9.73x10”7 — 633 nm), the results are roughly equivalent. This
similarity between both curves indicates that the thermal response of the ECF is most likely
dominated by the glass, with a thermo-optic coefficient of 8.80x10 @ 633 nm (156). This can
be explained in part by the large multimode core leading to a relatively small optical energy
fraction in the evanescent field in contact with fluid in the exposed core.

Furthermore, by estimating the number of guided modes by counting speckles, no
significant difference in number of guided modes was observed for the fiber bathed in air or
water. The number of modes can be estimated from the number of light speckles, the output
speckle field images acquired by the CCD camera were processed according to the method
described in (92): firstly, color images are converted to grayscale and filtered by 2D wavelet

transform (Daubechies db4). Then, image features are enhanced by Law’s texture energy
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method using 5x5 pixels level masks, and the number of speckles is counted from the binary
masks (large areas are segmented into smaller ones using an opening operation). Analyzed
images for ECF bathed in water and air are depicted in Figure 40, whereas the results are

summarized in Table 1.

Figure 40 — Speckle field image processing: (a): output specklegram, (b): filtered image, and (¢): level mask for
the ECF bathed in water. (d), (¢) and (f) show the equivalent analysis for the ECF bathed in air.

Table 1 — Results of the speckle count for output specklegrams captured with the ECF bathed in water and in air.

Sample Number of speckles
Water 1 135
Water 2 141

Air 1 146

Air 2 147

As shown in Table 1, the number of excited modes for both cases were around 150,
orders of magnitude lower than the theoretical maximum supported by the fiber, which can be
estimated with Equation (2.8) as ~5000 for water and ~12000 for air at 633 nm. Thus, a
plausible hypothesis is that the response is then caused by changes in the relative phase between
modes and modal energy redistribution induced by the temperature variations.

Finally, a dynamic non-monotonic temperature test was conducted. As the response

observed before for water and air are equivalent, air was used to avoid unwanted fiber
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movement from convection currents in water. For a more accurate dynamic temperature
measurement, the thermocouple was replaced with a fiber Bragg grating (FBG) sensor
interrogated by a 1 pm (~0.077 °C) resolution system (HBM FS42-01-010-420). Figure 41
shows the evolution of Z over time and the corresponding air temperature curve. As can be
observed, ZNCC closely follows the temperature curve for temperature variations of around
+1.0 °C over the 23.2 °C baseline (cross-correlation = 0.999). As ZNCC cannot be higher than
1 (it is a correlation metric), the reference was set as the lowest recorded temperature (~22.2 °C

@ 450 seconds), to avoid mirroring of the Z curve.
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Figure 41 - Response of the ECF probe (blue) to dynamic temperature variations (red). Temperature varies
+ 1.0 °C over the baseline value (108).

A highly multimode exposed core fiber and its use as a versatile specklegram sensor for
practical sensing of fluids was demonstrated. The probe exhibited competitive sensitivity and
resolution metrics when compared to traditional sensors or specialty PCF/ECF sensors already
reported in the literature (141,151,157,158), while at the same time utilizing a simpler and low-

cost interrogation setup.

4.4 Tb** doped fiber specklegram sensor for magnetic field sensing

Magnetic sensors are necessary for several technological and medical applications,

including storage hard disks, distance meters for aircrafts and automobiles navigation, and brain
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function mapping. Particularly, the development of devices for measuring magnetic fields finds
applications in biomedics, security, non-destructive testing, among other industrial uses.
Nowadays, several OFS setups for magnetic measurements (including field, force, and electric
current) have been proposed, such as Faraday effect sensors (159), fiber strain gauges based on
magnetostrictive materials (160), structured fibers immersed in ferrofluids for surrounding
refractive index modulation (161), and photonic crystal fibers filled with ferromagnetic colloids
(162). Despite their notable sensing capabilities, these approaches still present drawbacks in
terms of expensive interrogation setups, and complex fiber processing steps in case of structured
fibers.

In this context, as discussed throughout this thesis, fiber specklegram sensors (FSS) are
promising alternatives. A few schemes for magnetic measurements with FSSs have been
demonstrated in the specialized literature, for instance, a cantilever device based on a nickel-
jacketed fiber is used for assessing the magnetic field produced by a solenoid (163). The fiber
is bent with the increase of the coil driving current and the sensor response is interrogated by
superimposing the speckle patterns. Despite the simplicity, the fabrication of metallic jackets
or coatings involves laborious procedures, and the sensor detection capabilities are limited by
the resolution of the Young’s fringes (164). Another case is comprised of Faraday rotation
sensors in which the speckle field is spatially rotated as a function of the applied magnetic field
as demonstrated for a few-modes fiber (165). However, the specklegram changes are subtle and
difficult to measure in case of an ordinary silica fiber, so complicated waveguides
modifications, such as a graphene coating (166), would be required to improve the sensing
capabilities. Similarly, a speckle-based sensor utilizing a fused quartz rod instead of a glass
fiber was demonstrated for magnetic field measurements (167). The speckle pattern is generated
by directing laser light through a ground glass diffuser, the quartz rod is placed before the
diffuser and inside a solenoid. By subjecting the quartz rod to a magnetic field, the polarization
of the laser light rotates due to the Faraday effect, resulting in a small change to the speckle
pattern that can be quantified with digital image correlation techniques. However, the sensitivity
of the reported setup is still low, with a correlation change of less than 0.05 for a change of the
applied magnetic field intensity of up to 200 G (20 mT).

One possible approach to solve for both sensitivity and complexity is using optical fibers
with simple structures and high Verdet constants, to maximize the Faraday rotation effects on
the speckle pattern. To this end, no-core fibers fabricated from magneto-optical (MO) glass

doped with Terbium oxide (TbsO7) can be employed (168,169). In recent years, magneto-
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optical glasses with high Verdet constant values have been on the forefront of optics, photonics
and spintronics research (170,171), with works reported for glasses containing Tb**, Dy**, Pr**
and Gd™ ions (172-174), for applications such as electrical current optical fiber sensors (175)
and optical isolators (176).

This section demonstrates a novel high-sensitivity FSS for assessing the magnetic field
intensity using no-core optical fibers fabricated from terbium-doped magneto-optical glass with
very high Verdet constants, making it possible to greatly increase the specklegram response to
the applied magnetic field. To the best of knowledge, at the time of writing this thesis, this is

the first practical demonstration of a magnetic field FSS based on magneto-optical glass.

4.4.1 Materials and methods

Fabrication of the MO fibers was a conducted in part in UNESP Araraquara — Brazil
and in part in COPL, Laval University, Canada. The first step involved the selection of three
glass compositions based on the glass system (100-x)(41Ge0>—25B203—4A1,03—10NaO—
20Ba0O)—xTbsO7 (BGB-xTb), where x represents the concentration of Tb4O7 (in mol %). The
glass preforms containing 6, 8 and 10 mol % were prepared and labeled as BGB-6Tb, BGB-
8Tb and BGB-10Tb, respectively, Figure 42(a-c).

The punctual choice of these glass compositions to prepare the glassy preforms and,
subsequently, to draw the MO fibers fabrication were based on the highest thermal stability
parameters (47 = Tx - T,, where T is the crystallization temperature and 7, the glass transition
temperature) of them, equal 257 °C (6Tb), 305 °C (8Tb) and 241 °C (10Tb) (169). Three glass
preforms were prepared by the melt-quenching method from the 30 g batch of glasses. The
glass compositions were melted in an induction furnace using a platinum crucible at 1450 °C
for 1 h, under a flow rate of 30 mL/min of N2. The glass rods were obtained using a cylindrical
stainless-steel mold 100 mm long and of 10 mm diameter. Initially, before the melt-quenching
process, the mold was pre-heated for 2 h at 50 °C below 7, for three different glass
compositions: BGB-6Tb (at 535 °C), BGB-8Tb (555 °C) and BGB-10Tb (592 °C).

After the melting processes, the glass rods (preforms) were annealed for 6 h at 50 °C
below T, and cooled at a rate of 0.5 °C/min for a time of 17.5 h to reach room temperature.
Subsequently the cooling process, the preforms were polished gradually using SiC papers with
different granulometries (600 to 1200 grit). In the last step, the BGB-xTb preforms were

mounted into the drawing tower, and the drawing procedures were started around 700-750 °C
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depending on glass composition (7 + 115 °C). To improve the mechanical properties of
materials, the MO fibers were coated with a low-index UV-cured poly(methyl methacrylate)
(PMMA) polymer. The diameters of BGB-6Tb, BGB-8Tb and BGB-10Tb fibers are 125, 237
and 206 pm, respectively.

(@) (b) (

Figure 42 — The glass preforms BGB-xTb: BGB-6Tb (a), BGB-8Tb (b) and BGB-10Tb (c). (110).

The working principle of the probe is as follows. When linearly polarized light is
transmitted through a dielectric material subjected to a magnetic field, a rotation of the
polarization plane is observed through the Faraday effect. The magnitude of the rotation is
dependent on the properties of the dielectric material and its thickness, and the intensity of the
magnetic field as given by 8 =V-H- L-cos(a), where 8 is the angle of rotation,  the material s
Verdet constant, H the intensity of the magnetic field, L is the length of dielectric subjected to
said field, and «a is the angle between the directions of the magnetic field and light propagation
(165). In this work, the axis of the optical fiber is aligned with the direction of the magnetic
field so that cos(a) =~ 1. In the case of dielectric waveguides where few modes can be coupled
and propagate simultaneously, this results in a rotation of the intensity distribution profile of
each mode, consequently rotating the speckle pattern (177). However, since each guided mode
has a different propagation constant (f) and not all modes conserve the polarization of the input
light, in the presence of an external magnetic field H the polarization corrections to the
propagation constants are not uniform and the magnitude of the rotation 8 is different for each
mode, with higher order modes experiencing increasingly smaller Faraday rotations (165).

It follows that for highly multimode waveguides the combined effects of the non-
uniform Faraday rotations between lower and higher order modes produce morphological
changes to the speckle pattern that does not manifest as a simple rotation of the starting pattern
in the absence of the magnetic field (165). Furthermore, it has been demonstrated that for optical
fibers fabricated from magneto-optical materials, the mode coupling coefficients are sensitive

to the magnitude and direction of applied magnetic fields which will also impact the speckle
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morphology through polarization mode conversion and changing the energy distribution
between modes (171). To summarize, for a regular dielectric material or waveguide the spatial
distribution of the specklegram intensity profile, /(x,)), is sensitive to an external magnetic field
H through the Faraday effect (167), though this effect is very small due to the typically low
values of the Verdet constant. This response to an external magnetic field can then be sharply
increased by using magneto-optical waveguides, such as the optical fibers detailed in this work,
by the virtue of having intrinsically higher Verdet constants and, potentially, through the
influence of the magnetic field on the multimode coupling coefficients, resulting in much more
sensitive magnetic field FSS.

The experimental setup is depicted in Figure 43. The light emitted by a He-Ne laser
source (633 nm) shines through a neutral density filter and is directed by a pair of mirrors to a
linear polarizer and a 20 objective lens that launches the light into the fiber under test (Lfiber =
140 mm). A 100 mm long coil with ~200 turns (house made) connected to a benchtop adjustable
DC power supply (Hikari, HF-3203S), and the magnetic field strength is set by varying the
current supplied to the coil. Finally, the output nearfield specklegram is focused by a second
20x% objective lens to the CCD element of a lensless webcam (Creative Labs Inc., VF0230),
captured in AVI video format (800x600 pixels, 15 fps) and subsequently processed by routines
programmed in MATLAB.

The optical fiber sensor was characterized by evaluating the speckle field changes as a
function of H for different concentrations of Tb4O7 in the glass composition. The obtained
results are also compared to the response of a regular commercial silica multimode fiber (62.5
um/125 pm core/cladding diameters). The magnetic field intensity produced by the coil as a
function of driving electrical current (Figure 43, inset) was obtained using a Model 425
Gaussmeter equipped with an axial Hall-effect probe (Lake Shore Cryotronics), by inserting
the probe in the center of the coil and computing the average value over the coil’s length. The
relation between the magnetic field intensity H and the current fed to the coil is linear (R* =
0.999), with an angular coefficient of 2.5x10° mT/mA. All experiments were conducted at
fixed room temperature on a mechanically isolated optical table and avoiding the influence of
external illumination.

ZNCC was to quantify the specklegram changes, and the calculations were made for a
ROI of 201x201 pixels positioned roughly at the center of the fiber (Figure 44). When

discussing the results in the next section the datapoints represent the average value of Z (uz) for
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each video. The metric 4Z, defined as 4AZ =1 — uz, which gives a quick reference on how much

Z has changed from the reference condition, is also used when convenient.
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Figure 43 — Schematic drawing of the experimental setup. NDF: Neutral density filter; M1, M2: mirrors; FUT:
Fiber under test; L1, L2: objective lenses. Graphic inset is the magnetic field intensity H produced by the coil as
a function of the fed electrical current, solid line is a linear fit of the data (R =0.999). (110).

H=0mT

Figure 44 — Data analysis process showing the speckle pattern and 201x201 pixels ROI for unperturbed (H =0
mT) state of the BGB-6Tb fiber.

As discussed previously, the ZNCC is more robust than other image comparison
techniques as it compensates the brightness fluctuations, this characteristic along with the

polarizer positioned between the laser and the fiber probe ensures a very stable experimental
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environment, where Z calculations are insensitive to both intensity and polarization fluctuations
(as they will also manifest as small intensity fluctuations due to the presence of the input

polarizer) of the laser source.

4.4.2 Results and discussion

For each tested fiber one reference specklegram video for H = 0 mT (current = 0 mA)
and 25 more videos with electric current steps of 100 mA up to 2500 mA (H = 6.16 mT) were
collected. The magnetic field is kept constant for the full duration of each video, which was of
~10 seconds (150 frames). Z was calculated for all frames, with lo(x,y) set as the intensity
distribution in the ROI for the first frame of the reference video. As shown in Figure 45a (for
the BGB-8Tb fiber) Z decreases as H increases, once the speckle pattern deviates from the

unperturbed condition in response to the presence of the magnetic field.
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Figure 45 — Z curves as H increases for specklegram videos collected with the BGB-8Tb fiber (a). Single video Z
curve (silica MMF) highlighting the average value of Z (u,) and the standard deviation o (b). (110).

Looking at the Z curve for a single video, Figure 45b, it is observable that the data

closely follows a horizontal line. A practical limit for the resolution of Z can be determined by
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first computing the standard deviation (o) of each curve, then calculating the average standard
deviation and finally correcting it to the sample size by dividing it by v/n, where n = 26 is the
number of videos per dataset. This quantity, here referred as &, was calculated separately for
each probe and used to determine the resolution of the probes for measuring H.

To evaluate if heating of the coil when subjected to a relatively high current (> 2000
mA) could induce a temperature crosstalk signal on Zby heating the FSS, the specklegram of a
regular MMF was recorded for the coil powered with a 2500 mA current. A AZ of 3.13x1073
was observed after ~4 min (3500 frames). As can be seen in Figure 45b this is of the same order
of magnitude as ¢ for a Z curve, and since the time to collect a full dataset for a FSS is not too
dissimilar (~8 min), during most of which the current will be much lower than 2500 mA, any

temperature effects related to a possible electrical heating were deemed negligible.

A. Specklegram polarization and influence on sensitivity

The polarization state of the output specklegram was also investigated by slightly
modifying the experimental setup depicted in Figure 43. The webcam and computer were
substituted by a photodetector (Thorlabs PDAS5) connected to an oscilloscope (Tektronix DPO
4104), and a second linear polarizer (analyzer) was introduced between the lens L2 and the
photodetector. By allowing the polarizer or the analyzer to freely rotate, it is possible to get a
general evaluation of the output specklegram polarization from the intensity measured by the
photodetector. For this end an automatic rotating mount (Newport NSR1) was employed.
Results of this experiment for the BGB-6Tb fiber are depicted in Figure 46.

It is evident that the laser source is highly linearly polarized, as the intensity reaching
the photodetector can be almost completely extinguished by rotating the input polarizer (blue
curve), blocking off the laser light from reaching the fiber. On the other hand, as the analyzer
rotates, the contrast of the orange curve is much lower, with the minimum intensity still
reaching about half maximum, suggesting a moderately elliptical polarization state for the
output speckle pattern. This is expected, as the no-core magneto-optical fibers are highly
multimode and were not fabricated with polarization maintaining features.

As previously discussed, different modes will experience dissimilar Faraday rotations
in response to a magnetic field, and modal energy distribution will also be affected as the mode-

coupling coefficients are also sensitive to the magnitude and orientation of H. Contrasting this
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information with the findings showcased in Figure 46, the inclusion of an analyzer will
eliminate the contribution of many modes in the spatiotemporal characteristics of /(x,y), which

can impact the sensitivity of the probe.
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Figure 46 — Normalized fiber output intensity for =0 mT for the BGB-6Tb fiber as the analyzer (orange
curve) or polarizer (blue curve) are allowed to rotate.

This possibility was investigated by collecting two full datasets of 26 videos using the
BGB-6Tb fiber, one with only the input polarizer included in the experimental setup and the
second with both polarizer and analyzer, with the analyzer angle set for peak output intensity.

The results of this experiment are summarized in Figure 47.
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Figure 47 — Sensitivity to H for a BGB-6Tb fiber when using a polarizer + analyzer (black), or polarizer only
(red). Solid lines are linear fits of the data (Black curve: R? = 0.984; Red curve: R? =0.995). (110).
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An impact on the sensitivity between configurations is clearly visible. For an input
polarizer only (red) a sensitivity duz/dH of -6.18x102 mT"! was observed (R = 0.995), while
the inclusion of an analyzer (black) decreases the sensitivity to -2.99x102 mT™! (R2=0.984), a
~52% reduction. This is most likely due to a sharp reduction on the number of modes
contributing to /(x,y). All experiments going forward were conducted with input polarizer only

to maximize sensitivity.

B. Magnetic hysteresis

Magnetic materials can present magnetization hysteresis loops when submitted to cyclic
fields if saturation occurs (178). Due to this phenomenon, it is of interest to study this behavior
in magnetic field probes to minimize errors (179,180).

To study this behavior in the magnetoptic glass fiber probes, two sets of experiments
were conducted. First a regular commercial MMF was tested as a reference, a series of
specklegram videos were collected in which the electrical current fed to the coil steadily
increases (and, by consequence, H) from 0 to 2400 mA in steps of 200 mA, afterwards the
current was decreased in steps of -200 mA from 2400 mA back to zero. The “temporal”
evolution of uz, 1. e., uz per video is depicted in Figure 48a, as it can be observed the uz curves
for increasing and decreasing H are approximately mirrored in relation to each other, and when
plotted against H instead, the curves approximately coincide (Figure 48a). This shows that the
response of the MMF does not exhibit magnetic hysteresis, which is to be expected since it does
not contain added magnetic ions in the glass composition.

On the other hand, when the same experiment was conducted for the BGB-6Tb fiber —
this time with steps of 100 mA, from 0 mA to 2500 mA and back to 0 mA for better detail — it
resulted in loading (increasing H) and unloading (decreasing H) curves that diverge from each
other, Figure 48c, indicating that the presence of the magnetic ions in the glass composition
leads to some sort of hysteresis in the response. However, it was also observed that this issue
can be avoided by re-referencing the ZNCC calculations, i.e., if Iop(x,y) is chosen as the 0 mA
specklegram video at the start of the test for the determination of xz for the Increasing H curve,
and the specklegram video for 2500 mA is used as /y(x,y) for calculating 7 of the Decreasing
H curve, then uz match again (Figure 48d). A more in-depth investigation of the mechanisms

that lead to this behavior will be conducted in later studies.
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Figure 48 — Magnetic hysteresis test results. (a): Temporal evolution of 7 for a commercial MMF showing a
mirrored response for increasing and decreasing H. (b): uz as a function of H for the MMF subjected to the
cyclic H. (c): Results for the BGB-6Tb fiber showing divergence between the increasing and decreasing H
curves. (d): Diverge between datasets for the BGB-6Tb eliminated by redefining /y(x,y) for x4z calculations.

C. Characterization of the fiber probes

The response of all Tb*" doped fibers to H was then evaluated, alongside with a regular

commercial MMF for comparison purposes using the procedures detailed earlier (one reference

specklegram video for H =0 mT, plus 25 with electric current steps of 100 mA up to 2500 mA,

H=6.16 mT). Results in terms of 4Z as a function of H (in mT) are compiled in Figure 49.

Compared to the doped fibers, the response of the conventional MMF presents itself

almost as a horizontal line, clearly demonstrating a great sensitivity increase for MO glasses

with Tb>" ions. All response curves exhibited good linearity (solid lines), with R? of 0.943,
0.995, 0.995 and 0.997 for the MMF, BGB-6Tb, BGB-8Tb and BGB-10Tb fibers respectively.
The respective sensitivities (S = d4Z/dH) are 1.49x10° mT!, 6.18x102 mT!, 7.01x102 mT"!
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and 8.78x102 mT™!, a ~59x increase from the MMF to the BGB-10Tb fiber. The respective
deviations & are of 8.39x107, 5.75x10, 6.38x10* and 1.17x107,
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Figure 49 — Response of each fiber to H. Solid lines are linear fits of the data. Dark blue triangles: MMF (R? =
0.943); red diamonds: BGB-6Tb fiber (R? = 0.995); green crosses: BGB-8Tb fiber (R? = 0.995); light blue
asterisks: BGB-10Tb fiber (R?=0.997).

Considering a AZ resolution of 2 for a ~95% confidence level, the resolution of the
probes can be estimated as AH = 25/S = 0.11 mT, 1.86x102 mT, 1.82x102 mT and 2.65x107
mT for the MMF, BGB-6Tb, BGB-8Tb and BGB-10Tb fibers respectively. For quick reference
and ease of comparison all these metrics are compiled in Table 2. The increase in sensitivity as
a function of the Verdet constant (V) of the fibers is also shown as a scatter plot in Figure 50,

highlighting a good linearity between the quantities (R*>= 0.989) with dS/dV of 1.31x10° m/rad.

Table 2 — Summary of sensor metrics including the Verdet constant V, deviation &, sensitivity .S and resolution
AH for each tested fiber (110).

Fiber V [rad/Tm] @ 650 nm o S [mT'] | AH [mT]
MMF 3.7 8.39x107° | 1.49x107 0.11
BGB-6Tb 53.1 5.75x10* | 6.18x102 | 1.86x10?
BGB-8Tb 58.8 6.38x10* | 7.01x102 | 1.82x10?
BGB-10Tb 68.3 1.17x107 | 8.78x1072 | 2.65x107?




84

0.100
BGB-10Tb ~g
0.080 r BGB-8Tb
BGB-6Tb
= 0.060
'_
£
“ 0.040
0.020
0‘000 I N T TN TN T AN TN TN TN T [N TN N TN T N TN S NN |
00 100 200 300 400 50.0 60.0 70.0
V [rad/Tm]

Figure 50 — Sensitivity S as a function of the Verdet constant } of each fiber, showcasing the sharp increase in
sensitivity for high V fibers. Solid line is a linear fit of the data (R? = 0.989). (110).

In comparison to the other FSS, in (163) the authors reported a ~0.8 mm/mA sensitivity
regarding the Young’s fringes measurement using a solenoid, whereas in (165) it was achieved
a ~0.04°/mT detection capability with the assessment of the specklegram rotation through
polarization-based techniques. Even though the latter present linear response for a broader
dynamic range (100 mT), the practical resolution is probably limited to 0.1/0.04 =2.5 mT and
the implemented interrogation scheme is more complicated than the proposed one. Concerning
the other types of OFS, the Faraday-effect sensor reported in (159) provided ~28.1°/T
sensitivity for up to 3.2 T, whereas the magnetostrictive approach shown in (160) yielded 5.61
nT/\Hz resolution within the 1.22 to 2.53 mT range. Ultimately, the photonic crystal fiber filled

with ferrofluid developed in (162) resulted in a maximum resolution of ~9 uT for < 60 mT.
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5 SENSORS BASED ON (BIO)POLYMER FIBERS

In the same vein as the previous chapter, this chapter discusses fiber sensors fabricated
using polymeric materials, be it agarose biopolymer (Sections 5.1 and 5.3) or plastics (Section
5.2). Publications based on these works have also been made, namely reference (181) pertaining
to Section 5.1, (182) for Section 5.2 and (183) for Section 5.3. Figures in this chapter are for
the most part reused or adapted from the listed publications. Additional information and figures

not included in the published manuscripts is also presented when possible.

5.1 Agarose-based structured optical fiber

Biocompatible and biodegradable optical fibers are emerging, breakthrough
technologies for enabling the assessment and manipulation of biological systems by their
interaction with light. Such devices are eligible as implantable probes for in vivo measurements
(184,185) and endoscopes for medical imaging (186), being completely absorbed by the
organism after their use. Another promising application is the monitoring of biochemical
variables, wherein the waveguide can be used both as the sensing probe and encapsulation
medium for microorganisms (187). Moreover, localized and controlled light incidence is
suitable for optical actuation purposes such as neuronal stimulation through optogenetics (188).

In this context, waveguides made of hydrogels present remarkable characteristics in
terms of tailoring optical and mechanical properties of the material by controlling the
polymer/water content, yielding transparency, flexibility, and stability (189,190). Fabrication
is usually simpler than other fiber types (191,192), and hydrogels are also suitable for
functionalization by embedding biomolecules in the material pores as well as for cell
encapsulation (189). For instance, slab waveguides made of poly(ethylene glycol) (PEG)
coupled to standard optical fibers were developed for detecting heavy metal ions in vivo, either
by encapsulating cells or embedding fluorescent nanoparticles (188,193). Hydrogel-based
fibers were also conceived with PEG core and alginate cladding structure to assess blood

oxygen saturation (184) and glucose concentration (194). Another approach is comprised of an
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alginate-acrylamide multimode fiber by adjusting the numerical aperture according to the
acrylamide concentration, presenting sensitivity to refractive index and strain (195).

Besides the aforementioned hydrogels, agarose exhibits excellent biocompatibility and
provides excellent physical and biochemical conditions for cell encapsulation and nutrients
permeation (184,196). Agarose presents low-cost, food-grade characteristics, thermo-reversible
gelation, and high transparency in the visible range, whereas the refractive index can be
increased by adding sugar to the hydrogel solution (196,197). In previous reports, a gelatin core,
agarose cladding planar waveguide was fabricated by spin coating to obtain devices with core
thickness ranging from 2 um to 2 mm, providing practical transmittance in the visible spectrum
over 50 mm length (198). Another approach comprised of a 130x130 pm? rib waveguide made
of agarose through soft lithography method, with the ability to encapsulate living cells (187).
However, as the time of this study there was no mention of agar-based optical fibers in the
literature to the best of knowledge.

This study then reports a novel structured optical fiber made of food-grade agarose. This
was the first realization of an agar-based fiber in contrast to the previous planar and rib
waveguides, comprising a straightforward fabrication method to produce devices eligible for in
vivo imaging and light delivery, as agar is biocompatible and edible. Moreover, this was the

first structured hydrogel fiber reported in the literature.

5.1.1 Materials and methods

The fabrication method (Figure 51) of the structured agarose fiber consisted of pouring
food-grade agarose solution into a glass mold (inner diameter of 3 mm) with six internal rods
(diameter of 0.5 mm). The rods were arranged in symmetrical fashion and fixed to the external
tube using polymer holders, whereas central rods connected to the extremities supported the
structure and created the fiber core. Food-grade agar powder was added to distilled water and
heated in a hot plate (IKA R Basic KT/C). The solution was continuously agitated at ~100 °C
for 2 min. Then, the temperature lowered to ~80 °C and the sample kept at rest for 2 min to
remove air bubbles. After pouring the liquid agar solution inside the mold, the tube was sealed
with Teflon tape and cooled in a refrigerator until the sample becomes solid. Finally, the rods
were carefully removed to form the air holes, the fiber was pushed from the mold, and the end

faces cleaved using a razor blade.
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Figure 51 — (a) Fabrication of structured agarose fiber: boiled agar solution is poured into the mold, and the fiber
is released after solidification in a refrigerator. (b) Detail of the fiber inside the mold with cross-section views of
the mold edges and center, as well as the fiber end face: the glass tube supports the fiber structure whereas air
holes are formed by the rods (181).

A multimode optical fiber made of 2% w/v agarose is shown in Figure 52a/b. To
demonstrate the guiding capabilities, light from a HeNe laser illuminates the fiber core,
producing the far-field speckle-like pattern observed in Figure 52c. Likewise microstructured
glass fibers, light is confined to the core due to the refractive indexes difference between air
holes and the fiber material. Cladding and holes follow the mold dimensions (~2.5 mm and
~0.5 mm, respectively) whereas the core (~0.64 mm diameter) is supported by ~0.08 mm width

agar bridges, suggesting that the size could be reduced by tailoring mold geometry accordingly.

Figure 52 — Agarose-based structured optical fiber: (b) cross-section view of the end-face and (c) output speckle
field of the core-guided modes. The fiber has 60 mm length, diameters of 0.64 mm, 2.5 mm, and 0.5 mm for
core, cladding, and holes respectively, and bridges of ~0.08 mm width (181).



88

Regarding the experimental setup, for measurements of surround fluids the setup
depicted in Figure 53a was used. The 2% w/v agarose fiber was inserted in a plastic tube with
a small aperture for dripping the sample and to prevent liquid from flowing into the air holes.
Droplets were poured using a micropipette, which is enough for covering the exposed cladding
surface without displacing the fiber. Light from a HeNe laser was coupled to the fiber core
using a 40x objective, and the output beam expanded by a 20x lens into the CCD of a camera.
Several propagating modes are excited because of the core dimensions, and the interference
between these multiple modes produces an output speckle pattern. The acquired speckle
patterns were then processed using ZNCC and EZNCC implementations in MATLAB that
converts the speckle field images to grayscale, reduce them to a square 201x201 pixels region-
of-interest and apply a 2D discrete wavelet transform (Daubechies db4) filter before performing
the correlation calculations. As for the assessment of liquids or gases inserted into the airholes
of the structured agarose fiber, a 2% w/v agarose fiber core was filled with the analyzed sample
by immersing the fiber tip into the liquid and using a syringe attached to the other end face for
drawing fluids inside the air cavities. This procedure is repeated until all holes are completely
filled with liquid and no air bubbles can be observed. Subsequently, the fiber was cleaved, and
the core is excited with a HeNe laser, while the output beam expanded by a 10x objective was
projected on a screen and captured by a CCD camera, as shown in Figure 53b. Finally, the
normalized speckle field intensities in the core, cladding, and holes were evaluated by the same

image processing routines as before.
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Figure 53 — Experimental setups for fiber sensing: (a) measurement of surrounding fluid droplet by speckle field
analysis; (b) assessment of fluids inserted into all the fiber holes based on the average intensity of projected
speckle pattern (181).
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5.1.2 Results and discussion

The optical characteristics of the structured fiber depend on the composition of agar
solution. For instance, Figure 54a and b show the effect of concentration on the refractive index
(RI) of bulk agarose samples. The experiments were conducted for pure agar (0 to 4% w/v) as
well as for sucrose addition to 2% w/v agarose solutions. The refractive index was measured in
a MISCO PA202 Palm Abbe refractometer with 1x10~* RIU resolution at 589.29 nm. Samples
were prepared by diluting agar powder in 50 mL of distilled water, with a further addition of
food-grade sucrose into the boiled agarose solutions. The solidified materials were then cut into
~1 mm side cubes and carefully placed over the refractometer detector to avoid air interfaces.
RI increases linearly with concentration, yielding ~1.4x10~> and ~3.1x10~> RIU/g (RI unit per
gram) enhancement for agarose and sucrose respectively, making it feasible to adjust the fiber
light guiding characteristics.

The transmission spectra of bulk samples were measured with a Hitachi U-3000
spectrophotometer (£ 0.3 nm accuracy within the 190 to 900 nm range) using 10 mm path
length quartz cuvettes. Agar solutions with different concentrations were solidified inside the
cuvettes and analyzed using DI water as a reference. For agarose fibers, an NKT Photonics
SuperK Compact supercontinuum source was used to illuminate a 30 mm long fiber, the light
was collected by a multimode fiber and then measured with a Yokogawa AQ-6315 optical
spectrum analyzer (~0.05 nm resolution from 350 to 1750 nm). As noticed in Figure 54c, the
transmitted power in the visible range decreases with agar concentration. In addition, besides
the possible waveguide losses, water absorption bands were also observed in the structured fiber
spectrum at 950 nm and >1200 nm (199).

Finally, Figure 54d shows the optical loss for 2% w/v agarose fibers evaluated by the
cut-back method using the HeNe laser and a u-Eye IDS UI-2230SE-C HQ CCD camera
(1024x768 pixels). The input and output powers were calculated as the average pixel values in
grayscale. The experiments were performed for 30 mm length, 2% w/v agar fibers placed on a
microscope slide and cleaved in steps of ~5 mm. The loss in dB/cm was evaluated by fitting the
experimental data with a linear function, yielding 3.23 dB/cm (attenuation coefficient of 0.74
cm™). This result is significantly lower than the 13 dB/cm reported for agarose rib waveguides
(187) but higher than the obtained for alginate-based fibers (0.45 dB/cm) (193). Nevertheless,

the lowest optical losses are expected at ~800 nm and ~1100 nm due to the improved
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transmittance at this wavelength, as shown in Figure 54c. It must be stressed that the 3.23 dB/cm
loss 1is still high in comparison to glass and polymer fibers, and fabrication is also restricted by
the mold dimensions, so it is not possible to produce kilometers of fibers like in preform
drawing towers. Nevertheless, short fiber segments can be coupled to silica launching and

collecting fibers to be used in laboratory setups for biochemical sensing and light delivery.
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Figure 54 — Optical characterization: (a) refractive index of bulk agarose samples; (b) refractive index as a
function of sucrose addition in a 2% w/v agarose samples; (¢) output power spectra for agarose bulk and fibre
samples, the inset shows the output spectrum of a 2% w/v agarose fibre; and (d) fibre optical loss at 633 nm
obtained by the cut-back method (181).

For the sake of comparison, Table 1 summarizes the characteristics of hydrogel fibers
and planar waveguides reported in previous works. The optical loss for the structured fiber is
compatible with other agarose and alginate-based devices, but fiber dimensions must be
reduced to improve light guiding and coupling conditions. On the other hand, larger cores are
suitable for speckle field interrogation, as the increased number of guided modes produces a

more granular and thus sensitive output speckle pattern.
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Table 3 — Characteristics of hydrogel-based optical fibers and waveguides reported in the literature (181).

Ref Material Type Dimensions Optical Loss
This Acarose Structured 0.64 mm core, 2.5 mm 3.23 dB/cm
& fiber cladding (diameter) (633 nm)
Rib 130x130 um? (cross-section 13 dB/cm
187 A
(187) BArose waveguide area) (633 nm)
Gelatin core Planar 2 pum—2 mm core
198 . . . N/A
(198) agarose cladding | waveguide (thickness)
Polyethyl
ove . yiene Planar 1x4 mm? (cross-section 0.17-0.68 dB/cm
(188) | glycol diacrylate waveguide (450-550 nm)
(PEGDA) g area)
Planar 1.1x5 mm? (cross-section 1.7-2.8 dB/cm
193 PEGDA .
(193) waveguide area) (450-750 nm)
PEGDA core, . 0.2-1 mm core, 0.4—1.2 mm 0.3 dB/cm
(184) ; . Fiber . .
alginate cladding cladding (diameter) (492 nm)
PEGDA core, ) 0.2-2 mm core, 0.3-2.2 mm 2.6-8.3 dB/cm
(200) . . Fiber . .
alginate cladding cladding (diameter) (532 nm)
(194) PEGDA core, Fiber 0.2-2 mm core, 0.3-2.2 mm 1-6 dB/cm
alginate cladding cladding (532 nm)

The ability of agarose to undergo structural changes under temperature, humidity, and
pH variations makes the structured fiber suitable for optical sensing purposes. For example,
Figure 55a presents the fiber response to surrounding fluids. A fluid sample (water or acetone)
is dripped on the 2% w/v agar fiber excited with HeNe laser, whereas the output speckle field
was monitored during 1 min by the camera. Subtle variations in acquired images are quantified
with EZNCC. The correlation coefficient decreases continuously in case of the waveguide
subjected to the air, which is associated to a gradual volume reduction by syneresis (201), i.e.,
slight fiber geometry deviations affect the core modes distribution, leading to spatiotemporal
changes in the speckle pattern. On the other hand, adding a water droplet yields an abrupt
variation followed by a slow decrease of the EZNCC signal, whereas acetone produced a faster
decay tendency. Disregarding the initial variation, caused mostly by mechanical disturbance,
the subsequent speckle field drift can be explained by agarose swelling due to water absorption,
or shrinkage related to dehydration with acetone. These results corroborate the behavior of bulk
agar samples, wherein absolute volume changes obtained by immersion in water are less
noticeable than those observed for acetone (201). Therefore, one may apply the agarose fiber

as a consumable chemical sensor: regarding an in vivo application, for example, the optical
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signal decay rate due to the fiber degradation could be related to biochemical parameters in-
loco for investigating diseases.

An alternative to the previous sensing method is measuring the effect of fluids inserted
into the air holes. A 2% w/v agarose fiber (n = 1.336) is filled with air (n = 1.000), water (n =
1.333), and ethanol (n = 1.361). Average intensities in the core, cladding, and holes are shown
in Figure 55b. The refractive index difference between 2% w/v agar (n = 1.336) and air (n =
1.000) causes the light to be highly confined to the core, as expected. Conversely, the RI of
water (n = 1.333) is quite similar to the agar one, therefore power is leaked through the
suspending agarose bridges and is partially coupled to the holes and cladding, increasing their
respective relative intensity values (202). Finally, regarding ethanol, leaked light is fairly
coupled into the holes because the RI in this region (n = 1.361) becomes greater than the
surrounding agar substrate. Therefore, it is demonstrated that fluid samples can be identified by
comparing the relative intensities observed for each region of the projected fiber speckle field.
It is worth noticing that sensitivity and measurement range can be enhanced by adjusting the
composition of agarose solution (i.e., the RI value), so the optical fiber would be capable to
assess a variety of substances. Furthermore, functionalization of agarose is also possible,
expanding the range of detectable chemical and biological agents (203,204). Alternatively, one
may investigate the transmitted spectrum of core-propagating modes since part of the light wave

travels as evanescent fields that interact with the filled holes.
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Figure 55 — Sensing with the agarose structured fiber: (a) effect of surrounding fluid on the EZNCC. The sample
dripping event is indicated by the vertical line. (b) Relative intensity values of the light transmitted by fiber core,
cladding, and holes. Solid lines are guides to the eye, whereas the vertical line indicates the RI of 2% w/v
agarose (181).
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One promising application yet to be explored is using the agarose fiber simultaneously
as an optical sensor and growth medium for microorganisms. Both excitation and fluorescent
lights can be guided through the structured fiber core, making it simple to evaluate the spectral
response under different environmental conditions. The waveguide may be designed as a
disposable sample unit containing the necessary nutrients and immobilized cells, which could
be promptly coupled to the optical instrumentation (spectrometer or microscope) for practical
analyses. Besides the prospective uses for in vivo imaging and light delivery, the agarose fiber
may also be suited for chemical measurements based on the sensitivity provided by the
waveguide material and the holey structure, with potential applications for in vivo monitoring
as the agar is biocompatible and edible. Moreover, the fiber can also be used as a substrate for
cell immobilization and as a growth medium, so the biochemical properties can be assessed
through the interaction between the sample and the transmitted light. Future works will be
focused on optimizing the structured fiber design to minimize the transmission losses,
characterizing additional fiber properties such as nonlinear refractive index and group velocity

dispersion, and investigating its biochemical sensing capabilities in practical scenarios.

5.2 Reusable polymer fiber strain sensor with memory capability based on ABS crazing

Plastic optical fibers (POF) can present intrinsic “memory effects” when subjected to
large strains (205,206) or high temperatures (205,207), in which the effects of the load are still
observable when interrogating the fiber after the load is removed. Nonetheless, little attention
was given to the reversibility of the memory effect (205). It has been observed to vanish over
time under continued application of the load (206), or to be non-reversible and attributed to
thermal degradation (207). This work was started on the premise to learn how to harness this
memory effect and ways to reverse it to produce reusable sensors.

Polymeric materials under mechanical loads can deform by three mechanisms, shear
yielding, crazing or cracking (208). Glassy polymers and rubber-toughened glassy polymers
are craze-prone polymers, meaning craze initiation is possible when a critical stress/strain is
reached in the material (209,210). When crazing occurs the amorphous polymer chains undergo
localized flowing, forming fine semi-crystalline fibrils bridging nanometric voids (208,211),

this high spatial frequency density modulation results in a strong scattering of incident light due
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to the associated refractive index modulation (208), leading to a characteristic whiteish color.
This effect is known as stress whitening and has been an ample object of study regarding
polymer materials both for aesthetic and mechanical/chemical performance reasons (212-214).
It has also been suggested that stress whitening can be exploited for experimental stress analysis
(215). Methods on reversing stress whitening can also be found in specialized literature,
including pulling stress whitened samples in a hydrostatic pressure environment at room
temperature (216), and heating the polymer above its recrystallization temperature (217).

As acrylonitrile butadiene styrene (ABS) is a rubber-toughened (styrene) glassy
polymer, and, as such, is craze prone (209,210), combined with the fact that it is a thermoplastic,
it can be readily reworked by heating the polymer above its glass transition temperature (218).
This implicates that the crazing can be reversed by heating the affected area as proposed in
(217). ABS being a thermoplastic also enables working it into plastic optical fibers in a draw
tower, and so it was chosen for use in this study. To the best of the author’s knowledge this was

the first time such a sensor was reported in the literature.

5.2.1 Materials and methods

The proposed POF sensor consists of a step-index fiber with a polymethylmethacrylate
(PMMA) cladding and an ABS core. The optical properties of ABS were characterized prior to
the fiber fabrication by utilizing a test piece prepared from a 60 mm long ABS filament piece
heated to 150°C for one hour while being pressed among two microscope slides with a top
weight Figure 56a. A flat 0.5 mm thick sample was produced (Figure 56b, top), allowing the
material to be optically characterized in the visible and infrared. Figure 56c¢ shows the
attenuated total reflection (ATR) FTIR measurement (PerkinElmer, Spectrum 400, resolution
4 cm™!) where the typical ABS absorption lines could be observed at 1602, 1452, 966, 759 and
698 cm™! (219). It should be noted that the proportions of acrylonitrile, butadiene and styrene
can vary from brand to brand, impacting the strength of each absorption line.

To characterize the optical response of the sample subjected to large strains, the planar
sample was manually bent multiple times until severe stress whitening due the crazing
formation was observed (Figure 56b, bottom) (208-211). The transmittance signal from 350 to
2200 nm was measured with an UV-VIS spectrometer (Agilent, Cary 5000). Data from the
same sample in three different situations are presented in Figure 57a: 1) original state (clear), i1)

after bending and, ii1) after bending and subsequent heating at 105 °C for 90 seconds.
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Figure 56 — (a) Schematic of the planar sample fabrication procedure; (b) Pictures of the clear (top) and bent
(bottom) samples; (c) Transmission spectrum where typical absorption lines are observed (182).
From this data the absorbance due to the whitening (A, pitening) and the residual

absorbance (A;esiquqr) Of the sample after being heated were calculated with Eq. (5.1) and Eq.
(5.2) respectively:

T en
Aynitening = —log1o (ﬁ) (5.1)
T en eate
Aresidual = _l0910 (%) (5-2)

where Teeqrs Tpent a0 Thent+heatea are the transmittance signals shown in Figure 57a. As
clearly observed in Figure 56b (bottom), the occurrence of crazing strongly scatters the visible
light, leaving the characteristic whitish appearance (stress whitening). This induces a high loss
in the visible range, with absorbance values ranging from 0.65 to 1.7 (transmittance from 21%

to 2%) in the wavelength interval from 400 to 650 nm. As the loss due to whitening is related
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to scattering, which shows strong wavelength dependence, it should be negligible at longer
wavelengths. The result shown in Figure 57b corroborates that indicating an absorbance as low
as 0.037 at 2000 nm. While the wavelength dependency observed in the transmission and
absorbance curves for the crazed ABS suggest that the wavelength of the light signal
propagating along a fiber with an ABS core can significantly tune the sensitivity to applied
loads, it is important to consider how the presence of a cladding influences the general spectral

response of the fiber, as discussed further in Section 5.1.2.

100 2.0

1 (a) (b) —— Absorbance due whiteling
50| /.ﬁ,ﬁ Residual absorbance
w b 1,5
J v il

60 ~

-
(=]
1

40

Transmission (%)

Absorbance

o
@
1

20 4 clear
bent
bent + heated

0,04

T T T T T T T T T
400 600 800 1000 1200 1400 18600 1800 2000 2200
Wavelength {(nm)

T T T T T T T T T
400 800 800 1000 1200 1400 1800 1800 2000 2200
Wavelength {nm)

Figure 57 — (a) 0.5 mm thick sample transmittance in its original state (clear), after bending and thermal
treatment; (b) Absorbance due the whitening process and the residual absorbance after heating of the sample
close to its glass transition temperature for 90 seconds. The signal discontinuities at 800 nm are due to the
detector and grating change in the spectrometer (182).

After heating the planar sample with a temperature close to the material glass transition
temperature, the sample recovers its transparency. Residual absorbance is lower than 0.013 for
the studied wavelength range. Transmittance of the recovered sample is higher than 96% of the
transmittance of the original sample in the whole studied wavelength range.

As for the fiber probe, it was fabricated by drilling a hole with diameter of 1.8 mm
through a 70 mm diameter PMMA cylinder, introducing a 1.75 mm thick 3D-printer ABS
filament in the drilled hole and pulling the preform on a POF draw tower in a two-step process.
Step 1 reduced the diameter of the preform from 70 mm to 10 mm, whereas step 2 further
reduced the diameter down to the fiber’s final dimensions. Drawing parameters for step 2 were:
furnace temperature of 210 °C, 5 mm/min preform feed speed and around 1 m/min drawing
speed. Figure 58 shows an optical microscope image of the fabricated PMMA/ABS fiber. The
ABS core has a diameter of ~200 pm, and the cladding a diameter of ~650 um.
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It is worth noting that both the PMMA cylinder and 3D-printer ABS filament are
commercial grade materials obtained from local suppliers, different compositions offered by

distinct suppliers may impact the susceptibility of the fiber to undergo stress whitening.

Figure 58 — Optical microscope image of the ABS core, PMMA cladding fiber (182).

5.2.2 Results and discussion

A possible application for these reversible probes is in structural health monitoring.
Thermal recuperation of initial conditions also increases the expected life cycle of the probe,
ensuring it can continue to provide accurate data after more thorough assessment of the
abnormal events has been performed, which would not be possible with conventional silica
fibers (due to fiber breakage) or non-recoverable POFs (loss of sensitivity, measurement range
and/or calibration). These characteristics, combined with the intrinsic lightweight and
electromagnetic interference immunity of POFs, are highly desirable in structural health
monitoring applications, from civil infrastructure to the oil and gas or aerospace industry. In
practical applications structures are subjected to a combination of various loading sources, such
as tensile and flexural loads. To this effect the response of the proposed POF strain sensor was
characterized for three distinct mechanical loading conditions: indentation (transverse

compressive load), flexural load (macrobending), and tensile load.

A. Indentation Test

In the indentation test a 150 mm long fiber piece was subjected to a controlled transverse

compressive load to its middle point. Figure 59 is a sketch of the experimental setup: light from
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a white light source was launched into the test fiber with a 20x objective lens (L1), while the
transmitted light passed through an iris diaphragm to isolate the light traveling through the fiber
core and was focused into a photodiode power sensor (Thorlabs, S120C) using a second 20x
lens (L2). The photodiode was connected to a power meter to collect the transmitted power
data, and the indentator device consists of a small steel piece with a rounded edge secured to a

vertically mounted precision linear guide controlled by a step motor.

Indentator
Power p
Meter Step motor
Driver
) \_
Iris
' L2 L H L1 Fiber ‘OptIC
I_I.:I_I [lluminator
I Fiber
Sensor

Figure 59 — Indentation test experimental setup, L1 and L2 are 20x objective lenses (182).

Firstly, the position of the indentation head was adjusted manually so it gently touched
the surface of the fiber, then the step motor driver was turned on and the current position of the
indentation head was set as the zero point. Afterwards the indentation head progressively
pressed down on the fiber in steps of 0.01 mm until a depth of 0.25 mm was reached, afterwards
steps of 0.02 mm were used instead. Transmitted power data was collected for each step.

Figure 60a shows the transmission loss observed as the indentation head pressed down
on the fiber, no transmission loss is observed for an indentation depth lower than 0.05 mm, this
can be attributed to a small clearance between the indentation head and the fiber after the
manual positioning. The orange line in Figure 60a is a linear fit of the data in the 0.10 mm <
indentation depth < 0.65 mm range. Whitening became visually observable at an indentation
depth of 0.15 mm, at this point the indentation head was returned to the 0.05 mm position to
collect data on the residual power loss caused by the whitening. More data on the residual loss
was collected after reaching indentation depths of 0.25, 0.35, 0.45, 0.55, and 0.65 mm. Figure
60D is a plot of the residual loss due to stress whitening as a function of the indentation depth,
the blue line is a linear fit of the data. As can be observed, total transmission loss under stress

and residual transmission loss both vary linearly with the indentation depth (R* = 0.997 and
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0.967 respectively). As an indentation probe the fiber exhibits a transmission loss of 16.28

dB-mm! during the application of the load, and a residual loss (memory) of 3.95 dB-mm™.
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Figure 60 — (a) Transmission loss as a function of indentation depth, the orange curve is a linear fit of the data
(R2=0.997). (b) Residual loss due to stress whitening when various indentation depths were reached, the blue
curve is a linear fit of the data (R? = 0.967). (182).

Spectral transmittance of the fiber core in the 450 — 750 nm range was assessed during
the indentation tests by replacing the sensor for a fiber optic cable connected to a spectrometer.
The transmission spectrum for a PMMA/ABS fiber in pristine condition was measured to be
used as the reference, then the indentator was used to press on the pristine fiber until significant
whitening was observed. Afterwards, the stress-whitened area was heated using a heat gun set
to 100 °C, returning the material to almost pristine condition. This procedure is illustrated in
Figure 61. The obtained transmission curves were normalized to the reference transmission
spectrum for the fiber in pristine condition. Figure 62 shows then the transmission curves of the
fiber core after whitening was observed (in red) and after heat was applied (green). As before,
a significant attenuation of the transmitted signal in the visible range due to crazing and a good
recovery of the pristine ABS transmission properties after the application of heat can be
observed. The attenuated transmission spectrum profile differs from the ones observed in Figure
57 for this wavelength range, presenting a more uniform transmission loss instead of a slope.
This difference might arise as light guided through the POF and scattered in the core can be
reflected at the core/cladding and cladding/air interface and coupled back into the core. Changes
in the waveguide geometry and non-uniform whitening of the core induced by the transverse
load are also contributing factors for this behavior. Some residual loss remains after the fiber is

heat-treated. This is not due to residual stress whitening, but to changes to the waveguide
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geometry introduced by the indentation process. Nonetheless the heat-treatment partially

restores the geometry of the POF (217), contributing for a longer lifespan of the probe.
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Figure 61 — (a) Indentator device lightly touching the POF probe; (b) Visible stress-whitening occur as the
indentator presses on the fiber; (¢) Stress-whitening remains after removal of the load; (d) Stress-whitening spot
vanishes after heating the fiber with a heat gun.
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Figure 62 — Transmission spectrum of the crazed (red) and heat-recovered (green) fiber relative to the
transmission in pristine condition (182).
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B. Macrobending Test

In this experiment the indentator was removed, the fiber would be taken out of its
support, bent at a desired bending radius with the help of a printed template, straightened, and
put back in place for interrogation. The fiber was bent starting with a radius of curvature (R) of
22.5 mm and decreasing in steps of 2.5 mm until a minimum R of 10 mm. Figure 63 summarizes
the results with plots of the Residual Loss (due to stress whitening, straight fiber) in relation to
R and Curvature (k = 1/R). While the residual transmission loss presents a linear response (R?
=0.993) for in terms of R, the general behavior of the probe under a macrobending load is better
understood by looking at the data plotted as a function of k. As k increases from zero (fiber
perfectly straight) the residual loss rapidly increases as the ABS core develops crazes, and as

the curvature becomes more intense the number of crazes starts to saturate.
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Figure 63 — Residual loss due to whitening as a function of: (a) Macrobending Radius (R) and (b) Curvature (k).
The lines are fits (a: linear, b: quadratic) of the collected data (182).

C. Tensile Test

Finally, the optical response of the fiber under tensile stress was studied. The tensile test
setup is a repurposing of the setup used for the indentation test, the precision linear translation
stage, now placed horizontally on the table, has one extremity of the fiber mounted on it, as
shown in Figure 64. After firmly securing a 150 mm long fiber piece with cyanoacrylate-based
adhesive, the fiber was subjected to a uniaxial tensile load by moving the translation stage to

pull the fiber.
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Figure 64 — Tensile test experimental setup, L1 and L2 are 20x objective lenses.

Sensor

The translation stage was moved in steps of 0.01 to 0.05 mm, and a Al of 0.10 mm was
chosen as a baseline to evaluate the residual loss. Residual loss data was collected after reaching
Al values of 0.30 mm, 0.40 mm, 0.60 mm and 0.70 mm by returning to the baseline Al (0.10
mm) in order to alleviate the tensile load. Figure 65a shows the transmission loss observed as
the fiber was pulled by the translation stage, while Figure 65b is a plot of the residual loss due
to the stress whitening caused by the tensile load. As can be noted in Figure 65a, an increase in
the transmission loss occurs after the stress relief and reload cycles at Al = 0.40, 0.60 and 0.70
mm, suggesting the PMMA/ABS fiber probe is very sensitive to cyclic loading (fatigue stress).
Upon reaching a Al of 0.90 mm the transmitted power started to steadily decay over time while
the load on the fiber remained constant, dropping by a third of its initial value (at Al = 0.90 mm)
in the span of a few minutes. This indicates that at this point the tensile stress in the fiber may
have exceeded the ultimate tensile strength for the PMMA/ABS composition, onsetting the

necking phenomenon (220).

Strain (%) Strain (%)
0.00 0.10 0.20 030 0.40 0.50 0.60 0.20 0.25 0.30 0.35 0.40 0.45
25 L 1 L 1 L 1 L 1 L 1 L | 15 L 1 Il 1 1 1 L 1 L 1 ry
Q ] y o 2.10x ) .-“.p"‘ . |
2 20 (strain %) \ : @
7] 1 . E 1.0 A
8 1.5 1 M a
[ J : (@]
o : -
‘»n 1.0 4 . o
2 | 0ooe®? S o5 - y & 5.05x
: o ]

g 0.5 - : \ y « 1.10x 'g | (sztram %)
: #ﬂ""‘"‘ | Gtrain %) R ° =095
|_ 0.0 T T T T T T T T T T T T T T T 0-0 T T T T T T T

0.0 0.1 0.2 03 04 05 06 0.7 0.8 09 b 0.3 0.4 0.5 0.6 0.7

(a) Al (mm) (b) Al (mm)

Figure 65 — (a) Transmission loss as a function of Al, the dotted line is a guide to the eyes; (b) Residual
transmission loss at various values of Al the blue line is a fit of the data (182).
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During the application of the tensile load the POF probe exhibited a transmission loss
of ~1.10 dB/strain% for a Al < 0.60 mm and ~2.10 dB/strain% for the 0.60 to 0.90 mm range,
respectively. A residual loss (memory) of 5.05 dB/strain% was observed. The memory
sensitivity to tensile strain is comparable to what has been reported in previous works such as
(205) and (206), with the advantage of having a much simpler interrogation setup (intensity
detection in this work x OTDR).

The behavior of the PMMA/ABS fiber under tensile stress can be investigated in further
detail with access to a tensile testing machine to enable complete control of the applied stress
and strain rate. Securing the fiber to a robust substrate, such as a standard tensile test specimen,
will also significantly improve test results by inhibiting necking along the fiber. The observed
spikes in the transmission loss after relief-reload cycles also present an interesting possibility

of utilizing the proposed POF sensor as a fatigue life indicator.

5.3 Agarose fluorescent waveguide with hybrid carbon/silica nanodots for pH sensing

As discussed previously, the properties of hydrogels in suffering volumetric variations
as a response to different parameters, including pH, temperature, ionic strength, and
concentration of analytes, such as glucose, proteins, and DNA enable their use in sensing
applications. These applications in industrial biotechnology, environmental monitoring, and
biosensing can be also increased by doping the polymeric matrix with luminous agents. The
doping strategy is based on the variation of the pattern of the light transmitted by the waveguide
due to luminescence and other light—matter interaction phenomena. Studies have shown, for
example, the possibility of producing step-index cylindrical optical fibers by coating a
poly(ethylene glycol) (PEG) core with an alginate layer. These materials allowed the guiding
of light inside living tissues and were doped with fluorophores and Au nanoparticles. Both types
of doping allowed the sensor to selectively detect avidin (184). A PEG optical fiber was also
doped with functionalized CdTe quantum dots (QDs) for monitoring Fe*" (221). Meantime,
practical applications of these devices are still limited by the fact that inorganic nanoparticles
such as the semiconductor QDs usually present high toxicity (188), which can be overcome by

their substitution by carbon nanodots (CDs) (222).
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These carbon nanodots are materials emerging from the family of carbon
nanotechnology (as well as graphene, fullerene, and carbon nanotubes), which present quasi-
spherical morphology and sizes lower than 10 nm (222,223). They are constituted by a
carbonaceous core with plenty of functional groups on the surface, such as hydroxyls, amines,
and carboxylic acids, allowing their solubility in polar solvents. The peculiar behavior of carbon
nanodots is their fluorescence, which arises from molecular domains that are formed during the
synthesis that is carried out at high temperature (222-229). This luminescent behavior of CDs
may be modulated by different factors, especially the excitation wavelength (224), pH (230),
and solvent used (231). Moreover, the surroundings of the particles are responsible for the
stabilization of the fluorophore electronic states, and red-shifted emissions are expected when
the neighboring particles stabilize such states (solvatochromic effect) (232).

Due to these unique peculiarities, CDs find applications into several fields, such as
biomarking, bioimaging, drug delivery, optoelectronics (226,229), covalent asymmetric
catalysis (233), photocatalysis, renewable energies (226), luminescence down shifting, and
solar concentrator devices (234-236). The advantages of CDs compared to inorganic QDs
(considered superior fluorescence emitters) also include the fact that they are low-cost and
environmentally safe materials (222) and show good biological and biocompatibility properties,
being excreted in urine (226,227). Moreover, they present chemical robustness and high
solubility in water and are easily doped and chemically modified (228). Also, previous studies
showed that CDs can be easily fabricated in domestic microwave ovens using sugar cane syrup,
a low-cost and renewable source (237).

In this study, carboxylic acid carbon nanodots, obtained from the thermolysis of citric
acid, were used to produce amorphous nanohybrids by coupling CDs to silica and were tested
for pH detection, leading to a simple and scalable method for obtaining an innovative green and
disposable optical pH sensor. These nanoparticles were occluded into agarose to produce a
waveguide with intrinsic fluorescence. The use of the hybrids instead of the net CDs is related
to their physical properties: since the hybrid nanoparticles present slightly higher densities and

are less hygroscopic, they are easier to manipulate under the larger scales of the hydrogel.

5.3.1 Materials and methods

The synthesis of the hybrid nanodots was conducted in the Department of Chemical and

Pharmaceutical Sciences, University of Trieste, Italy, and then shipped to Brazil for embedding
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in the hydrogel waveguide and conducting pH sensing experiments. Carboxylic acid terminated
carbon nanodots, denominated here as a-CDs, were synthesized from the thermolysis of 200 g
of citric acid (Fluka, 99.5%). The synthesis was performed in a muffle furnace under
atmospheric air at 180 °C for 40 h, as reported by Martindale et al. (238). Amino-functionalized
silica nanoparticles (a-Si0O.), in their turn, were prepared from commercial amorphous fumed
silica nanoparticles treated with 3-aminopropyltriethoxysilane (APTES). Briefly, 206 mg of
commercial fumed nanosilica (Aerosil 300, synthetic amorphous silica, average primary
particle size ~7 nm, Evonik) previously dried for 2 days at 105 °C was added to ethanol (50
mL), and the mixture was stirred for 3 min. Then, APTES (5 mL, Sigma-Aldrich) was added
and sonicated for 5 min, and the dispersion was stirred at room temperature (7.z.) and overnight
(0.n.). After this step, the mixture was purified by centrifugation, and was then dispersed in
ethanol (procedure repeated three times). The dispersion was lyophilized, leading to the a-SiO;
nanoparticles. Then, the hybrid silica—Cdots were synthesized through an amidic coupling
reaction between a-SiO» and carboxyl-rich a-CD, as depicted in Figure 66. For this last
synthesis, 223 mg of a-CDs dispersed in 10 mL of anhydrous dimethylformamide (DMF) was
mixed with 50 mg of a-SiO> under an inert environment (Ar) and with 200 mg (1.04 mmol) of
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride (EDC-HCI, Alfa Aesar). An
amount of 120 mg (1.04 mmol) of N-hydroxysuccinimide (NHS, Sigma-Aldrich) was also
added. Finally, this mixture was sonicated for 10 s and stirred at 70 °C for 2 days at r.£. DMF
was removed through azeotropic distillation with toluene under reduced pressure, and Milli-Q
water was added. To purify the product, two cycles of centrifugation (20 min at 3000 rpm) were

performed, followed by freeze-drying.
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Figure 66 — Synthesis Routes of a-CDs, Amino-Terminated SiO, Nanoparticles, and Hybrids of a-CDs Coupled
to a-Si0, (183).
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The photoluminescent emission spectra of a-CDs recorded in water (Figure 67a) show
a maximum emission at 465 nm when the sample is irradiated at 360 nm. When the excitation
wavelength changed from 360 to 440 nm, an emission dependency with the excitation was
observed with a concomitant loss of intensity. The photoluminescent (PL) spectra of the
silica—Cdots in water (Figure 67b), in turn, show approximately the same behavior. The
emission is dependent on the excitation wavelength, but the coupling caused an increase in the
noise of the intensity signal. The maximum fluorescence intensity is still observed when the
sample is excited by 360 nm (and still corresponds to the emission at 465 nm). It indicates that
there is no loss of the stability of the excited state of the fluorescent agent caused by the silica
coupling (232). Moreover, the fluorescence emission peak of the hybrids shifts from 465 to 513
nm (green) when the excitation changes from 360 to 430 nm. The peak intensities also decrease
as they red-shift, a behavior previously observed for other CDs (237,238). The organic groups
present on the surface of the CDs significantly affect the fluorescence properties (223,238).
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Figure 67 — Fluorescence spectra of (a) a-CD and (b) silica—Cdots (183).

Two types of waveguides were prepared by gelling precursor solutions containing
agarose in DI water. The first solution contained 300.0 mg of agarose (food grade, acquired in
a local market) and 31.0 mg of hybrids (silica—Cdots) dispersed in 10 mL of water, resulting in
concentrations of 30.0 g/L (agarose) and 3.10 g/L (hybrids). The second solution was fabricated
for comparison: it contained the same concentration of agarose in DI water (30.0 g/L), but no
nanoparticles. The solutions were heated close to their boiling points for initiating the agarose
thermal-curing process. Immediately after boiling starts, the precursor dispersions were poured
into 3D-printed cylindrical molds (7 mm inner diameter) made of glycol-modified

poly(ethylene terephthalate) (PETG) filament. The molds were sealed on their end-faces, and
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left o.n. in the refrigerator at ~10 °C for curing. After removing the sealing, the hydrogel was
left to dry under ambient conditions, so the loss of water diminishes its diameter and provides
the loss of contact with the inner walls. After being removed, the formed materials are again
put in contact with DI water for recovering the original diameter.

The refractive indexes (RIs) of both the agar and the agar with occluded hybrids were
evaluated with a MISCO PA 202 refractometer (Palm Abbe), with a 589.29 nm high-precision
LED. All samples were measured at ~25 °C and room atmosphere. For this, small volumes of
the preheated precursor solutions (heated until boiling) were dropped on the sample window.
The reading of the RI was performed after the curing and thermal stabilization of the system at
25 °C. The obtained refractive indexes were n = 1.3334, which is very close to the DI water’s
index (n = 1.3330, evaluated using the same equipment). This is due to the high adsorption of
H>0 on the hydrophilic polymers and on the hybrids’ surfaces. This value is also higher than
the air’s (n = 1), so light may be guided through total internal reflection, as in conventional

optical fibers (this is represented in Figure 68).
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Figure 68 — Agarose Waveguide Doped with the Hybrids (183).

5.3.2 Results and discussion

Due to the presence of carboxylic groups, the possibility of applying the hybrids for pH
assessment was evaluated. The use of silica—Cdots hybrids for pH monitoring tests has
advantages because they are easy-to-handle powders, as they are less hygroscopic than a-CDs.
Besides, silica-based nanoparticles doped with fluorophores are interesting hybrid nanosystems
that intrinsically combine the mechanical proper-ties of silica with the optoelectronic properties

of carbon nanodots.
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A. pH Response of Silica-Cdots in Aqueous Dispersion

The pH-monitoring tests with aqueous dispersions of silica— Cdots (initial pH of 4.30)
were performed according to the setup shown in Figure 69a. Briefly, the dispersions had the pH
modified by first adding NaOH, and then the pH was reduced with HCI (both solutions 0.01
M). For each tested pH, the dispersions were introduced into cuvettes and were irradiated with
a 403 nm LED to have the emission spectra analyzed. The wavelengths corresponding to the
peaks of maximum emitted intensities were retrieved, and data were correlated to the pHs. The
results are shown in Figure 69b. They were fitted by a cubic polynomial relating the maximum
wavelength to the pH (wavelength = 467.23 +20.17(pH) — 3.45(pH)? + 0.20(pH)*, adjusted R?
= 0.91), proving that it is possible to optically monitor the acidity. The inset of Figure 69b
shows a portion of the curve between pHs 6 and 10, which can be fitted by a linear polynomial
(R? =0.95). The sensitivity of the liquid phase silica—Cdots dispersions for this range is of 4.53
nm/(pH unit). Moreover, one can notice that, as the pH gets closer to 2, the curve reaches a
signal baseline. It leads to a drop in sensitivity and makes it difficult to perform readings for
more acidic media. As the pH is raised to 12, in turn, one can observe an increase in both the
noise of the observed fluorescence spectra and the dispersion of data in Figure 69b. Besides
that, the fluorescence was observed to be stable and reversible regarding the pH. It is also

interesting to note that the increase in pH leads to a red-shift of the emitted fluorescence.
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Figure 69 — (a) Setup for the pH evaluation using the aqueous hybrids dispersions. (b) Wavelength of maximum
emitted fluorescence as a function of pH for the dispersions of hybrids. The inset shows the linear portion of the
curve (pH ranging from 6 to 10). (183).
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This red-shift verified when increasing the pH may be interpreted in terms of the
interactions between the nanoparticles and the solvent, which results in modifications of the
excited-state stability. According to Sciortino et al. (239), CDs emission energies show a
notable and systematic dependence on solvent characteristics, as well as a strong response of
the photoexcited particles to the presence of hydrogen bonds. As a consequence, CDs may be
used as solvent polarity nanoprobes to monitor neighboring ions and molecules. The authors
verified that the CDs’ emission blue-shifts as the solvent polarity is reduced. The lowest
wavelength was observed for water due to the stabilization effect of the hydrogen bonds. Their
conclusion was that both the nitrogen and carboxylic acid groups that may be present on the
CDs’ surfaces act as efficient hydrogen-bond acceptors. This is due to their electron lone pairs,
and thus, the fluorescence mechanism is closely related to the presence of these groups on the
subnanometric surface shell around the carbon nuclei (239). In turn, Bano ef al. (240) used latex
as the raw material for the production of CDs containing carboxylic acid groups on their
surfaces. They verified that the increase in the medium’s acidity led to the protonation of the
carboxylic surface groups of the dots. Consequently, the particles’ negative charges decreased
(or were even neutralized) in lower pHs, and the colloidal dispersions lost stability. This
ultimately resulted in the aggregation of the CDs and in the extinction of the fluorescence (240).
A similar effect was observed by Chandra ef al. (241), but it was analyzed in terms of the
UV-VIS absorbance spectrum: in basic media, the deprotonation of the surface acid groups of
CDs caused an intense decrease in the radiation absorption.

In the current case, the silica—Cdots present chemical and structural diftferences
compared to the a-CDs, which may impact their interactions with the solvent. The most
important ones are the slightly superior dimensions of the particles which affects the sizes of
the dynamic cavities/first solvent shells (242,243), and the fact that there may be fewer
carboxylic groups, since “COOH reacts with a-SiO. On the other hand, Figure 66 shows the
presence of other lone pairs on the hybrid surfaces. There are lone pairs from the amide group
(the bond between SiO2 and a-CD), the Si— O— bonds between silica and a-CD, and other
—Si—OH and —Si—O—0O—Si— groups that may exist, since these defects are commonly observed
on SiO2 surfaces (244,245). Therefore, the surface groups of the silica—Cdots hybrids
selectively detect Na™ or C1™ ions present in the controlled pH solutions. The main chemical
groups of the hybrids, identified by XPS, are the COOH of the carbon nanodots (a-CDs), the
NH—(C=0) from the amide group (the bond between SiO> and a-CD), the Si—O— bonds
between silica and a-CD, and other —Si—OH and —Si—O—Si— groups and Si—O. The wavelength
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of the fluorescence emitted from the hybrids, measured at the highest emission intensity, is
selectively shifted and quenched because of the interactions among the hybrids’ surface groups
and ions in the aqueous solution. At this moment, considering that the pH of the initial aqueous
solution is clearly acidic, 4.30, and that there are still several groups capable of hydrogen
bonding stabilizing the excited states, it can considered that the hybrids behave as the other
acidic carbon nanodots cited (239-241). Therefore, analogous conclusions can be made for the
results of wavelength shifts with the pH depicted in Figure 69: as the pH gets more basic, the
deprotonation of the carboxylic groups of the hybrids’ surfaces increases their negative charges
and, consequently, enhances the hydrogen-bond interactions between the particles and the
solvent (water). Since this effect causes the stabilization of the fluorophores, the red-shift is
observed (239,246). The possibly lower number of ~-COOH groups is not necessarily a problem
here: it is known that basic pHs (higher than 10) usually deprotonate colloidal and

nanostructured silica’s silanol groups (244,247,248), increasing the hybrids’ charges.

B. pH Response of Doped Agarose Waveguide

The light transmission spectra of both the doped waveguide and of the agar containing
no nanoparticles were obtained by transmitting a supercontinuum laser through the materials
(Figure 70a). Afterwards the waveguides were submitted to tests with the 403 nm LED, the
same source used for pH detection in the aqueous phase. Since both the agarose and the hybrids
are very hygroscopic, by immersing the waveguides into solutions of known pH the readings
take no longer than 30 s to stabilize when base or acid is added. Thus, the waveguides were
kept immersed and under stirring (25 °C, room temperature) to ensure the homogeneity of the
aqueous medium. Again, the pH was first raised to ~12 (addition of 0.01 M NaOH), and then
reduced to ~2 (dropping of 0.01 M HCI). When the pH reading got stable after a given addition
of NaOH or HCI, the waveguide was rapidly excited with the LED to have its fluorescence
spectrum collected. It is important to mention that the wavelength interrogation is independent
from the total amount of fluorophores, an important advantage of this approach compared to
intensity-based sensing techniques (52,249). Therefore, it was not necessary to correlate the
measurements with the added acid/base volumes. All of the datapoints shown in Figure 70b
were collected under the same temperature and atmospheric air conditions. Then, the
modifications of the spectra could be correlated to the changes in solvent polarity, as in the

other mentioned reports (239-243).
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Figure 70b summarizes the correlation between the wavelengths of the maximum
emitted intensity (the peaks) and the pHs of the aqueous media where the doped waveguides
were immersed. Contrary to what was observed for the aqueous dispersions (Figure 69b), the
agar waveguides show a critical point for the results, which is again probably due to the
interactions between the hybrids and the hydrogel matrix (246). The critical point corresponds
to the initial situation: it is the pH of the water initially in equilibrium with the agar, 5.59, which
was used to keep the device swollen before adding NaOH or HCI. It was observed that the
wavelengths of maximum intensity present reversibility regarding pH. The results were again
fitted by a third-degree polynomial correlating the maximum wavelength to the pH, given by
wavelength = 474.21 + 48.50(pH) — 7.03(pH)? + 0.30(pH)’, adjusted R? = 0.83. As in Figure
69b, Figure 70b (inset) shows a linear portion corresponding to the pH range from 6 to 10 (R?
= 0.84). The sensitivity for this range is of -5.61 nm/(pH unit). The derivative of this polynomial
is negative, contrary to that observed for the aqueous dispersions. Despite the fact that no clear
baseline was reached, the light intensity signals suffer substantial decreases as the pH gets closer
to 2 or 12, indicating that the sensor is inadequate for monitoring pHs beyond these values. This
pH range, however, is wider than the one obtained by Zhang et al. (250) (pHs from 2 to 7). It
1s also wider than the range achieved by Chen et al. (251), they obtained a system able to detect

pHs from 3.0 to 11.0, but using a more complicated sensing strategy (ratiometric analysis).
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Figure 70 — (a) Intensity of light transmitted by the waveguides (excitation with the supercontinuum laser). The
dashed region corresponds to the fluorescence of the hybrids. (b) Wavelength of maximum emitted fluorescence
as a function of pH for the agar waveguide. The inset shows the linear portion of the curve (pH 6—10). (183).

Interesting conclusions are also obtained when comparing, for a same pH, the
fluorescence spectrum collected for the doped waveguide with the one obtained for the aqueous

dispersion of silica—Cdots (i.e., when comparing the spectra used for obtaining the information
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in Figure 70b and Figure 69b). An example of the general observed behavior is shown in Figure

71, where the spectra collected for pH 4.30 are compared.
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Figure 71 — Fluorescence spectra of the silica-Cdots hybrids at excitation wavelength of 403 nm (when dispersed
in water and when occluded into the agarose matrix) for pH 4.3, exhibiting a red-shit between curves.

Figure 71 shows that the peak (maximum intensity of fluorescence) of the hybrids
occluded into the hydrogel matrix is red-shifted compared to the one observed for the aqueous
dispersion of silica—Cdots. This indicates an increase in the stability of the excited states
(232,246,249), and this same shift was observed for all the other pHs. The solvatochromic shifts
resulting from the enclosure of fluorescent species into rigid media are complex phenomena, as
extensively discussed by other researchers (232,239-243,246,249). The observed shifts depend,
for example, on the method used for preparing the matrix and on the particular technique
applied to the incorporation of the fluorophores (232). For soluble polymers, in particular, an
increase in the medium’s polarity or in the intensity of the solute—matrix hydrogen-bond
interactions may result in the reduction of the energy difference between the ground and the
excited states, red-shifting the emission (232). Thus, the red-shift observed in Figure 71 may
be explained analogously as performed by other authors who analyzed the increase in the
nanoparticles’ excited-state stability when the CDs are incorporated into hydrogel matrixes with
plenty of oxygen and hydroxyl groups. For PVA, for example, the matrix networks form many
hydrogen bonds with the polar groups of CDs, stabilizing the emissive states (246). This same
phenomenon is expected to take place between the agarose’s C—OH and C—O— C groups (252)
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and the silica—Cdots’ oxygen and nitrogen groups. According to Jiang et al. (246), in some
hydrogels, these interactions may be so intense that they even result in composites showing

phosphorescence or delayed fluorescence.

C. Further Considerations

It is interesting to notice that the applied setup (Figure 68) could be easily adapted to
perform the online evaluation of the pH directly in the liquid medium. This would be done by
transporting the light with external optical fibers: one fiber would guide the light from the LED
to one extremity of the agar waveguide, and a second one would collect it at the end-face and
guide it to the optical analyzer. However, this was not realized for the moment as it would not
allow the evaluation of the sensor capability in retaining information even when it is removed
from the assessed medium. This last analysis is particularly important, since there are several
practical applications where a waveguide capable of retaining the medium information is
required. In a biomedical environment, for example, it may be necessary to remove the sensor
from the medium to analyze other parameters besides pH. This situation has been reported and
analyzed in studies where hydrogel matrixes are simultaneously used as waveguides and as
scaffolds for growing cells (184,188), with the need for cell counting. In the standard counting
procedure, samples are periodically collected from the analyzed biosystem to be observed and
counted on the microscope using specific devices, such as the Neubauer chamber (63). If the
waveguides can be removed and their volumes are known, the chamber may be substituted by
the waveguide itself. Then, the cellular environment is not disturbed, reducing the risk of
causing cell death during counting (184,188). As Figure 70b showed, the pH information was
actually retrieved by the silica—Cdots/agarose waveguide when it was removed from the
aqueous medium. Therefore, since the waveguide can be removed and analyzed off-line, this
novel device has potential for monitoring other important biochemical parameters in addition
to pH (e.g., the number of cells or the morphological characteristics of the doped agar).

A final important comparison to be performed is with commercial pH meters. As
mentioned, a decrease of the detected fluorescence intensity as the pHs got closer to 12 was
observed, preventing the detection beyond this condition. However, many commercial pH
meters also show loss of signal intensity or difficulties in evaluating very alkaline media.
Indeed, it 1s widely known that the traditional devices may lose precision when submitted to

such conditions (253,254). That is because these devices commonly show substantial
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interference caused by the presence of Na' ions for pHs > 12 (they interpret Na+ as H+ ions)
(253). As a solution to this problem, many manufacturers provide tables correlating the detected
pH to the ionic concentrations and estimating reading corrections, or they indicate devices
specifically designed for higher pH ranges or more drastic operational conditions (254).
Lastly, the recovery of fluorescent silica—Cdots hybrids embedded into the agarose, after
being discarded, is technically feasible. Since the agarose is biodegradable, it can be solubilized

in water and the hybrids separated by centrifugation.
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6 FBG APPLICATION CASES

Finally, this chapter discusses new application cases for fiber Bragg gratings sensors
written in conventional optical fibers. As before, publications based on these work have been
made, namely reference (255) pertaining to Section 6.1, (256) for Section 6.2 and (257) for
Section 6.3. Figures in this chapter are for the most part reused or adapted from the listed
publications. Additional information and figures not included in the published manuscripts is
also presented when possible.

The FBG sensors used in the following studies were made in-house, using the phase-
mask technique. In this setup (Figure 72), light from a continuous-wave 266 nm UV laser
(Quantel Q-Smart 450) is directed at a single-mode telecom grade optical fiber by a pair of
mirrors (M1 and M2). Along the optical path, the laser beam passes through a cylindrical lens
that reshapes the circular beam into a line, and a phase-mask (PM), a diffraction grating
designed to shine the laser light into the fiber as a periodic pattern (period A). Prior to this
procedure, the fiber was hydrogenated using a pressure chamber with a Hydrogen rich
atmosphere to enhance the UV photosensitivity of the fiber (78,258). The inscribing of the FBG
was monitored using a Portable BraggeMETER (FS42, HBM) optical interrogator with a 1 pm
wavelength resolution, an all-in-one portable interrogation unit with a built-in laser source, a
touch display for data visualization, and an optical spectrum analyzer with a 100 nm
measurement range (centered in 1550 nm) to obtain the power distribution over wavelength of

the FBG reflection signals.
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Figure 72 — Schematic drawing of the FBG inscribing process. M1, M2: Mirrors. PM: Phase Mask (257).
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6.1 All-optical anemometer based on the pitot-static tube and fiber Bragg gratings

The assessment of airflow speed is essential for several technological applications, such
as the navigation control in both crewed and unmanned aircrafts, validation of aerodynamic
simulation studies, monitoring and maintenance of turbines in wind farms, and prevention of
icing events in electric power transmission towers and lines. Currently, a variety of sensors have
been proposed for measuring the airflow speed, including the Pitot-static pressure probe (259),
thermal anemometers (260), integrated MEMS anemometers (261), laser Doppler
interferometer (262), time-of-flight ultrasonic wave transducers (263), and piezoelectric films
for both speed estimation and energy harvesting applications (264). Even though some of these
systems are commercially available, such devices present drawbacks in terms of vulnerability
to harsh environments and electromagnetic noise, complex construction, and high relative cost
(265,2606), issues that optical fiber sensors can work around.

Different optical fiber anemometers setups have been reported in the literature. In (267),
a reflection-type sensor is used for measuring the wind speed in a turbine. The light from an
emitting polymer optical fiber is coupled to the receiver fiber when the incident wave hits the
reflecting surface of a slotted cylinder attached to the turbine rotor, so the speed can be retrieved
by counting the detected optical pulses. Another approach consists of a cantilever-type
transducer based on a tapered fiber Michelson interferometer (268). In (269), a modal
interferometer is designed by splicing single-mode fibers (SMFs) with a core offset. The sensor
probe is covered with a silver coating and then subjected to the assessed flow. Since the probe
temperature is increased due to the high-power laser source, the heat transfer induced by the
cooling airflow can correlated to the interference spectrum shift. Optical fiber thermal
anemometers can also be developed by using fiber Bragg gratings (FBGs) in substitution to the
hot-wire probes (265). Finally, in (270), the pressure difference in a Venturi meter is monitored
using a distributed Bragg reflector fiber laser mounted on a diaphragm. Conversely, this
approach requires the use of a specialty fiber and a complex interrogation method. Moreover,
pressure transducers based on FBG attached to circular diaphragms have been demonstrated by
using metallic (271) or rubber membranes (272), allowing for the assessment of different ranges
of pressure difference. On the other hand, no results were reported regarding the application of
such sensors in the airflow monitoring, so the development of a sensitive and straightforward

anemometer based on an FBG diaphragm can provide a feasible alternative to the
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aforementioned expensive and complex setups. Also, in spite of the high sensitivity, these
setups require laborious and costly coating procedures, as well as complicated interrogation
setups, which can be a limiting factor regarding practical applications.

Given this discussion, here a practical OFS for measuring the air-flow speed is reported.
The pressure difference assessed by a 3-D-printed Pitot-static tube was detected by means of a
diaphragm with a mounted FBG sensor, so the airflow could be retrieved from the fiber
curvature response, thus providing the sensitive and repeatable results. In contrast to the current
fiber anemometers, the system was designed with a commercially available fiber and optical
interrogator, whereas the transducer structure was completely fabricated by 3-D-printing,

yielding a straightforward and less-invasive method for assessing the airflow speed.

6.1.1 Materials and methods

The Pitot-static probe is a device comprised of a central port aligned to the streamline
for assessing the total pressure p; and adjacent holes normal to the flow for static pressure p;
measurements. This type of instrument presents advantages over the obstruction meters and the
thermal anemometers since it is more compact, robust, and generate low disturbance to the
airflow (273). Assuming a uniform, steady flow and neglecting the mechanical losses, the fluid
velocity U is correlated with the pressure difference Ap = p; — ps by the conservation of energy,

yielding

1/2

U= (Z%p) (6.1)

where p is the fluid density (273).

The pressure difference Ap is assessed by means of a diaphragm, converting the
mechanical load into displacement. Consider a thin clamped rectangular plate with an area a x
b and thickness #, as shown in Figure 73. For the coordinate system (X, y) with the origin at the

center of the diaphragm, the deflection w(x, y) due to a uniform load ¢ is given by (274):

4qa’* o (—=1)m-1/2 mmx
W=K7T5Dz 5 cos( a )
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where m = 1, 3, 5,...,am = mnb/2a, K is the correction factor for the nonlinearities of the

diaphragm material and flow conditions, and the flexural rigidity D is

Eh3

where E and v are Young’s modulus and Poisson’s coefficient of the plate material, respectively.

For measuring the deflection w, the optical fiber is mounted on the membrane surface
by aligning the FBG section to the center of the structure, so it is possible to assume that the
fiber bending is equal to the deflection profile (i.e., the applied pressure difference). The Bragg

wavelength shift A4 is correlated with the radius of curvature R by

AL =A(1 - pe)S% (6.4)

where p. is the photoelastic coefficient of the fiber material and ¢ is the distance from the neutral
axis. Therefore, the FBG sensor response can be used to determine the pressure difference in

the Pitot-static tube and, consequently, obtain the airflow speed.

q

Figure 73 — Differential pressure diaphragm based on an a x b area, 4 thickness square plate with clamped edges
and subjected to a uniformly distributed load g (255).

The Pitot-static probe was 3-D-printed using a polyethylene terephthalate glycol

2 area, ~0.2-mm

filament according to the geometry shown in Figure 74. A 25 x 25 mm
thickness square diaphragm made of a latex rubber was used to detect the pressure difference,

whereas the deflection was assessed by an FBG firmly attached to the membrane surface.
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(a) (b)

Figure 74 — CAD drawing of the fabricated Pitot-static tube. (a) Cross-sectional view. (b) Isometric view. 1: total
pressure port. 2: static pressure port. 3: diaphragm support (255).

The experimental setup is shown in Figure 75. The Pitot-static tube was mounted inside
the working section of an AF100 Subsonic Wind Tunnel (TecQuipment Ltd.) with the probe
inlet aligned to the streamline. The airflow can be adjusted until the rated value of 36 m/s,
whereas the nominal pressure difference is monitored by a preinstalled Pitot-static probe
connected to a U-tube manometer with 1-mm H>O (9.8 Pa) resolution. The fiber sensor was
interrogated using an FS42 Optical Interrogator (HBM FiberSensing) that scans the optical
spectrum in the C-band and automatically identifies the reflection peaks corresponding to the
FBGs, so the intensity and the wavelength of those peaks are recorded and then correlated with

the input wind speed conditions.
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Figure 75 —Experimental setup. The Pitot-static tube inlet is aligned to the airflow speed U, causing the
diaphragm to be deflected by the difference between the total and static pressures p; and p, respectively. Then,
the curvature of the FBG written in the SMF is measured by the optical interrogator (255).
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6.1.2 Results and discussion

A. Simulation of the Probe

The sensor model given by Equations (6.1) — (6.4) was simulated in MATLAB for a =
b =25 mm. The diaphragm was modeled as # = 0.2 mm, £ = 1.51 MPa, and v = 0.5 — latex
rubber material (275). The load was assumed to be spatially uniform, i.e., ¢ = —Ap, using p =
1.20 kg/m?® for the air at 20 °C and K = 3 x 10™*. The fiber radius of curvature R was estimated
by approximating the 1-D deflection profiles w(x,0) to sine functions of the form w(x) = 4 sin(Bx
+ (); therefore, the R value at (0,0) can be evaluated by

1+ \213/2
gLt )] ~ AB%sinC  (6.5)

x=0

where 4, B, and C are the coefficients obtained by curve fitting and the prime denotes the
derivative with respect to x. Consequently, the Bragg wavelength shift was calculated from Eq.
(6.4) by using p. = 0.22, 6 = 62.5 um for a silica SMF (276), and 4 = 1550 nm. The deflection
profiles w(x) as a function of the airflow speed U are shown in Figure 76ab. As expected, the
maximum value occurs at the plate center because the membrane is clamped by all borders, and
the magnitude of the deflection peak value increases with U? since it is proportional to the
pressure difference. The variation of the radius of curvature is shown in Figure 76¢, where the
inset presents the sine function curve fitting applied to the simulated w data. Finally, the Bragg
wavelength shift A4 is shown in Figure 76d. It is observed that the sensor has lower sensitivity
for U < 20 m/s since the diaphragm curvature imposed by the input load Ap is not sufficient to
cause a considerable fiber strain.

The sensitivity and the measurement range can be improved by choosing the diaphragm
material and thickness in order to decrease the flexural rigidity D value or by enlarging its
dimensions a, so the deflection effect can be enhanced for lower airflow speeds. For example,
given 4 = K4a*/(7°D) the parametric amplitude, thus, the deflection profile w(x) has a peak
value of 4 = adq, where a is a constant. The effect of the diaphragm parameters on the sensor
response can be estimated by simulating the correlation between A4 and U for different o values,
as shown in Figure 77. However, even though the sensitivity can be theoretically improved by
increasing a and reducing 4, in practice, the operation limits will be bounded by the Pitot-static

tube physical dimensions and the mechanical strength of the diaphragm material.
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Figure 76 — Simulation of the diaphragm deflection in response to the airflow speed. (a) Deflection profile for U
= 36 m/s, the colors indicate the magnitude of w. (b) Deflection profiles as a function of U. (¢) Fiber radius of
curvature, the inset shows the w values (squares) and the sine function curve fitting (red line) for U = 36 m/s. (d)
Bragg wavelength shift as a function of the speed (the experimental data fitted by a degree-2 polynomial). (255).
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The sensor calibration curve was obtained by varying the airflow speed in steps of

~0.7 m/s and then acquiring the optical signal and the nominal pressure values after the flow
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stabilization. Then, the pressure difference was converted into speed value and correlated with
the Bragg wavelength shift. Finally, the sensor measurements were validated by subjecting the
device to several cycles of airflow increase and decrease within the linear operation range. In
this case, the A4 value was applied to estimate the airflow speed based on the calibration curve,
which was further compared with the reference values. The effect of the airflow speed in the
FBG response is presented in Figure 78a. As predicted by the simulation, it was not possible to
correctly retrieve the wavelength shifts for U < 20 m/s because the input pressure was not
sufficient to deflect the diaphragm, so the fiber curvature was practically negligible. Although
the sensor response is not linear, it presents a more sensitive range for 28 < U <36 m/s, yielding
a ~24.9 pm/(m/s) sensitivity and 0.04 m/s resolution considering the 1 pm resolution of the
FBG interrogator. The curve fitting residuals are shown in Figure 78b, thus resulting in a
maximum absolute value of 15.56 pm (0.62 m/s) and a standard deviation of the mean of 5.59
pm (£0.42 m/s measurements uncertainties for a 95% confidence interval). The differences
between the calibration curves obtained in the simulation and experimental results can be
explained due to the fact that the theoretical model did not consider the changes in the
membrane thickness owing to deformation, which can affect the deflection profile and,

consequently, the FBG response.
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Figure 78 — Sensor calibration curves: Bragg wavelength shift as a function of (a) airflow speed U and (c) U *.
Experimental data fitted by polynomial functions, where R? is the coefficient of determination. The curve fitting
residuals are shown in (b) and (d) for U and U 4, respectively (255).
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For the sake of convenience, the sensor calibration curve was linearized in terms of A1
as a function of U* (Figure 78c¢), yielding 2.01x10™* pm/(m/s)* sensitivity for the 20-36 m/s
range. Regarding the residuals (Figure 78d), a 25.40 pm maximum absolute value was obtained,
as well as a 7.70 pm standard deviation value [£0.80x10% (m/s)* measurements uncertainties
for a 95% confidence interval]. The results are comparable to a previously reported diaphragm-
based optical fiber airflow sensor (270), but the interrogation method adopted in this work is
much simpler to implement. Moreover, even though higher sensitivities were obtained with
structured fiber sensors (266,277), it must be stressed that in addition to the complex procedures
involved in the fabrication of the sensing probe, the measurement range of such devices is
limited to lower airflow speeds (< 10 m/s).

Once the linearized calibration curve was obtained, the sensor performance was
validated for the assessment of a variable input wind speed (Figure 79). The measurements
were performed based on the calibration curve shown in Figure 78¢c, whereas the output U *
values were converted to U for more straightforward analysis. The fiber sensor was capable of
measuring the airflow speed with good repeatability, as observed in the cyclic loads. The
absolute error can be evaluated by the difference between the obtained speed values U and the
reference ones U*, yielding an average error of 0.98 m/s. This offset can be explained by the
possible misalignment of the Pitot tube inlet in relation to the streamline, so the fiber sensor and

the U-tube manometer were not exactly subjected to the same pressure difference.
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Figure 79 — Comparison between the airflow speeds measured by the fiber sensor U and the reference values U*
obtained by the U-tube manometer. (a) Variation of the U value and (b) measurement errors. In (b), the red line
indicates the linear fit model applied to the data, whereas the black dotted line indicates the U = U* case (255).
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Even though the device is not presently able to properly detect airflow speeds lower
than 20 m/s, it is worth noticing that the dynamic range can be extended by changing the
diaphragm design, which is comprised of: 1) increasing the square membrane dimensions a; 2)
reducing the thickness /; or 3) choosing a material with adequate £ and v values. Another
approach consists in using of OFSs with higher bending sensitivity, such as in-fiber
interferometers, surface-core fibers, and fiber specklegram sensors, but there is a tradeoff
between the measurement capabilities and the robustness of such devices. Thus, in contrast to
the previously reported optical fiber anemometers, the proposed device utilizes a simple and
straightforward design based on the 3-D-printed parts and can be implemented using
commercially available FBG interrogators. In addition, further developments are still required
for enhancing the measurement capabilities regarding practical applications in aerospace and
wind power, including the study of the transducer placement, the compensation of temperature
effect, the evaluation of the membrane degrading due to repeated loads, and the miniaturization
of the interrogation unit into an embedded hardware; therefore, those topics will be explored in

further developments on this study.

6.2 Tilted fiber Bragg gratings for measurement of multiphase flow

Multiphase flows comprise the simultaneous transport of immiscible substances as
dispersed and continuous phases. Examples of such systems occur in the oil and gas industry,
during the extraction of light and heavy oils containing dispersed elements like minerals, gases,
and water, in nuclear reactors, as well as in biomedical applications, microreactors and clinical
analyses. Measuring multiphase systems involves the detection of flow rate and velocity,
temperature, and concentration (278). Even though several methods are currently available,
such as imaging and computer-vision based systems, ultrasonic, capacitive, and electronic
sensors, and spectroscopy analyses (278-281), there are limitations in terms of processing time,
portability, robustness, and implementation costs (280,281). Therefore, optical fiber sensors
emerge as suitable alternatives due to their intrinsic advantages and the inertness of silica to
several chemical and biological agents (282). Different setups of optical fiber sensors for
assessing two-phase flows have been proposed. For instance, reflection-type sensors estimate

velocity and geometry of dispersed slugs based on the reflected light intensity, which can be
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accomplished using either standard or specialty fiber probes (283,284). Velocity and
concentration of droplets interacting with evanescent field can be monitored by microfibers
transverse to the flow direction according to a complex interrogation setup (285). Photonic
crystal fibers are also eligible for trapping volumes of liquids and sense their characteristics as
the droplets flow through air holes, however, it may be difficult to clean clogged fibers
(286,287). A grid of multiple fiber Bragg gratings (FBG) was proposed to track the passage of
dispersed volumes based on mechanical stimulation, but this approach does not provide
chemical characterization (288). Ultimately surrounding droplets can be detected using exposed
FBG (289) or long-period gratings (LPG) (290), even though these methods require additional
fiber processing and are restricted to periodical flows.

Tilted fiber Bragg gratings (TFBG) figure then as feasible alternatives to FBG and LPG
sensors, exhibiting high sensitivity to external RI changes and intrinsic temperature-
compensation capability (291,292). The analysis of two-phase systems by TFBG was
demonstrated in surface tension (293) and flow measurements (294,295), but such methods
usually require metallic coatings and rely on spectral analysis. Even though current fiber
interrogation hardware is capable to provide fast wavelength scanning and peak/dip detection,
such devices present relatively high cost and complexity. As an alternative, the study detailed
in this section demonstrated a TFBG-based two-phase flow sensor with single-wavelength
detection. A millifluidic device is used to produce controlled droplets that stimulate the TFBG,
so the flow characteristics are assessed from the output intensity signal. In contrast to current
approaches, the proposed system employs a simplified interrogation system based on a single
photodetector so that the response time only depends on the sampling rate of the data acquisition

hardware.

6.2.1 Materials and methods

Tilted fiber Bragg gratings, like regular FBGs, are comprised of periodical RI changes
along the core length, but in a TFBG the diffraction template is slanted with respect to the fiber
axis. The TFBG then couple core-propagating modes to a set of cladding high-order modes,
creating resonances in the transmission spectrum toward shorter wavelengths. Since the
evanescent field of cladding modes interacts with the external medium, resonance dips are red-
shifted as the surrounding RI n approaches the cladding effective index, making TFBG sensors

suitable for chemical measurements (291,292).



126

The resonance wavelength 4; of the i-th cladding mode is given by the phase-matching

condition:

A= (nco + né,) (6.6)

cos @

where n, and n'; are the effective indexes of the core and the i-th cladding mode, respectively,
A is the grating periodicity, and @ is the tilt angle (291). Regarding a TFBG subjected to
longitudinal two-phase flow, wherein nc and np denote the material RI of continuous and
dispersed phases, respectively, the surrounding index varies with time as the dispersed phase
passes along the grating. Since typical methods assess the output spectrum for quantifying shifts
in the resonance wavelengths (292), velocity measurements in flowing droplets are restricted
by the scanning frequency of the optical spectrum analyzer (OSA) or interrogation hardware.
An alternative comprises choosing a fixed transmission wavelength 4 so that the TFBG works
as a tunable notch filter, therefore, variations of output light intensity /(¢) as a function of n()
can be measured in real-time using a photodetector connected to an oscilloscope or data
acquisition card. Consequently, for a grating length L, the average flow speed V' can be
evaluated from the temporal features of /(¢) (296), as shown in Figure 80, whereas each phase
is identifiable based on the respective RI values. Assuming that /(¢) has an average time period

T, the flow speed is estimated by V'=L/T.
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Figure 80 — Variation of surrounding refractive index as a function of time. The output spectra of TFBG shifts
with the dispersed phase transport, making it feasible to evaluate the flow speed and estimate the continuous and
dispersed substances (256).

An outline of the fiber sensor system is depicted in Figure 81. A light source excites the
single-mode fiber whereas a detector measures the output light filtered by the TFBG. A section

of the optical fiber was inserted into a transparent, T-junction millifluidic device, the waveguide
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placed parallel to the flow direction. Syringe pumps controlled the input flow rates of the
continuous and dispersed phases to create a two-phase flow profile. Furthermore, a transverse
static camera performed optical tracking measurements for comparative analyses. The TFBG
was fabricated by phase-mask technique as explained previously, yielding 4 = 535.6 nm, L =4
mm and 6 = 6°. The millifluidic device was obtained by stereolithography using a 3D printer
(Formlabs) and transparent photopolymer resin, resulting in channel length and cross-section
area of 30 mm and 1 mm?, respectively. The optical fiber was stretched and centered inside the

channel, then, lateral accesses were sealed using a photocurable resin.
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Figure 81 — Optical fiber sensor: water-in-oil two-phase flow passes through the millifluidic device and changes
the refractive index surrounding the TFBG. The speed of water droplets V7, is defined by the flow rates of
continuous and dispersed phases. 3D sketch in the bottom-right shows the multiphase flow device (256).

The sensor response to the surrounding index was characterized by immersing the
TFBG in glycerin solutions (1.33 < n < 1.47). The fiber was excited with a superluminescent
diode source, whereas the transmitted light was measured by an OSA. Based on the output
transmission range, it is possible to choose a particular 4 value for implementing the single-
wavelength interrogation scheme. Afterwards, the fiber sensor was applied to assess two-phase
flows using a tunable laser source and a photodetector. The syringe pumps of the millifluidic
device were empirically adjusted to establish a periodical slug flow by setting the ratio ¢

according to Equation (6.7):

Qqa
q=— (6.7)
Qc
where Qs and Q. are the flow rates of dispersed and continuous phases, respectively (297). The
plungers were driven by linear stepper motors so that the translational velocity and dimensions

of the syringe tube define the flow rates. Intensity signals were acquired by an oscilloscope at
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100 Hz sampling rate and processed in a computer for evaluating the flow characteristics. The
results were validated by concomitant optical tracking measurements. The sensor response was
investigated for samples comprised of air (» = 1.00), DI water (n = 1.33), and vegetable oil (n
=1.47), as typically conducted in liquid-liquid and gas—liquid studies (298). All the experiments
were carried at room temperature, the fiber and millifluidic device were cleaned between
measurements using isopropyl alcohol to avoid contamination. Figure 82a shows the TFBG
transmission spectra for different samples, indicating that resonance dips red-shift and then

vanish when n equals the refractive index of silica (~1.47), as expected.
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Figure 82 — FBG sensor response to the surrounding refractive index z:(a) transmission spectra; (b) resonance
dips around 1531.5 nm, the vertical line indicates 4 =1531.36 nm whereas the legend indicates n values; (c)
transmission as a function of n, solid line is a linear curve fitting that excludes outliers. Transmission data was
normalized for the sake of visualization (256).

Using water as the reference, maximum resonance occurs at ~1531 nm, Figure 82b,
therefore the closest neighboring peak at 4 = 1531.36 nm was adopted for single-wavelength

interrogation. Water slugs were marked using small volumes of dye for improving
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visualization: prior measurements indicated that deviations in the sample refractive index
caused by the dye are negligible. Although the sensor response becomes non-monotonic, it is
feasible to discern water from oil and air based on the variation of —2.5 dB in the output
intensity. The calibration curve for 1.33 <n <1.47 is depicted in Figure 82c, yielding an average
sensitivity of —18.4 dB/RIU (refractive index units). Alternatives for tailoring the sensor
dynamic range comprise adjusting 4 according to the assessed medium (n¢ and np values) or

using a dual-wavelength scheme to resolve for ambiguities.

6.2.2 Results and discussion

The sensor response to water-in-oil flows (i.e., water dispersed in oil) for ratios ¢ = 0.6
and 0.5 is shown in Figure 83. The light intensity /(¢) fluctuates over time and achieves
maximum value when a water slug passes by the grating: based on the reference wavelength
chosen in Figure 82, the RI of water (np = 1.33) increases the transmission signal in contrast to

the oil (nc = 1.47).
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Figure 83 — Measurement of water-in-oil flows: normalized intensity for (a) g = 0.6 and (b) ¢ = 0.5, peaks and
dips indicate the passage of water and oil slugs, respectively, along the TFBG. Flow profiles for (c) ¢ = 0.6 and
(d) g = 0.5, water slugs are colored with black dye (256).

By adjusting g, it is possible to control the length of water slugs as well as the velocities

of both phases (299): reducing g implies in increasing the speed of continuous phase and,
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therefore, the frequency of periodical signal /(7). As to the temporal analyses of Figure 83,
recalling the TFBG length L = 4 mm, the evaluated period and average speed for g = 0.6 are T
=7.16 s and V' = 0.56 mm/s, respectively, whereas the ratio ¢ = 0.5 provides 7= 5.64 s and V'
= 0.71 mm/s. These values corroborate with the optical tracking measurements, in which V' =
0.55 mm/s and 0.68 mm/s were obtained for ¢ = 0.6 and 0.5, respectively, resulting in a
maximum relative error of 4.4%. Transitions in /(t) are not abrupt even though the substances
are immiscible with discrepant refractive indexes since the resonance dip shifts depend on the
proportion of water and oil surrounding the grating for a given time, as shown by the model
depicted in Figure 80, but the intensity profile is expected to change depending on the flow
speed and the detector sampling rate.

Regarding the measurement of air-in-oil flow (air is the dispersed phase), Figure 84a,
deviations in the output intensity are more subtle in amplitude than the water-in-oil case because
of the RI of dispersed and continuous phases produce a coincident transmission level at 1531.36
nm (difference of ~0.25 dB), which makes the sensor less sensitive in this case. Indeed, one
may change the reference wavelength to increase the sensitivity regarding assessed phases: as
noticed in Figure 82b, choosing the dip for » = 1.00 at A = 1531.5 nm produce a difference of

~4.4 dB in comparison to the transmission for n = 1.47.
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Figure 84 — Normalized intensity signals for (a) air-in-oil (dips indicate the passage of air slugs along the TFBQG)
and (b) water-in-air flows (peaks represent transport of water slugs). (256).

Nevertheless, the TBFG is capable to discern between both phases, resulting in an
average flow speed of V' = 0.34 mm/s (7 = 11.83 s). The peaks observed during phases
transitions are due to the non-monotonic characteristic of the sensor calibration curve for n <

1.33, as well as to small air bubbles formed during the droplet transport (297). As for water-in-
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air flow, water slugs manifest as intensity peaks (Figure 84b) because of the distinct
transmission level observed in Figure 82b, even though the RI of air extrapolates the calibration
curve. The average period and speed are 17.96 s and 0.22 mm/s, respectively. Despite the ()
signal indicates that the continuous phase may be confused with oil due to the similar intensity
values, it must be stressed that the sensor can be calibrated for other RI ranges by adjusting the
interrogation wavelength /.

In conclusion, by using the TFBG and single-wavelength detection scheme, it is possible
to track the temporal evolution of liquid or gas slugs flowing through a continuous phase,
wherein the response time depends only on the sampling frequency of the data acquisition
hardware. Even though a tunable laser source was employed for the sake of convenience, a
simpler approach would consist in using a single-mode longitudinal distributed feedback laser
diode for exciting the fiber at a specific wavelength. In this case, a resonance dip can be adjusted
(through tailoring the TFBG tilt angle) to match the laser emission so that the interrogation
system can be realized with low-cost, ordinary telecom components. The evaluation of flow
speed is also similar to the well-established optical tracking methods, but the proposed system
does not require transparent tubes or colored fluids and is simpler to compute than image
processing approaches (281). Furthermore, it is worth noticing that the sensor response is
affected by the temperature as the surrounding fluids and the fiber material present characteristic
thermo-optic coefficients, changes in n., and nél shift the resonance wavelengths and affect the
output intensity range. Nevertheless, thermal fluctuations can be compensated with a single
TFBG by monitoring the Bragg reflection peak Az of the core mode, which is insensitive to the
surrounding RI in contrast to the cladding modes resonances (292). Therefore, one may
implement a dual-wavelength scheme to assess 4 and A simultaneously and correct the

calibration curve in real-time, so no reference fibers are required with such setup.

6.3 All-optical real-time monitoring of air/vacuum valves with fiber Bragg gratings

Knowledge of both water and airflow is crucial in developing adequate models for water
pipeline system sizing (300). To regulate the airflow in water lines, operators install several air

valves along the length of the pipeline. Among the available airflow solutions, one commonly
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employed is the air/'vacuum valve (AVV), two-way mechanical devices that allow for both the
expulsion of air when the pipeline is filled with water, and entrance of air when the water is
pumped out of the pipes. AVVs typically employ a floater design that passively closes an
exhaust/intake port as the water level inside the valve rises, which then reopens when the water
level recedes. Currently, water pipeline systems are usually engineered with AV Vs distributed
along an adductor according to the AWWA MS51 standard (301), being placed in the highest
elevation points along adductors, after a long horizontal section, or when small slopes are
present — situations of evident potential for air accumulation. A study by McPherson (302)
proposes a more comprehensive approach, based on the use of full dynamic hydraulic models
to evaluate the correct size and positioning of air valves. Developing such models poses a
complex problem due to the inherent compressible and biphasic flow regimens, and the frequent
failure of poorly maintained air valves exacerbates the issue.

Incorrectly sized or inoperative air valves can expose the hydraulic system to pressure
loading surges that can lead to the mechanical failure of pipes and fittings, possibly resulting in
leakages and system downtime (303). Thus, proper management of air entering and leaving the
system is essential to operate hydraulic systems in desirable safety conditions. Despite their
importance, in-depth studies on the dynamics of AV Vs for their proper sizing and positioning
are scarce and, aside from annual scheduled maintenance and inspections, pipeline operators
employ no online or real-time monitoring to ensure their proper operation (304). Furthermore,
air valve performance data provided by suppliers is often inaccurate, leading to potentially
harmful design decisions (305). While research aimed at deepening the knowledge on the
mechanics of such air/water systems continues to find its way into the specialized literature
(304-306), there is still a distinct gap in developing effective AVVs monitoring strategies.
Systemic monitoring and maintenance programs need to be developed, as well as
comprehensive design procedures that consider the individual requirements of each valve and
its location.

Considering this context, this study aimed to address the lack of real-time remote
monitoring solutions for AVVs by proposing and validating through experimentation an all-
optical monitoring setup using a fiber Bragg grating (FBG) sensor embedded into a 3D-printed
flexible polymer casing. The casing was fixed to the AVV exhaust/intake port with the help of
a 3D printed support adapter and allowed to bend in response to the airflow. The FBG then

operated as a fiber optics strain gauge that responded to the applied flexural load. Results
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obtained with the FBG approach were then compared to reference data from a traditional orifice

plate setup.

6.3.1 Materials and methods

FBG probes fabricated in-house were encased into 200 mm long thermoplastic
polyurethane (TPU) casings (2 mm x 10 mm rectangular cross-section) by 3D-printing, using
a filament printer (AiP-A3, Sethi 3D) according to the procedures detailed in Manzo et al. (307).
Encasing the fiber adds an extra layer of both protection against mechanical shock and handling
and against environmental conditions (308). A support piece was also 3D-printed using
polylactide (PLA) filament to secure the encased fiber sensor to the AAV exhaust/intake port,
allowing it to bend in response to the airflow pressure loading. The TPU encased sensor was
then secured to the support using a pair of 3D-printed PLA clamps (Figure 85). The distance
between fixtures was set at 90 mm, and the backside of the PLA support was fitted with a
threaded pipe adaptor that allows to fasten the support to the AVV exhaust/intake port. Thus,
air is allowed to flow freely through the holes in the center of the support and adapter.

—

Figure 85 — 3D-printed TPU encased FBG sensor secured to the 3D-printed PLA support (257).

TPU was selected for this application for its flexibility, which produces a clear and
detectable mechanical response even for relatively low-pressure loads during air intake through
the AVV. The adequacy of its mechanical properties for this application can be better shown
by looking at the results from the tensile stress-strain testing done with dog-bone shaped test
specimens, following the guidelines and recommendations of the ISO 37 standard (309). The
tensile test was conducted using a universal testing machine with a displacement speed of up to

50 mm/min and a 10 kN load cell. Figure 86 presents the tensile stress-strain curve for the 3D-
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printer filament grade TPU, while Table 4 summarizes the test results. As can be observed, TPU
exhibits a rubber like behavior, reaching over 140 % strain before failure with a fairly low

Young’s modulus of 44.79 MPa.
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Figure 86 — Stress-Strain curve of 3D-printer filament grade TPU (257).

Table 4 — Physical properties of the TPU polymer (257).

Material Thermoplastic
Polyurethane (TPU)
Young’s modulus 44.79 MPa
Maximum stress 6.76 MPa
Strain at break 143 %
Stress at break 6.48 MPa

To simulate the loading and discharging operation of a real water adductor piping
system for the AVV monitoring tests, a test bench (Figure 87) was assembled with cast iron
pipes and fittings of 150 mm nominal diameter, gate valves, two AVVs, and a fixed speed
centrifugal pump assembly with the following characteristics: engine power of 25 hp (18.6 kW),
22 mH20 (215 kPa) manometric head and 180 m?/h nominal flow rate at 1750 RPM. Both gate
valves (V1 and V2) are at ground level, and the pump and drain are connected to the municipal
water supply network. For this experiment, only the AVV at the highest point (2.4 m from
ground level) in the hydraulic test bench was instrumented. A more in-depth discussion of this

setup can be found in (306).
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AVV
(Instrumented)

Drain

Figure 87 — Schematic drawing of hydraulic test bench. V1, V2 = gate valves. AVV = air/vacuum valve (257).

To compare the results obtained with the FBG, a 900 mm long pipe section (28 mm
diameter) with a concentric orifice plate (14.6 mm orifice diameter) was attached to the AVV
as a reference, with the plate positioned 300 mm from the AVV intake/exhaust port. Electronic
pressure sensors were placed at one diameter upstream of the orifice plate and half a diameter
downstream (306). The concentric orifice plate assembly was chosen for this application based
on a previous study by Aquino ef al. (310). In that study the authors tested the adequacy of vane
anemometers, pitot tube and orifice plates for monitoring AVVs, with the conclusion that both
the anemometer and pitot tube were unable to produce accurate results due to the mixed
water/air flow and relatively high air velocities during purging events. As the orifice plate
assembly is too bulky to be used on real air valve installations, this also highlights the
importance of developing a compact monitoring setup capable of reliably monitoring their
operational status. Since the airflow velocity, and thus the pressure gradient between sensors,
is much higher for air purging events than air intake, sensors with distinct operating ranges were
utilized to maximize the sensitivity for both scenarios: For air purge 0-200 kPa dynamic range
sensors (Hokushin DPF100.3) were used, and for air intake 0-29 kPa dynamic range sensors
(Siemens D-76181). Operation the test bench is relatively simple, for purge tests, the drain valve
V2 is closed while the pump valve V1 is open, then the pump is turned on until the pipeline is
completely filled. Afterwards the pump is turned off, V1 is closed, and then V2 is opened to let
the pipe discharge for the intake test. The limitation of this setup is the impossibility of installing
both the orifice plate and the encased FBG sensor in series at the AVV exit port; thus, tests with
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each sensing approach were conducted separately. To account for this limitation and obtain
comparable datasets, experimental conditions were kept as uniform as possible (controlled
room temperature and humidity), the same hydraulic test bench was used for all tests, and every
test followed the same experimental procedures. Furthermore, data for three purge and intake
events were recorded for both the orifice plate and FBG. The datasets were then combined by
averaging and computing the standard deviation using a t-distribution to obtain the confidence
intervals of the data before presenting a comparison in scatter plots with interpolating lines. The
combination of these measures as the best metrological practice available in this situation and

is expected to provide reliable results.

6.3.2 Results and discussion

As previously discussed, the air flow leaving or entering the AVV will impart a pressure
loading over the TPU beam with encased FBG sensor. This will cause the TPU casing to bend
in the direction of the flow, resulting in tensile or compressive internal stresses that increase
with the distance from the neutral bending axis (311). As the FBG acts as a unidirectional strain
gauge and the optical fiber is offset from the neutral axis, it is sensitive to these effects as
described in back in Chapter 3, Equation (3.3). The working principle is illustrated in Figure
88, where it is evident that the FBG sensor will detect tensile strain for air purge events,
compressive strain for air intake events, and no strain when the valve is closed. Effectively, by
observing the sign and the magnitude of the strain measured with the FBG via its spectral shift
it is possible to determine the operation regimen of the AVV and the duration of the
purge/intake events. Experiments with the electronic pressure sensors and encased FBG sensor
were conducted separately, as discussed in the previous section. Firstly, the pipe extension with
orifice plate was installed to the AVV and the pressure difference between sensors placed
upstream and downstream (AP) of the flow was recorded for three consecutive purge and intake
events. Afterwards the extension is removed and the 3D-printed TPU support is secured to the
AVV, following with data collection of three other sets of air purging and intake events.
Performing all tests in quick succession under controlled laboratory conditions eliminated
concerns regarding the FBG cross-sensitivity with temperature. Data collected with the FBG is
expressed in terms of the observed Bragg wavelength shift (A4g), in response to the applied

pressure load.
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Figure 88 — Schematic drawing of the optical fiber sensor working principle. (a): Sensor at rest (no air flow). (b):
Bending of the sensor due to the air and water droplets flow in a purging event. (c): Bending of the sensor during
an air intake event. (d): PLA support and encased FBG sensor secured to the AVV (257).

Figure 89 summarizes the results as scatter plots, with the air purge data presented in
Figure 89a, and air intake in Figure 89b. The green dots are the averaged AP values in kPa for
the 3 events, while the red dots are the averaged A4z values in pm. Sensor data was collected at
a rate of 1 sample/s for both sensor types, which corresponds to the maximum acquisition rate
of the Portable BraggMETER FBG interrogation unit used here. As shown in Figure 89, the
agreement between the AP and A4 curves for both types of airflow through the AVV is very
good. The encased FBG sensor was able to clearly detect the slight bending under the lower
pressure loads during air intake (Figure 89b), and the A4z curve also shifts from positive values
during air purge, to negative values during air intake, as expected. As both events have
relatively long durations (8 to 12 seconds) and no abrupt transients, the 1 sample/s limit of the
FBG interrogator posed no issue for airflow monitoring. The good agreement between curves
is interesting as it suggests the possibility of utilizing the FBG based sensor to obtain calibration
curves of AVVs. This can be of particular interest to manufacturers, as previous research

suggests that the development of standardized procedures for characterizing AVVs is necessary
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as performance curves presented on datasheets are often unreliable (305). But this was beyond
the scope of this work, which aimed to provide a proof-of-concept of a novel setup capable of
reliably monitoring the operational state of AVVs (“closed”, “intake” or “air purge” state) and
would require further testing with precisely controlled air flows. For the purposes of this work
the main concern was the limit of detection, given the air flow during intake events is very
subtle (peak AP measured between electronic pressure sensors ~4 kPa, Figure 89b). The
proposed optical approach can clearly detect this subtle flow, and a detectable response can be

seen on the FBG signal even for AP’s in the range of ~1 kPa (Figure 89b).
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Figure 89 — Response curves of the FBG sensor (red dots) and electronic pressure sensors (green dots). (a):
During air purging events. (b): During air intake events (257).

Although the orifice plate also proved to be effective in this experiment, it presents
drawbacks that limit its application on the field. Most notably is its bulkiness, since it requires
extending a straight pipe section out of the AVV, which is often unfeasible due to the prevalence
of confined spaces in piping systems. Orifice plates are also subject to clogging and
accumulating water, which is expelled in small quantities before the valve completely shuts off
during purging events. Electrical safety and corrosion are also cause for concern. It is worth
noting, however, that orifice plates or other methods are not utilized in the industry to monitor
air valves. As discussed in the Introduction, visual inspection during scheduled maintenance is
the only monitoring strategy currently employed. In this study, the orifice plate was used only
for validation purposes. While a single fiber with one inscribed FBG was used to monitor an
AVYV in this study, monitoring multiple AVVs on field applications can be achieved by means
of multiplexing sensors. This can be realized by writing multiple FBGs along a single fiber or

by concatenating signals from multiple fibers. Future research will focus on making the sensor
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“field-ready,” such as developing strategies to compensate for temperature, testing new
approaches for encasing the FBG (encasing material and casing mechanical design) that are
more robust than TPU without sacrificing sensitivity, and modeling the relation between

flexural load observed in the encased FBG and the volumetric air flow through the AVV.
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7 CONCLUSIONS

Several novel optical fiber probes with low-cost interrogation setups based on
specklegram recording or intensity-based demodulation were presented to assess physical and
chemical variables. The setups mostly consisted of a single He-Ne laser to excite the fiber
probes, a pair of objective lenses to launch fiber to and from the fiber, and a cheap ~20 USD
webcam for recording the speckle patterns, a significant improvement in both cost and
complexity in relation to competing setups needing broadband light sources and optical
spectrum analyzers such as SPR based sensors, or interferometric setups that need fine
alignment of all optical components and expensive laser sources with longer coherence lengths.
Despite the use of lower cost equipment and simple optical setups, the sensors exhibited a
performance comparable or superior to said solutions reported in the specialized literature, as
detailed at the end of each individual section in chapters 4 and 5, posing as viable alternatives
to current commercial optical fiber sensing solutions. Further developments will focus mainly
on expanding the capabilities of the proposed probes and enhancing their performance.

For the evaporation probe described in section 4.1 one avenue currently being explored
to improve the stability of the probe’s response and shield it from external factors is to introduce
a Germanium doped glass rod fixed to the inner wall of the glass microtube, preventing light
launched in the Ge doped rod from leaking into the glass tube, strongly limiting the interaction
between guided modes and the external medium to the interface between the rod and the fluid
contained inside the capillary. Developing an appropriate evaporation model for the capillary
fibers also opens the possibility of using the probe for assessing fluid properties such as
viscosity, vapor pressure and effective diffusivity. For the concatenated fiber structured
proposed in section 4.2 there is good opportunity to develop strategies to compensate for
temperature crosstalk and to encapsulate the fiber probe for practical measurements. The
capabilities of the exposed core fiber sensor detailed in section 4.3 can be enhanced by using
the EZNCC approach for increased dynamic range, the response of the probe to external
refractive index can also be better characterized by employing a more diverse array of fluids to
cover the gaps between air (n = 1.0) and water (n = 1.3330), and between water and ethanol (n
= 1.3632). The fundamental mechanisms behind the hysteresis observed in the opto-magnetic

probes (section 4.4) needs further investigation, other proposed developments for this study
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include experimenting with core/cladding fibers instead of the no-core structure and
investigating the effects of magnetic saturation of the Tb*>* ions on the dynamic range of the
probe.

Regarding the agarose-based waveguides, the main improvement opportunities come
from exploring new waveguide compositions, such as including glycerol in the agarose mix to
improve probe stability, though care must be taken to use biocompatible materials when
exploring in-vivo applications and biochemical measurements. The structured agarose probe
from section 5.1 can be exploited as an optical sensor and growth medium for microorganisms.
Both excitation and fluorescent lights can be guided through the structured fiber core, making
it simple to evaluate the spectral response under different environmental conditions. The
waveguide may be designed as a disposable sample unit containing the necessary nutrients and
immobilized cells, which could be promptly coupled to the optical instrumentation
(spectrometer or microscope) for practical analyses. Moreover, the fiber can also be used as a
substrate for cell immobilization and as a growth medium, so the biochemical properties can be
assessed through the interaction between the sample and the transmitted light. Exploring other
hydrogels and additives is also important for the pH probe detailed in section 5.3, as the
fluorescent properties of the nanoparticles is affected by the medium incapsulating them
through solvatochromism, suggesting this as a possible path for enhancing the probe sensitivity
and linearity. As before, the doped hydrogel waveguide can also be used as a medium for
growing cells, reducing the risk of causing cell death during measurements. Finally, the
performance of the reusable memory effect probe detailed in section 5.2, overall performance
can be improved by revisiting the cladding material for a better index contrast with the ABS
core, while a tensile testing machine to enable complete control of the applied stress and strain
rate along with securing the fiber to a robust substrate, such as a standard tensile test specimen,
will also significantly improve tensile test results by inhibiting necking along the fiber. The
observed spikes in the transmission loss after relief-reload cycles present an interesting
possibility of utilizing the proposed POF sensor as a fatigue life indicator of critical components
in mechanical systems and smart structures.

Lastly, new application cases for fiber Bragg gratings for optical anemometers,
characterization of multiphase flow in reduced size channels, and for the monitoring of air
valves in water adductor systems were also demonstrated. Even though the FBG based pitot
device in section 6.1 was not presently able to properly detect airflow speeds lower than 20 m/s,

it is worth noticing that the dynamic range can be extended by changing the diaphragm design
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by increasing the square membrane dimensions, reducing the thickness, or choosing a material
with adequate £ and v values. Another approach consists in using of OFSs with higher bending
sensitivity, such as in-fiber interferometers, surface-core fibers, and fiber specklegram sensors,
but there is a tradeoff between the measurement capabilities and the robustness of such devices.
Miniaturization of the interrogation unit into an embedded hardware is another avenue that can
be explored in future developments. Regarding the multiphase flow device based on a tilted
FBG in section 6.2, one of the main advantages demonstrated in this study was the
demonstration that the probe interrogation can be achieved by monitoring transmitted intensity
for a single wavelength, considerably reducing costs over traditional FBG interrogators based
on broadband lasers and detailed optical spectrum analysis. Temperature crosstalk of the FBG
can be compensated using the Bragg reflection peak (4z), which is insensitive to the external
refractive index, therefore one may implement a dual-wavelength scheme to assess 4 and Az
simultaneously and correct the calibration curve in real-time, so no reference fibers are required
with such setup, which would still be a simpler and more cost-effective approach than
traditional FBG interrogation schemes. Presently the air/vacuum valve monitoring setup
detailed in section 6.3 still employs traditional FBG interrogators, but the system cost is
mitigated when considering the high multiplexing capability for monitoring multiple valves
across several km of pipelines. It is also important to note that an approach based on traditional
electronic pressure sensors are often not possible due to space constraints and electrical safety
concerns. Future research will focus on making the sensor “field-ready,” such as developing
strategies to compensate for temperature, testing new approaches for encasing the FBG
(encasing material and casing mechanical design) that are more robust than TPU without
sacrificing sensitivity, and modeling the relation between flexural load observed in the encased
FBG and the volumetric air flow through the AVV, as the volume or air flowing through the
piping systems is also of interest to evaluate the performance of the air valves and their optimal
positioning on water adductor systems.

The collection of studies presented here represent a small yet impactful push on the
boundaries of the collective scientific and technical knowledge developed around fiber optic
sensors, most notably when pertaining to the viability and potential of specklegram sensors as
low-cost and highly sensitive alternatives for the sensing of numerous quantities of interest. To
illustrate the great flexibility of fiber optic sensors, this work has presented optical probes for
measuring refractive index, temperature, liquid level (or bathed length), pH, evaporation of

fluids, magnetic field intensity, mechanical strain, and fluid flow speed and flow rates.
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