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Multimaterial Fiber Sensors for Physical Measurements

Ruixuan Wang

Abstract

Polymer fiber sensors have been extensively explored over the past few decades for
biomedical, structural health monitoring, and environmental monitoring applications. Their low
melting point and well-established processing methods make them easily integrable with other
materials, such as metals, semiconductor devices, and composites, to create multimaterial
sensors with versatile sensing capabilities. However, the high viscoelasticity of polymer
materials and the limitations of existing sensing mechanisms constrain the precision and stability
of these sensors. This research focuses on enhancing the sensitivity of multimaterial polymer
sensors by improving both the sensing mechanisms (chapter 2 and 3) and sensor structures

(chapter 4 and 5).

Chapters 2 and 3 discuss the integration of silica optical fiber sensors into magnetostrictive
composite materials for distributed magnetic field sensing. A series of Fiber Bragg Gratings
(FBGs) were inscribed in the core of a silica fiber, which was then thermally embedded at the
center of a magnetostrictive composite made of Terfenol-D and thermoplastic elastomers. The
magnetostrictive properties of the composite, using various polymer matrices, were thoroughly
investigated. A detailed study of the sensor’s response under different boundary conditions and
applied tensions demonstrated its tunable frequency response and bandwidth capabilities.
Furthermore, the sensor's magnetic field sensing performance was characterized under applied

AC magnetic fields, showing a responsivity of up to 4.5 ppm/mT and a resolution of 0.1 mT.



Theoretical modeling of the magnetostrictive fiber's behavior was also conducted, with the strain
transfer coefficient being calculated and compared to the bulk material's response. This thermally
drawn magnetostrictive fiber exhibits significant potential for fully distributed sensing

applications.

In Chapters 4 and 5, the development of a stretchable fiber strain sensor is presented, with
improvements in sensitivity achieved through structural optimizations. Polymer fibers, known
for their high stretchability, flexibility, and softness, are promising candidates for sensing
applications. However, their high viscoelasticity often leads to significant hysteresis. To address
this, a double-coil strain sensor was introduced in this research. A theoretical model of the
double-coil capacitance was developed to inform future sensor designs. Based on this model, a
stretchable miniature fiber sensor was constructed, featuring a stretchable core tightly coiled with
parallel conductive wires. This sensor demonstrated low hysteresis, a theoretical resolution of
0.015%, a response time of less than 30 milliseconds, and outstanding stability after more than
16,000 cycles of testing. Its potential as a wearable device was showcased by embedding it into
belts, gloves, and knee protectors, with applications ranging from bladder monitoring to life

safety rope systems.

The dissertation concludes with a discussion of the research findings and suggestions for

future directions in the development of multimaterial fiber sensors.
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General Audience Abstract

This research focuses on enhancing the sensitivity of polymer fiber sensors, which are
widely used in healthcare monitoring, infrastructure safety, and environmental observation.
These sensors offer the advantage of integrating with other materials to create versatile, multi-
functional devices. However, their soft nature and limited sensing mechanisms pose challenges
to measurement accuracy and stability. This dissertation proposes improvements in the
sensitivity of multimaterial polymer fiber sensors by enhancing both their sensing mechanisms

and structural designs.

In the first part, new techniques were developed to improve magnetic field sensing by
embedding optical fibers into magnetically responsive materials. A scalable method called
thermal drawing was used to fabricate magnetostrictive fibers, enabling the sensors to measure
magnetic fields at various locations with a minimum detectable change of 0.1 mT. This approach
enhances the accuracy of magnetic field detection, which is valuable for monitoring magnetic

field distributions in industrial applications.

The second part introduces a stretchable sensor designed for strain detection in wearable,
biomedical, and structural health monitoring applications. Featuring a double-coil design, this
sensor demonstrated stability, durability, and accuracy in real-time monitoring by detecting

changes in relative capacitance.
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Overall, this research offers significant insights into improving the reliability and
effectiveness of polymer fiber sensors, paving the way for future innovations in smart sensing
technologies. The dissertation concludes with a discussion of potential improvements and future

research directions.
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Chapter 1  Introduction

1.1 Overview of Optical Fiber Sensors and Motivations

Invention of optical fibers dates back to late 19" century, but the surge of the optical fiber
development and widely commercialized applications happened in 1960s after Charles K. Kao
and George A. Hockman from the Standard Telephone and Cables reduced the attenuation of the
optical fibers to less than 20 dB/km. After that, high quality optical fibers have been used in the
modern telecommunication field to make fast internet connections possible [1]. Nearly at the
same time, the development of optical sensors also moves to the field of guided-wave optical
sensors in the late 1960s. A work reported in a NATO work first proposed the title of ‘Optical

Fiber Sensors’ [2].

After years of development of optical fiber sensors, optical fiber sensors have found
applications in various fields such as telecommunications, medical diagnostics, structural health
monitoring, safety warning, and industrial automation. [3-9]. Comparing with the traditional
semiconductor-based sensors, optical fiber sensors exhibit several advantages: First, the
dielectric fiber materials (usually silica for telecommunication fibers) are chemically inert, this
make them suitable for harsh environment where chemical reactions exist, and the environment
is corrosive. Second, the dielectric nature of the optical fiber sensor also makes it immune to
electromagnetic interference. In addition, unlike semiconductor sensors, optical fiber sensors
don’t generate electric sparks. With both advantages, optical fiber sensors can be used in high
voltage high power environments and cases with the risk of explosion. Third, the size of the
optical fibers is miniature, usually in the order of ~100 um, where microfibers have even

smaller cross-sectional area. In addition to the biocompatibility of fiber material, the optical fiber



sensors have minimum interference with the point of measurements. Nowadays, especially after
the development of multimaterial fibers, the optical fiber sensor is suitable for biomedical
applications. Fourth, with silica as the main material, the optical fiber sensors have very high
fusion point. Optical fiber sensors can survive in harsh high temperature environment. The
temperature sensing range can even be extended with the development of the sapphire optical
fiber sensors [10—12]. Fifth, the compact size and lightweight nature of optical fiber sensors
provide a significant advantage when integrating or deploying them on a large scale. Sixth, the
extremely low transmission loss of optical fiber sensors makes them ideal for remote sensing
applications, allowing interrogation systems to be located far from harsh environments. Seventh,
the high stability of silica material and the reliability of optical fiber sensors make them excellent
candidates for structural health monitoring, where they can be embedded for long-term
measurements. Eighth, optical fiber sensors offer high precision and distributive sensing
capabilities. Optical fiber sensors are potentially higher sensitivity, a larger dynamic range, and
higher resolution compared to traditional sensors. By leveraging interferometric techniques,
optical fiber sensors can surpass the sensitivity limits of conventional sensors. Most importantly,
optical fiber sensors uniquely offer multiplexing and distributed sensing capabilities. With
advances in interrogation systems and sensing principles, a single optical fiber can cover
extended sensing lengths and a large number of sensing points—an ability unmatched by

traditional sensors and a key focus in optical fiber sensing research. [13—17]

However, optical fiber sensors also have some disadvantages. First, their high sensitivity can
lead to issues with crosstalk from undesired measurands, such as the interference between strain
and temperature measurements. Addressing and demodulating these crosstalk issues has been a

significant area of research, with considerable progress made in this field. Second, the cost of



optical fiber sensors is generally higher than that of traditional sensors. This is a common
challenge for optical-based sensors, and optical fiber sensors often require specialized

interrogation systems, which can further increase the overall cost of the sensor system. [2].

While these two disadvantages have long been recognized and are continually being
addressed within the field, there is another area where traditional optical fiber sensors could be
enhanced. Most optical fiber sensors today are made from silica or doped silica and are primarily
used for physical measurements, such as temperature and strain. The silica material is chemically

inert and has a high Young’s modulus, which presents several limitations:

1. Limited Interaction: The interaction between the measured parameters and the light
propagated within the silica fiber is limited. As a result, functionalizing the optical fiber

is essential for expanding its applications.

2. Limited Flexibility and Stretchability: The high Young’s modulus of silica restricts the
flexibility and stretchability of these sensors. Although these properties are not typically
required in traditional sensing scenarios, there is a growing demand for 'wearable' and

'stretchable' sensors.

To meet these emerging needs, new materials and structures must be developed that offer
greater flexibility and functionality. In this dissertation, we address the limitations of traditional
silica optical fiber sensors by introducing enhancements through the development of
multimaterial optical fiber sensors. To expand their sensing capabilities, we employed a thermal
drawing process that enables silica optical fibers to be thermally co-drawn with multimaterial
polymer layers. This approach adds flexibility and functionality while retaining the inherent

advantages of commercially available silica fibers. Additionally, we developed a new



multimaterial fiber design that balances stretchability with sensitivity, making it suitable for
wearable and implantable applications. By adopting this 'multimaterial' fiber approach, we
demonstrated that these new designs could meet the demands of specialized sensing applications

that traditional optical fiber sensors cannot.

1.2 Principles of Optical Sensing

Under the realm of optical fiber sensing, there are multiple sensing mechanisms that have
been adopted. Here, we will briefly cover some of the most common ones to give a general
overview of optical fiber sensor technologies and then follow by a dive into the introduction of

optical fiber Bragg Gratings as it is the sensor that has been used in this dissertation work.

1.2.1 Point Sensors Overview

Intensity based transduction measurements are one of the first techniques that was used in
the field of optical fiber sensing. There are several sensing techniques based on this principle.
The first is microbends and macrobaneds. In this case, single mode or multimode fiber or
multimode fiber are forced to deform under external compressions. The mode profile mismatch
and the exit of the guided light entering the cladding will cause transmitted power loss. With this
mechanism [18], the sensor can be used to measure displacement by tracking the movement of
the one of the microbenders, pressure by attaching membrane to one of the microbenders [18,19],
strain, vibration, temperature and humidity [19-21]. This intensity-based sensor has simple
schematics and potentially low cost. However, it suffers from the disadvantage of high crosstalk
and performance is dependent on the modal profile of the light source. The second direction of
the intensity-based sensor is evanescent field measurement. To have the guided wave penetrate
the media under testing, the evanescent field sensor is side-polished, cladding removed or

tapered to allow more field getting into the surround field. The evanescent field sensor has been
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widely used for the application based on refractive index sensing, including chemical sensing,
PH and humidity sensing [22-26]. Other intensity-based measurements include coupling based
transducers where the light from one optical fiber exit its end face and interact with the
measurand and then enter another fiber which served as the ‘receiver’ [27-29], encoding-based

position sensors and so on.

While intensity-based measurements are straight-forward and potentially low-cost, it does
not fully show the advantage of the optical sensing since it doesn’t take the fully advantage of
the wave properties of the optical sensing. Interferometry and polarimetry are the sensing
mechanisms that have been used widely for optical sensing applications and show high
precisions. Common optical fiber interferometers include the Michealson Interferometer, Mach-
Zehnder Interferometer, Sagnac Interferometer and Fabry-Perot Interferometer. Although each
interferometer has different schemes, their sensing mechanism is based on the changing phase
difference due to the external conditions. For simplicity, let consider a 2-beam interferometer as

an example for demonstration:

If the two beam were approximated by two plane waves E; and E, respectively, the fields

are:

E; = A;exp(joy), (i = 1,2) (1-1)
The intensity of the interference is:
I == |E1 + E2|2 == A% + A% + 2A1A2COS (d)l - ¢2) (1'2)
If the optical path difference between the two optical path is Lypp = nl where n is the

refractive index and 1 is the path difference, the phase difference is given by:



¢(A) = 2nnl (1-3)

The relationship of the measured intensity can be simplified and rewritten as:

I(1) = k[1 —Vcos(¢)] (1-4)

With the change of the phase due to the applied measurand, the intensity of the inference
signal will be observed. The monotonic changes on the intensity will be observed if the
interference signal is between the maximum and minimum cycle. However, a single wave
tracking like what is shown in the above equation will leads to phase ambiguities since the
interferometer will differentiate between the signals with 2 phase differences. Increasing the
wavelength interrogation from single to multiple to broad wavelength interrogations will
increase the sensor’s phase measurements robustness and demodulation of the interferometer

phase without a continuous tracking of the interference signal [2,30,31].

The sensing mechanism of a polarimetric sensor can be analogous to a two-beam
interferometer. For a linear polarized source, it can couple to two polarization eigenmodes of the
linear birefringent fiber. The phase difference between the states will be measurand dependent.
After using the polarization analyzer to convert the two states into the common azimuth, the two

polarization states will produce interference pattern like the case of two beam interference.

Fiber Bragg Gratings

Another interference related sensing mechanism is optical fiber Bragg grating (FBG) where
the refractive index along the core of the optical fiber was spatially periodic modulated. Just like
the case Bragg diffractions of x-Rays for atom lattice, the Bragg condition of the optical fiber

Bragg grating is:



N2Ag = 2nqp A (1-5)
Where Ap is the central wavelength of the reflected central wavelength, n.zf is the effective

refractive index of the fiber, A is the pitch length of the periodic refractive index modulation, and
N is the integer to represent the order of the grating. The reflectivity of a grating with constant
amplitude of index modulation and length of / has the reflectivity of [32,33]:

R - k2 sinh? yl (1-6)
~ Ak2? sinh2 1 + 2 cosh? il

Here Ak = k — /A is the detuning vector to show the mismatch between the incident wave

vector to the Bragg wavelength wavevector. The 1 and coupling coefficient k is given by:

W = 12 — Ax2 (1-7)

_ mAnn (1-8)
)

K

Where An is the amplitude of the index modulation and 7 is the grating efficiency, which

shows the overlap between the guided optical mode and the grating, and its value is:

Ao )2 1 (1-9)

nzl—(
(ni —n3)

2ra
Here, Ay,a,n,,n, are the free space wavelength, fiber core radius, core and cladding

refractive index respectively.

Fiber Bragg gratings are both sensitive to strain Ae, and temperature AT and strains:

10n 1-10
A)l=)l(——+1>A£Z+A(c+a)AT (1-10)
naoe,
10A 10n . . .
Where a = Ao’ S =5 are the thermal expansion and thermos-optic coefficient

respectively. Here the dominant effect is the thermos-optic effect. For silica optical fiber, here

7



. 1075
are some of the common numbers used for temperature sensing: ¢ = 1.1 X — /°C, and a =
eff

0.5 % 107¢/°C.
The variation of the refractive index due to the axial strain is given by Hooker’s Law:

1 dn n? (I-11)
= —7(2912 —v(p11 + P12))

nade,
Where v is the Poisson’s ratio, , are the strain-optic tensor. The final conversion
11, P12

1.264p

between the relative center wavelength shift and strain is € = 7
B

1.2.2  Fully Distributive and Quasi-distributive Optical Fiber Sensors

The ability to sense measurands along the fiber length with fully distributive and quasi-
distributive manners is the unique advantage of optical fiber sensors. The current distributive
sensing sensors can demonstrate 1-2 cm spatial resolution over kilometers of sensing range. This

has made the distributive sensors a cost effective and space-effective solution.

The two major working principles of the fully distributive optical sensors are optical time-
domain reflectometry (OTDR) and optical frequency domain reflectometry (OFDR). In OTDR, a
short optical pulse is launched into the fiber and the continuous Rayleigh back scatterings reflect
the light carrying the information of the local strain, temperature, and vibrations. The location
information of the measurand is calculated by the time of flight of the forward propagating light,
while the spatial resolution of the sensor is decided by the pulse width of the interrogation pulse.
However, the decreasing of the pulse width is at the cost of the broadening of the bandwidth and
compromise the signal to noise ratio of the sensing signal. According to the Fourier Transform, a

short pulse in the time domain is equivalent to a broad frequency domain signal. OFDR, on the



other hand, launches continuous frequency modulated optical waves. Here, the spatial resolution

is decided by the frequency tuning range.

I Stokes < I — Anti-Stokes
Rayleigh
Faman
Raman
|| I'“““:: Brillouin
e e

— .

gy [

Figure 1-1 Typical spontaneous scattering spectrum in solid-state matter. [32]

For the guided electromagnetic wave, time-dependent polarization dipole can be generated
by guided optical waves if it is off-resonance. The secondary scattered electromagnetic wave is
called the scattered field. The scattering center in optical fiber rises from the microscopic and
macroscopic variations in density, composition and structure defects. There are three types of
spontaneous scattering in optical fiber: Rayleigh scattering, Raman scattering, and Brillouin
scattering, which are shown in Figure 1-1Figure 1-1 Typical spontaneous scattering spectrum in
solid-state matter. [32]. The local dopants and random molecules caused refractive index
variations is the origin of Rayleigh scattering. Rayleigh scattering is an elastic scattering effect
where the scattered wavelength is the same as the incident wavelength. The lines next to the
Rayleigh scatterings are the Brillouin scatterings, which are due to the scattering with the
counterpropagating acoustic waves. The downshifted line is called Strokes terms, and the
upshifted line is called anti-Strokes terms respectively. The Raman scatterings are due to the
molecules’ vibrations. The Raman scattering terms are usually broadband with linewidth of THz,
and there are several sharp peaks associated with different molecular rotations, reorientation

excitations. Since the broadband nature of the Raman scattering peaks, it is hard to differentiate



the location information and induced changes. Rayleigh, Raman and Brillouin scatterings based
OTDR sensing have been demonstrated, while OFDR sensing requires small spectrum linewidth
thus limited the application of Raman based OFDR sensing system. The details of fully
distributive sensing can be found in several references [2,34,35], and it is out of the scope of this

dissertation thus not covered here.

Quasi-distributive sensing system is another topic for distributive fiber sensing applications.
Unlike the fully distributive sensing system, in the quasi-distributive sensing system only
prescribed sections are sensitive to the measurand. This applies to the application case that the
distance of the sensing locations is known, but the quasi-distributive sensing system allows the
customized sensor properties at different locations. Fiber Bragg Grating distributive optical fiber
sensors is one of the most widely used examples of the quasi-distributive sensing system.
Multiple fiber Bragg gratings can be inscribed in serial and share the same interrogation system.
Both the wavelength domain multiplexed FBGs and the time-domain multiplexed FBGs sensing
system has been demonstrated over the years [36,37]. In this dissertation, we have demonstrated

quasi-distributive magnetic sensing capability by wavelength-multiplexed FBG sensing system.

1.3 Multi Material Fiber Overview

1.4 Overview and Comparisons on Different Methods
As discussed in previous sections, optical fiber sensing systems are highly versatile, offering
high precision, stability, and multi-point sensing capabilities. However, the optical fiber
itself has a relatively simple composition. Despite the adoption of various polymers and

glasses for fiber fabrication, silica remains the predominant material choice. To broaden the
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sensing capabilities of optical fiber sensors, the concept of multimaterial fibers was

introduced. Several strategies have been proposed in this area:

(1) Thermally Drawn Multimaterial Fiber: In this approach, materials with distinct
optical, electronic, mechanical, and magnetic properties are incorporated into a single
preform, which is then monolithically thermally drawn into smaller fibers with complex
cross-sectional areas. The traditional high-temperature silica fiber draw tower allows for
the melting and integration of these multimaterials into the cladding sections of the
optical fiber, while the polymer draw tower can apply functional coatings to the outside
of the silica fiber. During the drawing process, the fiber’s cross-sectional area is reduced
to the micrometer range, and the overall length of the produced fiber can be extended
over kilometers.

(2) Fiber Tip Modifications: Unsing the nanotechnologies, this method requires the
modification of the fiber tip by transferring the photonics chip to the fiber facet [38],
direct nano-fabrication with photolithography and electro-beam lithography(EBL) [39],
focused Iron Beam (FIB) [40], nano transfer-printing [41], nano-imprint [42]. Another
strategy 1s through the bottom-up fabrication method including self-assembly of
polymers [43] and two -photon polymerizations [44]. The multimaterial fiber fabricated
by this method has high sensitively, robustness and small sizes that can be applied to
biomedical applications and monolithic silicon sensor has the potential to work in harsh
temperatures thanks to its mechanical structure integrities. With the integration with
special metal materials, the fiber tip can expand its sensing capabilities and increase its
sensing sensitivity through enhanced Raman Scattering and surface plasmon propagation

effects.
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(3) Special Coating Techniques: Coating techniques are employed to fabricate
multimaterial functional coatings on the surface of silica fibers. The first approach is the
deposition method, commonly used in the semiconductor industry. However, the small
dimensions, flexibility, and cylindrical or conical shape of optical fibers present
challenges for traditional coating methods when applied to fiber platforms [39,45]. Wet
coating methods, on the other hand, are more compatible with optical fiber applications,
as they can produce more homogeneous and uniform coatings in the azimuthal direction.
Two major categories of wet coating methods for silica optical fibers are the Layer-by-
Layer technique and sol-gel matrices, with other methods including molecularly
imprinted polymers (MIPs) and metallic nanolayer and particle coatings [46]. The
Layer-by-Layer technique involves immersing the silica optical fiber in solutions with
opposite electric charges, allowing particles to be absorbed through electrostatic
attraction. Multiple layers with different compositions can be introduced by alternating
the reaction solutions, and the thickness of the coating can be precisely controlled by
adjusting the number of deposition layers. This method is simple and adaptable to
various fiber shapes, but the selection of solutions is limited, which can restrict its
application in certain sensing scenarios [47,48]. The sol-gel method, on the other hand,
is based on the polymerization of hydroxides to form glass-like compositions. The
resulting sol-gel matrix can serve as a membrane to support sensing materials on the
outside of the silica fiber, or it can act as a sensing material itself, based on optical

absorption and luminescent emissions [49,50].
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1.5 Fabrication of Thermally Drawn Multimaterial Fiber

1.5.1 Optical Fiber Fabrication Method

A thermal drawing method was first proposed and applied for silica optical fiber fabrications.
The silica fiber fabrications involve two steps, first preform fabrications and then thermal
drawing process [2].Optical preforms are usually 1 meter in length and several centimeters in
diameter, with a defined structure of core-cladding. Several methods have been used for the
preform fabrications: First is vapor axial deposition process where the basic material is heated
and creating fine particles of amorphous glasses and deposit onto the rotating end surface and
form a preform. The second method is outside vapor deposition where the concentric layers of
amorphous glasses deposit onto the aluminum mandrel. The third method is the most used
method called modified chemical vapor deposition developed by AT&T Bell lab. The metal
halide gas and oxygen will be pumped into the rotating quartz tube and forms glass vapor. An
external burner will travel back and forth and allow a glass layer to form at the inner part of the
glass tube. This process allows high flexibility in the silica preform fabrications. A high purity
preform could be fabricated and a precise control of the refractive index can be achieved through
layer-by -layer controlling of the oxygen-based reactants sent into the tubes [13]. However, the
initial quartz tube must have good quality to generate a good optical fiber preform. The plots for

optical preform fabrications and thermal drawing process are shown in Figure 1-2 [51].
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Figure 1-2 (a) Optical preform fabrication with MCVD method (b) Thermal Drawing process.

The fabricated silica optical fiber preform is then transferred to the fiber drawing tower. The

1.5.2 Multimaterial Polymer Fiber Fabrications

preform is heated to over 2000°C until it softens, allowing it to be drawn into fibers with smaller
diameters. A laser micrometer positioned below the preform measures the fiber's diameter in
real-time. The capstan speed is adjusted based on the micrometer readings until the desired
diameter is achieved. Once the target diameter is reached, the fiber is coated with a polymer and
cured using UV light. This additional coating alters the strain distribution, enhancing the fiber's

robustness against bending. The typical draw-down ratio for silica fiber is approximately 300:1.

The same principles used in the silica fiber drawing process have been applied to

silica:
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multimaterial polymer fiber drawing. However, polymer preforms offer several advantages over



1.

Good Machinability: Polymer preforms are easy to machine, allowing for the creation
of side-slots, drilling, and the stacking of multiple layers to form preforms with special
functionalities. Microscopic structures can be easily fabricated by constructing them at a

macroscopic scale.

Low Drawing Temperatures: Polymer fibers are typically drawn at temperatures below
500°C, enabling the integration of semiconductor devices, metals, and composite
materials into the same preform. This thermal drawing process scales down the structures
and, due to the lower temperatures, allows for convergence drawing with high melting
point materials like silica. This capability potentially overcomes the challenge of
integrating fibers with planar fabrication methods, such as photolithography and

molecular beam epitaxy [52].

Low Cost: Compared to silica fiber drawing, polymer fiber drawing is less expensive due
to the lower temperatures required and the affordability of raw materials, making

multimaterial fiber fabrication more budget friendly.

High Flexibility: Polymer materials generally have a Young’s Modulus in the MPa range
and exhibit high stretchability, making polymer fibers more compatible with wearable

and stretchable applications.

The fabrication process for polymer preforms involves thin film rolling, hot pressing,

milling, and drilling to create hollow channels, followed by stacking the blocks. Once the
preforms are constructed, they undergo a consolidation process in a vacuum oven at temperatures
above the preform's softening point to form a solid shape. The preform is then sent to the

drawing tower for scale-down processing, as illustrated in Figure 1-3. The preform heating ovens
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feature three heating zones, with the top and lower zones typically set at lower temperatures than

the middle zone, which is maintained above the glass transition temperature of the preform.

Before the drawing process, the preform was sent to the drawing tower and preheated until it
softens. During the drawing process, the preform is fed by the down feeding motor with the
speed of vy, and the scaled down fiber was collected by the capstan with the speed of

Veapstan- During an ideal drawing process, the down fed preform material will be consumed by

the fiber. Therefore, the ratio of the diameter between the preform and the polymer fiber will

¢ _ dpreform _ Ucapstan
dfiber Vaown

follow the drawdown ratio of ¢:

Thermal Drawing Setup Schematic of Convergence Drawing

Figure 1-3 (a) Photo of polymer fiber draw tower. (b) Schematic of convergence drawing.
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1.6 Proposed Dissertation Outline

Chapter 1 provides an overview of optical fiber sensors and the motivation behind this
research. It includes a brief introduction to silica optical fiber sensors and an overview of

multimaterial fiber sensors, highlighting the current state of the art and fabrication strategies.

Chapter 2 reports on multi-point magnetic field sensing using a series of Fiber Bragg
Gratings (FBGs) and magnetostrictive coatings. It begins with a brief overview of magnetic
materials, particularly magnetostrictive materials, followed by the fabrication process of the

magnetostrictive fiber and the selection of composite materials.

Chapter 3 focuses on the characterization of the magnetostrictive composite fiber. The
chapter discusses the effects of boundary conditions on magnetic sensing capabilities. The
sensor’s multi-point sensing capabilities are demonstrated through the application of an AC

magnetic field.

Chapter 4 introduces a flexible and stretchable double-coil strain sensor, a work published in
Advanced Functional Materials [53]. This miniature double-helical fiber sensor features a
stretchable core wound with dense double-helical wires. The chapter covers the sensor’s design,
fabrication, and the development of a theoretical model to calculate relative capacitance changes
as a function of applied strain. A numerical simulation model and experimental results are
presented to validate the theoretical model, and the chapter concludes with a discussion on the

scalable fabrication method.

Chapter 5 details the characterization and application of the double-coil fiber. The sensor

demonstrates the ability to withstand up to 100% strain while maintaining low hysteresis, a
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theoretical resolution of 0.02%, a response time of under 30 milliseconds, and excellent stability
after extensive cycling tests. The chapter showcases application scenarios where the sensor is
embedded into fabrics and ropes, highlighting its use in sports performance monitoring,

structural health monitoring, and implantable applications.

Chapter 6 concludes the dissertation by summarizing the magnetic sensing and strain

sensing research. It also outlines potential future research directions.
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Chapter 2 Thermally Drawn Magnetostrictive Composite

Fiber Design Considerations and Fabrications

2.1 Magnetic Sensing Background

Electromagnetic field sensing has been widely demanded in multiple fields including
biomedical applications, space and geophysical researches, machine diagnostics, and
electromagnetic pollution monitoring [54—57]. Optical fiber-based magnetic field sensors have
garnered significant attention due to their high sensitivity, compact size, remote sensing
capability, and multiplexing abilities. The three primary mechanisms utilized in these sensors are
the Faraday effect, refractive index modulation of magnetic fluids, and magnetostriction. The
Faraday effect involves the rotation of the polarization direction of linearly polarized light as it
passes through a magnetic field, with the rotation angle being proportional to the magnetic field
strength and the fiber’s Verdet constant. This method has been the basis for numerous magnetic
sensor designs [58]. However, such magneto-optical material is bulky, fragile and requires
complicated interrogation systems. The polarization states of the fiber are vulnerable to
environmental perturbations and not suitable for field applications [59]. Magnetic fluid is
magnetic nanoparticles dispersed in organic solvent and water [56]. When an external magnetic
field is applied to magnetic fluid, the particles within the fluid tend to align and cluster, causing
changes in the refractive index and transmittance. While magnetic fluid-based optical sensors
offer good sensitivity and simple interrogation schemes, they are constrained by limited dynamic
ranges, poor long-term stability, and delayed response times. These limitations restrict the

broader application of magnetic fluid sensors.
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Fiber Bragg Gratings (FBGs) combined with giant magnetostrictive materials have become
a popular choice for optical sensors due to their compact size, large saturation strain, and ease of
interrogation. Magnetostriction, a property of ferromagnetic materials, occurs when the magnetic
domains within the material rotate and align with an applied magnetic field, leading to changes
in the material's dimensions. These strain changes are effectively detected by FBGs. Terfenol-D
(TbDyFe), a giant magnetostrictive material, is widely used in magnetic optical sensors. Direct
bonding of FBGs to Terfenol-D blocks with epoxy has demonstrated strong sensing
capabilities [59—-61]. However, pure Terfenol-D blocks are brittle and challenging to machine,
making direct bonding of optical fiber sensors to these blocks bulky and impractical for field

applications.

Another approach involves coating a thin layer of Terfenol-D onto the optical fiber surface,
but this method suffers from low magnetic sensitivity due to the limited thickness of the
magnetostrictive layer [62]. Recently, integrating optical fiber sensors into Terfenol-D composite
materials has gained attention. These composites consist of a two-phase material with epoxy
serving as the supporting matrix and Terfenol-D as the active magnetostrictive phase. The
resulting composite material offers enhanced flexibility and exhibits a reasonably linear
magnetostrictive response to increasing magnetic field strength, making it a promising solution

for advanced sensing applications [54,57,63,64].

While previous work has focused on point sensors where the magnetostrictive material is
bonded directly to the location of the Fiber Bragg Gratings (FBGs), fiber optic sensors offer the
advantage of distributed sensing. However, the methods limited distributed sensing capabilities

due to the restricted bonding or interaction length between the magnetostrictive material and the
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optical fiber. Distributed measurements are crucial for applications such as electromagnetic

pollution monitoring and magnetic field strength mapping.

Two primary strategies for achieving distributed magnetic field sensing have been explored:
First, bonding magnetostrictive materials to fiber surfaces: This approach involves attaching
materials like Nickel or Fe-Co-V alloy films to the fiber surface and interrogating the strain with
Optical Time-Domain Reflectometry (OTDR) [65,66]. While these methods have demonstrated
distributed sensing capabilities, the robustness of direct bonding techniques can be improved.
Second, integrating nickel wires into fiber cladding: Another method involves thermally drawing
Nickel wires into the cladding of the optical fiber, followed by interrogation using Distributed
Acoustic Sensing (DAS). This approach enhances the compactness of the fiber but can
significantly increase fiber loss due to the metal wires, limiting its effectiveness for remote
sensing applications. In this research, we proposed a thermal drawing method to integrate
commercially available telecommunications-grade silica fiber with a magnetostrictive polymer
coating. This technique facilitates scalable fabrication, overcoming limitations imposed by
traditional bonding and coating processes. The convergence drawing process achieves uniformity

across the fiber's cross-sectional area, which is critical for distributed or multi-point sensing.

2.2 Magnetostriction Working Principles

2.2.1 Magnetic Materials
According to the classical Bohr model for atoms, electrons follow a circular movement
around the nucleus [67,68]. If the orbital radius of the electron is r and the angular velocity is w.

This electron will generate a current of:
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i = —ew\2m (2-1)

According to the Ampere’s Law, a magnetic momentum is generated due to the current

induced by the circular movement of the electron, where for a single electron’s moment is:

2
ew Uoewr (2-2)
- _ __ 2y —
M =~ () (ar?) .
For a single electron, its angular momentum is:
P = mwr? (2-3)
The orbital magnetic moment can be rewritten as:
_ poeP 2-4)

2m

According to quantum theory, the orbital motion of the electron is quantized. Therefore, the

magnetic moment of the atom can be rewritten as:

HoeP Hoeh
2m 2m

M=— (2-5)

l = _MBl

Here, A is the plank constant divided by 2 and My is the Bohr constant.

In addition to the orbital momentum, the electron also has spin angular momentum. For the
spin angular momentum is written as:
P =sh (2-6)
Here, s is the spin angular momentum quantum number, and it can only be + % Therefore,

the magnetic momentum associated with the spin will be:

_ HoeP (2-7)
m

M =
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Considering both the contribution of the magnetic moment due to orbital momentum and

spin momentum, the relationship between magnetic moment and momentum is:

_9Hee (2-8)

M =
2m

And the g factor is 2 and 1 for spin and orbital motion of the electron respectively, and

v = Jhoe
2m

= 1.105 x 105g (mA~1s~1) (2-9)

And it is called gyromagnetic constant. For an atom, its electrons orbit can be defined by the
principle quantum number n and within each of the shell the orbit of the electron depends on the
orbital angular momentum [ = 0,1,2,3,4 (s, p, d, f, g...). According to the Puali exclusion
principle, for each of the atom, with the same principal quantum number n and the orbital
angular momentum, there will only be two electrons, and those two electrons have the opposite

direction of spins.

If the electrons inside a material are all paired, the material is diamagnetic material. In this
case, the susceptibility of the material is negative and small in the order of 107>, The negative
sign of the susceptibility is due to the acceleration of the electrons due to the applied external
magnetic field. Due to Lenz’s Law the additional induced magnetic field generate magnetic flux
that cancels the external magnetic field. This is called Larmor Precession, and the magnetic

momentum of this motion is given by:

4m

e <e2r2> y (2-10)

The induced magnetization is in the direction that cancels the external magnetic field.

Materials like Cu, Ag, Pb are demonstrated to have diamagnetism.
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However, in the periodic table, most of the atoms have partially filled electron shells, but
only nine elements, their metallic alloys, compounds of these elements and a few nonmetallic
compounds are ferromagnetic. With the atomic magnetic moment exist in most of the elements,
once the atom forms a solid material, the outer layer electrons are redistributed. Consequently,
the solids in the periodic table that exhibit strong magnetic moments are those that have
unbalanced electrons in the inner shells. Those elements are transition metals, rare earth and
actinides. The existence of the unpaired inner shell electrons is due to the Hund’s rule for both

the restrictions of the resultant spin and orbital moment:

(1) The spin of the electrons is arranged to form a resultant spin § as large as possible while
following Pauli’s principle. Due to the Columb repulsion, the electrons tend to take
different orbits, and the intra-atomic spin-spin interactions tend to align the spins to be
parallel.

(2) Satisfying (1) and Pauli exclusion principle, the orbital vectors of electrons are arranged
in the way that the resultant orbital angular momentum L is maximum.

(3) When the outmost subshell is half-filled or less, the lowest energy level will be the level
that has the lowest value of total angular momentum quantum number. If the outmost
shell is more than half-filled, the level is the highest value of total angular momentum
number has the lowest energy.

Due to the Hund’s rule, the transition metal and rare earth elements have more than one

unpaired electron in the 3d and 4f shells, which leads to strong atomic moments.

2.2.2 Ferromagnetic Material
With unpaired electrons, the solid material exhibits paramagnetic, ferromagnetism, anti-
ferromagnetism and ferrimagnetism. The material’s magnetism is temperature related, and the
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relative comparison between thermal energy and the magnetic energy will transit the material’s
magnetism from one to another. When it is above the Curie temperature (T,), the ferromagnetic
and ferrimagnetic material transits to paramagnetic materials and when it is above the Néel’s

Temperature (T,), the antiferromagnetic material transits to paramagnetic materials.

In paramagnetic, in addition to the same effect as diamagnetism where negative magnetic
momentum is induced, the dominant effect for the magnetic moment is atomic momentum
alignment under the external magnetic field. However, to align the magnetic moments that are
thermally agitated, an enormous external magnetic field is needed. Paramagnetic material usually
has positive magnetic moment in the order of y = 107°~1072. The susceptibility of the
paramagnetic material is given by Curie’s Law, where the susceptibility is inversely proportional
to the absolute temperature:

Nu? (2-11)
X = —

3kT

Ferromagnetic material, however, usually has large susceptibility as high as y = 103. This is
not only due to the unpaired electrons, but also the exchanged interaction energy between atoms.

This theory was proposed by Heisenberg [69] in 1928, which described the exchange interaction

between the atoms with spin s; and s;:

wij = =2Js;-s; (2-12)

The exchange integral, J, plays a crucial role in determining the magnetic properties of
materials. In antiferromagnetic materials, J is negative, leading to an alignment where all spins
are antiparallel to each other, resulting in antiferromagnetism. In this state, the material exhibits
no net magnetism without an external magnetic field. However, when an external magnetic field

is applied, the material displays a nonzero magnetism because the magnetization of one
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sublattice differs in strength from the other, creating a net magnetization similar to that seen in
ferrimagnetic materials. Conversely, when J is positive, all atomic moments align parallel to each
other, resulting in ferromagnetism. The underlying physics of the exchange interaction is driven
by the minimization of Coulomb energy and adherence to Pauli’s exclusion principle. When
atoms are close, if their spins are antiparallel, they share the same molecular orbital, increasing
the Coulomb energy but minimizing the overall energy due to spin cancellation. On the other
hand, when the spins are parallel, the atoms do not share the same molecular orbital, leading to a
lower Coulomb energy. The reduction in Coulomb energy outweighs the energy increase from

parallel spins, thus favoring ferromagnetism.

2.2.3 Magnetostriction Theory

Magnetostriction is a property of ferromagnetic material. The first magnetostriction effect
was observed in iron by James Jule in 1842 [70]. Magnetostriction is an effect that is shared by
all ferromagnetic material. Table 1 listed the saturation strain and Curie Temperature of some

magentostrictive materials [71].

Table 1 Magnetostriction Properties of Some Magnetostrictive Materials

Material Saturation strain in [ppm] Curie temperature in [K]
Ni -50 630
Fe -14 1040
Fe;0,4 60 860
Terfenol-D 2000 650
Tho.sZngs 5500 180
TbysDyxZn 5000 200

The spontaneous magnetization of the ferromagnetic material is due to the exchange of

energy. With the exchange of energy, the atomic moments within the ferromagnetic material are
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aligned with each other. However, the balance between the magnetostatic energy and the
exchange energy makes the material split into mesoscopic domains. Within the magnetic
domains, the atoms maintain the same magnetization directions. When an external magnetic field
is applied, the magnetic domain boundaries shift, and the magnetic domains rotates. The overall
shape of the magnetostrictive material changes. The physics behind magnetostriction is
magnetocrystalline anisotropy. With magnetocrystalline anisotropy, the magnetic material has an
easy axis, and they tend to rearrange their easy axis with the external magnetic field to lower the
free energy of the system. The material will exhibit different dimensions with different crystal
directions, therefore, strain is generated in the material. Magnetostrictive materials are associated

with four magnetomechanical effects listed in Figure 2-1 [72].

Magnetic
permaability
Magnetic field Magnetization

H<_>B

T
Joule B d T + H H Villari
Effect Effect

S=8"T+ dH

E, v

Strain Elasticity Stres?;
(Young's Modulus, Poisson's ratio)

Figure 2-1 Four magnetomechnical coupling in magnetostrictive materials.

Among all the effects, the Joule effect has been studied extensively. Although most of the

ferromagnetic material exhibits magnetostrictions, most of the material only has
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magnetostriction in the order of 107® . There are a few materials that exhibit high
magnetostrictions. Cobalt exhibits the largest room-temperature magnetostriction (60 ppm)
among all the pure elements. To utilize the magnetostrictive effects, several alloys have been
developed to demonstrate high magnetostrictions. The giant magnetostrictive material (GMM)
was developed by A.E. Clark in the 1960s. Among all the materials, Terfenol-D (‘Te’ for
Terbium, ‘Fe’ for iron, ‘NOL’ for Naval Ordnance Laboratory and D for Dysprosium) [71] has
the best balance between operating temperature, high magnetostriction and saturation magnetic
field. Depending on the composition ratio of the Terfenol-D materials, their magnetostrictions
vary from each other (shown in Figure 2-2), but all exhibit around 2,000 ppm with 160 kA/m
external magnetic field. Other magnetostrictive alloys such as Galfenol and amorphous alloy
FeSiBC (trade name Metglas) have lower saturation fields at lower applied external magnetic
fields. Galfenol has 200-400 ppm strain with around 200 Oe magnetic field (equivalently 20 mT

magnetic flux density). Metglas exhibits 20 ppm strain with less than 1 kA/m magnetic field [73—

(a ) ( b) Table 2
Material Saturation strain in [ppm] Curie temperature in [K] Material properties of Terfenol-D in terms of formula.
Ni .50 630 Property Tho,seDyo. roFes .o The.arDyarsFey.os
A kA m) 638 695
- F.(GPa) 110 110
Fe -14 1040 &, (MPa) 200 160
L(ppm) 1100 1000
Fes04 60 860 e 20 20
8.06) 383 3833
atc 12 = 107® 12 = 10"
Terfenol-D 2000 650 M1C) 45 %10 25%10%
v 03 0.25
ThbysZng s 5500 180 = 14 12
£ 4 05 078
ThosDryxZn 5000 200 * The material properties are referred to Zhan and [ 121 and the formula
is referred 1o Fang 1 12

Y The material properties are referred to Zhan and

Figure 2-2 (a) Saturation strains and Curie temperatures of serval common magnetostrictive

materials. (b) Magnetic properties of Terfenol-D with different compositions.
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Considering the material availability, we choose Terfenol-D as the active phase of the
magnetostrictive material. A constitutive equation was adopted to theoretically fit the
magnetostrictive properties of the pure bulk Terfenol-D material. According to the model built
by Zhan and Lin [74], the magnetostrictive property of the Terfenol-D material can be expressed

as a function of the magnetic field, thermal field and its own elastic properties:

%exp[naij] 1 (2-13)

1 ~
Eij = E—S [(1 + V)O'ij - vo_kkaij] + AS 611 + a5u(0 - 07-)

2
31 2800 -0,
2%s _ exp(naij) _ 3,3 r
+ 7 [M; M; 5 7 8 My M|
(Ms(8)) s

Here E,,v,A;,@ and B are the saturation Young’s modulus, Poission’s ratio, saturation
magnetostriction constant, thermal expansion coefficient, and the slope between the magnetostriction and
thermal expansion coefficient. Additionally, 6, is the reference temperature, 6;; is the Kronecker delta.
M, (0) is the temperature dependent staturation magnetization. Its relationship with eh Cuire temperature

0., saturation magnetization M and material coefficient 7 is:

0—06,\" (2-14)
M.(8) = M (1 - )
N N 96 _ 97-
Additionally, n and Z are derived as:
3 2-15
) (2-15)
Os
3 (2-106)
X = 2 exp [noy]
i=1
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Here, oy is the stress needed for all domain rotation in an applied magnetic field. In addition,
ignoring the hysteresis effect of the Terfenol-D material, the magnetic field is expressed as the

function of stress, magnetization, and temperature:

_ 1 M, (2-17)
He=1yten (2M5(9)> O
: (2-18)
_/1 _
_Mo? l 1 ‘ X 2B0;;(6 — 6,)0y
- o ——In —| 0,,,0; + = O;i M
(@) L 1 (1= (explnog,] =D ™ T3 s i

Here,u,, k(60) are the permeability of the free space and relaxation factor, which is related to

the magnetic susceptibility and saturation magnetostriction y,, and My(6):

K(0) =% i/ M () (2-19)

In addition, the magnetic field strength and the magnetic flux density are related by

B; = uo(H; + M;) (2-20)
For our following investigations, we are trying to first simulate the properties of the active
phase, the magnetostrictive Terfernol-D material for its magnetostriction properties, then expand

its property to the magnetostrictive composite material.

Here, we used the data obtained from the Tefernol-D power supplier (TdVib, LLC.) and try
to use the equations to fit its magnetostriction properties. In our case, the temperature and
anisotropy of the material was ignored, therefore, the magnetostrictive property of the material

can be simplified as:

M -
M=2 -?S-tan‘l(H - k) (2-21)
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M2 (2-22)

S(H) = 15&5 W
s

Where M is the magnetization, M is the saturation magnetization, H is the magnetic field

strength, k is the relaxation factor, k = EML , ¥ 1s the magnetic susceptibility,A is the saturation
N

magnetostriction. The fitted curve as well as the raw measured data from the supplier is plotted

in Figure 2-3.
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Figure 2-3 Measured magnetostriction data for Tbo3DyosFei 9, (black dots) and fitted line by the
model.

Here, the fitted line shows good agreement with the overall magnetostrivtive properties of

the measured Terfenol-D materials. While the hysteresis effects are ignored in this simplified

31



model, this model is good for our later characterization on the magnetostrictive effects of the

Terfenol-D material and its composite materials.

2.2.4 Magnetostrictive Composite Material

As mentioned in the previous section, the giant magnetostrictive material Terfenol-D is an alloy
material composing terbium, dysprosium, and iron, and it has the highest room-temperature
saturation strain among all the giant magnetostrictive material [76]. See Figure 2-4 for the
magnetostriction curve of the Terfenol-D. Magnetostriction comes from the spin-spin and spin-
orbital interactions between the intermetallic phases inside the alloy. The Terfenol-D material
possesses high shape anisotropy. In this same figure, it shows the magnetostriction behavior of

parallel and transverse magnetic fields [77].
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Figure 2-4 Magnetostriction responses of the Terfenol-D with anisotropy.

Despite the advantages of monolithic magnetostrictive materials, such as their strong
magnetostrictive properties, they are inherently brittle and difficult to shape into desired forms.
To overcome these limitations, dispersing magnetostrictive materials within a polymer matrix
has proven to be highly beneficial for transducer production. This approach offers several
advantages, including greater flexibility in shaping the material into various forms, making it
more suitable for diverse applications. Additionally, the polymer matrix, with its high electrical
resistance, serves as an interlayer that significantly reduces eddy current effects, thereby
extending the dynamic response range of the transducer from 1 kHz to up to 100 kHz, which
enhances the overall performance of the device. Furthermore, the magnetostrictive composite
material allows for tunability in particle orientation within the matrix. By aligning the

magnetostrictive particles in the longitudinal direction to form a chain-like structure, the
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material's responsiveness to magnetic fields is significantly improved, making it more efficient

and effective as a transducer.

Multiple binding polymer materials have been investigated for the magnetostrictive
composite material in literatures . For the consideration of the strength and low temperature
operations, thermal setting material like epoxy has been adopted. With epoxy/T-D composite
material, response could be improved by alignment and forming a 1-3 composite which has
higher magneto-striction than 0-3 composite materials. Another method to increase the
composite material response is prestress. Researches has reported 5 times increase on the

magnetostrictions with 50 MPa preload [78].

Another option of the binding material is elastomers, which allows the magnetostrictive
composite material been thermally drawn into fiber coatings. Here we proposed a
magnetostrictive composite material consisting of thermal plastic polymers and Terfenol-D

particles.

Table 2 Thermal plastic material properties.

Material PMMA  ABS TPE  PEI HDPE LDPE PET PP

E(Mpa) 2855 2588 2 6000 1000 300 2950 1325
y 0.37 037 049 034 042 034 034 042

To investigate the properties of the composite material with various thermoplastic
elastomers, we conducted a Finite Element Analysis (FEA) simulation using COMSOL,
sweeping the material responses across different polymer choices. As illustrated in Figure 2-5(a),
a simplified 2D model was constructed to represent a composite with 20% volume fraction of

Terfenol-D particles. For this first-order approximation, the particles were modeled with a round
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shape. A range of commonly used thermoplastic materials were tested within the model to
identify the optimal material choice. As depicted in Figure 2-5(b), the blue dots represent the
strain observed in the magnetostrictive material when subjected to a transverse offset sinusoidal
wave. The applied magnetic field was set at 1 kA/m with an offset of 0.5 kA/m, ensuring that the
magnetic field direction remained constant. The frequency of the magnetic field was 20 Hz, and
the magnetostrictive properties of the composite material were analyzed under these conditions.
In Figure 2-5(b), the blue dots indicate the strain observed within the Terfenol-D particles, while
the green dots represent the overall integrated strain within the composite material. The results
show that the composite material incorporating the Thermoplastic Elastomer (TPE, Styrene-
Ethylene-Butadiene-Styrene, SEBS) exhibited the lowest Young’s modulus and the highest

strain within the composite matrix.
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Figure 2-5 FEA simulations of the magneto strictive material. (a) the 2D model (b) simulated results

Additionally, the frequency responses of the composite material in comparison to the

applied magnetic field and the pure magneto strictive particles have also been investigated. In
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Figure 2-6, the time domain responses of the composite material and the pure particles, in
combination with the applied off-centered magnetic field was plotted. Both the pure magnetic
material and the composite material show the same fundamental frequency responses to the
applied magnetic field, and the pure and composite material shows a similar waveform but at
different scaling. This shows that the magneto-strive material follows the same trend of
magnetostriction as the pure material and polymer matrix will be compressed and expanded in
the same direction as the applied magnetic field. However, for the case where the magnetic field

is centered, the composite material exhibits second harmonic responses.
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Figure 2-6 Magnetostrictive composite material time domain responses.

2.3 Magnetostrictive Composite Fiber Fabrications

2.3.1 Point by point Fiber Bragg Grating Inscriptions
A series of Fiber Bragg Gratings (FBGs) multiplexed in the wavelength domain were
inscribed using a femtosecond laser system with the Point-by-Point (PbP) technique, as shown in

Figure 2-7 (a). The FBGs were fabricated with an 800 nm Ti: Sapphire femtosecond laser system
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operating at a repetition rate of 500 Hz, and the laser power was set to 160 uW, corresponding to
a pulse energy of 320 nJ. The femtosecond laser pulse was focused using a 100x oil-immersed
objective. Single-mode silica fiber (SMF 28e, Corning) with an acrylate coating was mounted on
an air-bearing stage (ABL10050L-LN, Aerotech Corp.) moving at a speed around 0.8 mm/s. The
acrylate coating was retained on the silica fiber to maintain its mechanical integrity during the
subsequent thermal drawing process. Details of the femtosecond laser writing setup can be found

in our previous work. [10,11]

While the width of the grating (the wavelength interval between the first zeroes) depends on

both grating’s coupling constant k and grating length L, given by equation:

[ L
Zneff 7T2 LZ

Where A is the width of the grating, Ap is the Bragg wavelength and the nsf is the

effective refractive index. A longer grating length results in a narrower linewidth and sharper
edges in the FBG spectrum. However, FBGs fabricated using the point-by-point method
experience significant broad out-of-band loss due to Mie scattering from the micro-void damage
points [79,80]. The point-by-point inscription method allows for tuning of the laser’s writing
power, grating order, grating length, and lateral positions to balance out-of-band scattering loss
and FBG sensitivity. After several trials with different parameters, we tuned our FBGs to the 2nd
order, written barely above the damaging threshold and offset by 1.5 um to minimize DC
scattering loss while maintaining the desired FBG sensitivity. Figure 2-7 (b) shows microscopic
images of the fabricated FBGs from front and side views. Figure 2-7 (c) displays the reflection

spectrum of the FBG series, where the maximum sensitivity is around 8 mW/(nm'-mW). Each
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FBG spectrum was measured independently using an optical interrogator (Micron Optics,
SM125), and the derivative of the spectrum was calculated after smoothing the data.
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Figure 2-7. (a) Femtosecond laser point-by-point inscription of the Fiber Bragg Gratings (FBGs) in SMF
28 fiber. (b) Microscopic images of fabricated gratings. (¢) Reflection spectrum of the inscribed FBGs.

2.3.2 Thermal Drawing Process of Magnetostrictive Fiber

To fabricate the magnetostrictive composite fiber, we utilize a scalable thermal drawing
process. The first step involves constructing a macroscopic “preform.” The preform fabrication
process is illustrated in Figure 2-8 (a). Initially, magnetostrictive Terfenol-D particles (TdVib,
LLC, ETREMA) are dispersed into a thermoplastic elastomer matrix (Styrene-ethylene-butylene-

styrene, SEBS) on a hot plate at 200°C. Due to the increased viscosity of the composite material
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with higher particle volume concentration [81], a 20% volume percentage of Terfenol-D
particles is chosen to balance sensor sensitivity and thermal drawing stability. The
magnetostrictive composite films are then rolled onto a 4> Teflon rod, followed by a layer of
elastic Cyclic Olefin Copolymer (eCOC). The eCOC layer serves as a protective layer during the
etching process due to its elasticity and resistance to acetone. The preform is consolidated in a

vacuum furnace at 190°C for 10 minutes.

After cooling, additional PMMA films are rolled onto the preform and consolidated at 165°C

for 20 minutes. The PMMA layer acts as a sacrificial layer to improve the stability of the thermal
drawing process. The consolidated preform results in a 6-inch-long tube with a Ys-inch inner
diameter and approximately 1-inch outer diameter. Optical fibers with FBGs, fabricated in the
previous steps, are fed into the hollow core of the preform during the thermal drawing process.
As shown in Figure 2-8 (b), using a custom-built fiber drawing tower and applying a thermal

gradient across three zones (120-280°C), the magnetostrictive layer collapses and merges with

the outer layer of the acrylate-coated optical fiber. Figure 2-8 (c) displays an image of the drawn
magnetostrictive fiber, which has an overall diameter of approximately 1 mm before the PMMA
sacrificial layer is etched away. This scalable fabrication method allows for the continuous
production of tens of meters of magnetostrictive fibers for distributed sensing applications.
Figure 2-8 (d) shows an image of the drawn magnetostrictive fiber wound on a fiber spool. The
spliced section of the uncoated silica fiber serves as the lead-in fiber for remote sensing

applications.
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Figure 2-8 (a) Thermal drawing setup (b) Schematic convergence drawing (c) Photo of a series FBG

with magnetostrictive coating (d) Cross-sectional area of the thermally drawn fiber.
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Chapter 3 Thermally Drawn Magnetostrictive Composite

Fiber Characterizations

3.1 Interrogation System

An optical sensing interrogation system was built to measure the real-time strain signal in the
fiber, as shown in Figure 3-1 (a). The magnetostrictive fiber was connected to the port 2 of a
single-mode circulator (S/N-12240010), with the input arm (port 1) connected to a 50:50 coupler
containing a broadband super-luminescent diode (Thorlabs, SSFC-1005P) and a C-band tunable
laser (New Focus, TLB-6728-P). Port 3 of the circulator was connected to a 99:1 fiber coupler,
where the 99% split arm went to the photodetectors, and the 1% split arm went to the Optical

Spectrum Analyzer (OSA) to obtain the system spectrum.

After obtaining the spectrum of the FBG and calculating its bias point, the tunable laser served as
the probe light and was tuned to the most sensitive bias point of the FBG. The reflected light
from the FBG was split into two arms by another 50:50 coupler. One arm of the coupler went to
an unbalanced photodetector (New Focus, Model 2117) to monitor the position of the probe light
on the spectrum, allowing for active adjustments if there were ambient temperature variations.
The other arm of the reflected signal and an arm connected directly to the light source passing
through a variable optical attenuator (VOA) were connected to a balanced photodetector (New
Focus, Model 2117) to eliminate the DC component of the measured signal and allow the

detector to work at the highest possible gain.
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Figure 3-1 (a) Schematic of interrogation system. (b) Photo of magnetic field generation setup and

zoomed in picture showing the location of FBG and reference Hall sensor

A function generator (Tektronix, AFG 3252) was programmed to output sinusoidal signals with
various peak-to-peak amplitudes. This signal was then amplified by a power amplifier (NF,
HAS-4011) with the gain of 20, and the amplified driving voltage was connected to a custom-
built Helmholtz coil with a diameter of 5 inches. Both the signal from the photodetectors and the
function generator are triggered by the same pulse signal and were connected to an oscilloscope
for recording. The thermally drawn magnetostrictive fiber passed through the Helmholtz coil
center and was either clamped down to two firmly screwed frame or leave it free at two ends,
maintaining the location of the FBG at the center of the Helmholtz coil, where the magnetic field

is uniform (Figure 3-1 (b)). Additionally, a one-axis Hall sensor (TENMARS TM197) was
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placed at the center region of the Helmholtz coil, right above the FBG, to serve as the reference

value of the magnetic field measurements.

To minimize possible electromagnetic interference from the Helmholtz coil to the photodetectors
and other interrogation units, the coil was placed 10 meters away from the interrogation system,
and the magnetostrictive fiber was connected to the interrogation system by a 10+ meter lead-in

fiber with no magnetostrictive coating.

3.2 Magnetostrictive Material Characterization
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Figure 3-2 X ray diffraction measurement results. (a) Measured diffraction pattern by refractometry.
(b) The post-processed X ray diffraction data with the comparison with the standard Terfenol-D

diffraction data in the database.
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The magnetostrictive composite material was characterized using X-ray diffraction (XRD).
A circular film, fabricated through thermal hot-pressing, was prepared to fit the sample tray of a
Malvern Panalytical Empyrean diffractometer with a Cu source. The XRD analysis, covering
angle ranges of 10° < 8 < 100° is shown in Figure 3-2. The diffraction peaks corresponding to
the (220), (311), and (333/511) planes exhibit nearly equal intensities, suggesting that the
composite material exhibits minimal anisotropy at room temperature, consistent with literature

findings.

3.3 Sensing Mechanism and Boundary Condition Discussions

A periodic magnetic field generated by the Helmholtz coil induces a periodic strain in the
magnetostrictive composite layer. This strain arises from the magnetostriction effects of the
Terfenol-D particles and the dynamic magnetic force acting on the ferromagnetic composite
material. In the composite, the active Terfenol-D phase exhibits magnetostriction, where the
alignment of its inner domains changes the material's overall shape when subjected to a magnetic
field. This causes the magnetostrictive layer to elongate in the direction of the applied field.
Additionally, the ferromagnetic material experiences a time-varying magnetic force as the
magnetic field changes. These combined effects cause the composite layer within the AC
magnetic field to respond to the external magnetic field. The uniform bonding between the
magnetostrictive layer and the acrylate coating ensures that the strain induced by the magnetic
field is transferred to the inner silica fiber. By tracking the wavelength shifting of the FBG, the

strain inside the fiber was calculated by (3-1) [3,82]:

Adg n? (3-1)

—~ = Ap(1— > [p11 — v(P11 + P12)])
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Where n is the effective refractive index, p,1, p12 are strain optic tensor and are 0.1 and 0.28

respectively. The final conversion between the relative center wavelength shift and strain is € =

LZ;—MB. As the central wavelength of the FBG periodically shifts, the reflected power from the
B
edge of the FBG will show a periodic pattern and will be recorded by the balanced photodetector

for our magnetic field measurements.

Although the 5-mm inscribed FBG acts as a point sensor for strain measurement, unlike
other FBG-based magnetic field sensors where the magnetostrictive layer is locally bonded at the
FBG location, the magnetic field response discussed here is dependent on boundary conditions.
With a uniform magnetostrictive layer coating, the section of the fiber within the magnetic field
acts as a transducer, generating acoustic waves that propagate throughout the entire coated
multimaterial fiber. The FBG then measures the local strain within this acoustic waveguide.
While polymer materials typically exhibit high damping due to viscoelastic and hysteresis effects,
the acoustic damping in polymers is linearly proportional to the acoustic frequency [83,84]. As
we mainly focus our study on low frequency components where the applied AC magnetic field is
below 100 Hz and the acoustic waveguide is less than 1 meter, the acoustic damping effects can

be ignored.

We examined the local strain measured by the FBG under both fixed boundary conditions
with varying tension and a free boundary condition. As shown in the inset schematic in Figure
3-3(a), the magnetic fiber was clamped using two customized plastic clamps, leaving the section
between them freely suspended in the air. A micrometer was attached beneath one of the clamps
to adjust the tension in the fiber, which was estimated by tracking the central wavelength of the

FBG. The distance between the clamps was approximately 41 cm. Figure 3-3 (a) displays the
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frequency characteristics of one of the fiber sensors under tension. By sweeping the frequency of
the magnetic field f, from 10 Hz to 100 Hz with a normalized constant peak-to-peak amplitude,
we observed several resonance peaks due to standing wave effects under the fixed boundary
condition. Figure 3-3 (c) presents the time-domain signals and frequency spectrum at (i) 20 Hz,
(i1)) 40 Hz, and (iii) 80 Hz, respectively. The data show that the measured sensor signal
fm predominantly corresponded to the second harmonic of the applied signal f,. This is
consistent with the properties of the magnetostrictive Terfenol-D particles in the composite
material, where the second harmonic response is expected due to the symmetry of the

magnetostriction curve [85].
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Figure 3-3 (a) Frequency spectrum Time domain signal with 20, 40, 80 Hz AC magnetic field. (b)
Location of the first resonance peak under different strains. (c) The time and frequency domain of the

sensor’s signal with 20 Hz, 40 Hz, and 80 Hz input.
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To understand how the tension applied to fiber changes the resonance peaks, we adjusted the
position of the micrometers and measured the positions of the first resonance peaks under
different tensions. According to string vibration theory, the natural frequencies of the string

under tension is:

n T (3-2)

fnzﬂ "

Where n, L, T, u are the order of the harmonics, length of between the clamps, and the linear
density of the string, respectively. In Figure 3-3 (b), we plotted the zoomed-in plot of the
measured first resonance peak of the sensor as tension increases. The resonance central
frequency shifts from 15.61 Hz to 16.2 Hz as the tension increases, with the central wavelength
of the FBG shifting from 1557.03 nm to 1558.03 nm. By adjusting the tension and the length
between the fixed boundaries, the resonance frequency of the sensor can be tuned to match the

external magnetic field frequency, improving the sensor's signal-to-noise ratio and sensitivity.
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Figure 3-4 Frequency characteristic of sensor with free boundary conditions

However, for multifrequency detection applications and for a general application scenario, a
flat frequency characteristic is preferred. Therefore, free boundary conditions should be
considered where two ends of the magnetic fiber are left free and the magnetic fiber are placed
onto a plastic board crossing the center of the Helmholtz coil (inset image of Figure 3-4). Unlike
the case with fixed boundary conditions, the frequency responses of the fiber are relatively flat
across the frequency range under testing. The acoustic wave generated by the section of the
magnetic fiber within the magnetic field generates traveling wave in the magnetic fiber. As
shown in Figure 3-4, less frequency dependencies were observed. For the rest of the
measurements, we will consider this case to characterize the sensor’s sensing capabilities on

magnetic field measurements.

3.4 Magnetic Field Measurements

Given the sensor's flat frequency response, we selected a 20 Hz magnetic field to

characterize its response.
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Figure 3-5 Sensor responses under different magnetic field

Here, the balanced photodetector was adjusted to apply a bandpass filter between 10~100Hz.
Figure 3-5 shows the measured time domain signal of the sensor under different magnetic field
strength after averaging 100 times. It shows that the measured photodetector signal is dominantly
a 40 Hz sinusoidal signal, which monotonically increases in amplitude as the external magnetic
field increases. With known sensitivity of the FBGs, input laser power, and photodetector
responsivity and amplification factors, the measured photodetector voltage signal can be

converted to strain estimations, which is plotted in the right y axis in Figure 3-5.

To calibrate the sensor and determine the relationship between strain amplitude and the
applied magnetic field, we measured the sensor responses under varying magnetic field strengths,
with ~0.5 mT steps at each FBG location under free boundary conditions as previously discussed
in Figure 3-6. For each FBG sensor location, five independent measurements were taken with a
constant 20 Hz magnetic field. This procedure was repeated for all three fabricated sensors. For

each magnetic field strength, five independent measurements were taken, and the error bars in
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represent the 1o standard deviation of these measurements. To fit the sensor’s magnetostriction
relations, a simplified theoretical model using the arctangent function was chosen. Here, the

magnetization and magnetostriction property of the Terfenol-D is [73-75]:

M ;
M=2-—-tan"'(H - k) (3-3)
M? (3-4)

E(H) =15 /15 M—S?
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Figure 3-6 Summary on the magnetic field measurements

Where M is the magnetization, M; is the saturation magnetization, H is the magnetic field

strength, k is the relaxation factor, k = %Mi , X 1s the magnetic susceptibility,A is the saturation
N

magnetostriction. To fit the magnetization data from the Terfenol-D particle supplier (TdVib,
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LLC.), the properties of the Terfenol-D bulk material are listed in Table 3. Due to the nonlinear
relationship between the measured magnetostriction over magnetic field at each of the sensor
locations, we used the same arctangent function format to characterize the measured
magnetostriction effect of the three sensor points and introduced scaling factor a, offset factors

Hy, and €, to fit the measured experimental results.

£(H) = 6l - [Ean™((H = Ho) - OF + £opy G-

The fitted parameters for FBG 1-3 were listed in Table 4. According to the measured data in
Figure 3-6, the sensor shows a nonlinear response, and the responsivity of the sensor increases as
the external magnetic field increases. Here, for FBG 1 to 3, the averaged responsivity over the
measured range is r; = 2.37 ppm/mT, r, = 1.77 ppm/mT, r; = 2.27 ppm/mT, respectively,

ppm

where the measured maximum responsivity is around 4.5 mT, and arer; = 4.5 =

3.3 ppm/mT ,r; = 4.2 ppm/mT , respectively. The noise level of the measured data was
measured as around 100 mV with the current detection settings and 100 times average. This is
due to the detector noise and can be improved by increasing the average time. With a 1o standard
deviation of around 0.2 ppm, considering the variation in the sensor's responsivity, the resolution
of the sensors is approximately 0.1 to 0.12 mT. The primary sources of noise contributing to this
resolution are thermal variations, laser output power drifts, and electronic circuit noise. The
average sensitivity of the magnetic field sensor reported here is around 2 ppm/mT, which is close
to the previously reported unaligned Terfenol-D [31]. However, instead of locally bonding or
molding the sensor, this fabrication process successfully demonstrated multi-point magnetic field

sensors with a single drawing process.
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TABLE 3 MAGNETIC PROPERTIES OF BULK TERFENOL-D

Property Tbo.sDyo.7Fe1.o2
M (kA/m) 700

As (ppm) 1050

Xm 31

B, (T) 1

U, 2-10

TABLE 4 FITTED PARAMETERS FOR SENSORS

Parameters FBG1 FBG 2 FBG 3
a 0.31 0.23 0.30
H, (kA/m) *0.5 *0.5 *0.5
Eoff (Ppm) 1.13 1.29 1.08

3.5 Conclusions

In Chapters 2 and 3, magnetostrictive fibers were fabricated using a scalable thermal
drawing process. A series of FBGs, written via the Point-by-Point method, was embedded into
the magnetostrictive layers to demonstrate multi-point sensing capabilities. After drawing, the
fibers had a diameter of around 1 mm and a length exceeding 10 meters. The sensor’s response
was measured under different tension using a custom-built interrogation system. The sensor's
magnetoelastic and magnetostrictive properties were discussed, and its acoustic properties in a
uniform magnetic field were analyzed. Multi-point sensing was demonstrated with a responsivity
of up to 4.5 ppm/mT and a resolution of 0.1 mT. The sensitivity among the three sensing points

was consistent, indicating good uniformity in the thermal drawing process.

However, the sensor’s capabilities should not be limited to multi-point sensing as suggested

by the preliminary tests. With fully distributed sensing mechanisms, these thermally drawn
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multimaterial fibers have the potential to achieve comprehensive distributed sensing. The
multimaterial thermal drawing process effectively integrates silica fiber with low-melting-point
materials like polymers. The polymers' excellent encapsulation ability can significantly extend
the sensing capabilities of silica fiber. By incorporating different active phases into the
composite material, the sensor can be adapted to measure various parameters, such as using pH-

responsive materials for pH sensing.
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Chapter 4  Fiber-based Stretchable Strain Sensor

Analytical Modeling and Fabrications

4.1 Introduction

Soft strain sensors are important components for the application of wearable electronics,
structure health monitoring and implantable applications, requiring high flexibility and a wide
dynamic range to ensure minimal discomfort and disruption to the monitored structures.
Conventional strain sensors made of metals and semiconductors are unsuitable due to their small

gauge factor and high rigidity [86,87].

To the data, there are several proposed designs of highly stretchable strain sensors.
Classified by their sensing mechanism, it can be subdivided into piezoelectric, triboelectric,
optical, resistive, and capacitive sensors. The piezoelectric [88—90] and triboelectric [91] sensors
usually have fast charge transfer and cannot work with the low frequency and quasi-static cases
in the wearable applications. Optical sensors are usually waveguiding structures which consists
of a core and cladding structure. The interrogations are usually transmission-based, where the
optical source is connected to one end of the optical waveguided and photodetectors are
connected to the other end. Intensities [92—96] and color [14] (spectrum) of the transmitted light
are recorded to track the bending and strain. However, the transmission-based interrogation
scheme usually needs two-end access which limits the flexibility of the wearable sensor and is
unsuitable for long haul detections. Reflection based measurements such as fiber Bragg gratings
(FBGs) have been demonstrated, but the stretchability of the sensor is limited, and the
interrogation system is complicated and expansive [97,98]. Resistive and capacitive sensors are

two types of sensors that have been widely adopted for wearable strain measuring applications.
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Stretchable resistive sensors are either soft supporting matrix with conductive fillers like
semiconductor material, carbon nanomaterial and metal particles or elastic material with
conductive coating [93,99—-111]. Upon stretching the resistance of the composite material will
change due to the dimensional changes. In addition, large gauge factors can be achieved due to
the conductive network disturbance of the composite material or the intrinsic resistance changes
of the conductive fillers such as tunneling effects, disconnection effects or cracking growth [112].
However, the resistive sensors usually have large hysteresis due to the viscoelastic effect of the
soft supporting matrix and the interaction between the hard supporting fillers and soft matrix.
Especially for the case that the fillers and the soft supporting materials have large Young’s
modulus differences, the delamination of the composite will made irreversible effects on the
conductive network and compromise the sensor’s stabilities [105]. For wearable applications,
dynamic loading, and random strain patterns with various strain rates, holding time and long-
time testing are common. Therefore, sensors with low hysteresis and repeatable performance are

desired.

Capacitive sensors, on the other hand, have less hysteresis effects. The capacitive sensors
usually include a dielectric layer sandwiched between two conductive layers. Under applied
voltage, the free charges will distribute on opposite electrodes. Once strain is applied, the free
charges will be redistributed along the electrodes. The dominant sensing principles of capacitive
sensors are geometrical changes, while the electrode separation distance and the effective
overlapping surface area between electrodes change against strain. Independent of conductance
of the electrodes, the capacitive sensors usually exhibit low hysteresis. Several stretchable
capacitive strain sensors have been proposed by wrapping conductive material around elastic

material [113], doping conductive particles into soft matrix [114,115], injecting liquid
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metal [116,117], or multi-shell printing [118]. However, most of the capacitive sensors have less
than 1 gauge factor. This is because depending on the geometrical effects, the theoretical gauge
factor upper limit of the capacitive sensor is 1. Further improving the gauge factor involves
modifications on the electrode geometries, for example introduce wrinkles [119] and material
modifications [120]. However, sensors with geometry and material modifications can’t be
compatible with scalable fabrications. In addition, the involving soft material as electrodes can

still suffer the issue of hysteresis.

Alternatively, hard materials such as solid metals could be incorporated into flexible
structures by inter-twisting or winding into helical structures, which can avoid high
viscoelasticity but maintains high flexibility and softness. Here we proposed a design of double
helical capacitive sensor by winding two rigid conductive wires around the elastic core. Opposed
to other proposed double helical capacitive sensors [114,116,121], the double helical sensor
proposed requires the pitch length of the helical structure much smaller than the coil diameter.
With the dense windings, the straightening of the helical structure under strains extends the
stretchability of the rigid material. When voltage was applied to the electrodes of the capacitor,
the electric field between electrodes tends to pass along the nearest path. Therefore, the
capacitance between the two electrodes of the double coil fiber comes from two neighboring
turns instead of opposite turns in Lee, J. ef al.’s work [114]. The curve surface of the electrodes
offers the dense wound double coil fiber has gauge factor (GF) larger than unity, which exceeds
the unity limit of gauge factor offered by the planar capacitors [112].This sensor design allows
large gauge factor at small strain, which facilitate sensitive sensing without pre-stretching.
Eliminating soft material from the electrodes enhances this sensor's hysteresis, repeatability, and

response time. With those virtues, we applied these capacitive strains sensor onto the real
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time detections on multiple psychological signal recordings including body movement,
finger posture and breathing, structure health monitoring and implantable applications

(shown in the schematic view in Figure 4-1).

Figure 4-1 Schematic representation of the multifunctional fiber strain sensors integrated into life

safety ropes, gloves, clothing, and implantable applications.

4.2 Equivalent Impedance Model for double Coil Structure

For the double coil structure proposed here, we built a simplified equivalent impedance

model to understand its electrical properties.

4.2.1 Equivalent Impedance Network Model of the Double Coil Fiber:
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Figure 4-2 Equivalent Impedance Network of the Double Coil Fiber (a) Transmission line model for
the open-ended double coil structure (b) Turn to turn capacitance model (¢) Impedance measurement of
double coil fiber as a function of frequency.

With open-ended double coil fiber, when a voltage V;,, + was applied to one electrode and
Vin — to another electrode on the same end, the double coil fiber can be modelled using a
transmission line model in Figure 4-2(a) (ii). Measured by the impedance analyzer, when the

input frequency is under 1 MHz, the impedance of this circuit is close to -90°, which means that
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the circuit’s inductance can be ignored. For the rest of the investigations, our interrogation
frequency is 100 kHz. Therefore, we ignore the inductance units in the circuit, the circuit model

can be further simplified to Figure 4-2 (a) (ii1).

However, as a comparison and to fully understand the working principle of the double coil
structure. We should compare the case with closed ended cases to the open-ended cases
discussed in this paper. For the close ended case, we connected two electrodes from one end of
the double coil structure to the impedance analyzer and connected the far ends of the coil. Figure
4-3 shows the same double coil structure with (a) the connected cases and (b) the unconnected
cases. For the connected cases, its circuit model can be simplified to the circuit model in the inset
image when frequency is under 20 MHz. When frequency is under 10 kHz, most of the
impedance is due to the resistance effects. Between 10 kHz to 10 MHz, the circuit’s impedance
is inductive dominant, and its inductance increases. Between ~10 MHz to 16.2 MHz, the
impedance decreases as the impedance of the capacitance decreases. Later, at 16.2 MHz, the
impedance due to the capacitance is the same as the impedance from the inductance, and this is
the circuit’s self-resonant frequency. After 20 MHz, the circuit model of the double coil fiber
with ends connected cannot be simplified by a simple circuit model. When the far ends of the
double coil fiber were unconnected, its measured impedance is plotted in Figure 4-3 (b). To
simplify the problem, for the content of this chapter, we only investigated the case of the double

coil fiber with the far ends open.
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Figure 4-3 Impedance measurement of double coil fiber as a function of frequency for (a) connected

end case (b) unconnected end case.

4.2.2 Modeling of Double Coil Capacitive Sensor

To better understand the working principle of the densely wound double coil sensor and
quantify the relative capacitance change as a function of strain, an analytical expression was
derived. The analytical expression predictions were then compared with the Finite Element

Analysis (FEA) simulations as well as experimental measurements to verify its accuracy.

The schematic view of the double coil strain sensor is presented in Figure 4-4(a) with one

turn of helical structure highlighted in red. The length of a single turn of the coil is:

2 4-1
L = J (wdeany)” + @02 = JGBo + D F @A

Where d;;, is the major diameter of unstretched the coil structure, d is the diameter of the

unstretched elastic core, Dyis the diameter of the conductor, and the winding angle under

unstretched condition is:

. (T[(d + DO)) (4-2
a, = arctan (—————
21\,

60



)

With external tensile strain € applied to the elastic core, the double coil will not apply
pressure onto the elastic core in the lateral direction, but it will follow the expansion of the core
and straighten its windings while keeping the length of a single turn a constant value. The

winding angle will decrease to:

a = arctan (T[dco”> = arctan <M> (4-3
21\ 2(1 + ©)A,

Where d,;; is the major diameter of the coil structure after stretching:

JIZ = (20)2 (4-4

" )

When the winding angle («) is less than 45°, it corresponds to a scenario of sparse winding.

deoir =

In this case, the electric field predominantly distributes between two facing turns that across the
elastic core, and the capacitance arises from the spacings between these two facing turns [114].
In contrast, for the sensor discussed here, the two electrodes are densely wound around the
elastic core with the winding angle a significantly greater than 45° so that the electric field
predominantly distributes between adjacent turns, resulting in turn-to-turn capacitance being

dominant.
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Figure 4-4 FEA simulation results of the double coil fiber (a) Schematic representation of the double
coil fiber with key geometric parameters marked. Inset: Schematic cross-section of consecutive electrodes
with insulating coating. (b) Numerical simulations showing electric field distributions in the double coil
fiber, highlighting voltage distribution and electric field direction within one turn. The arrows represent
electric field distributions, with the length of each arrow corresponding to the electric field strength in
logarithmic scale. (c) Cross-section of the 3D FEA simulation results of electric field distributions around
the double coil fiber. (d) Electric field distributions along the center of the electrodes, showing the

periodic distribution of the electric field between turns.

To further confirm our analysis on the electric field distributions, FEA models were built to
analyze the electrical field distributions between the electrodes. The simulation results, presented
in Figure 4-4 (b), illustrate that the electric fields distribute periodically (shown in Figure 4-4

(c)(d)) and concentrate primarily between adjacent turns, and within two turns, the center of the
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circular shape exhibits the strongest amplitude of electric field. To further comprehend the
relationship between the lump and turn-to-turn capacitance, we experimentally measured and
plotted the total capacitance of the double coil structure against the number of turns, as shown in
Figure 4-5(a). As the number of turns exceeds 60, the total capacitance linearly increases with a
slope of 358 fF/rad. The deviation from the linear relationships with less than 60 turns possibly
comes from the significant impact of the stray field near the ends of the double coil structure.
Therefore, the modeling of lump capacitance changes can be simplified to modeling the turn-to-
turn capacitance changes. A circuit model and impedance measurements of the double capacitor

structure presented in Figure 4-2 further confirm our conclusions:

E _C—=Cy G —Cyo (4-5)
Co Co Ctto

In the given expressions, C, and Crepresent the initial lump capacitance and the lump
capacitance after stretching, respectively. Likewise, Cypand Cyp denote the initial turn-to-turn

capacitance and the turn-to-turn capacitance after stretching.

An analytical model of the turn-to turn capacitance is derived by referring to the model of
the self-capacitance and parasitic capacitance of inductors [122—127]. The cross-section of one
pair of adjacent turns is presented in the inset of Figure 4-4 (a). The capacitance between two
adjacent turns can be treated as the capacitance of the insulating layer C; in series with the
capacitance of the gap between the electrodes Cy (shown in Figure 4-2(b)). Considering an
elementary cell of the insulating layer, the capacitance is expressed as:

re,i€0d0dl (4-6)
o= g
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where ¢,; and ¢, are the relative permittivity of the coating material and free space

permittivity respectively. The unit capacitance per angle is given by integrating (4-6) over radius
r from conductor radius r, = % to coating radius ry = % and over length / from 0 to the length

of one turn s;:

dci, o[ gl 4-7)
— = && f dl f —
deo 0 re dr ln( )

According to the FEA simulation results of the electric field distribution in Figure 4-4(b),
the electric field is non-uniformly distributed within the gap of two adjacent turns due to the
curvature of the electrode. For simplicity, the capacitance at the gap between the electrodes is
analyzed under the assumption that the electric field follows the shortest possible distance
between the electrodes and the total capacitance between the curvature can be divided into
elements of capacitance in parallel with each other, which is a reasonable assumption referring to
the electric field directions presented by arrows in Figure 4-4(b). The distance between the

electrodes is a function of the angle 8, where the separation is:

x(0) = A—DycosO = Ay * (1 + €) — Dycosb (4-8)

Therefore, for a unit angle d6, the capacitance is:

dCy0  €orgle 1 (4-9)
g 2

Dy~ cos6
where A is the spacing between the center of two adjacent turns before stretching, and &,

is the relative permittivity of the gap at the angle 8. The capacitance between two electrodes can

be equivalently treated as three capacitance in series (Figure 4-4): Cyg, Cyo, and Cjo, so that the
total capacitance for one turn dC,,,;; is:

64



1 1 1 1 (4_10)
= + +
dCunit dCiO ngO dCL'O

ACumie _ ol 1 (4-11)

dg 2 1, my, 1 A_
Eriln(rc)+€rg (D0 cos0)

The turn-to-turn capacitance for one turn is the integration over -7/2 to 7/2. As shown in
Figure 4-4 (b), the electric field is mainly distributed in the air gap between the turns, and only
the stray field at the two ends of the double coil structure crosses through the elastic core. For all
the cases we discuss here, the turns are stacking tightly, the effects of the stray electric field near
the two ends of the double coil structure are ignored. For the turn-to-turn capacitance between
two turns (highlighted in Figure 4-4 (a)), the total capacitance of the capacitor is calculated by
integrating the capacitance across all the angles 6. As an approximation, we assume that the

dielectric material between the electrodes is air with a relative permittivity taken as:
&g =1 (4-12)
The total turn-to-turn capacitance between one pitch of the coil is calculated as:

T

2
Cee = fn,cunitdg
2

Vs
2 &l 1

:fn W do (4-13)
2 g—nll’l (r_c) + %(D—O - COSH)

4b va+1
= ———arctan ((—)

vaz -1 a—1

1 T A Eol
where a = —1n (—0) +— and b = 2£
Epi Te Dg 2
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Substituting the turn-to-turn capacitance expressions from (4-13) into the calculations for
relative capacitance change in Equation (4-5), we calculated the relative capacitance changes

under different strains.

(a) e ® Measured Capacitance (b) 0§ GF,= 6.5
e Linear Fit & é 0% © Experimental Result
60 - 10\ &« Analytical Expression|
o g — — -Numerical Simulation
éso o 20 |
@ ...- BE \\
© 40 L4 ~ -30 [N
. o
i . Q S
G 30 k4 O -40
S . & 2
© - %
3 20 i 50 .
or =~=0Q_
100 . SB6Fymad 60[GF =51 GF=22 GF = 0.9 =
b 0~5%  5~15% 15~30%
oo -70 :
0 50 100 150 200 0 10 20 30
Turns Strain (%)

Figure 4-5 (a) Measured lump capacitance of the double coil fiber as a function of the number of
turns and linear regressions. (b) Relative capacitance changes under different strains. The analytical
expressions (solid line, equation 3-13) show good consistency with experimental data (dots), and

numerical simulations (dash line).

The analytical capacitance expressions are plotted alongside FEA simulations and
experimental measurements in Figure 4-5(b). The analytical expressions show excellent
agreement with the FEA simulations and the experimental results in the tested range, justifying
our analysis. In the context of dense windings, the sensor has the best sensitivity at small strain
and then the gauge factor decreases after stretching. For the sensor design we presented here, the
maximum GF is up to 6.5 in the tiny strain range, while the averaged GF is 5.1 under 0%~5%
strain, 2.2 under 5%~15% and 0.9 under 15%-~30% strain. This exceeds the maximum
achievable unity GF of the parallel-plate structure capacitive sensor [112,119,128] and
demonstrates higher sensitivity than the reported capacitive sensor at small strains [113—

115,129-132].
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4.3 Design Considerations of the Double Coil Fiber

4.3.1 Coil Density Choices

To further understand the sensor’s sensitivity and its dependency on strain and the density of
the coil, i.e. pitch length A, we plotted the relative capacitance changes as a function strain with
different pitch lengths in Figure 4-6 (a). To quantify the sensitivity, we calculated the gauge
factors of the sensor by taking the derivative of the relative capacitance changes with respect to
strain and plotted the gauge factor in the inset plot. As it is shown by Figure 4-5 (b) and Figure
4-6(a), the sensitivity decreases as the strain increases. We thus define the operative
stretchability as the strain range that has higher sensitivity than a required sensitivity level. As an
example, we marked the operative stretchability for S=3 in Figure 4-6 (a). For denser pitch
length cases, the sensor tends to have higher sensitivity and larger operative stretchability for a
given required sensitivity. Therefore, unlike sparse winding cases [114], in the context of dense
winding, the sensor can increase both operative stretchability and sensitivity simultaneously by

increasing its pitch density.

4.3.2 Coil and Elastic Core Diameter Choices
The geometrical choice of elastic core and coil diameters are based on the considerations of

sensor performance, durability, material availability and manufacturability.

To understand how the diameters of the elastic core and the wires change the sensor
performance, we swept those parameters and plotted the sensor’s response using the theoretical
relationships. Under the condition of densely coiled case, where the turn-turn capacitance follows

equation (4-14) in the main text:
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Figure 4-6 (a) Capacitive and sensitivity response of the sensor with different pitch

densities. (b) Winding angle as function of strain with different pitch length. (c) Capacitive
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response of the sensor with different wire diameters.

Elastic core diameter d: the turn-to-turn capacitance is independent of the elastic core

diameter. However, the density of the winding is characterized by the winding angle («), where
deoi dcoi . . o
a = arctan (%) = arctan (%), we plotted the relationship between the winding angle a
0

and the strain with different elastic core diameters in (4-6) (b). As it is discussed by the
theoretical model of the double coil fiber, our condition of densely wound requires the winding
angle greater than 45°. While keeping the winding density at a constant value, a smaller core

diameter will have less operational strains under the densely wound conditions.

Coil diameter D,: according to equation (4-14), the turn-to-turn capacitance is a function of
the ratio between the pitch length and the wire diameter A/D,. While keeping this ratio as a
constant value, scaling down and up the coil diameter will not change the sensor’s performance.
Like Figure 4-6 (a), we picked the wire diameters varied between 26 AWG to 38 AWG and
plotted the relative capacitances changes and sensitivity of the sensor as a function of the strain
(Figure 4-6 (c)). While keeping the pitch length as a constant value, decreasing the wire diameter

will decrease the sensor’s sensitivity.

In addition to considering the sensor performance, we also take the sensors’ durability,
material availability and manufacturability into considerations: a small elastic core diameter and
coil diameter will compromise the sensor’s durability and challenge the manufacturing process.
On the other hand, a larger core and conductive wire will compromise the flexibility of the
sensor and increase its stiffness. In our case, we designed sensors for wearable, biomedical and
structural health monitoring applications, where the sensor needs to possess a balance of
flexibility and durability. We chose 1 mm elastic core and 34 AWG conductive wires for

demonstrations. However, with the general analytical expressions derived, double coil capacitive
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sensors should not be limited to dimensions outlined in the paper, allowing for tailored designs

based on specific application requirements.

4.4 Fabrication of the Double Coil Fiber Sensor

To demonstrate the double coil capacitive sensing idea, we fabricated the capacitive sensor
by winding the insulted copper wire around a stretchable core, illustrated by the schematic view
in Figure 4-7(a). The elastic core which is driven simultaneously by a linear motor and a rotator
(not shown in this figure) rotates with angular speed wg and translates with speed v,. Two
parallel conductive wires from the wire spools pass the clamp and attach to the dielectric elastic
core. With the stress applied by the clamp, the two conductive wires are firmly wound around the
elastic core. We define the pitch length A, as the separation between two consecutive turns and

equal to the ratio between the translation speed and the rotational angular speed:

T 4-15)
Ay = — (
0 wn (47

One example of the fabricated double coil fiber is shown in Figure 4-7 (b) and Figure 4-7c).
The electrodes of the double coil capacitor are insulted copper wires (ELS, 34 AWG, uncoated
diameter 160 um) with 175 um pitch length (350 pum/rad) and 1 mm elastic core. Image of the
unstretched (left) and 100% stretched sensors (right) are shown in Figure 4-7 (b), along with the
microscopic images in Figure 4-7 (c). Following the same definition conventions from J. et al.’s
work [114], we define a winding angle, denoted as a, to quantify the density of the windings.

Here, the winding angle is approximately 90°as the coil is densely wound.

Two types of elastic cores were chosen in this work: the polyester (PES) elastic core was

chosen for sensor characterizations and structural health monitoring applications as it has good
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stability and durability. The thermally drawn (Figure 4-8) thermal plastic elastomer (TPE,
styrene and ethylene/butylene, SEBS) fibers with 1 mm diameter were used in implantable
applications to extend the stretchability, minimize disruptions, and increase the sensitivities of
the sensor. Although the electrodes of the sensor are stiff materials, the sensor has good
flexibility (Figure 4-7 (d)) and stretchability due to the dense coil structure. The densely wound
sensor can undergo significant expansions while the conductive wires have no plastic

deformations due to the dense winding and the large span of the coil.

Conductive Metal Wire

S

Figure 4-7 (a) Schematic detailing the fabrication process of the double coil fiber. The double coil

structure was wound onto the stretchable core by synchronized motion of the linear motor and rotator.
Zoomed-in view highlights the structure of the insulated copper wires. (b) Comparison photographs and
(c) microscopic images of the double coil fiber under 0% (left) and 100% stretching (right),
demonstrating its flexibility and stretchability. The unstretched double coil fiber sensor has a 1 mm
diameter stretchable core and 160 pum insulated copper wires with 350 pm/rad windings (scale bar, 200
um). The winding angles o are highlighted in the picture with ay = 85° and a = 80°. (d) Photograph of

a double coil sensor wound around a pencil (scale bar, 5Smm).

71



TPE

(a) (b)
(i) (ii) (iii)

TPE
ecoC PMMA
(iv) (v) (vi)
Elastic Fiber with \\ o
Acetone Bath Elastic Fiber

Protective Layer

Figure 4-8 Elastic Fiber Fabrication Process (a) The preform fabrication process of the elastic fiber
for implantable and wearable applications. (i) The thermal plastic elastomer (TPE, SEBS) polymer pellets
were consolidated in the oven at 190 °C to form a rod. (ii) The TPE rod was then rolled by a thin film of
eCOC fabricated by hot press at 200 °C, (iii) followed by another layer of PMMA to serve as the
sacrificial layer. (b) Schematic of thermal drawing process. (iv) Schematic of thermally drawn fiber (v)

Acetone bath of the produced fiber to etch away the sacrificial layer (vi) Fabricated elastic fiber.
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Chapter S  Fiber Based Stretchable Strain Sensor

Characterizations and Applications

5.1 Mechanical Property Characterizations

With both ends of the coil structure glued to the elastic core, the double coil conductive
wires follow the elongation and retraction of the elastic core. Notably, the mechanical properties
of the sensors, illustrated in the strain-stress relations in Figure 5-1, are primarily dominant by
the elastic core, where the coil structure exerts minimal impact on the overall mechanical
properties. The mechanical hysteresis at different strain ranges is due to the viscoelasticity of the
elastic core, which is typical for soft and stretchable strain sensors. However, the capacitance of
the double coil fiber, which is a function of overlapped area and wire separations, is independent
on the strain-stress relations and exhibits low hysteresis. Detailed hysteresis analysis will be

presented in the following sections. Mechanical Property Characterizations

(1) Strain-stress Relations.

The double coil’s mechanical properties were characterized by dynamic mechanical
analyzer (DMA Q800). In tensile test mode, the mechanical properties of the pure elastic core
with and without the double coil structure were tested and plotted in Figure 5-1 (a) and Figure
5-1 (c) respectively. The comparison between the cases with and without double coil structures
shows that the additional double coils have minimal impact on the fiber’s overall mechanical
properties. In Figure 5-1 (a), the cases with double coil structure show similar tensile strength
compared with the cases without the coil structure. In Figure 5-1 (b), cyclic tests with various
strain ranges for cases with and without coil structures are plotted and compared. Both the cases

with and without the double coil structure would exhibit hysteresis. To quantify the hysteresis,
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we use the value of H,, to quantify the hysteresis in the stress-strain curves, which is defined as

the ratio of the difference area between the loading A; and unloading curves Ay: [133]

AL — Ay (5-1)
H,=—"—
p AL

The comparison on H,, shows that the mechanical hysteresis of the fiber is dominant by the

elastic core and the double coil structure has minimum impact on the overall hysteresis.

In addition, we did additional tests on the fibers’ mechanical stabilities by applying cyclic
strain between 2%~30% and recorded the stress responses in Figure 5-1 (d). As shown in the
figure below, both the double coil sensor with PES and TPE core exhibit repeatable responses

after the first few cycles.

74



(@) =

- (b) & —pesriver
.......... I 5 |/ PES Fiber with Coll
4 TPE Fiber ———TPE Fiber
R | TR TPE Fiber with Coil A'__.-"' —_— e TPE Fiber with Coil
Crl'i D g 4
=’ =
? 7 3
w w
g2 @
“o S e w2 Sy
P N e
0 0 ]
0 10 20 30 40 50 0 10 20 30 40 50 80
(c) Stretch (%) (d) Stretch (%)
30
Double Coil Fiber with PES core
25+
20 o, S
\? ....... Dﬂ-ﬁ
3 . .
~ 15 ‘; = o0 50 100 150
I ; @ )
10 & &— PES Fiber o Double Coil Fiber with TPE core
8 «@- PES Fiber with Coil| {p 1
5t —&—TPE Fiber 0.5
@+ TPE Fiber with Coil )

o
o

0 20 40 60 0 50
Maximum Cyclic Strain (%)

100
Time (s)

150
Figure 5-1 Mechanical Properties of the Double Coil Fiber (a) Comparison on the stress-strain curves
for bare cores made of PES and TPE (poly(styrene-(ethylene-co-butylene)-styrene) triblock copolymer,
SEBS) and cores with double coil structures, which shows that the double coil structure has minimum impact
on fiber’s tensile strength. (b) Stress—strain curves of bare elastic cores (PES and TPE), showing hysteresis

under 10%, 20%, 30%, 40%, 50%, and 60% strain cycles. (c) Hysteresis percentage (Hp) of the cyclic tests

with different maximum cyclic strains. (d) Cyclic strain- stress measurements on double coil fiber with PES
and TPE cores.

(2) Flexural Stiffness.

Over 50 cycles of bending tests were performed on the double coil elastic fiber with a
bending radius of 6 mm, which is close to the bending radius for wearable applications. In Figure
5-2(a), the images of the double coil fiber bending at the 1% and 50™ cycles are presented. It
shows that the sensor has no plastic deformations after bending. Additionally, we measured the
flexural strength of the double coil fiber and compared it with 1 mm polymethyl methacrylate
(PMMA) in Figure 5-2( (b). It shows that the double coil fiber fabricated here is much lower
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stiffness compared to the 1 mm PMMA fiber. Additionally, the double coil fiber with TPE core
has less flexural strength compared to the cases with PES cores, making it a good candidate for
strain sensing in wearable and biomedical applications.

(3) Elastic Limit of the Coil Structure.

For each of the coil wounded onto the elastic core, the shear stress T onto the coil follows:

_ BkPdogy (5-2)
D3

And the conditions for elastic deformation of the coil structure is:
T< 1T, (5-3)
k is the Wabhl stress concentration factor [134]:

¢ = 4deon =Dy 0.615D, (5-4)
4‘(dcoil - DO) dcoil

and P is the loaded deflection equation:

P =Ké (5-5)
K is the spring constant of the coil:

_ D§G (5-6)

8d3,,N

coil

Where D, is the diameter of the wire, d.,;; is the diameter of the coil structure, 7, is the
yield shear stress of the coil material, G is the shear modulus of the wire material, N is the

number of turns, § is the deflection of the coil along its axis, where:

6 =¢cL =¢N=*A; (5-7)
D;G D§G (5-8)

coil coil

Where ¢, A; are the strain and the pitch length per turn of the coil structure. Here we plotted
the shear stress of the coil structure as a function of strain when the copper wire diameter is
160 pym, and coil diameter are 0.9 mm, 1.16 mm, and 1.5 mm respectively. The yield shear
stress was taken as 175 MPa [135]. In our designed case, where the elastic core diameter is 1 mm,

the elastic limit of the coils in the structure equals 53%.
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Figure 5-2 Double Coil Fiber Softness Measurement (a) Bend-stretch testing over 50 cycles. From
left to right: (i) 1*' bending cycle, and (ii) 50™ bending cycles. (b) Bending stiffness measurements of TPE

coil double coil fibers, and PES double coil fibers. (¢) Elastic limit of the double coil fiber with different
pitch length.
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5.2 Electrical Property Characterizations
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Figure 5-3 Performance Characterization of the Double Coil Fiber. (a), Relative capacitance changes
under 0.5 Hz frequency and 0.05% tiny strain. (b), Relative capacitance changes concerning two rounds
of stretch (solid line) and release cycles (dashed line). (c), Sensor response exhibited against cyclic
strains ranging from 0.5 % to 25 %. (d), Long Time Stability Testing Relative capacitance changes of the

stretched sensor as a function of time. Showing less than 0.3% changes after 8 hours testing.

Thanks to the initial large GF, the sensor can be applied to sense miniature strains without
pre-stretching. The relative capacitance changes of the sensor against 0.5 Hz square-wave strain
as low as 0.05% are plotted in Figure 5-3 (a). The relative capacitance exhibits periodic changes
following the applied strain changes. The spike of the plot comes from the noise of the system.
The standard deviation of the noise is 0.04 pF, which corresponds to a theoretical capacitive
sensitivity of 0.10% (3 o). Therefore, when operating at small strain range with GF of 5.1, the
theoretical resolution of the sensor is 0.02 %. Detailed analysis of the theoretical resolution of
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sensor is discussed in the supplementary information. The fact that the sensor can work with
small strains without pre-stretching enables its application in biomedical applications where the

object under monitoring is delicate and can only bare small strains.
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Figure 5-4 (a) Normalized capacitance changes in response to stretch and release strains under
various strain rates. (b) Sensor response time measurement involving stretching, holding, and releasing
the sensor, illustrating the sensor's quick response and recovery times. (c) Durability assessment of the
sensor through over 16,000 cyclic tests, with zoomed-in views of the sensor response during the initial

and final 10 cycles.

The stability and hysteresis of the sensor were also investigated. Two rounds of stretching
and releasing pattern between 0% to over 25% strain were recorded and the relative capacitance
changes are plotted in Figure 5-3 (a). As a comparison, the mechanical response of stretching
and releasing cycles is plotted by black traces in Figure 5-1, unlike the large hysteresis observed
in the stress-strain graph, the sensor shows small hysteresis and high repeatability in capacitive
response. This is due to the fact despite the polyester core is highly viscoelastic, the copper

electrodes involve in this sensor has low viscoelasticity and the working principle of the sensor
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avoid the intrinsic stretching of the electrode material but just straightening of the windings. The
high stability of the sensor can also be proved by the time evolution of the capacitance for an
overnight test plotted in Figure 5-3 (d). The long-time testing results show the sensor has stable
capacitance readouts with neglectable creeping effects. Due to its exceptional stability, the sensor
exhibits consistent and distinguishable responses for repeated strains of 0.5%, 3%, 10% 25%,
plotted in Figure 5-3 (c). In addition, due to the low viscoelasticity of the sensor, the relative
capacitance readouts of the sensor are independent of the stretching and releasing speed. As it is
shown in Figure 5-4 (a), the sensor was stretched and released at 0.1 m/s to 0.005 m/s, but the
sensor shows a similar level of relative capacitance change. In contrast to highly viscoelastic
sensors, the sensor response is remarkably consistent, and the readout remains unaffected by the
strain rate, thereby enhancing the reliability of the sensor. Another key advantage brought by the
low viscoelasticity is the fast response of the sensor. As it is plotted in Figure 5-4 (b), the sensor
response times were extracted by comparing the real time sensor location synchronized with the
readout of the sensor. The stretching response time is less than 30 mS (around 4%~23%) and the
releasing response time is around 100 mS. The delay of the releasing response time is attributed
to the delayed recovery of the coil structure due to the friction between the coil and elastic core.
The overall response time is less than 1 second, which qualifies for most the wearable and
mechanical monitoring systems. The durability of the sensor was tested by the cycling tests
plotted in Figure 5-4 (c). The repeatable relative capacitance was maintained over 16000 cycles
between 5% to 15% strain and the zoomed in waveform after 100 cycles and last 10" cycles

show the minimum degradation across the cycling tests.
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5.3 Sensor Applications

5.3.1 Wearable Applications
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Figure 5-5 Wearable demonstrations of the sensor. (a) Smart gloves demonstration: Capacitance
changes of the embedded strain sensor with varying finger bending angles, with inset images displaying
different finger gestures while wearing the smart gloves. (b) Breathing monitoring: (i) Schematic
illustration of human breathing. (ii) Sensor capacitance changes corresponding to both shallow and deep
breathing patterns. (c) (i) Knee bending pattern tracking: image of the strain sensor embedded in a knee
support sleeve. (ii) Detailed view of the embedded strain sensor. (iii) Strain sensor readings change as
the knee bends at different angles (d) Sport Performance Monitoring: response of the strain sensors
attached to the belt and knee during a back-kicking motion, demonstrating the sensor's real-time

monitoring capabilities in athletic movements.
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By weaving and braiding the stretchable double coil fiber, this sensor can be integrated into
several wearable applications. The stretchable strain sensors were stitched onto the index finger
of the commercial gloves (Figure 5-5 (a). Thanks to the high sensitivity and stability of the strain
sensor, it can monitor the bending gesture of the finger at different angles without deterioration.
(Figure 5-5 (a)). By stretching the sensor to a stretchable run storage belt (Figure 5-6) the sensor
can monitor the breathing motion in real time ((Figure 5-5 (b)), with distinct signatures between
different breathing manners. Deep breathing usually involves more contraction and expansion of
the lung, and a much larger relative capacitance change can be observed. Like finger bending
monitoring, the knee motion postures can be monitored ((Figure 5-5c¢)) when the stretchable
sensor was integrated into the knee protectors ((Figure 5-5c¢)). With high stretchability of the
sensor, the sensor could follow the knee bending to nearly 180°, and with the fast response speed
and high stability, the sensor can monitor the knee bending angles in real time. Together with
breathing monitoring, this sensor could be used for health monitoring and sports performance
tracking. Shown in (Figure 5-5 (d), a back-kicking exercise motion was recorded both by the
breathing sensor and the knee sensor. The breathing data was shown in the top graph, where the
breathing amplitude increases as user exercises and more oxygen was needed for the body
motion. The knee data recorded the body motion where the user started with a static standing
gesture, followed by repeated back-kicking motion and then ended with another standing rest
session. The breathing data shows the transition from shallow breathing to deep breathing after
the aerobatic movement and the knee data shows the periodic knee bending patterns. The
combination of multiple wearable sensors could provide the health monitoring data for the user

under test and could potentially give the instructions for the exercise and provide safety warnings.
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Figure 5-6 Picture of Respiration Sensor A double coil fiber was stitched onto a running storage

belt.

5.3.2 Implantable Applications

In addition, this sensor can have other potential applications such as implantable
applications and equipment health monitoring. Bladder dysfunction is a prevalent issue
impacting over 200 million people globally [136], significantly compromising their quality of
life. A strain technique that can effectively monitor the expansion of the bladder is highly
desirable. However, the bladder loading process is random and can involve several stages of hold,
loading and unload. Most the stretchable sensors suffer high viscoelasticity and can have high
hysteresis between measurements which can compromise the precision of the liquid loading level
estimation of the bladder monitoring. The stretchable double coil fiber we developed here,
however, has low hysteresis and high stability at a held strain and can be a solution to address
current issues. To prove the capability of bladder monitoring, double coil fibers with thermal
plastic elastomer (SEBS) cores with silicone protected layers were fabricated for testing, and the
additional silicone layer was added to improve the sensor’s biocompatibility. The strain sensors
were knot around the bladder and two electrodes from the same end were connected to the LCR
meter (BK Precision 891, Operate at 100 kHz and parallel mode) to monitor the capacitance

change in real time (Figure 5-7 (a)). Several sensor locations were tried and the sensor at the
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upper part of the bladder was picked as it has high sensitivity. The relative capacitance change
with two loading processes was plotted in Figure 5-7 (b), showing high repeatability of the
sensor responses. The additional loading and holding process was plotted in the bottom figure in
Figure 5-7 (b)(ii). The sensor shows fast response as the loading and holding events alternate and

the minimum drifting were observed while there is no liquid loading.
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Figure 5-7 (a) Photograph showing the elastic fiber sensor securely looped around a porcine bladder.
(b) Relative capacitance changes of the sensor looped around the bladder in response to (i) two rounds of
water loading and (ii) alternating water loading and holding patterns. (c) Tensile force as a function of the

strain for porcine and feline bladders (d) Tensile force as a function of strain for TPE core double coil
fiber.
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Additionally, the softness justifications were also investigated. We conducted elasticity
measurements on the double coil fiber with TPE cores and compared it with the elasticity of
porcine bladder and feline bladder in the literature [137]. In Figure 5-7 (a), with 100% strain, the
porcine bladder and feline bladder shows 3 N and 4.2 N respectively where the double coil fiber
with TPE core shows a smaller tensile force at 2.2 N. Within 100% strain, the tensile force on the
double coil fiber is close to the tensile force on the bladder, therefore the double coil fiber only
applied limited amount of force onto the bladder (Figure 5-7 (b)). For future implantable
applications, softer material and smaller diameter core can be chosen accordingly to match the

softness of the organ undertesting and apply minimum disturbance on the system.

In addition, the sensor can be embedded to structures to monitor the operation conditions of
the structure, provide structure lifetime estimations, and share messages of the safety warnings.
Life safety ropes are commonly used for rock climbing to provide protection for drop and fall
events. However, there will be permanent stretching effects on the life safety rope, and it will
compromise its performance. Monitoring the degradation of the life safety rope, i.e., the
permanent expansions is important for the life safety rope health monitoring and the sensor
proposed here can be applied for this application due to its high stretchability and stability. The
sensor was embedded at the core of the life safety rope (Teufelberger) with two ends protruded
out of the rope outer layer, which allows the sensor to follow the stretching behavior of the life
safety rope. Two eyelet endings were fabricated in the rope to allow it to have good connection
with the tester fixtures. The rope with stretchable sensor was tested under several stretch and
hold steps with a tensile tester (Instron 5969). The first cycle of the testing with small strain
range (0~14%) was used to calibrate the sensor with the ground truth, which are readings from

the Instron video extensometer and then the rope was stretched, and the response of the data was
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plotted with the ground truth in the same plot with the difference of the prediction and the
ground truth plotted by the black trace in Figure 5-8. The predicted strain exhibits the real time
prediction of the rope strain with minimal lag, high stability at the holding stage and less than 0.5%
discrepancy with the reference strain, showing our sensor can provide an accurate prediction on

the life safety rope health monitoring.
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Figure 5-8 (a) (i) Photo displaying the strain sensor braided inside a life safety rope. (ii) Image of the
rope stretching lab test setup. (b) Demonstration of the real time measurements on the rope strain. The
predicted strain based on relative capacitance measurements is plotted in blue, while the reference strain
measured by the video extensometer is plotted in red. The difference between the predicted strain and the
true reference strain is plotted in the black trace. (c,d) Software Interface of the Life Safety rope Strain

Measurement. Real-time screenshot when the rope was stretched by (c) 8.67%, and (d) 11.87%.
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5.4 Experiment Section

Fabrication of the double coil fiber: A pair of insulated copper wires (ELS, 34 AWG,
uncoated diameter 160 um were attached to the elastic core. The elastic core was held by the
capstan attached to the rotator (ZYT520) and a translational motor (Montomatic motor generator,
Electro-craft corporation). The translational motor was tuned to operate at the speed of 7.5
mm/min and the rotator was tuned to synchronize with the translational motor to produce the
designed pitch. After the winding process, the two ends of the coil were glued to the elastic core
with cyanoacrylate (Loctite, 4310) to allow the double coil structure to follow the elastic core

expansions.

Elastic SEBS fiber fabrication: The thermal drawing process is shown in supplementary
information. The preform diameter was around 1 inch and the length about 6 inches. The core of
the preform is made of poly(styrene-(ethylene-co-butylene)-styrene) triblock copolymer (SEBS,
Kraton G1657M), followed by a layer of eCOC and a sacrificial layer of PMMA (Rowland
Technologies). The preform was drawn at the temperatures of 150 °C, 260 °C and 120 °C, and
the final diameter of the fiber is around 1 mm. The PMMA sacrificial layer was etched by

soaking in acetone (Sigma-Aldrich) and peeled off.

Finite element method simulation: Numerical simulations were built to explain the electric
field distribution in the densely wound double coil fiber structure and its capacitance changes
under different strains. The double coil fiber was simulated with COMSOL Multiphysics
(version 6.0). The double coil fiber structure was modelled by a PES core with double coil
structure following the parameters given by the experiment measurement. A model with 70 turns
(35 turns for each conductor) was simulated, and the diameter of the copper wire is 160 um with

the pitch length of 350 um/rad. The FEA model was meshed using the physics controlled free
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tetrahedra with 458366 vertices. The material of PE elastic core was chosen using the default
material library, with the relative permittivity as 3.1. The copper wire was chosen from the
library as well, and the electrical properties are as follows: electric conductivity o= 5.998x 107
[S/m], relative permittivity €,c,, =1, reference resistivity 1.667 X 108, As an approximation for
the analytical calculations and FEA models, we assume that the double coil windings are equally
spaced. For simplicity, the insulating layer was ignored in both FEA simulations and analytical
expressions considering the insulating layer for 34 AWG wires is thin. For the simulation of
capacitance under different strains, the double coil structure pitch was stretched uniformly

respect to the applied strain and the diameter of the coil structure was assumed to decrease

according to the function of: (/1 — (2A)%)/m, where [, is the length of one turn and A is the
pitch length after stretching. The elastic total capacitance was calculated through the global

evaluation parameter Maxwell capacitance.

Sensor characterizations. (1) Impedance measurement: two electrodes from the same side of
the sensor were connected to the Lcur and Heur port of the impedance analyzer (Keysight 4990A)
and the impedance between 1 kHz to 30 MHz was recorded. (2) LCR meter measurement: The
electrodes from the tested sensor were connected to the LCR meter (BK precision 891) for the
measurement. The LCR meter was set to parameter mode at 100 kHz, 0.5VRMS and fast speed
mode. The LCR was connected to the PC and the real time capacitance data was recorded by
LabVIEW (National Instrument). (3) Small strain range measurement: one end of the sensor was
securely tightened to the stage and the other end of the sensor was attached to a stage driven by
micrometer (LTA-HS motorized actuator). The micrometer was programmed to generate 0.5Hz
square wave. (4) Theoretical strain sensitivity: we calculated capacitance sensitivity by

calculating the 30 variations of the capacitance when the sensor was held at a constant strain.
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Then, the theoretical strain sensitivity is calculated as: S(¢) = S(AC/Cy)/GF. (5) Hysteresis,
strain rate, response time and stability test: the sensor was attached to the programmable linear
motor (LinMot 015-5080) and the motor was programmed to the designed waveform. (6)
Mechanical responses: Mechanical stress—strain tests and cyclic tests were measured using a
dynamic mechanical analysis (TA Instrument, DMA Q800). (7) Relationship between number of
turn and lump capacitance: The relationship plotted in Figure 5-5(a) is measured experimentally.
We counted the total number of turns of the double coil structures and measured its capacitance

after unwinding the coil.

Sensor Demonstrations: (1) Wearable applications: The double coil sensor was stitched to
the commercial gloves, running storage belt and knee protector, and the real time data was
recorded by the customized LabVIEW script. The finger and the knee bent at different angles
and then held the posture for a few seconds for data recordings. The belt with stretchable sensor
was placed at the stomach of the subject. The subject was asked to take shallow and deep breath,
and the pattern of the capacitive changes are recorded in the same way as the joint movement. (2)
Bladder demonstrations: The SEBS core double coil fiber was packaged inside the silicone and
then tightened around the porcine bladder. A silicone tubing was inserted into the top of the
bladder. Water was pumped into and extracted the bladder through tubing (Pump Tubing, 3-Stop,
Tygon® S3™ E-Lab) with peristaltic pump (ISMATEC ISM829B). The loading and extraction
speed is ~0.63 ml/s. (4) Life safety rope demonstrations: the double coil fiber was braided into
the core of the life safety rope (Teufelberger), with two ends of the fiber protruding through the
cladding. The total length of the sample, including the eyelet section, is around 34 cm and the
separations between the extruded position is 12.5 cm. The rope passed through the fixture of the

tester (Instron 5969) and was stretched under programmed procedures as described in the
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previous section. The recorded relative capacitance changes were fitted with the reference strain
from the video extensometer (Instron, AVE) by a customized MATLAB code using the 3rd order
polynomial function. The prediction of strain in real time is achieved by the customized

LabVIEW code shown in Figure 5-8(a).

5.5 Conclusions

In summary, we proposed a densely winded double coil strain sensor design that can be
scalable fabricated. The strain sensing capabilities of the sensor were characterized, and
numerical simulations and analytical expressions were performed to explain its strain sensing
capabilities. This strain sensor was demonstrated to feature a high GF (5.1) without pre-strain,
which exceeds the geometrical limitations of the capacitive sensor with the GF of 1. An
analytical expression was proposed here to understand the helical capacitive sensor sensing
mechanisms. The analytical expression is compared with the measurement data and FEA
simulations, proving good accuracies. Without the intrinsic stretching on the conductive wires,
this sensor has high repeatability, low hysteresis, insensitive to strain rate changes, fast response,
and good durability. With the forementioned merits, the sensors were embedded into the fabrics
for wearable demonstrations and proved to have capabilities on human sports performance
monitoring and health monitoring as it can track the finger, joint and breathing patterns.
Additionally, by braiding the sensors to the life safety ropes, the sensors were proved able to
track and predict strain of the rope. The strain sensor can also apply as implantable biomedical
devices with our demonstration on porcine bladder proves that this sensor can track the bladder
expansion in a repeatable and stable manner. This sensor demonstrates good potential in fields
including sports performance monitoring, human-machine interface, structural health monitoring

and biomedical applications.
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Chapter 6 Overview and Future Directions

6.1 Overview

This dissertation explores the potential of multimaterial fiber sensors to measure physical
parameters. The idea of developing multimaterial fibers is to explore how the innovation on
introducing new fiber materials will expand the sensing capability of pure silica fiber. Under this

motivation, two different sensors were explored here:

The first is the magnetostrictive composite fiber for distributive magnetic field sensing
applications. The contribution of this work can be summarized in three aspects: (1) Fabrication:
taking advantage the thermal drawing process, this sensor combines the high precision and
distributive sensing capabilities with the versatility of the polymer material. The scalable thermal
drawing process provides a new way for distributive multimaterial optical fiber sensing which
potentially applies to more material combinations comparing with the bonding and coating
methods. (2) Quasi-distributive Sensing: unlike other magnetostrictive composite fiber sensors
and generally most of the magnetic field sensors based on magnetostrictive effects, this sensor
uniquely demonstrated distributive sensing capabilities. Here, three FBGs were written in series
in the commercially available silica fiber, and we demonstrated three points for magnetic field
sensing with the resolution of 0.1 mT. (3) A novel bandwidth-tunable sensor: for the sensor we
demonstrated in this work. We demonstrated that the bandwidth of the sensor can be tunable
with different boundary conditions. With a fixed boundary condition, the sensor is narrow-
banded, and we can potentially tune the resonance peak of the sensor to match the external pre-

know field. With a free boundary condition, the sensor is a broadband sensor which can find
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applications for broadband magnetic field measurement and unknown frequency cases. The
strategy of thermally drawing the silica optical fiber sensor to the polymer matrix should not be
limited to the example of magnetic field sensing we gave here. Additional work can be explored

in the future. The future directions will be listed in the following section.

The second work is a soft and stretchable strain sensor with double coil structure.
Independent from the traditional silica fiber, this work focuses on using soft polymer materials to
extend the sensor’s flexibility. However, the soft polymers often bring up the cost of high
hysteresis and delayed response. Therefore, we focus on the improvement of the sensor designs
to address those concerns while maintaining sensor’s softness and stretchability. The
contribution of this work comes in two aspects: (1) First report of analytical expressions for the
densely wound double coil capacitors. Unlike the findings of the sparsely wounded double coil
capacitors as reported in previous work. Our theoretical analysis shows that it is possible to
simultaneously increase the sensor’s sensitivity and operative stretchability in densely wound
double coil capacitors. Furthermore, the newly derived analytical expressions, in conjunction
with existing theories, collectively form a comprehensive theoretical analysis for double coil
capacitors. (2) Scalable fabricated and demonstrated a soft, stretchable strain sensor with low
hysteresis, fast response and high stabilities. By coiling stiff electrodes around soft material, the
sensor possesses good flexibility and stretchability while minimizing hysteresis effect associated
with soft polymer materials. The sensor is shown to have repeatable response under varying
strain rates, negligible degradation after over 16,000 cycles, a fast response time of less than 30

milliseconds, and a remarkable strain resolution of 0.015%.
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6.2 Future Directions

6.2.1 Magnetostrictive Composite Fiber

Improvements on the Sensitivity

Terfenol-D composite material has been widely investigated on its magnetostrictive effects.
Most of the works focus on the randomly distributed composite material, which is called [0-3]
material, and bond it with FBGs. [57,138]Several different composite material structures were
investigated in the FEA simulations to show the dependency of the magnetostriction effects on
the shape. In previous studies using FBGs with magnetostrictive composites, the composite

material was randomly distributed.

However, there are a lot of material properties research shows that the chain like structure
can significantly increase the overall magnetostrictive responses. Researcher has created chain-
like structures inside the magnetostrictive composite material with compression and magnetic
field alignment [139,140]. Additionally, some theoretical analysis on the chain like structures is
presented in the work, showing that the alignment of the particles can significantly increase the

magnetic field strength [85].

Additionally, some of the research works about optical fiber sensors has also investigated
the effects of particle alignment. Research works has presented the effects of side alignment of
the particles by applying a pair of magnets on each side of the composite material [64]. They
proved that with the oriented regions, the sensitivity of the sensor can be improved up to 100%.
Additional research shows further improvements in the sensing structure optimization. The

attached a metal tube to the FBGs and proved that the metal tube could improve the sensitivity of
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Figure 6-1 (a) The composite material alignment setup (b) Testing results of the block material before and

after the alignment.

the sensor by 3.75 times [54]. Combined with the particle alignment in the sensor. The sensitivity

of the sensor could be improved more than 3 times [63].

A preliminary investigation of the particle alignment also proved this: A magnetostrictive
composite block was attached to the outside layer of the FBG. A prototype of particle alignment
setup was fabricated in the lab. Shown in Figure 6-1(a), there is a pair of permanent NdFeB
magnets and a heating tube in the center which can heat up the composite material above its
glass transition temperature. The softened composite material will allow the particles to align

along the chain in a direction.
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A polyimide coated fiber with 3™ gratings was embedded into the magnetostrictive block.
Additionally, another polyimide coated fiber in series with the previous one was glued on the
surface of the magnetostrictive block, to monitor the vibrations and acoustic signals. The
comparison of the measured signal was plotted in Figure 6-1 (b). It shows that with the particle
alignment, the sensitivity of the fiber can be improved by 50%. Additionally, comparing with the
comparison with the acoustic probe, it shows that the vibration of the fiber is not a dominant

source of the signal.

Therefore, some future work could focus on the improvement of the sensor sensitivity by

particle alignment and improvements on the sensor structures.
Additional Applications of the Magnetic Sensing Fiber

With multiple magnetic sensing points on the fiber, the fiber can serve as a gradiometer to
measure the gradient of the magnetic field. A denser array of fiber Bragg gratings can be created
to map the magnetic field distributions. Furthermore, the magnetic field distribution can be
mapped with intra-grating sensing techniques. Investigation on chirped gratings for intra-grating

sensing can be applied to magnetic field sensing.

Another direction is helical magnetostrictive fiber where the soft polymers with and without
magnetostrictive particles are drawn. The alternating magnetostrictive fiber could offer chances

for better sensitivities and other applications.
Fully Distributive Sensing

In this dissertation’s work, a quasi-distributive magnetic field sensor was proposed and

tested. However, the idea of integrating the traditional silica fiber sensors into the multimaterial
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fiber drawing process should be limited to the case of quasi-distributive sensing. A fully
distributive strain sensing method can be introduced to demonstrate fully distributive magnetic
field sensing capabilities. Examples of fully distributive sensing mechanisms could be
Distributive Acoustic Sensing and Brillouin Optical Time-Domain Analysis (BOTDA) can be
used in conjunction with the thermal drawing method proposed here. In addition, this thermal
drawing method should be limited to the scope of the magnetic field sensing. The composite
material opens the options of the active phase for this sensor. This sensor can be applied for other

applications such as incorporating pH- responsive material for pH sensing applications.

6.2.2 Double Coil Strain Sensor

Structural and Material Improvement of the Double Coil Fiber

In Chapter 4, we systematically discussed the design considerations of the double coil strain
sensors. Although 1 mm and 350 um™1 pitch length, the sensor can be tailored to match the
application scenarios. In addition, the material choices of the sensor can also vary according to
the application scenarios. We used insulated copper wire as a demonstration, but other

conductive materials could be used to make the sensor biocompatible.

Multi-functional Sensing Capabilities

For the sensor we proposed here, we have a ‘two-layer’ structure, where the coil layer was
served as the strain sensing component, where the core of the sensor was served purely as the
mechanical supports of the strain sensor. However, this stretchable polymer core allows
additional complexities. Additional structures can be introduced into the core, such as replacing
the core with humidity sensitive materials. As we discussed in Chapter 1, the sensor’s

capacitance has limited dependence on the permittivity of the core material. The resistance and
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permittivity changes of the core material could serve as an additional channel for sensing
purposes. Additionally, hallow channels and electrodes can be introduced to the core material to

potentially allow drug delivery and electroporation for this sensor [81].

Distributive Sensing Capability of the Strain Sensor

In this dissertation, the double coil fiber sensor was demonstrated for strain sensing
capabilities. However, the full length of the sensor here was used, which made the sensor serve
as a point sensor, where the strain measured was the overall strain along the entire length of the
strain sensor. A distributive strain sensor could be developed based on the same sensor structure,
but the capacitance of the sensor was sensed locally. Researchers have demonstrated the
distributive sensing capabilities through Frequency Domain Reflectometry by using a Vector
Network Analyzer (VNA) [141]. The same sensing interrogation method could potentially be
applied to the double coil strain sensor developed here, where the double coil fiber can be
viewed as a transmission line as we discussed in previous chapters. The distributive sensing
capability is attractive for the sensor’s potential application scenarios demonstrated here. For
example, the for the wearable applications: the movement and bending of the joints are usually a
local effect, with the distributive sensing capabilities, the sensor can plot the deformation of the
object in a more precise way. However, as we discussed in the section of the sensor
characterizations, the sensor’s sensitivity is inversely proportional to the overall capacitance.
Therefore, the introduction of the distributive sensing capabilities is at the cost of the sensor’s

sensitivity.
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