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Abstract

Abstract

Wearable electronics, human-machine interfacing, and soft robotics are among the diverse
future applications that will benefit from the development of high-precision stretchable strain
sensors. Specifically offering mechanical conformability while allowing for additive
manufacturing methods and a high sensing surface make the stretchable strain sensors a
complementary technology to the state-of-the-art rigid silicon-based sensors. The stretchable
strain sensors owe their deformability to the presence of an elastomer in their structure, a
key element that acts as a double-edged sword. As the main advantage, the elastomer allows
for conductive network deformation reversibly in ranges unavailable to conventional silicon-
based MEMS sensors. However, an unbalance in the elastomer chain mobility and strain
distribution in the conductive network engenders electromechanical hysteretic effects
hindering the smooth lab-to-fab transition. Moreover, the conductive element’s geometry
and its interface with the elastomer have proven to be crucial factors in determining the key

sensor performance metrics.

In this context, over a decade numerous studies into improving the performance of
stretchable strain sensors through novel sensing material and structure engineering have led
to constant advancement of sensor concepts. Notwithstanding the body of works, to extend
either the stretchability or the sensitivity of the sensor the majority of the reports have
focused on incorporating a second conductive or insulating material in between the main
sensing elements. To increase the mechanical robustness of the sensor, encapsulating the
active sensing material into a second elastomer has been a path commonly taken. Both of
these approaches sacrifice the simplicity and cost-effectiveness of the fabrication processes.
While high stretchability and mechanical robustness are important performance
characteristics, ultimately the application-specific requirements determine the key areas in
need of modification. For example except for human-motion detection, an application area
that has received extensive attention in recent years, in most smart sensing applications, apart

from high reproducibility, small strain sensing with high resolution has a higher priority.

To this end, the primary contribution of this work is extending the limits of sensing by
embedding unconventional conductive microspheres into the matrix of an underexplored
elastomer, EVA. Employing additive manufacturing techniques such as stencil printing and
wet-spinning in this work offers economically viable options with customized fabrication

possibilities and low material waste. At the outset, structural studies on both printed and wet-



spun sensors reveal the decisive role of the elastomer type and its interface with conductive
microspheres. Although the 35 pm microspheres provide a lower detection limit and a higher
sensitivity compared to the 4 um microspheres, the sensor’s stretchability is limited
especially due to the onset of electromechanical hysteresis under repetitive cycles. This
highlights the importance of particle size on the sensing limit and the sensitivity. Further,
using 4 pm microspheres the performance of the printed sensor exhibits promising
characteristics such as high reproducibility. Based on the 4 um microspheres, the printed
sensors are then investigated for impact sensing and diaphragm expansion monitoring
wherein mechanical durability to overload strain and high sensitivity are demonstrated. In
hindsight, one limiting factor for extending the minimum detection limit and resolution is
identified as the presence of the stretchable substrate with a higher elastic modulus compared
to the composite. This underlines the importance of the mechanical compatibility of the
substrate with the elastomer. Therefore, the subsequent part of this work focuses on
developing a substrate-free sensor based on the same composite (4 um microspheres and
EVA). This approach yields a record low detection limit and resolution and a fast response
time (16 < ms), characteristics particularly attractive for small strain sensing applications.
Last but not least, this study led to the first demonstration of employing a piezoresistive

stretchable strain sensor for real-time battery expansion monitoring.
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Tragbare Elektronik, Mensch-Maschine-Schnittstellen und Soft-Robotik gehdren zu den
vielféltigen zukinftigen Anwendungen, die von der Entwicklung hochpréziser dehnbarer
Dehnungssensoren profitieren werden. Insbesondere die mechanische Anpassungsfahigkeit,
die additiven Fertigungsmethoden und die groRe Sensorflache machen die dehnbaren
Dehnungssensoren zu einer komplementéaren Technologie zu den modernen Sensoren auf
Siliziumbasis. Die dehnbaren Dehnungssensoren erhalten ihre Verformbarkeit durch das
vorhandene Elastomer in ihrer Struktur, ein Schlusselelement, das wie ein zweischneidiges
Schwert wirkt. Der Hauptvorteil besteht darin, dass das Elastomer eine reversible
Verformung des leitfahigen Netzwerks in Bereichen ermdglicht, die fur herkémmliche
MEMS-Sensoren auf Siliziumbasis nicht zuganglich sind. Ein Ungleichgewicht in der
Beweglichkeit der Elastomerkette und der Spannungsverteilung im leitfahigen Netzwerk
fuhrt jedoch zu elektromechanischen hysteretischen Effekten, die einen reibungslosen
Ubergang vom Labor zur Fertigung verhindern. Dariiber hinaus haben sich die Geometrie
des leitenden Elements und seine Schnittstelle mit dem Elastomer als entscheidende
Faktoren fiir die Bestimmung der wichtigsten Leistungskennzahlen des Sensors erwiesen.

In diesem Zusammenhang haben Uber ein Jahrzehnt hinweg zahlreiche Studien zur
Verbesserung der Leistung von dehnbaren Dehnungssensoren durch neuartige
Sensormaterialien und Strukturtechniken zu einer standigen Weiterentwicklung der
Sensorkonzepte gefiihrt. Trotz der zahlreichen Verdffentlichungen konzentrierten sich die
meisten Berichte darauf, ein zweites leitfdhiges oder isolierendes Material zwischen den
Haupterfassungselementen einzubauen, um entweder die Dehnbarkeit oder die
Empfindlichkeit des Sensors zu erhéhen. Um die mechanische Robustheit des Sensors zu
erhdhen, wird haufig das aktive Sensormaterial in ein zweites Elastomer eingekapselt. Beide
Ansdtze gehen zu Lasten der Einfachheit und Kosteneffizienz der Herstellungsprozesse.
Hohe Dehnbarkeit und mechanische Robustheit sind zwar wichtige Leistungsmerkmale,
doch letztlich  bestimmen die anwendungsspezifischen  Anforderungen die
Schlusselbereiche, die einer Modifizierung bedurfen. Abgesehen von der Erkennung
menschlicher Bewegungen, einem Anwendungsbereich, dem in den letzten Jahren grolie
Aufmerksamkeit geschenkt wurde, hat bei den meisten intelligenten Sensoranwendungen
neben einer hohen Reproduzierbarkeit die Erkennung kleiner Dehnungen mit hoher

Auflésung eine hohere Prioritat.
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Der Hauptbeitrag dieser Arbeit besteht darin, die Grenzen der Sensorik zu erweitern, indem
unkonventionelle leitfahige Mikrokugeln in die Matrix eines bisher wenig erforschten
Elastomers, EVA, eingebettet werden. Der Einsatz von additiven Fertigungstechniken wie
dem Schablonendruck und dem Nassspinnen in dieser Arbeit bietet wirtschaftlich tragfahige
Optionen mit angepassten Fertigungsmoglichkeiten und geringem Materialabfall.
Strukturelle Untersuchungen sowohl an gedruckten als auch an nassgesponnenen Sensoren
zeigen zunéchst die entscheidende Rolle des Elastomertyps und seiner Schnittstelle zu
leitfahigen Mikrokugeln. Obwohl die 35-um-Mikrokugeln im Vergleich zu den 4-um-
Mikrokugeln eine niedrigere Nachweisgrenze und eine hohere Empfindlichkeit bieten, ist
die Dehnbarkeit des Sensors insbesondere durch das Auftreten einer elektromechanischen
Hysterese bei wiederholten Zyklen begrenzt. Dies unterstreicht die Bedeutung der
PartikelgroRe fiir die Nachweisgrenze und die Empfindlichkeit. Dartiber hinaus weist der
gedruckte Sensor bei Verwendung von 4 pum groRBen Mikrokugeln vielversprechende
Eigenschaften wie eine hohe Reproduzierbarkeit auf. Basierend auf den 4 um-Mikrokugeln
werden die gedruckten Sensoren dann fiir die StoBerkennung und die Uberwachung der
Membranausdehnung untersucht, wobei die mechanische Besténdigkeit gegeniber
Uberlastungen und die hohe Empfindlichkeit nachgewiesen werden. Riickblickend lasst sich
feststellen, dass ein limitierender Faktor fir die Erweiterung der Mindestdetektionsgrenze
und der Auflésung das Vorliegen eines dehnbaren Substrats mit einem hoheren
Elastizitatsmodul im Vergleich zum Komposit ist. Dies unterstreicht die Bedeutung der
mechanischen Kompatibilitdt des Substrats mit dem Elastomer. Daher konzentriert sich der
folgende Teil dieser Arbeit auf die Entwicklung eines substratfreien Sensors auf der
Grundlage desselben Komposits (4 um Mikrokugeln und EVA). Nicht zuletzt fiihrte diese
Studie zur ersten Demonstration des Einsatzes eines piezoresistiven dehnbaren
Dehnungssensors flr die Echtzeitiiberwachung der Batterieausdehnung. Dieser Ansatz
ermoglicht eine Rekord niedrige Detektionsgrenze und Auflésung sowie eine schnelle
Antwortzeit (16 < ms), Eigenschaften, die fur kleine Dehnungssensoranwendungen

besonders attraktiv sind.
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Introduction

1. Introduction

“From the moment you re born to the moment you draw your last breath, your brain is Stuck
in a dark, silent box called your skull. Day in and day out, it continually receives sense data
from the outside world via your eyes, ears, nose, and other sensory organs. This data does
not arrive in the form of the meaningful sights, smells, sounds, and other sensations that
most of us experience. It’s just a barrage of light waves, chemicals, and changes in air
pressure with no inherent significance. Face with these ambiguous scraps of sense data,

your brain must somehow figure out what to do next.”
Lisa Feldman Barrett
Seven And a Half Lessons About the Brain™!

This excerpt by Lisa Feldman Barrett best describes the significance of sensing as a
fundamental part of how our brain perceives ourselves and the world around us. By
processing data from our sensory organs, the brain generates models and uses them to
understand and interact with the environment. This research is about human-made sensors,
driven by the core motivation of developing mechanical sensors with improved sensing
capabilities, particularly in terms of resolution and cost-effectiveness. Introducing
stretchable strain sensors featuring unconventionally large conductive microspheres, this
work aims to push the boundaries of sensing limits prepared by scalable fabrication
methods. This chapter outlines the motivations behind this research area, dives into the

state-of-the-art, and provides an overview of the thesis structure.
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Introduction

1.1. Motivation

Sensors are an interface between the world we live in, which is neither digital nor electrical
(except for the atomic-scale world), and the devices we continue to advance to make our
lives easier. Sensors translate the external physical parameters of the environment into the
internal electrical signals understandable by our devices.”? Primarily based on
microelectromechanical systems (MEMS) and complementary metal-oxide semiconductor
technology, the smart sensor market size reached a value of over 45.4 billion USD in 2022
and is expected to growth with a compound annual grow rate of over 15% until 2032.5
Modern MEMS sensors are ubiquitous as essential parts of highly integrated smart sensing
technologies and excel in compactness. However, their manufacturing process is becoming
increasingly complex, demanding intensive investment.”*! Additionally, they struggle when
it comes to large-area and mechanical flexibility due to their miniature size and rigid nature.
To address the limits of conventional rigid sensing, flexible sensors as innovative solutions
have emerged introducing mechanical compliance that can respond to a wide variety of
external inputs such as mechanical, chemical, and electromagnetic. More specifically, in
addition to flexible sensors, stretchability has become under the spotlight, particularly when
it comes to compatibility with soft and pliable applications tailored for interacting with

humans.

Stretchable strain sensors are of outstanding importance for the realization of a wide variety
of emerging smart applications such as soft robotics,?! integrated e-Skins,!®! biomedical
applications,® ' wearable electronics,**! and the Internet of Things.['* The growing
interest in flexible and deformable strain sensors, besides reliable stretchability, calls for
high resolution, high sensitivity, and cost-effective fabrication methods. In this regard, there
have been numerous strategies on how to obtain compliance with complex shape-changing
structures unavailable to conventional rigid sensors. The common form factors to achieve
deformability without losing performance have been using novel structural approaches for
example 3D mechanical buckling,[*>*®! pridge-island wavy interconnects,*”8 2D or 3D
serpentine or fractal structures,*®*?? and Origami and Kirigami designs.[?>? However,
these structures are made of rigid material which inherently suffer from the inevitable
emergence of microcracks in the non-stretchable parts resulting in early mechanical failure

and electrical disconnection. Hereof, fully stretchable conductive composites provide a
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favorable solution based on a conductive part embedded into or on top of a stretchable
substrate or fully stand-alone stretchable composite structures.

Despite tremendous efforts in laboratory research, the market reach of stretchable sensors is
still restricted. Given the multitude of advantages offered by stretchable sensors, addressing
the challenges to their widespread commercialization requires increased attention. There are
several efforts made to address the bottlenecks of stretchable sensors by designing
innovative materials and devices that are capable of performance levels similar to those of
smart microsensors.[?® Inspired by these efforts, the core motivation of this thesis is to
contribute to tackling some of the challenges of improving the sensing limits of stretchable

composite strain sensors using additive manufacturing methods.

1.2. State of the Art and Problem Definition

In the realm of fully stretchable strain sensors, the mechanical compliance to deformation is
commonly realized by using a stretchable elastomer as a housing matrix, that contains the
conductive materials. When an input strain is applied to the stretchable polymer composites
(SPC), the deformation elongates the elastic polymer. This yields a change in the conductive
pathway, hence a change in the total resistance of the device is recorded as an output, that is
piezoresistivity. In terms of fabrication techniques, additive manufacturing techniques such
as printing allow for large-volume fabrication. Without the need for high temperature and
high vacuum, thus being potentially low-cost with the least material waste these techniques
are among the most promising approaches.?®! Either printing the active sensing layer on a
stretchable substrate or additive manufacturing of a free-standing sensor offers several
advantages and disadvantages. The choice between the two ultimately depends on the
requirements of the target application. For example, utilizing the same composite of an
elastomer and a conductive part, on the one hand, when printed on a substrate, mechanically
supports the active layer increasing the durability of the sensor and avoiding damage during
application. However, incorporating a substrate means additional material consumption and
increased cost of fabrication. Moreover, special attention must be given to the elastomeric
compatibility between the substrate and the composite. On the other hand, in the absence of
a substrate, the composite has more range of flexibility and stretchability, a higher

conformability to irregular and intricate surfaces, and a potentially enhanced sensitivity,
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making this option a more versatile one. Nevertheless, the sensor might become more prone
to overstretching damages during handling and application. Therefore, corresponding to the
key requirements of the application, e.g. range of strain detection, minimum detection limit,

and minimum resolution the sensing material is designed.!?”]

The conductivity in SPC sensors is achieved by including conductive materials in the
matrices of the elastic polymer, for example a conductive polymer,?82% liquid metal,3°-33
solid particles in nano or micron scale (e.g. carbon-black,**! carbon nanotubes, 4! silver
nanowires,[*>431 and graphenel*®*l) or a hybrid combination of different conductive
material.[*>%*%1  The predominantly used elastomers are polydimethylsiloxane
(PDMS),[5255581 thermoplastic polyurethane,385°61 or poly styrene-butadiene-styrene
polymers[4262-641 The electromechanical properties of a composite sensor highly depend on
the nature of the elastomers used (as matrix or substrate), the geometry of the conductive
part, and the interface between the particle and the elastomer. PDMS is commonly chosen
as the elastic polymer because of its high flexibility.[3865-671 However, apart from being a
costly polymer, there are several challenges in processing it such as the onset of cross-linking
as the two parts are mixed. Therefore its use is not straightforward for large-scale additive
manufacturing techniques.!® Hence, in the first part of this work, as a promising alternative
elastomer, the ethylene vinyl acetate copolymer with 40 wt.% vinyl acetate is compared with
PDMS in terms of morphology and microstructure (for simplicity in this thesis hereon EVA
refers to EVA with 40 wt.% vinyl acetate). EVA is an economic polymer that is not only
used as an elastomer for stretchable sensors,[®®72 put also as an encapsulating material for

photovoltaic modulest™ 7! and food packaging®.

There is an extensive amount of work on SPC sensors utilizing nanoparticles as conductive
constituents,[34:3544455477.7836-431 However, their fabrication processes are complex and
costly. Some examples involve several steps in the preparation of a printable solution, using
hazardous chemicals, and the addition of extra material mainly to functionalize the
nanoparticles avoiding their agglomerations during processing. The majority of stretchable
sensors reported have focused on high stretchability.[38435%.77.7%1 Nevertheless, common
smart applications involve small strain range inputs while low detection limit with high
signal-to-noise-ratio as well as high resolution (distinguishing small strain changes) carry
more weight.[?>?! There are numerous reports with a low limit of detection.[46280-82]

However, most smart applications demand reproducible detection of smaller strain values
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with an elongation in the micrometer range (comparable to MEMS technology). Overall,
there have been some efforts made to increase the sensitivity of the stretchable sensors
mainly by introducing microstructures in the active material and by reducing the contact
points between the conductive particles. However, these approaches are time-consuming and
not cost-efficient as they involve either the addition of a second material for the
microstructure or involve controlled introduction of micropatterns for example by

photolithography.["]

In this work, core-shell silver-coated glass microspheres are utilized as the conductive
material to leverage the microstructure provided by the core-shell configuration. Achieving
a high sensitivity to small composite elongation and straightforward preparation steps are
also among the reasons behind the choice of microspheres. In terms of sensing performance,
the focus of this work is on developing SPC strain sensors with the lowest detection limit
and resolution with an easily detectable signal under various small strain inputs. Moreover,
to keep the findings of this study relevant for the industry, we opt for fully additive

manufacturing techniques for the fabrication of our sensors.

1.3. Structure of the Thesis

In this thesis, the development of high-precision SPC strain sensors based on conductive
microspheres will be discussed that are prepared using scalable techniques and used in three
applications. Following the introductory chapter, the scope of this thesis in the subsequent

chapters is outlined as listed below:

e Chapter 2 provides the technical background of SPC strain sensors, explaining the
working mechanism of piezoresistive strain sensors, and the key sensing properties
are summarized, including mechanical considerations. Additionally, the forces

involved in dynamic percolation using the direct electric field are introduced.

e Chapter 3 gives an overview of the experimental methods. It introduces the utilized
material and explains the fabrication steps involved in the fabrication of the SPC
strain sensors. Additionally, the characterization tools as well as prepared test setups

for the applications are described in detail.
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Chapter 4 presents the development of a SPC strain sensor having EVA as the
elastomer and printed on a stretchable substrate, in three different stages. The first
part, using 35 pum conductive microspheres, focuses on comparing the morphology,
microstructure, and performance of sensors prepared using PDMS with EVA. Based
on the findings of this part, EVA as a promising alternative to PDMS is chosen for
the extended electromechanical performance tests under various strain cycles. In the
second part, using 4 um conductive microspheres, the sensor’s figures of merit are
investigated. Finally, using a direct current electric field and a composite of EVA
and 35 pum microspheres, the volume fraction of particles required for achieving

conductivity is significantly decreased and studied in situ using optical microscopy.

Chapter 5 deals with introducing and investigating the performance of a substrate-
free stretchable sensor. Using an extrusion method and 4 pm conductive
microspheres, a free-standing stretchable microfiber sensor is developed. The
fabrication method is described in detail and mechanical figures of merit of the EVA-

microfibers are compared with those of microsphere-containing microfibers.

Chapter 6 presents three real-time strain sensing application examples where the
developed strain sensors based on EVA and 4 um microspheres are employed. The
first application revolves around impact sensing using the printed sensor where
outstanding resolution and very short response time are demonstrated. The second
part explains how the printed sensor is used for monitoring the expansions of an
inflating diaphragm where the sensor is subjected to overload strain instances. The
scope of the third part is the thickness change monitoring of a Li-ion battery during
charging and discharging, for the first time, using the piezoresistive microfiber
developed in this work. The response of seven microfibers is compared with a
commercially available displacement sensor, showing identical phases of battery

expansion and contraction.

Chapter 7 summarizes the key findings of this work and provides an outlook for
future studies on improving the performance of the SPC strain sensors and their

implementation in relevant applications.
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2. Theoretical Background

This chapter explains the theoretical basis for understanding this work. First, the
percolation theory is introduced, followed by covering the basics of piezoresistivity and
tunneling effect as the main sensing mechanisms of SPC strain sensors. Then the
Hildebrand-Hansen solubility parameters are explained as the underlying reasons behind
the choice of solvents for the EVA. Based on the stress-strain diagram the mechanical
characteristics of the SPC sensors are summarized. The main figures of merit then are
described covering hysteresis in detail. The chapter concludes by introducing the forces
acting on direct-current subjected filler-elastomer composites.

2.1. Percolation Theory

Conductivity and Resistivity

Resistivity is defined as a fundamental electrical property of a material, meaning the
magnitude of its resistance to current flow, and is defined based on Equation 2.1.
Conductivity or specific electrical conductance of a material is the reciprocal of Equation
2.1., and it determines the conducting ability of a material to the electrical current flow, A is

the cross-section, and | is the length of the material.

2.1)

-

1
p= ;:R

The electrical characteristics of a material are generally defined by its response under an
electric field. In metals, the applied electric field e.g. a constant and small voltage, causes
the transport of electrical charges, conducting current through the metal. To obtain electrical

conductivity in an insulating polymer, solid conductive particles of different types are
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incorporated into the polymer.831 These blends, depending on the density of conductive
content obtain conductivity. Therefore, conductive SPCs provide the merits of polymers that
are straightforward processing, lightweight, economical, and mechanical deformability.
Within a composite of randomly dispersed conductive particles in an insulating elastomer,
based on the percolation theory, there is a minimum ratio of conductive particles needed for
a composite to undergo a transition from electrically disconnected to becoming conductive.
When the conductivity of a composite filled with conductive particles is measured as a
function of the volume fraction of fillers, as the ratio increases above a critical threshold,
this transition is observed with an abrupt increase of conductivity, that is characterized by a
sigmoidal behavior.[”? As schematically shown in Figure 2.1, the outset of conductivity is
characterized by the dramatic increase, by several orders of magnitude, during a small

change of conductive particle concentration.

Percolation

>10

Conductive

Electrical Conductivity (S/m)
<108

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Volume Fraction of Conductive Particle

Figure 2.1. Electrical conductivity of a polymer-filler composite as a function of
volume fraction of filler.

This phenomenon is explained by the formation of physically connected paths made of
clusters of agglomerated conductive particles, hence the electrons can move from one
electrode to the other passing and hoping through the formed interconnected network. At
low-volume fractions, the mean particle or cluster distances are large enough to inhibit
conductance. Close to the transition, the conductivity shows a non-linear behavior. In 1957
Hammersley and Broadbent introduced the percolation theory, in an attempt to model the
fluid flow in a porous media. As a mathematical framework to describe this behavior, and to

find the critical percolation threshold (¢c) there are several models mentioned in the
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literature. Close to the critical volume fraction, that is the percolation threshold, the
percolation equation is described as a power-law as follows.

a/oy = (¢ — )t (2.2)

where o is the composite conductivity at a corresponding volume fraction, oo is the
conductivity of a thin film of the filler (comparable to the filler in the composite), ¢ is the
filler volume ratio, and ¢c is the critical volume ratio or percolation threshold, and t is the
percolation exponent indicating the power with which conductivity increases above the

percolation.

2.2. Piezoresistivity

Piezoresistivity is one of the main transduction mechanisms involved in an SPC strain sensor
in detecting a mechanical stimulus and converting it to an electrical signal.[®! It refers to the
increase of resistance as a result of applied mechanical deformation, e.g. stretching. Due to
the fundamental differences in the morphology and structural properties of the elastic
polymer and the conductive particle (e.g. crystallinity, molecular polarity, surface energy),
there is no general agreement for predicting the exact mechanism of piezoresistivity at a
given composite. Generally, in a conductive SPC made of an insulating polymer and a
conductive particle, mainly dependant on the volume ratio and the distribution of the
particles within the polymer matrix, as the sensor is elongated, the piezoresistivity may

originate from one or a combination of the following:

i) When the piezoresistive SPC is stretched, the overlap area between the connected particles
reduces, and the interparticle distances increase. Due to the tunneling effect and the changes

in the tunneling distance, as discussed in Section 2.4, the resistance of the sensor increases.

i) Electrical disconnection in the network structure of the connected particles in the elastic
matrix between the two electrodes (changes in the Ohmic contacts) causes an increase in
resistance. The main reason behind the disconnection in the conductive network stems from
the mismatch in the stiffness of the constituent elements of a stretchable sensor, that is a
solid micro or nano filler embedded in a stretchable polymer. Therefore, when subjected to
an elongation, the disconnection of the elastomer-particle bonds and particle-particle bonds
leads to the disruption of conductive paths.

21



Theoretical Background

iii) The change in the geometry of the sensor that is a change in its length and cross-section
area increases resistance.[*?l According to Equation 2.1, any changes in | and A change the

resistance of the composite. This effect will be discussed in the following sections.

2.3. Strain

When a tensile force is applied to a material, the strain as a non-dimensional parameter is
defined as the deformation the material undergoes in the direction of the applied force
divided by the initial dimension of the material. In other words, it is the normalized
deformation of the material under normal stress. If the tensile force applied to the material
Is in the longitudinal direction, tensile strain, or from here on strain, denoted as ¢ is described
by Equation 2.3, where Lo is the initial length of the material in the direction of applied
tensile force, and AL is the change in the length of the material in that direction.

AL
Lo

€= (2.3)

In the schematic illustrations in Figure 2.2 (not to scale), the basic mechanism behind the
transduction of a mechanical deformation into an increase in electrical resistance in an SPC
strain sensor is explained. The SPC composite based on an insulating elastomer and
conductive particles sandwiched between the two electrodes has an initial length of Lo. As
shown in Figure 2.2a, when a supply voltage is applied to the electrodes, electrical resistance
of a contaced pair of particles is ohmic comprising the sum of the resistances of both
particles. As the composite is subjected to a tensile force (Figure 2.2b) it elongates, resulting
in a change in its length, AL. As long as the change in interparticle distances stays in the
tunneling range (following section), a tunneling resistance is added to the resistance of the
pair. If the applied strain is large enough resulting in a substantial change in the length of the
composite, it may undergo complete electrical disconnection.
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Figure 2.2. Schematic illustration of a percolated network of conductive particles
embedded in an elastomer matrix and sandwiched between two electrodes. a) At a
mechanically relaxed state, where no strain is applied to the SPC, contacts are
mainly Ohmic (marked by blue circles). b) As a tensile force is applied in the
longitudinal direction, causing elongation of the composite in the direction of the
applied strain, either the overlapping area between particles or the interparticle
distances change. Therefore, tunneling resistance comes into play.

2.4. Tunneling Effect

When a percolated composite of particle-elastomer is subjected to strain, it stretches
increasing the total resistance of the composite, an effect called piezoresistivity. Provided
that the elongation is small enough to keep the cross-sectional area and the length of the
composite to almost the same values as before the stretching, the change of resistance due
to geometrical changes is negligible. Therefore, the main mechanism behind the conduction
in a stretched composite can be explained based on the change in the tunneling distance due
to the decrease of the overlap area between the physically connected conductive particles,
described as the tunneling effect.®%] Based on quantum mechanics, the tunneling effect refers
to the electrons flowing through traverse potential barriers, that is in our composite the
insulating polymer layer in between particles. If the thickness of the insulating polymer at
the interface of the particles is thin enough, that is comparable to the de Broglie wavelength

of the electron (/ab) it exhibits wave-like behavior, passing through the insulating barrier.
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Thus, conducting current through the insulating barrier between the conductive particles,
where the particles act as an electrode with an opposite charge. In our case, we apply a 50
mV source voltage to the two electrodes of the sensor and measure the resistance in a two-
probe setting, while the sensor is static and being stretched. The resistance change, as the
response of the sensor to the applied strain, is recorded during strain tests. In this case, the
de Broglie wavelength of an electron is estimated to be 5.5 nm (ia» = h/p = 1.227 / V¥ nm,
where h is the Planck’s constant, p is the momentum of the electron, and V is the voltage
applied at the two electrodes). The minimum junction distance through which electrons can
pass via quantum tunneling is called the cut-off distance and depends on the type of
conductive material, the insulating polymer, and the processing parameters.*281 Thus,
overall conduction is made not only through physically connected particles but also via
tunneling between adjacent particles, provided that the interparticle distances are within the

cut-off distance.

In the following, the predominant electrical response mechanism of our composite, that is
through the tunneling effect, is explained and the total resistance between the electrodes, R;,
and its change during the stretching tests are estimated.?8! In a composite based on an
insulating polymer and conductive particles, the total resistance depends on the resistance of
the conductive particle and the polymer. The insulating polymer is assumed to have a
homogenous resistance throughout the composite. The paths created by physically
connected particles but in a direction perpendicular to the current flow from one electrode
to the next are neglected. Considering these assumptions, a 3-dimensional network of
polymer-particles can be simplified to a 2-dimensional matrix, consisting of randomly
connected paths to the current flow.!®! Therefore, R;, the total resistance between two
electrodes as defined in Equation 2.4 is dependent on three parameters:

1) The number of particles between the electrodes creates a connected path that is parallel to

the current flow between the electrodes, Np.

if) In a unit area traverse to the current flow, the number of series of connected paths that

create a conductive path, Ni.

Iii) The resistance of a chain of conductive particles with a separation, that is related to the

tunneling resistance. .88l
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N
Ri=32 Ry (2.4)

Based on Simmon’s theory, the tunneling resistance and subsequently the Ry is defined as

Equation 2.5. [89-92]

__ 8mhs
p 3a2ye?

R

exp(ys) (2.5)

where h is Planck’s constant, S is the average interparticle distance between the conductive
particles, a2 is the effective cross-section area through which the tunneling current passes,

and e is the electron charge. The parameter y is defined by Equation 2.6.

Y =V 2mee (2.6)

Where me is the electron mass and ¢ is the height of the potential barrier between adjacent
particles. Therefore, the R; as the total resistance of the composite based on Equations 2.4,

2.5, and 2.6 can be defined as Equation 2.7.

:& [ 8mhs
NL

exp(ys)] (27)

3a2ye?

If the composite is under tensile strain in the axial direction and parallel to the electrodes,
the change of interparticle distances along the connected path is defined as a function of the

applied strain as Equation 2.8.
s(e) = so(1 + E¢) (2.8)

Where sg is the initial particle distance, ¢ is the longitudinal tensile strain, and E is a constant
dependent on the material and the applied strain.[®® As strain increases, the change in N.

exhibits a non-linear behavior that can be formulated as Equation 2.9.
N, = N exp[f(e)] (2.9)

where f (&) = —(Ae + Be? + Ce3 + De*), Niis the number of conductive pathways at the
applied strain of &, N o is the initial number of conductive pathways before the applied strain,
and A, B, C, and D are constants 8. The relative change of resistance, or AR/Ro can be
formulated as Equation 2.10.

= 1= (E5) ewp [y (s() — s)] - 1 (2.10)

Ro Ro SoN(g)
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Based on Equations 2.7, 2.8, and 2.9 the AR/Rq can be described by Equation 2.11

i—R = (14 E¢) exp[(A + FE)e + Be? + Ce3 + De*] — 1 (2.11)
0

where F = ys,,.

2.5. Hildebrand and Hansen Solubility Parameters

The solubility parameters in this work aid the selection of the solvents for solutes or solvents
to be exchanged in various applications. These parameters are especially helpful in
predicting the compatibility of a polymer for example for coating and paste preparation and
the choice of an appropriate solvent for the wet-spinning method and a corresponding non-
solvent for the coagulation bath. In essence, liquids having similar solubility parameters are
miscible and exchangeable, and polymers dissolve in solvents with close-enough solubility
parameters meaning there is physical affinity between the polymer and the solvent. The
extent of interaction of the material is determined by the extent of their similarity in the
Hildebrand-Hansen solubility parameters. These parameters determine the miscibility of the

material in contact together, denoted by di, and are defined as Equation 2.12.[%4%]
8 = (cohesive energy density of a compound)'/? (2.12)

The total cohesion energy is the sum of individual energies. The basic principle is that the
total energy of vaporization of a liquid, meaning breaking all the cohesive bonds, consists of
several parts. These are three major interactions in common organic materials that are i) the
atomic dispersion forces (dp), ii) the permanent dipole-dipole forces (dr), iii) and the
molecular hydrogen bonding or electron exchange (Jn). The dispersion interactions are
derived from the atomic forces, called dispersion, as atoms build molecules, all molecules
have these types of attractive forces. The second type of cohesion energy is the permanent
dipole-dipole interactions which are molecular interactions based on the dipole moment as
the primary parameter. Hydrogen bonding or the electron exchange parameter is the third
major interaction, similar to polar interactions, based on attraction between molecules having
hydrogen bonds. The Hildebrand-Hansen solubility parameters, as the sum of the squares of
the dispersion, polar, and hydrogen bonding are defined as Equation (2.13).[4]

52 = 82+ S+ 62 (2.13)
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In investigating the solubility of a solute in different solvents, the Hildebrand-Hansen
solubility parameters are considered as the three-dimensional parameters locating the center
of the sphere of the solute material in a three-dimensional cartesian space. The interaction
distance or radius is the radius of the sphere, ro, which determines the boundary of good vs

bad solvents. The bad or non-solvents for the solute are outside the boundary or the sphere.

To classify the solvents, the relative energy density (RED) is defined in Equation 2.14, a
physical affinity parameter determining whether the Hildebrand-Hansen solubility
parameters are close-enough.

RED =2 (2.14)

To

Where r; is defined in Equation 2.15

(Ta)z = 4‘(8D Solvent — 6D .S‘olulfe)2 + (SP Solvent ~— 6P Solute)2 + (6H Solvent — 5H Solute)2 (215)

To determine whether a specific solute is dissolvable in a chosen solvent, the RED of the
two is calculated based on Equation 2.15. In the case where the RED has a value larger than
or equal to 1, it means that the Hildebrand-Hansen solubility parameters of the two are close
enough, or in other words, the solvent is considered a good solvent and is located inside or
on the boundary of the solute sphere. If the RED is larger than 1, it means the solvent is bad
or non-solvent for the solute.®*%! In our case, we are interested in calculating the RED for
the EVA copolymer. The RED of a copolymer can be calculated based on the Hildebrand-
Hansen solubility parameters of the constituent pure homopolymers and their corresponding
weight ratio present in the copolymer,= that is in our case polyethylene (PE) and polyvinyl
acetate (PVA). The EVA copolymer used in this work has 40 wt. % vinyl acetate and
therefore its Hildebran-Hansen solubility parameters can be calculated based on Equation
2.16.

61’ EVA = 5i PVAWPVA + 5L' PEWPE (216)

Where dieva is the Hildebrand-Hansen solubility parameter of EVA used in this work, Wpva
is the weight ratio of polyvinyl acetate in EVA, and the weight ratio of polyethylene is

calculated as Wpe = 1 —WpvAa.
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2.6. Mechanical Properties of the Strain Sensors

The strain sensing response of a stretchable strain sensor based on a composite of conductive
particle and an insulating elastomer, as it is discussed in the following sections, is mainly
controlled by the surface interactions between the conductive filler and the elastomer, and

the mechanical behavior of the filled elastomer.[®!

2.6.1. Stress-strain Diagram

As depicted in Figure 2.3, to characterize the mechanical behavior of a stretchable sensor,
there are various terms and definitions, derived from the stress-vs-strain diagram under a
uniaxial tensile strain test. This curve provides descriptive parameters about the material’s
strength, ductility, stiffness, and failure limits. The stress-vs-curve is obtained as a result of
a destructive tensile strain test, in which a gradually increasing normal force is applied to the
material until the point of failure. Stress, or to be more specific, engineering stress, is defined
as the ratio of the internal force (resisting the applied external force) to the initial cross-
sectional area, assuming there is a uniform distribution of the applied external tensile force
throughout the material. The strain provides a measure of deformation due to the applied
force. The first stage in a stress-strain curve is the linear region. In contrast to brittle materials
which undergo fracture as stress increases, stretchable materials such as soft elastomers
exhibit elastic behavior following a plastic deformation region avoiding early mechanical
breakage as stress increases. The elastic deformation range is generally referred to linearly
stress-vs-strain range where deformation is reversible, whereas plastic deformation (in which
the material shows ductile behavior) is generally referred to as the range after the linear range

as strain is increased.[®)
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Figure 2.3. Stress-strain curve of a typical stretchable material illustrating the
relationship between the (engineering) stress and the measured strain. From this
curve, various mechanical characteristics can be extracted, as depicted. 1) Young’
modulus is the slope of the linear region indicating the stiffness of the material. 2)
Yield strength and 3) yield strain, respectively, are the coordinates of the onset of
plastic deformation. 4) Ultimate strength is the maximum stress a material can
withstand before the failure point. 5) Toughness is the total energy a material can
absorb (integrated area of stress-strain curve) before the failure point. 6) Elongation
at break indicates the maximum strain a material can withstand right before the
failure point.

Young’s Modulus

Young’s modulus is a parameter defined as the slope of the stress-strain curve in the linear
region which is the ratio of the applied stress to the strain in the elastic (linear) range. It
provides a figure indicating the stiffness of a material and the ease of elongation. In this

range, the stress is proportional to the strain.
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Yield Strength and Yield Strain

As the material is under increasing tensile strain, beyond the stress-strain proportionality
limit (where stress-strain change is linear), the rate of strain increase gets faster than the
stress. This is reflected in a flattening of the stress-strain curve, the yield point, or elastic
limit, is the first peak appearing, before the curve takes a downward turn. However, a
stretchable material still demonstrates reversibility in deformation and recovery when the
tensile force is removed. Yield strength or yield stress is the corresponding stress at the onset
of plastic deformation. After this point, the material enters the plastic deformation region in

which upon unloading the force the deformation is not recoverable anymore.

Ultimate Strength

The second stage in the stress-strain curve is the strain hardening region, where strain goes
beyond the yield point, until reaching a second peak of stress at the ultimate strength point.

This is the maximum sustainable stress by the material under a destructive tensile test.

Elongation at Break

As the material is further elongated above the ultimate strength peak, the elongation at break
or the ultimate failure strain point is reached, meaning the material breaks. The extent of the
ductility of a stretchable material undergoing plastic deformation, before the failure point, is

called elongation at break.

Toughness

Toughness is a property indicating the required energy for the mechanical deformation per
unit volume before the rupture of the material. It is the area under the stress-strain curve and

can be calculated by integrating the curve.
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2.7. Electromechanical Characteristics of the Strain Sensors

The performance metrics of a piezoresistive strain sensor, that is electromechanical
characteristics, are determined by the particle-particle interactions inside the composite as
well as the polymer chain dynamics. Understanding the key principles involved in the
response of the sensor is essential for its performance optimization and future-tailored sensor
material and structure designs. In this regard, strain sensitivity (or gauge factor) and
hysteresis play a crucial role in classifying the sensor performance and mitigating the
potential hindrances for expanding its application.

2.7.1. Gauge Factor

Since the main working principle of a piezoresistive sensor is a change in its resistance upon
external strain, a higher resistance change ensures an easily detectable signal even in small
strain ranges. However, there is a need for a unified description of the strain sensitivity. The
gauge factor (GF) of a reversible piezoresistive sensor is defined as the output response
amplification corresponding to a change in the input strain as described in Equation
2.17.1%588

GF=22.L (2.17)

Ro Ae

Where the initial resistance of the sensor is denoted as Ro in a neutral state (¢ = 0), R is the
resistance of the sensor at a stretched state (¢ # 0) and AR = R — Ro. The strain sensitivity of
a piezoresistive strain sensor depends on various factors such as active sensing elements,

particle-polymer interactions, and the microstructure network.*?

2.7.2. Durability

One of the main applications of the piezoresistive strain sensors is the dynamic (that is over
time, in contrast to static) detection of strain under a prolonged repetitive stimulus. Therefore
one of the key parameters to be investigated is the durability of the sensor. It is defined as
the mechanical robustness as well as dynamic repeatability of the sensor’s electrical response

to a large number of consecutive cycles of strain-release without failure. One underlying
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reason behind the poor dynamic durability in some composites stems from a structural low-
fatigue resistance, especially due to the interfacial instability at the particle-
(amorphous)polymer interface. However, due to the multi-phase nature of a semi-crystalline
and amorphous polymer housing solid conductive particles, predicting mechanical

interactions, and improving them, is a major challenge to overcome in SPC strain sensors. %!

2.7.3. Hysteresis

In SPC strain sensors, hysteresis is defined as the non-repeatable or non-uniform
electromechanical response to strain-release cycles. It is the cycle-history-dependent
response of the sensor, meaning the electrical response to the current (n)" cycle is not
perfectly identical to the next (n+1)™ cycle, and it depends on the strain history (n-1)™" cycle.
Since one major mode of strain detection based on a piezoresistive mechanism is dynamic
cycling mode, identifying the source of the hysteresis plays a crucial role in designing
efficient and reliable sensors. In stretchable composites of a solid particle embedded in an
elastomer, the main sources of the hysteresis are the storage and loss of the elastic energy in
the matrix, the viscoelastic nature of the elastomer matrix and the stretchable substrate, the
polymer chain interactions with solid particles especially at the interface between the
constituent elements, and the interparticle frictional energy in the matrix (as particles and
clusters move relative to one another). Although stretchable composites are usually used in
their typical linear elastic range (before the yield point), as subjected to repeated cycles of
strain-release, the energies generated internally are dissipated as heat, particularly at the soft-
hard interfaces, leading to the onset of hysteresis. This is particularly due to the elastic-
viscous (viscoelasticity) nature of the polymer as well as a perturbance in the effective strain
accommodation by the polymer chains due to the presence of the solid particle network. It
is clear that as the stress and the corresponding strain applied to the composite are increased,
more heat is generated, and therefore the hysteresis increases. The concentrated stress and
heating act as a major source of delamination, void formation, and composite failure.
Especially as the microstructure breakdown starts and void spots are generated where there
are high concentrations of stress.[?>83 Hysteresis is usually observed as the appearance of a
second peak for a single strain-release cycle, indicating a negative piezoresistivity as an
inverse response to the strain.3"9"1%1 Another typical indication of the presence of

hysteresis in a sensor is the extent of its response time to the applied and released strain and
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whether there is a difference in the straining compared to the releasing and the magnitude of
this difference. A standard response time is defined as the time constant needed for the sensor
to reach 90% of the level of the applied or released strain.[*?1°%1%2 |t js unambiguous that all
sensors based on a polymer exhibit hysteresis to some extent. To be more specific, hysteresis
in the response time happens due to, including the above-mentioned points, the unbalance
between the microstructure breakdown (as strain is applied) and the re-creation of
disconnected paths (as strain is released).[*:193-191 The other origins of hysteresis, especially
when a longer relaxing response time is observed, are attributed to a high interfacial area
between the conductive particles and the elastomer, poor interfacial adhesion to conductive
particles, high friction between the particles and the elastomer molecules (slow slippage of
particles against one another or elastomer molecules), and sluggish re-agglomeration of the
separated particles (due to the loss of elastomer-filler bonds). These factors result in
inhibiting fast recovery of the particle network, which is reflected in a second shoulder in
the course of repetitive cycles and a longer time constant for relaxing. The extent of

hysteresis and delay is usually directly proportional to the magnitude of strain and the strain
rate.[?8.100]

Another type of hysteresis is observed as a decline in the peak of the electrical response of
the sensor during repetitive cycles of strain-release, which can be explained by the increase
in the re-creation of conductive paths.*%! However, there have been cases where the peaks
increase over time, indicating a growth of fatigue in the composite, which is caused by the
increase of the microstructure breakdown and the inability of the elastomer to recreate
conductive paths due to the retarded motion of the molecular chains.X°1 One underlying
reason behind the above-mentioned hysteresis types can be the Payne effect and the Mullins
effect. Payne stress-softening effect is a phenomenon observed in elastomers, and more
pronounced in filled-elastomers. It deals with the storage and loss modulus as a means to
describe the hysteretic behavior due to the particle-particle network interactions. Under a
dynamic mechanical test, a viscoelastic material is under repetitive cycles under stress
applied with a certain frequency. In a perfectly elastic material, the stress and the measured
strain occur without a phase difference between them, in other words, they occur
simultaneously. A viscoelastic material, however, having both viscous and elastic traits,
exhibits some phase lag between the applied stress and the measured strain. In a viscoelastic
material, storage modulus is the stored energy in the elastic portion of the material. Loss

modulus is the energy dissipated as heat in the viscous portion of the material. As strain
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increases above a threshold, depending on the microstructure of the particle network, there
is a drastic drop in the storage modulus, observed as an overall stress-softening.[*08-111]
Mullins effect focuses on the changes in the elastomer’s structure as its stress-strain response
over time changes when the cycling repetition increases. It specifically deals with the
irreversible changes as the sources of increased energy dissipation due to the failure of the
polymer, and in filled-elastomers due to the debonding of the chains and particles.[19%112-115]
More specifically, it explains that the current stress-strain curve is influenced by the
maximum strain the composite is previously subjected to. Mainly explained by the
irreversible disentanglement of polymer chains, there is softening of the elastomer upon
being strained above the previously experienced level, leading to the accumulation of

residual strain and anisotropically dissipated energy in the composite.

2.8. Direct-current Electric Field Induced Percolation

It is important to note that, the percolation generally does not only depend on the particle to
polymer volumetric ratio but also it is a time and processing-dependent phenomenon. The
interfacial interactions between the particle and the polymer change overtime until reaching
a thermodynamic equilibrium. Therefore, percolation threshold investigations are a more
dynamic rather than static phenomenon.[*'¢1 The particle-polymer interface interactions are
attributed to the surface charges. The surface of a solid particle dispersed in a liquid medium
obtains excess surface charge (static charge).[**”l The charge is caused either by the surface
adsorption of functional groups present in the medium or by ionization of the surface
groups.[t*81191 Closest to the surface of the charged particle a dense stationary layer of the
counter-charges from adsorbed species is formed which is called the Stern layer. These
counterions are considered to be strongly bound to the surface and immobile. Above the
Stern layer, close to the particle surface in the liquid medium, a cloud of oppositely charged
species appears, called the diffuse layer. This layer is formed by the medium to screen the
electrostatic Coulombic attraction force of the Stern layer. In total, a so-called electrical
double layer (EDL), is formed, comprising both layers on the surface of the particle. [*2% The
thickness of the double layer depends on the charged species concentration in the liquid
medium and is a measure of how far the electrostatic effect of particle charge persists in the
medium. The Debye-Hiickel screening length, Ao or k2, is the point at which the surface

charge of the particle at the liquid medium is decreased by 1/e (where e is the base of the
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natural logarithm). The diffuse layer located loosely around the particle in the medium can
shear away as an electric field is applied to the particle. The potential of the surface of the
diffuse layer called the zeta potential ¢, quantifies the effective surface charge of the

dispersed particle.
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Figure 2.4. lllustration of forces applied to a solid particle-liquid medium composite
when an electric field is applied to them. Solid particles inside a liquid medium
obtain a surface charge (i.e. static charge). To screen this layer, inside the medium
counter-charges accumulate around the surface of the particles and the substrate.
Conductive particles polarize in the presence of the electric field, causing induced
surface charges. Due to the presence of these charges on the dispersed particles,
substrate, and electrodes, and their interactions, several forces act on the
constituents, which are electrophoretic force (EP), dielectrophoretic force (DEP),
electroosmosis flow or drag force (EOF), electro-hydrodynamic flow (EHD),
adapted from 71 American Chemical Society licensed under CC-BY-NC-ND 4.0.

2.8.1. Electrophoretic Force

When a uniform or low-frequency electric field is applied to the two electrodes having a
mixture of dispersed charged particles in a liquid medium, the particles move toward the
electrodes.[*?Y! The movement of a particle can be under the influence of the Coulomb
attraction force between oppositely charged electrodes and the particles’ fixed net surface
charges. This is known as electrophoresis (EP) shown in Figure 2.4. Electrophoresis force
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(Fep) or the electrokinetic force, described in Equation 2.18, 171 is the main responsible for

the motion of the charged particles toward oppositely charged electrodes
F,, = 6m e, (yEq, (2.18)

Where Eqc is the magnitude of the electric field, r is the particle radius, em is the medium
permittivity (or dielectric constant of the medium), and {; is the Zeta potential of the particle.
Electrophoretic deposition is commonly used to fabricate particle-polymer films or to coat
colloidal particles onto electrode surfaces.

2.8.2. Electrophoretic Mobility

Another important characteristic of a dispersed particle under an electric field is its
electrophoretic mobility, p. It is defined as the ratio between the particle’s velocity v and the
electric field strength E as p = v/E or via the Henry equation(!?2

p =32 ) (2.19)

Where f (xr) is the Henry function. Equation 2.19 indicates that as the viscosity of the
medium () increases | decreases and as (p increases W also increases. The correlation
coefficient between ¢, and p depends on the size of the particle. If the particle size (r) is
much smaller than the Debye length of the countercharged layer (kr<«1), the electrophoretic
mobility of the particle can be defined by the Huickel equation (which is the simplified form
of the Henry equation (Equation 2.19)

_ Zeoemip
H=5— (2.20)

And if r is much larger than the Debye length (k»>>1) p is given by the Helmholtz-

Smoluchowski equation

u= g"‘i’—m“’ (2.21)
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2.8.3. Drag Force

Another force affecting the movement of a particle dispersed in a liquid medium under a
direct-current (DC) electric field, is hydrodynamic drag force or electronydrodynamic flow
(EHD), shown in Figure 2.4. When a polarizable liquid is exposed to a DC electric field, the
same as the charged particle, it obtains electrophoretic mobility. Additionally, the dielectric
substrate in between the two electrodes develops a surface charge, corresponding to the
double layer formed in the liquid mixture. The mobility of the charged species in the
medium, due to the EP and the double layer, can be approximated by the negative sign of

Equation 2.21. This moving liquid drags the particles, with a hydrodynamic drag force!?l
Farag = 6TV (2.22)

Where 7 is the viscosity of the medium, r is the radius of the particle, and v is the velocity
of the particle. The drag force, in the opposite direction of the applied field, generally distorts

the assembly of the particles along the electric field.

2.8.4. Chain Force

A conductive particle dispersed in a medium polarizes when subjected to an electric field.[*?]
Polarization manifests in the adsorption of the medium molecules (i.e. the EDL). If the
particle is more polarizable than the surrounding medium, that is due to the difference in
their dielectric permittivity (¢), at the interface of the particle and the medium, an induced
dipole moment forms in the direction where the electric field density is higher. The induced
dipole moments interact with each other with an attractive electrostatic force, called the

chain force (Fchain).
Fopain = —Cm £, 72K?E3, (2.23)

Where C is a coefficient ranging from 3 to >10° (depending on the interparticle distance and
the length of the particle chain),[** r is the particle radius, and K is the Clausius-Mossotti
function. K indicates the ratio of the electrical properties of the particle and the medium and
their contribution to the chain force being exerted on the particle. For a homogeneously

spherical particle, K is defined as 1?4
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K = Re [‘?’3"97“] (2.24)

£p+2£p

Where &= ¢j — ioj |  is the complex permittivity of the particle or medium, & permittivity

of the particle or medium, oj is the particle or medium conductivity, and i = v—1. Ina DC
electric field, K is defined as!*?4

K = Zp"9m (2.25)

opt+2om

As we work with conductive spherical particles dispersed in an insulating medium (op >
om), K depending on the conductivity of the medium and the particle, takes the maximum

value, K = 1.

2.8.5. Dielectrophoretic Force

As illustrated in Figure 2.5, as the first and closest polarized conductive particle is attracted
to the electrode it modifies the field intensity distribution in the whole material, as if forming
a new electrode tip including the surface of the attached conductive particle. Subsequently,
a high field intensity region forms in between the particle (attached to the electrode) and the
nearest polarized particle floating in the medium. Thus, the nearest particle will move toward
the new tip, under the influence of its dipole moment interactions with the new tip. The
mutual force of interaction can be attractive or repulsive, depending on the alignment of
particles. Particles located parallel to the field direction are always attracted along the field
gradient (to the high-intensity regions), forming a chain parallel to the DC field direction.
This chain-like structure continues to grow inside the liquid medium until it reaches the other

electrode. A single pair of induced dipole moments interact with the dipolar chain energy of
Udp [125]

Ugp = — LPz(cose) (2.26)

2MEgEMA*

Where d is the center-to-center distance of the particle pair, P2 is the second-order Legendre
polynomial function, € is the angular position of the particle pair with regard to the direction

of the electric field, and p is the dipole moment of the particle pair

p = 3&0emV,KE (2.27)
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Figure 2.5. Simulation showing the distribution of the electric field applied to
conductive particles dispersed in a low permittivity medium (e = 2). As the first
conductive particles attach to the electrode (the bars on the side shown in orange),
they alter the electric field distribution throughout the medium, resulting in the
formation of a chain of aligned particles, reproduced from [12°! with permission from
the Royal Society of Chemistry.

The force equivalent of the dipole chain energy, 17"d is as follows

Bo= — —% (15 cos?6 — 3)F — (6cos 0)2 (2.28)

4mEgEMd?

Where  is the unit vector connecting the particle pair and Z is the unit vector that points
toward the direction of the electric field.[*?! Provided that there is a gradient of the electric
field (under a nonuniform electric field), which happens as the first particle is attached to the
electrode, another force emerges acting on the dispersed particles, called dielectrophoretic
force (Faep). This force stems from the interaction of the induced dipole moments. Under a

non-uniform field, the dielectrophoretic force acting on a polarized particle is defined as
Faep = = EoEmVyy K2VE? (2.29)

Where V; is the volume of the particle, o is the electric permittivity of the free space, and
VEZ is the gradient of the field squared. The sign and the strength of this force depend on the
effective polarizability of the particle which is defined based on the real part of the Clausius-

Mossotti function (in our case itis K = 1).
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3. Materials and Methods

In this chapter, the materials used in the fabrication of the stretchable piezoresistive strain
sensors are presented. The fabrication methods utilized in this work include additive
manufacturing and printing methods. The characterization techniques for the evaluation of
the morphology and microstructure of the sensors are described. Then the
electromechanical test procedures performed to investigate the sensing properties of the
strain sensors are introduced. Lastly, the preparation of the three measurement setups for

the application demonstrations is detailed.

3.1. Materials

In this work, the development, microstructure investigation, and performance evaluation of
piezoresistive strain sensors prepared with straightforward fabrication methods using
uncomplicated and unconventionally large conductive material are discussed. As detailed in
the previous chapters, a typical piezoresistive SPC strain sensor involves an insulating
elastomer, a conductive part, and electrodes that alow the sensor’s resistance measurements.
The choice of material used in this thesis is based on enabling high sensitivity, especially in
micro-strain ranges, while allowing uncomplicated and cost-effective processability for
large-scale fabrication. All materials are used as received without additional preparation.

3.1.1. Substrates and Stencil

For percolation threshold studies (static resistance measurements), as the substrate for
Sections 4.2, 4.4, 4.6, 4.7 a flexible polyethylene terephthalate (PET) film with a thickness
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of 150 um is used. The stretchable substrate used in the rest of Chapter 4, and Sections 6.1
and 6.2is the elastic polyurethane (PU) with a thickness of 150 um (Platilon U 9122 150
Natural, Covestro). For printing the electrodes on top, the PU substrate is cut into 40 x 60
cm pieces using an industrial (blade) cutter in the cleanroom and used as received. As the
stencil for stencil printing of the sensor material on a PET or PU substrate, a PET film with
a thickness of 170 um is used. Using a CO> laser, an array of rectangulars is cut through the
stencil. Then the stencil is cleaned with isopropanol in the ultrasonic bath for 15 minutes and

dried at room temperature for 30 minutes.

3.1.2. EVA

Ethylene vinyl acetate copolymer resin with 40 wt.% vinyl acetate (ELVAX™ 40 W,
DuPont de Nemours, Inc) is used as the primary elastomer throughout this thesis. A 3D ball-
and-stick model of the EVA with the chemical formula (C2Ha)n (CsHeO2)m is shown in
Figure 3.1. The optimized EVA solution used in this thesis is prepared by mixing a 1:4
weight ratio with anisole. The solution mixture is stirred on a 55 °C hotplate for three hours
to ensure EVA is homogeneously dissolved in anisole. The solution is then kept at room
temperature for 15 minutes (to reach ambient temperature) before intermixing microsphere

particles.

J
\ VAN J
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n m
(C2H4)n (C4H602)m

Figure 3.1. Ethylene vinyl acetate (EVA) copolymer as the main elastomer used in
this work with a 40 wt.% vinyl acetate (C4HsO2). a) Ball-and-stick 3D model.? b)
EVA resins.’

2 The ball-and-stick 3D chemical structure is drawn using: https://biomodel.uah.es/en/DIY/JSME/draw.en.htm
b Image from https://www.guidechem.com/
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3.1.3. PDMS

In Chapter 4, the microstructure morphology, percolation threshold, and electromechanical
performance of EVA are compared with those of PDMS. Under the trade name of Sylgard®
184 (Dow Corning Corporation), PDMS, as two separate liquid component Kit, part A as a

base and part B as a curing agent, is used as received.

(C,H:OSi),

Figure 3.2. Polydimethylsiloxane (PDMS). a) ball-and-stick 3D model.? b) The two
parts, the base and the curing agent.

Figure 3.2 shows the 3D ball-and-stick model of the PDMS with the chemical formula
(C2HesOSi)n. The PDMS mixture is prepared by manually mixing a 10:1 weight ratio of the
base and the curing agent for three minutes. To remove the air bubbles created during manual
mixing, the mixture is degassed by three quick pump-vent cycles in a low-vacuum oven.

Immediately after degassing, the prepared PDMS is used for microsphere intermixing.

3.1.4. Core-shell Silver-glass Microspheres

The active sensing elements of this work are conductive core-shell silver-coated glass
microspheres. With an average diameter of either 4 um (SLGMS-AG-3.3 1-7 um) or 35 pm
(SLGMS-AG-2.58 32-38um) both from Cospheric LLC the microspheres are received as
dry powders, as shown in Figure 3.3. To avoid particles flying during handling, due to the

electrostatic charges, a static remover gun (Milty Zerostat 3 Anti-static remover gun,
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Analogue Seduction) is shot three times on the hands wearing gloves and the glass vials

containing the dry powders.

) Nano-scale Silver
Shell

Glass
Core

Figure 3.3. Conductive core-shell silver-glass microspheres as the active sensing
elements used in this work. a) The silver-coated glass microspheres image.® b)
Structure of the conductive particles. A nano-scale silver layer is coated on a core
of glass.

3.1.5. Anisole

Anisole (anhydrous, 99.7%, Sigma Aldrich) as the main solvent in this work with the
chemical formula C7HgO is used to dissolve the EVA. It is also called methoxybenzene and

is considered a non-toxic solvent. Its 3D ball-and-stick model is shown in Figure 3.4.

J
C,Hz0

Figure 3.4. Anisole’s ball-and-stick 3D model? as the main solvent used in this work
to dissolve the EVA copolymer resins.

3.2. Fabrication Methods

The focus of this work is to fabricate strain sensors with high-throughput and scalable

methods that are industrially relevant. In doing so, all material preparation steps are done in

¢ Image from: https://www.cospheric.com/SLGMSAG_silver_coated_solid_glass_spheres_beads.htm.
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a straightforward and minimalistic approach, avoiding the addition of extra chemicals or
various post-processing steps. In the following, the fabrication methods employed to prepare

the strain sensors are described.

3.2.1. Electrode Printing

To keep all the fabrication steps scalable and reproducible, the screen printing method is
used for the deposition of the silver electrodes on the stretchable PU and flexible PET
substrates. In this work, an industrial high-throughput screen printing machine (Thieme) is
used for the cost-effective deposition of silver electrodes onto PET and PU substrates. For
the electrode material, screen-printing silver paste (DUPONT™ PE873, DuPont) is mixed
for five minutes manually and then screen-printed on the substrate. Then the substrate having
the paste printed on top is dried on a 100°C hotplate for 30 minutes. Afterward, the substrate
is cut into 30 x 50 mm pieces. Using vinyl tape (3M™ VINYL TAPE 471) it is fixed on a

glass slide to prepare it for the following stencil printing of the sensing material.

3.2.2. MS-EVA Composite Paste Preparation

To prepare the main sensing composite, the dry powder of solid conductive microspheres is
added to the prepared EVA solution or the degassed PDMS mixture. The mixing is done
manually with a spatula for 30 seconds at room temperature to obtain a uniform dispersion
of the particles. The mixing ratio of the microsphere to the elastomer depends on the
respective study. For electromechanical tests and for the application demonstrations a stated
ratio above the respective percolation threshold is chosen. The pastes are used for the
fabrication of the sensors immediately after being prepared.

Laser Cutting

To cut the stencil out of the PET films (Chapter 4, and Sections 6.1 and 6.2) and cut the
poly(methyl methacrylate) sheets (PMMA) for battery expansion monitoring setup (Section
6.3 in this work, we utilize a Laserman Speedy 300 laser cutter from Trotec. According to

the digital layout designed by the Inkscape software and transferring it to the Laserman user
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interface, either cutting or engraving on various substrates is feasible. A carbon dioxide laser
with adjustable laser power (up to 200 watts), laser speed, lasing frequency, and laser
distance to the substrate allows for cutting various intricate structures on a substrate with

mm to cm thicknesses.

3.2.3. Stencil Printing of MS-EVA Composite

As an additive manufacturing technique, for deposition of the main sensing material, in
Chapter 4, and Sections 6.1 and 6.2, the EVA-microsphere or PDMS-microsphere solution
mixture is deposited on the substrate using the stencil printing in the cleanroom. As the
stencil, a PET film with a thickness of 170 um and a rectangular negative mask in the middle
Is used. As shown in Figure 3.5, the stencil is brought in contact with the substrate that has
silver electrodes on top. The prepared paste is then manually deposited onto the electrodes
and the substrate, through the mask, using a blade. The stencil is then removed. For the
preparation of both the PDMSs and EVVA-containing sensors (discussed in Sections 4.2 to
4.6), to avoid stressing the particle agglomeration and allow contact formation at relatively
lower ratios the printed composite is kept at ambient temperature (at cleanroom temperature,
20° C) for one hour. However, throughout Sections 4.7 and 4.8, to have similar sample
preparation procedures in the absence of an electric field compared to when an electric field
is applied, the prepared layers are dried immediately after being printed. This is the main
reason behind an increase in the percolation threshold from 20% in Section 4.2.1 to 33% in
Section 4.8 indicating the time-dependent nature of the percolation. Drying the printed layers
(to evaporate the residual solvent) is performed by placing the substrate having the printed
material placed in a 100 mbar vacuum oven at 40°C for one hour. For the case of PDMS-
containing material, after resting at room temperature for one hour, the substrate is placed in
the oven at 80°C for 12 hours. At this point, the sensors are prepared and ready for the

subsequent investigations.
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a) Printing Direction b)
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Figure 3.5. Stencil printing and the structure of the printed sensor (the electrodes
shown in this figure are used for percolation threshold investigations). a) Schematic
illustration of the stencil printing method for the deposition of the sensing material
discussed in Chapter 4, and Sections 6.1 and 6.2. b) Schematic illustration of the
sensor (composed of the printed composite on the substrate). ¢) Digital photo of the
sensor. d) Optical microscope image of the sensor using 35 um microspheres.

3.2.4. Wet-Spinning of MS-EVA Composite

For the preparation of the free-standing microfiber strain sensor, the microsphere EVA
solution mixture is prepared as explained in Section 3.2.2 and loaded into a 3 ml spinning
syringe. The extrusion (wet-spinning) is performed, as shown in Figure 3.6, in the cleanroom
using a dispenser pump (Smart Dispense 06, Martin). Via a tube, the pump is connected to
the syringe filled with the mixture. A needle with a gauge of 18 and 25 mm length with an
optimized spinning rate of 50 mm s is used to extrude the mixture into the acetone bath as
the nonsolvent. During wet-spinning the coagulation takes place. To allow for the solvent
exchange process to complete, the coagulated two-meter-long microfiber is kept in the non-
solvent bath for three minutes at room temperature. Afterward, the microfiber is collected
around a 20 mm diameter spool. To ensure complete evaporation of the acetone, the
microfiber is dried under a 100 mbar vacuum at room temperature for one hour.
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Figure 3.6. The wet-spinning method is used for the fabrication of the free-standing
microfiber sensor. A dispenser pump, connected to a tube, controls the pressure at
the back of the dispensing nozzle.

3.3. Characterization Techniques

This section describes the characterization techniques used for investigating the
morphological, mechanical, and electrical characteristics of the sensors in this work.

3.3.1. Optical Microscopy

The optical microscope (OM) in this work is used for a detailed investigation of
macroscopic-level microstructure morphology. Additionally, in-situ microsphere network
formation of a wet state under a DC electric field is performed using OM. In this work, a
Nikon Eclipse 80i microscope is used to capture optical images of the printed sensors or the
stand-alone microfibers. As the light source, a halogen lamp is used. Using a variety of
objectives, different magnifications are employed, ranging from 5x to 100x. Various filters
on the beam path enable different modes of illumination and investigation of the sample.
The modes of microscope used in this work are the dark field, bright field, and differential
interference contrast. The sample is illuminated using the broadband light source, passed a
semi-transparent mirror, and mode-corresponding filters (if activated via the nose-piece).
The reflected light from the sample is magnified and directed at the adjustable eyepiece and
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or the digital camera (5 megapixels). The microscope images, with the help of the connected
camera, can be transferred to a computer using the manufacturer’s user interface software,

Nikon Basic Research, providing detailed images and videos for further structural analysis.

3.3.2. Scanning Electron Microscopy

In this work, to obtain high-resolution images of the sensing material for morphology and
interface investigation, the ZEISS Supra60 VP scanning electron microscope (SEM) is used.
A typical SEM uses high-energy electrons to image specimens at the nanometer scale. The
electrons are generated thermionically from a filament, then accelerated to high energies (0.2
—40 KeV) using electrostatic condenser lenses and focused on a spot on the sample to about
0.4 to 5 nm spot. The beam is then deflected to raster-scan over a rectangular area of the
sample. As the beam is incident on a material, upon its interaction with atoms at different
depths of the material, it can be either transmitted, reflected, scattered, or absorbed, overall
loosing its initial energy. Therefore, different types of signals are generated such as back-
scattered electrons, secondary electrons, X-ray, Auger electrons, and cathodoluminescence
emission. These signals provide information about the elemental composition of the sample
its crystalline structure and morphology. To produce the SEM images with topological
details of the surface of the sample with a resolution down to 1 nm, the intensity of the
secondary electrons is used to create an image of the surface. In this work top-view and
cross-sectional images are taken. For the cross-sectional imaging, the printed sensors and

the microfibers are frozen using liquid nitrogen and broken to have a neat look.

3.3.3. Profilometry

To determine the thickness of the deposited layers on the substrate tactile profilometry is
performed. In this work, a Veeco Dektak 150 profilometer from Bruker is used. A diamond
needle tip with a diameter of 12.5 um is brought in contact with the surface of the sample
(in z-direction) applying a set pressure to the surface (the force applied is equivalent to 1 to
15 mg). The stage, with the sample fixed on top of it, moves in one direction under the needle
covering distances from 50 pum to 55000 um ranges, with a set scanning rate. The probe

maps the surface in one dimension providing z-direction data of the specimen with down to
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10 nm resolution. In this work, we use profilometry to measure the thickness of the printed
composites on the substrate or the screen-printed silver electrodes.

3.3.4. Tensile Tests

In this thesis, various tensile tests are applied to the sensors to determine the mechanical
characteristics of the stretchable sensors, and foremost, to investigate their electrical
properties. As shown in Figure 3.7a, the tensile tests are applied via a universal test
instrument (FMT-310BU) from Alluris with a 500 N force and displacement transducer head
(FMT-310FUC5) with 0.1 N precision. Applied force and displacement are in the
longitudinal direction of the sensor, using two pairs of clamps on the two sides, as shown in
Figure 3.7b, with a displacement rate of 900 mm min* (unless otherwise specified). For the
simultaneous electrical resistance measurement during a tensile test, using a grounded source
measure unit (Keithley 2612B) in a two-probe mode, the sensor is sourced a DC voltage of
50 mV while its real-time resistance readings are recorded. The sensor under test is
connected to the Keithley using two crocodile clamps. For the printed sensor on the PU
substrate, the crocodile clamps are connected to the screen-printed electrodes. For the
microfibers, they are connected to the copper tapes adhered to the microfibers. During
mechanical characterizations, a monotonically increasing tensile strain is applied to the

sensors until the rupture point is reached.
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a)

Figure 3.7. Electromechanical test apparatus utilized in this work. a) Photograph of
force and displacement apparatus (Alluris) and the connected source-measure unit
(Keithley) during a typical electromechanical or mechanical measurement.
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4. Printed Strain Sensors Based on EVA and
Microspheres

In this chapter, using an elastomer and conductive core-shell microspheres, a printable and
deformable paste is developed. The stencil printing method is used for the fabrication of the
strain sensors. As the elastic polymer, EVA as a cost-effective alternative material is
compared to PDMS, a widely used elastomer. We compare the elastomers concerning the
microstructure and the electromechanical characteristics of the printed sensors using 35 pum
microspheres. The primary observed difference between the two elastomers is in the
interface formation with conductive microspheres, which is reflected in the electrical
percolations of the sensors and better performance of the EVA-based sensors. EVA is chosen
over PDMS due to a lower percolation threshold and less electromechanical hysteresis. To
further improve the electrical properties of the sensor, we utilize 4 um microspheres and
analyze the electromechanical performance of the 4 um containing strain sensors. Lastly,
by applying a DC electric field to the printed composites, we study the parameters affecting
the percolation threshold and modify these parameters to further lower the percolation
threshold. Parts of the results presented in this chapter have been previously published as a

journal article in Advanced Sensor Research. %]

4.1. Introduction

The growing interest in high-resolution and conformable strain sensors is fuelled especially
by the Industry 4.0 revolution, the booming of the Internet of Things (loT), and digitalizing

society.[?] Printing methods are most favorable in this regard as cost-effective approaches
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for the industrialization of these sensors. Out of different sensing ideas explored so far in
stretchable sensors, a composite of an elastic polymer having conductive particles provides
a straightforward sensing approach and a highly affordable manufacturing option.?7]
Additive manufacturing of an SPC of randomly dispersed conductive particles is a promising
approach for cost-effective large-scale fabrication of the strain sensors.'?%! Conductive
pathways start to emerge within these composites as soon as the critical percolation threshold
is reached.[*281 When subjected to an external tensile force, the material internally undergoes
deformations to accommodate the force, resulting in a change in the electrical resistance.
The capability to sense very small strains with a detectable resistance change, and to detect
the smallest differences in the input strain by providing an easily measurable resistance
change are of crucial importance for a variety of applications. The characteristic responses
of a piezoresistive sensor are dictated by the choice and manipulation of the elastomer and
conductive particles and their interface and their interaction with regards to the applied
strain. Although PDMS is a highly utilized elastomer in a large body of studies on stretchable
composite sensors,3865-671 jt is not cost-effective and it poses difficulties primarily because
the cross-linking process starts spontaneously at room temperature.[%8 Most works reported
so far, employ nanofillers as conductive fillersi*>?° however in most cases, they lack high

sensitivity at small strain regimes (small strain is defined as £ < 1%).

To enhance the sensitivity under small strain, a practical strategy is to minimize contact
points among conductive fillers through the utilization of spherical particles. One recent
report on polyacrylamide hydrogel microsphere-based strain sensors demonstrates a 0.05%
strain as the lowest detection limit and a minimum strain resolution of 0.1%. However, their
fabrication process is complex, involving several steps, various solvents, and the addition of
an extra encapsulation layer. It includes processes like inverse emulsion polymerization,
filtration, and immersion in multiple solvent mixtures.[*?®! Another work demonstrates that
utilizing a monolayer of conductive microspheres embedded in PDMS vyields a 0.3% strain
as the minimum sensing limit and no information is reported on the resolution limit of such
sensors.[**%1 Another work reports an increase in sensitivity, up to 10 times, and a minimum
strain sensitivity of 0.01% by incorporating insulating nano-scale spherical fillers as an
additional post-processing step in the network of graphene-flake and polyurethane.*3

However, their method involved several fabrication process steps and the addition of extra
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material as their sensing elements. Nonetheless, the majority of the existing literature has
been solely on strain detection in large strain ranges, using multiple steps for fabrication, or
a variety of conductive or insulating materials are used as the sensing elements,[44:66:67.130,132]
Overall, the path of high-resolution small strain sensing using conductive microspheres

produced through straightforward printing techniques is left overlooked. 5613

In this chapter using a scalable printing method, with particular attention to small strain
sensing, we introduce a stretchable strain sensor based on conductive core-shell
microspheres and an elastomer. Manufactured using the stencil printing method, we
showcase EVA as a more cost-effective substitute for the typically employed and costly
PDMS, considering both morphological and electromechanical characteristics. Strain
sensors prepared with EVA demonstrate significantly decreased electrical percolation
compared to PDMS sensors. Employing EVA, we explore how the size of the conductive
microsphere impacts the performance of the stretchable sensors. Our experiments yield a
highly sensitive and linear response, exhibiting a very low detection limit and resolution.
Additionally, we analyze the electromechanical robustness of the sensor response to
consecutive overload strain-release cycles and 1000 cycles of strain-release. Finally, we
examine further decreasing the percolation threshold in the EVA matrix by applying a DC
electric field to the printed sensors. These findings open up numerous potential applications
for these sensors. Parts of the results presented in this chapter are published in the Wiley

journal of Advanced Sensor Research.[12¢]

4.2. EVA vs PDMS Comparison

As PDMS is a commonly selected elastomer in creating piezoresistive SPC sensors, we
conducted a comparison investigation between sensors based on PDMS as the elastomer and
those made with EVA. The morphological differences between the microsphere-polymer
interface are explored using OM and SEM images. The electrical percolation threshold for
both composites of PDMS and 35 um microspheres (35MS-PDMS), and EVA and 35 um
microspheres (35MS-EVA) are estimated and proposed as a possible explanation for the
observed differences. Furthermore, an electromechanical test is carried out to see how the

sensors respond to identical strain-release cycles and their performances are compared. As
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presented in Figure 4.1a, sensors are fabricated by stencil printing of the developed paste
onto and in between the screen-printed silver electrodes on a stretchable PU substrate. Figure
4.1b is a photograph of the printed layer onto the electrodes which are used for percolation
threshold investigations throughout Chapter 4. Figure 4.1c presents the OM image of the
printed layer (here using 35 um microspheres and EVA). Figure 4.1d is a schematic
illustration of the cross-section of the printed composite in the relaxed state where a
conductive path is formed. By reaching the critical percolation threshold, agglomerated
conductive microspheres form conductive paths inside the elastomer. The schematic
illustration in Figure 4.1e shows as a tensile force is applied to the two sides of the substrate,
the applied force causes a strain resulting in the slight displacement of the microspheres in

the elastomer, hence disconnecting some of the conductive paths.

Q) Blade Printing direction b)
Conductive composite
Stencil

Substrate ——»

Screen printed
Ag electrodes

d) Elasvtomeé‘g\,,’%Qg e) Strain 9%‘:* ‘?g Strain
\ " 9 \
3 2 .05

Ag

PU

@ Silver-coated glass microspheres

Figure 4.1. Building blocks of a stretchable strain sensor fabricated by printing. a)
Silver electrodes are screen-printed onto the PU substrate, before the stencil printing
of the sensing material. Then the substrate having the stencil on top is fixed while a
blade having printing paste in front of it is driven on the stencil surface. The paste
deposited on the electrodes has an inverse shape of the stencil. b) Photograph of the
printed sensor composite (scale bar 3mm). ¢) OM image of the printed composite
(scale bar 500 pm). d) Schematic illustration of the cross-section view of the
stretchable composite sensor (schematic not to scale). e) Schematic illustration of
the stretched composite under a uniaxial tensile strain which might disconnect some
of the conductive paths,

56



Printed Strain Sensors Based on EVA and Microspheres

4.2.1. Percolation Threshold Investigations

The measured conductivity data obtained for the 35MS-PDMS (represented in red color)
and 35MS-EVA (represented in blue color) are shown in Figure 4.2. These data are fitted to

the percolation equation

a/op= (¢ — @)t (4.1)

which is a power law relationship between conductivity (¢) and volume fraction (¢) (Section
2).11341 It is important to note that the printed layers (both EVA- and PDMS-based ones) are
rested at room temperature for one hour, before drying on the hotplate or in the vacuum
oven. As the formation of a percolated network of particles means reaching a thermodynamic
equilibrium,**®! we notice an improvement in microsphere distribution when the printed

layers are rested for one hour at room temperature before drying the solvent.
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Figure 4.2. Percolation threshold comparison of 35MS-EVA with 35MS-PDMS
composites. The normalized mean conductivity as a function of volume fraction is
fitted to the percolation theory (Kirkpatrick model). For the 35MS-EVA a
percolation threshold of 20% is estimated, whereas for the 35MS-PDMS a
percolation threshold of 34%.

Based on the above-mentioned model, the percolation threshold for 35MS-PDMS is
calculated to be 34%, whereas for the 35MS-EVA it is determined to be 20%. This points
out a significant reduction (-41%) in the percolation threshold when EVA is employed in

comparison to PDMS.*® This finding suggests that conductive paths form at a notably
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lower volume fraction of microspheres when EVA is the chosen elastomer. The percolation
exponent (t) is found to be 3.12 for 35MS-PDMS and 1.99 for 35MS-EVA.

4.2.2. Microstructure Morphology Investigation

To understand the cause behind the variations in percolation thresholds, we investigated the
microstructure of the composites produced using both PDMS and EVA each at 40 vol.%.
The OM image of 35MS-EVA (Figure 4.3a) displays clusters of closely packed
microspheres. Examining the microsphere-EVA interface in greater detail via the cross-
sectional SEM image in Figure 4.3b, we observe the development of a loosely structured

layer surrounding the particles, which promotes the creation of a percolation network.

Figure 4.3. Microstructural characteristics of the 35MS-EVA composite compared
with 35MS-PDMS. a) OM image of the 35MS-EVA composite. b) Cross-sectional
SEM image of 35MS-EVA composite. d) OM image of 35MS-PDMS composite. e)
Cross-sectional SEM image of 35MS-PDMS composite.

A closer look at the OM image of 35MS-PDMS, as depicted in Figure 4.3c, reveals a uniform
dispersing of microspheres without any apparent clumping together. Examining the cross-
sectional SEM image of 35MS-PDMS in Figure 4.3d, a tightly packed interface envelopes
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the microspheres is observed. This arrangement effectively hinders the formation of
agglomerations for establishing conductive paths. In diagrams in Figure 4.4a and Figure
4.4b, a proposed mechanism involved in the interface formation for the differences observed
is illustrated. It is proposed that within the EVA matrix, the interface is created mainly under
the influence of the relatively weak Van der Waals forces acting between the EVA chains
and the silver on the surface. In this way, with the least polymer obstructing particle
agglomeration, conductive paths form within clusters of microspheres. In the case of PDMS,
it is hypothesized that during the mixing of microspheres, before the full polymerization of
the chains, the formation of hydrogen bonds with silver coating occurs. The formation of
this compact layer around the microspheres separates them from one another. This accounts

for the uniform dispersion and isolation of microspheres within the PDMS matrix.

a) EVA-35MS

Polymerisationﬂ'

Figure 4.4. A probable explanation for the observed difference in the microstructure
of 35MS-EVA and 35MS-PDMS. a) Schematic diagram depicting the proposed
process for interface formation in 35MS-EVA composite (diagram not drawn to
scale). b) Schematic diagram depicting the proposed process for interface formation
in 35MS-PDMS composite (diagram not drawn to scale).
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4.2.3. Sensors Prepartion for Electromechanical Tests

The printed sensors investigated in this work have an active sensing length of 20 mm. As
shown in Figure 4.5, to investigate the electromechanical characteristics of the sensors they
are placed between the clamps of a displacement and force-applying instrument (Section
3.3.4), while the contact electrodes are electrically isolated with a PET foil. The printed

sensors are used right after drying and reaching ambient temperature.

(1) Clamps of the apparatus
(2) PET for electrical isolation
(3) PU substrate

(4) Printedsilver electrodes
(5) Printed strain sensor

Figure 4.5. Electrode connections of the sensors for electromechanical
measurements. a) Photo of the printed sensor as it is used right after being dried and
without further processing. b) Schematic illustration of the front and side view of
the printed sensor during the electromechanical measurements using the force and
displacement apparatus.

4.2.4. Electromechanical Characteristics

The performance of both 35MS-EVA and 35MS-PDMS sensors is explored by subjecting
them to cyclic tensile strain while monitoring changes in sensor resistance throughout the
test. Figure 4.6a presents a photo of a 35MS-EVA sensor and its silver electrodes screen-
printed for the electromechanical evaluation. As depicted in Figure 4.6b, tensile strain is
applied along the longitudinal axis. To maintain a consistent electrical response against
tensile strain, we selected filler-to-elastomer volume ratios that exceed the percolation
thresholds of the composites, which are 35 vol.% for the 35MS-EVA sensor and 45 vol.%
for the 35MS-PDMS sensor. The response of the sensors as the relative change of resistance

(AR/Ro) is illustrated in Figure 4.6¢ and Figure 4.6d, in response to an applied strain of 0.2%.
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Figure 4.6. Analyzing dynamic cyclic strain tests conducted on 35MS-EVA and
35MS-PDMS sensors. Both sensors undergo ten cycles of 0.2% strain, with a strain
rate of 0.5% min L. a) Photo of the strain sensor for electromechanical measurements
(scale bar 6 mm). b) The strain sensor is stretched in the force and displacement
apparatus while two-probe resistance measurement is conducted using a source-
measure unit. ¢) The real-time variation in resistance of the 35MS-EVA sensor with
a 35 vol.% microsphere content. d) The real-time variation in resistance of the
35MS-PDMS sensor with a 45 vol.% microsphere content.
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Analyzing the results of the electromechanical cyclic strain shows the initial cycles in both

sensors yield a greater AR/Ro compared to the following cycles. In the 35MS-PDMS sensor,

this phenomenon appears to be more pronounced. This type of response which depends on

the strain history, is commonly observed in piezoresistive composites of solid fillers

embedded in elastic polymers.[*%1%] The Payne effect and the Mullins stress-softening

effect (Section 2.7.3),[29%119 explain the root cause of this behavior. Based on these two

phenomena, the gradual reduction in AR/Rq is caused by the rupture of particle-polymer and

particle-particle connecting chains and the fracture of the glassy polymer layer surrounding

the particles. In the unstrained state, both sensors exhibit a shoulder peak in their AR/Ro,
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which is another type of electromechanical hysteresis. The reformation of disconnected
conductive paths during releasing of strain is ascribed to account for the increase of
resistance as strain is reduced.®® This type of reverse response to strain is called in the
literature as the negative piezoresistivity.**" It is important to note that for 35MS-PDMS,
the shoulder peaks have a larger magnitude compared to the 35MS-EVA. In PDMS, the
distinct shoulder peak is likely attributed to the dense interface it creates with the
microspheres and the commonly observed delayed relaxation of polymer chains in
crystalline polymers.[®8104 However, it is important to highlight that one contributing factor
to the poor electromechanical response of the PDMS, might be the necessity to include a

relatively large ratio of conductive fillers, compared to EVA.

Concluding Remarks

These insights into the material behavior are valuable for the proper design of stretchable
composite sensors and for understanding and optimizing the performance of the sensors. The
capability of EVA to effectively minimize the percolation threshold, compared to PDMS, is
an advantage. A smaller hysteresis in EVA-based sensor, compared to PDMS, suggests it is
promising for further strain tests potentially having a better performance over repeated
cycles. Overall, these findings mean EVA is a more favorable elastomer for designing
reliable piezoresistive sensors. Hence, we opted for EVA instead of PDMS for our printed
sensors due to its cost-effectiveness, ability to significantly reduce the percolation threshold,

and its minimal electromechanical hysteresis.
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4.3. Electromechanical Characteristics of 35MS-EVA Sensor

Figure 4.7a depicts the ability of the 35MS-EVA sensor to detect a strain as small as 0.01%.
In such a small strain range (0.0001 strain) the sensor exhibits a reproducible and easily
detectable response with an increase of 0.41% in AR/Ro at the peak. In Figure 4.7b the 35MS-
EVA sensor is subjected to cyclic strain of 0.025%, 0.035%, and 0.055%, respectively.
Comparing the response of the sensor at 0.035% strain with 0.025% strain, the sensor
provides a remarkable +100% increase in AR/Ro, highlighting its high resolution to

distinguish such small strain differences (+0.01%).
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Figure 4.7. Response of the 35MS-EVA sensor to cyclic small strain tests. a) High
reproducibility of the sensor response in detecting a repetitive strain as small as
0.01%. b) The capability to distinguish small strain differences with high resolution
under consecutive cycles of 0.025%, 0.035%, and 0.055% strain, respectively.

4.3.1. Durability of 35MS-EVA Sensor to Overload Strain

Although employing 35 pum microspheres (35MS) as filler is very beneficial for very small
strain sensing, as the deformation increases to strain magnitudes > 0.215%, the sensor shows
negative piezoresistivity, as an unwanted effect. For example, as shown in Figure 4.8a,
sequentially increasing strain from 0.205% to 0.255% reveals that starting from the peak of
0.215% strain and larger, an unwanted negative piezoresistive effect is observed (reduction
in resistance while the strain is increased). This effect is followed by the appearance of a
strong shoulder peak when strain is decreased. This worsening of response to strain

continues (Figure 4.8b) to the extent that as shown in Figure 4.8c when a strain of 1.2% is
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applied, the AR/Ro at the maximum strain shows a value of -40% (meaning R, max < Ro), with

a remarkable surge of the shoulder peak up to complete disconnection.
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Figure 4.8. Appearance of negative piezoresistivity in the 35MS-EVA sensor under
strain values > 0.215% (strain rate here is 100 mm min™). a) Strain is increased from
0.205% in the first cycle up to 0.255% in the last cycle. A negative strain response
appears as the strain peaks to values > 0.215%. b) A negative piezoresistivity is
observed clearly both at the peak of strain and when strain decreases. Especially, as
strain increases in small steps in the subsequent cycles, the shoulder peak ascends
dramatically (the first strain-release is 0-0.55%, and the last one is 0.73%). c) The
applied cyclic strain here is 1.2%. Apart from the observed robust behavior, which
is retrieved conductivity, both before and after the strain maxima, a strong surge of
resistance is observed.

Therefore, although it is noteworthy that the 35MS-EVA sensor is capable of retrieving
conductivity after complete disconnection, the overall maximum workable range of this
sensor, before negative piezoresistivity is observed, is £ < 0.2%. We hypothesize that the

cause behind the reduced resistance at the strain maxima when the strain is decreased, is the
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very large dimension of the conductive particles. From a certain threshold above, sustaining
deformation in the elastomer is impeded by the large microspheres and the sensor response
to strain eventually goes out of sync.371%8

This is why to improve the performance of the sensor, attain less hysteresis effects, and
consistent signal in a larger strain range, in the subsequent sections of this chapter, 4 um
conductive microspheres (4MS) as the main sensing elements are explored. In Section 4.6,

lowering the percolation threshold of 35MS containing composites is examined in detail.

4.4. Microstructure Morphology and Percolation Threshold
Investigations of 4MS-EVA Sensors

The OM images of 4 um microspheres and EVA-based (4MS-EVA) sensors are shown in
Figure 4.9a and Figure 4.9b and the SEM images are shown in Figure 4.9¢c and Figure 4.9d.
Microstructure investigations suggest in 4MS-EVA similar microsphere agglomerations are
formed as in 35MS-EVA (Figure 4.3d), which are covered by the EVA matrix.

a)

Figure 4.9. Microstructure study of 4MS-EVA sensor material. a) and b) OM images
of AMS-EVA, showing the agglomerated network of microspheres. c) and d) Cross-
sectional SEM images of 4AMS-EVA, indicating a similar structure to Figure 4.3b is
formed when 4 um microspheres are embedded in the EVA matrix.
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The conductivity data obtained for the 4MS-EVA sensor, shown in Figure 4.9, is fitted to
the percolation theory, o/o0 = (9 - pc)', a power (Section 2.1).[**1 Based on this model, the
percolation threshold is calculated to be 16%. The lower percolation threshold of 4MS-EVA
compared to the 20% percolation threshold of 35MS-EVA (discussed in Section 4.2.1) is
attributed to an increase in the surface area of 4MS, meaning increased interfaces with the
elastomer and particle-elastomer interactions.[®l Overall, a lower percolation threshold as
well as a smaller size of particle suggests that the mechanical performance of the elastomer
(accommodation of strain) is less likely impeded by the solid particles embedded in it
(compared to the case of 35MS). The critical exponent (t) is found to be 0.6. It is important
to note that, the 4MS-EVA printed layers are also rested for 1 hour at room temperature

before drying the solvent.
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Figure 4.10. Percolation threshold investigation for 4MS-EVA sensors. Fitting the
normalized mean conductivity as a function of volume fraction to the percolation
theory (Kirkpatrick) model, a percolation threshold of 16% is estimated.
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4.5. Electromechanical Characteristics of 4AMS-EVA Sensor

The strain sensor composed of 4MS-EVA, as shown in Figure 4.11a, is capable of reliably
detecting a strain of 0.015% with a reproducible increase of 0.1% in its response (AR/Ro).
Figure 11Db reveals the resolution of the 4MS-EVA in detecting a strain change of 0.025%
(from 0.075% to 0.1%) by an AR/Ro of 67%. This significant change in resistance indicates

the high sensitivity of the 4MS-EVA sensor to very small input strain changes.
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Figure 4.11. Dynamic response of 4MS-EVA sensor to very small cyclic strain tests.
a) 4AMS-EVA is capable of clearly and reliably detecting a cyclic strain of 0.015%.
b) Strain change from 0.075% to 0.1% and 0.125% respectively, showing high
resolution of 4MS-EVA sensor in detecting changes of input strain.

Apart from sensitivity to small strain (¢ < 0.1%), we examine the response of the 4AMS-EVA
to larger strain ranges (¢ > 0.1%). Figure 4.12 shows a reproducible AR/R¢ against cyclic

strain tests of 0.5%, 1%, 2%, and 3%, respectively.
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Figure 4.12. Dynamic 4MS-EVA response against large strain tests. Cyclic strain
values applied are 0.5%, 1%, 2%, and 3%.
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Response Time Evaluation

The response time of the 4MS-EVA sensor is evaluated when a strain of 0.1% is applied to
it and released with a rate of 900 mm min. As shown in Figure 4.13, the equation y; =
yoi + A; * exp™/7i is fitted to the instrument data and the sensor response. The extra time
constant it takes (in comparison to the time constant of input strain) to respond to applying
strain is estimated to be 69 ms. Relaxing back from the peak of strain takes 84 ms (in
comparison to input strain). These values are calculated based on the time constant
difference (Az) between the applied or released strain by the instrument and sensor in
responding to the input strain. The short response times of the 4MS-EVA sensor enable real-

time monitoring of strain in an employed application.
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Figure 4.13. Response time evaluation of 4MS-EVA sensor under applying and
releasing a 0.1% strain. Insets: a closer look at the fit to the experimental data of
instrument and sensor based on y; = y,; + A; * exp™*/Ti.

Since the elastic modulus of EVA is lower relative to the PU substrate, it is important to note
that the response time obtained here is largely determined by the elastic modulus of the PU
substrate. The elastic modulus of EVA is 2.5 MPal*®! whereas it is 9.6 MPa for our PU

substrate. The stress vs strain graph of the PU substrate is shown in Figure 4.14.

68



Printed Strain Sensors Based on EVA and Microspheres

- —o— PU Substrate R
Estimated Elastic Modulus = 9.62 MPa

=
o

Stress (MPa)
B [o)] o]

N
T
1

o

o
T

0.0 0.5 1.0 1.5 2.0
Strain

Figure 4.14. Stress vs strain behavior of PU substrate. The estimated elastic modulus
of the substrate is 9.6 MPa in the elastic region.

Sensing Mechanism Based on Tunneling Theory

The response mechanism of the 4MS-EVA sensor is evaluated under applying strain up to
electrical disconnection when measured resistances reached >10° Ohm. Response
characteristics of a piezoresistive composite made of nonconductive polymer including a
percolated network of conductive particles can be explained using the tunneling theory.[3]
Based on this theory (Section 2.1) the experimentally measured AR/Ry is fitted with Equation
(4.2). Figure 4.15 shows that the tunneling theory model fits the experimental data and is in
good agreement. Table 4.1 lists the fitting parameters.
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Figure 4.15. AMS-EVA sensor response mechanism investigation. Experimentally
measured relative resistance change of 4MS-EVA sensor, in the electrically
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conductive range (R: max >10° Ohm) as a function of strain is fit to the tunneling
theory model (Table 4.1).

Table 4.1. Fitting Equation (4.2) to the experimental data in Figure 4.15.

Fitting Parameters B C D E A H

Fitted Values 0.3429 -0.08605 0.02612 -9.66191E-4 0.01261 10.89348

Strain Sensitivity and Working Factor

The strain sensitivity of a piezoresistive stretchable composite, in small strain ranges (in
which the cross-section of the active sensing material and its length is not substantially

changed)**% i.e., the gauge factor (GF), is defined as Equation (4.3)

AR 1
GF =221 (4.3)

However, based on Equation (2.11) the piezoresistive response of a stretchable percolative
composite to strain has an exponential characteristic. Therefore a more general term to define
strain sensitivity is the following Equation.[4:142]

R

— = exp(Ge) (4.9)
Ro

The strain sensitivity (G) of the 4AMS-EVA sensor is estimated to be 7 by fitting Equation
(4.4) to the linear range of R/Ro (in the semilogarithmic plot). This indicates a high sensitivity
and calibratable response over this range. The working factor of the 4MS-EVA sensor, that

is the threshold of linear resistance change,*4°141 is estimated to be 0.067.

70



Printed Strain Sensors Based on EVA and Microspheres

_°_R/R0

103+ y=exp(Ge), G=7, 0 <£<0.067
R2=0.99

000 003 006 009 012
Strain

Figure 4.16. Strain sensitivity and the working factor evaluation for 4AMS-EVA
sensor as a function of applied strain. A strain sensitivity (G) of 7 is estimated by
fitting the relative resistance of the sensor to Equation (4.4), in the linear range (in
semilogarithmic scale, i.e. € < 6.7%). The estimated working factor is 0.067.

Durability of Sensor to Large Number of Cycles

The durability and reproducibility of the 4MS-EVA sensor response against 1000 cycles of
1% strain are examined in Figure 4.17. The insets in Figure 4.17 show zoomed-in during
three snapshots at the beginning, in the middle, and at the end of these 1000 cycles. A highly
repeatable behavior of AR/Ro is observed over the whole range. In the first snapshot, AR/Ro
exhibits an ~8% increase at the peak of strain, and in the last one, it shows a AR/Ro of ~5%.
Overall comparing these three time windows, there is a gradual decrease of AR/Ro over time.
The main reason for this behavior can be attributed to the Mullins effect!*%! which explains
why there is a typical stress reduction in elastomers housing solid conductive particles
(Section 2.7.3).
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Figure 4.17. Electromechanical durability of 4MS-EVA sensor against 1000
consecutive cycles of 1% strain at a rate of 5% min™. The inset shows three
snapshots that are zoomed in during three spans of the test.

4.6. Sensing Limits Comparison to Literature

As shown in Figure 4.18 the strain sensing characteristics of EVA-microsphere sensors
detailed in this chapter (Section 6.1) outperform compared to those of piezoresistive sensors
reported in the literature. The detection resolution, minimum detection limit, and response

time (Section 6.1) are compared and details are provided in Appendix A4.1, Table A4.1.
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Figure 4.18. The strain sensing properties of the MS-EVA sensors developed in this
chapter compared with piezoresistive strain sensors reported in the literature
(Appendix A4.1, Table A4.1)

72



Printed Strain Sensors Based on EVA and Microspheres

4.7. DC Electric Field-Induced Percolation
4.7.1. Introduction

As discussed earlier in this chapter, the 35MS-EVA sensor compared to the 4AMS-EVA
sensor, while having a larger percolation threshold (¢c 3su = 20 %, @c 4y = 16 %), provides a
lower minium detection limit (Aémin 3su = 0.01%, Aémin 4u = 0.015%) and a higher strain
sensing resolution (emin 3sy = 0.01%, &emin 4p = 0.02%). However, these superior sensing
properties of 35MS-EVA are achieved at the cost of decreased responsive stretchability
(Figure 4.8a). The reduced stretchability in 35MS-EVA is mainly ascribed to the large size
of the solid particles and the relatively high volume ratio required to reach the percolation
threshold, interrupting effective polymer chain rearrangement under strain. One effective
approach to further lower the percolation threshold, or in other words, the amount of particles
required to create conductive paths, is to direct the assembly and agglomeration of the
particles in the elastomer matrix by applying an external electric field.[*?>4] The
anisotropically dispersed filler provides anisotropic functionality in the conductive polymer
composite which can be used for a variety of applications such as asymmetrical strain
sensing,™**®! pressure mapping in wearable sensors,**4 thermal conductive interface for heat

sink,[*®! and z-direction conductive film for electrical interconnects.[*4!

In this section, we examine the influence of externally applied DC electric field at low
voltages (< 50 V) on decreasing the volume fraction of 35 um conductive microspheres
required for the electrical percolation. Dynamic percolation is simultaneously electrically
and morphologically investigated using dynamic two-probe resistance measurements using
an SMU and OM.

4.7.2. Dynamic Percolation Threshold Investigation

The microspheres are manually dispersed in a viscous polymer solution of EVA and anisole,
as the elastic polymer and a non-toxic solvent, respectively. The prepared paste is screen-
printed onto the screen-printed silver electrodes, using stencil printing on a substrate (more

details on the sample preparation are presented in Section 3.2.3). The experiment procedure
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of the dynamic percolation investigations is shown in Figure 4.19a and Figure 4.19b. A DC
source voltage of different strengths (< 50 V) is applied to the printed wet layer using a
SMU. The schematic in Figure 4.19d illustrates the cross-section of the layer under the DC-
electric field. As discussed in Section 2.8, conductive core-shell (glass core, silver shell)
microspheres dispersed in a liquid medium (ethylene vinyl acetate mixed in anisole) obtain
a double-layer surface charge. Due to the presence of this layer on and around the
microspheres in the medium, when an electric field is applied to the two electrodes, on the
one hand, several forces attract the microspheres towards the electrodes which are the
electrophoresis force, the chain force, and the dielectrophoretic force. On the other hand,
under the DC electric field, the viscous polymer-solvent mixture at the vicinity of the
substrate and electrode obtains counter-surface charges. These charges screen the induced
charges on the microspheres exerting a frictional force on the microspheres which is called
the hydrodynamic drag force which is described in Section 2.8. The sum of these forces
results in microspheres migrating towards the electrodes, aligning in the direction of the

electric field that is formed between the two electrodes.[*21]

d) Electric Field Lines
EVA-ansiole
Electrodes

L Substrate

Figure 4.19. Schematics and experimental procedure of dynamic percolation
threshold investigations. a) Photo of the DC electric field applying experiments.
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Figure 4.20. OM images of the printed layer in the absence of electric field (Eo), a)
bellow the percolation threshold at 15 vol.%, and b) at the percolation threshold at
33 vol.%. b) Schematic illustration of the printed layer under DC electric field.
c) Digital photo of the electric-field driven percolation in a 35MS-EVA
composite. Two regions in the composite exhibit two linear agglomerates visible
to the naked eye (the two black arrows point toward the two linear particle
assemblies). d) Cross-section schematic of the electric-field driven percolation
by applying DC electric field (schematic not to scale).

A photo of the printed layer after the electric-field-assisted percolation is shown in Figure
4.19c. The formed linear-shaped clumps of particles can be observed. In the presented
example, two linear agglomerates perpendicular to the electrodes and inline with the

direction of the applied electric field are formed.

4.8. In-situ Observation of Percolation Under DC Electric
Field

The in-situ changes in the microstructure of the printed layers under different DC electric
field strengths are investigated by tracking the real-time video and photos under an OM. The
percolation theory, as described in Section 2.1, defines the relationship between the volume
fraction of conductive fillers and the electrical conductivity of the composite. The OM image
in Figure 4.20a shows a layer at po = 15 vol.% (well below the percolation threshold) in the
absence of an electric field (at Eo). Here, randomly distributed microspheres are mostly
isolated from one another in the EVA matrix, resulting in an electrically disconnected
composite. Figure 4.20b at Eo, shows a percolated layer (p0=33 vol.%) where agglomerated

particles create conductive paths. In the following sections, the results of experiments for
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lowering the percolation threshold by applying a DC electric field are discussed. Figure
4.21a shows the OM image of the printed layer at 20 vol.% (below percolation threshold).
When an electric field of 25 V um™ (Figure 4.21b) is applied to the wet layer, microspheres
form linear agglomerates. These agglomerates are parallel to the direction of the electric

field between the electrodes and perpendicular to the electrodes.

Figure 4.21. OM images of the printed layer (in wet state) having 20 vol.%
microspheres a) before and b) during applying a 25 V um. Comparing the same
regions in a with b, indicated by the orange frames, shows linear-shaped
agglomerates are formed in line with the direction of the applied electric field.

As explained in Section 2.7, the reason behind the chain-like structures is ascribed to the
formation of a double layer of surface charge around the microspheres and on the substrate
and electrodes. The interaction of these layers, under the applied electric field (i.e.
electrophoretic force, Section 2.8.1) triggers the movement of microspheres toward the
electrodes. Additionally, conductive microspheres under the application of an electric field
obtain an induced dipole moment that points along the direction of the electric field in the
surroundings (Section 2.8.5). As the first microsphere is connected to one of the electrodes,
it changes the distribution of the electric field inside the medium (Figure 2.5), resulting in a
gradient of the electric field. This gradient enhances the attractive forces being applied to
microspheres by enhancing dipole-dipole interactions and putting the dielectrophoretic force
and the chain force into action. Subsequently, a linear agglomerate of microspheres starts to

form a chain. This chain formation continues until the two electrodes.
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Further Lowering the Percolation Threshold and Electric Field Strength

It is known that the formation of conductive paths in a composite is a process-dependent
phenomenon.*¢1 Based on Equation 2.19 (Section 2.8.2), mobility is inversely proportional
to the viscosity of the medium. Due to the surface evaporation of the solvent, the viscosity
of the solution increases, therefore, increasing the surface tension. In our case, this
phenomenon causes hindrance to the movement of microspheres.[*4” Therefore, to further
lower the percolation threshold achievable using the same 25 V um electric field, the rate
of solvent evaporation is slowed down (at room temperature). In doing so, and to lower the
airflow on the printed layer while applying the electric field, immediately after stencil-
printing of the paste, a 500 ul anisole droplet is placed on the glass slide near the sample.
The sample and the anisole droplet are covered with a petri dish. Therefore, it keeps a
favorable wet state for the printed layers long enough to allow for electric-field-driven
network formation and in-situ dynamic percolation investigations. As shown in the OM
images in Figure 4.22, a 25 V um* electric field successfully creates linear agglomerates in
a layer having as low as 15 vol.% microspheres (indicated by the orange frames).
Furthermore, using the above-mentioned method, conductive network formation at 20 vol.%
is achieved using an 18 V um™. This finding indicates to create a conductive layer having
20 vol.%, instead of applying a 25 V um™ electric field (which was the case in Figure 4.21,
without lowering the solvent evaporation rate), a lower electric field of 18 V um™ can be

applied if the solvent evaporation is lowered and the printed layer stays wet for a longer time.

Figure 4.22. OM images of the printed layers having 15 vol.% a) before applying
the electric field and b) after applying 25 V um™. A small droplet of anisole is placed
near the printed layer, and a glass petri dish is placed on top of the printed layer and
the droplet to lower the airflow and slow down the anisole evaporation rate.
Comparing the same regions in the orange frames indicates chain-like agglomerates
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are formed in between electrodes, in line with the direction of the electric field (scale
bar 500 pum).

Based on the discussions detailed in Section 2.8, as electric field strength increases, the
forces attracting the microspheres towards the high-intensity regions, which are electrodes,
increase. This is the reason why a higher electric field strength results in a lower percolation
threshold. Thus, to further lower the percolation threshold, the strength of the electric field
is increased up to 38 V pum™. This yields a very low percolation threshold of 10 vol.%.
However, instead of linear filament formation between the electrodes, clumps of dune-
shaped agglomerates are formed. An example of a couple of large dune-shaped agglomerates

in a layer with 25 vol.% is shown in Figure 4.23.

Figure 4.23. OM images of a printed layer having 25 vol.% when a 38 V pm™*
electric field is applied. Microspheres Clumped with dune-shaped agglomerates are
formed between electrodes (scale bar 500 pm).

In Figure 4.24, the result of percolation threshold investigations and lowering it by slowing
down solvent evaporation is shown. Data shows the mean normalized conductivity vs
volume fraction of 10 samples per data point. An electric field of either 0, 18 V pm™, or 25
V um is applied to the samples which are plotted in purple, orange, and green, respectively.
A percolation threshold of 19% is achieved using an 18 V um? electric field, and a

percolation threshold of 14% is achieved using a 25 V um™ electric field.
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Figure 4.24. Percolation threshold investigations. The normalized mean of
conductivities measured in the absence of the electric field is plotted in dark-red
circles, under an electric field of 18 V um in orange circles, and an electric field
of 25 V um™ in green circles. The percolation thresholds estimated are 33 vol.% at
E=0,20vol.%atE =18V um?, and 15 vol.% at E =25 V um™.

Figure 4.25 presents a summary of electrical conductivity measurements of all performed
experiments. The solid triangle sign means the layer is conductive and the x sign means the
layer is disconnected. Under the application of an electric field of either 0, 18, 25, or 38 V
um? a conductive layer can be formed at 33, 20, 15, or 10 vol.%, respectively. A further

increase of the electric field to values higher than 38 VV um causes observable Joule heating.

50—
A Conductive
X Disconnected
40+
< t A A
5 30 A A A
> X A A
20 % A A
X X A
10 < X X
Jmmmyﬂ ul ul il u/ 1 n 1 n 1 n 1 n 1 n 1 n
0 0.005 18 25 38

Voltage (V pm™)

Figure 4.25. Summary of electrical conductivity investigations after optimizing
solvent evaporation. Cross sign (x) presents electrically disconnected layers (R >10°
Ohm) and solid triangle ones the conductive layers.
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4.8.1. Decreasing the Percolation Time

The discussions detailed so far implicate clearly that, percolation is not only a process-
dependent phenomenon but also a time-dependent one.[!!®1 Meaning percolation depends
also on the duration that the layer is exposed to specific processing conditions. For our case
for example lowering the solvent evaporation or letting the uncapped printed layer rest for a
longer time instead of immediately drying it (Section 3.2.3) have shown to be effective ways
to lower the percolation threshold. In Figure 4.26 the percolation time, defined as the time
when the first conductive path is formed, is investigated. After a certain amount of time
resistance of the layer undergoes a sharp decrease from disconnected values (>10° Ohm)

down to conductive ranges (here <106 Ohm).
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Figure 4.26. Percolation time investigations. Magenta color data shows the
resistance changes of a layer to which an electric field of 18 V umis applied (at t
=0) where percolation occurs at 690 s. The mustard color plot presents the resistance
change of a printed layer to which the same electric field of 18 V pm™ is applied.
However, the solvent evaporation of this layer is lowered where the percolation time
is reached at 435 s. The teal color plot shows the resistance change under a 25 V
um™ electric field. The solvent evaporation of this layer is also lowered. Here an
increase in electric field strength further reduced the percolation time to 190 s.

The plot in magenta color shows the percolation time of 690 s for a layer under 18 V um*
without capping it. By reducing the solvent evaporation rate using the cap, under the same
electric field, the percolation time is decreased to 435 s (mustard data). To further lower the
percolation time, the electric field is increased to 25 V um, yielding a percolation time of

190 s (teal data). This graph shows that the percolation time required for microspheres-
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directed assembly highly depends on the electric field strength and the solvent evaporation
rate. The reason behind the decreased percolation time from 690 s to 435 s is attributed to
the decrease in solvent evaporation rate. Decreasing from 435 s down to 190 s is ascribed to
the increased electric field which in turn increases the forces contributing to the formation

of filamented structures.

4.9. Summary

In conclusion, this chapter presented the development of a piezoresistive strain sensor
material using all-scalable printing methods. Conductive core-shell microspheres, as active
sensing elements were dispersed in an elastomer. As the stretchable part, EVA was compared
with PDMS in terms of electrical percolation threshold, morphological differences of the
interface with microspheres, and electromechanical characteristics of the sensors. Overall
the percolation threshold of the sensors made with EVA is lower and the electromechanical
performance of the EVA-based sensor under cyclic tensile strain test is more promising with
less hysteresis. The reason behind the observed differences in percolation and better
performance of EVA-based sensors is attributed to the difference in the morphology of the
interface. Choosing EVA over PDMS, as the elastomer, the electromechanical performance
of the EVA-based sensor was further investigated. Using 35MS, a very low detection limit
of 0.01% was achieved. However as strain increases to 0.2%, hysteresis-related effects grow.
A reason for the poor performance of the 35MS-EVA sensor is attributed to the large size of
the solid fillers. Using 4 um microspheres, a low detection limit of 0.015% was achieved
alongside a high resolution in the detection of 0.025% strain change. The response
mechanism of the piezoresistive sensor was explained using the percolation theory and a
strain sensitivity of 7 in a working range of 0.067 strain was estimated in the (semi-
logarithmic) linear region. The response time of the sensor under the straining instrument
was estimated to be 69 ms and electromechanical durability of the sensor response to 1000

cycles of 1% was shown.

Further, we aimed to lower the percolation threshold of 35MS-EVA by applying a DC
electric field. In our optimized sample condition, a low DC electric field of a maximum of

18 V um™* could effectively produce filamented networks of the conductive core-shell
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microspheres with a volume fraction (¢ce = 20%) well below the percolation threshold in
the absence of the electric field (pco0= 33%). Therefore, the electrical percolation threshold
can be effectively lowered by applying a low DC electric field. To maintain the viscosity of
the printed layer and prevent its increment while the electric field is being applied (due to
solvent evaporation), the solvent evaporation is decreased by placing a droplet of the solvent
and capping the layer. Using this method, the electric field required for the same percolation
threshold is lowered, and the percolation time is decreased. Therefore, overall the percolation
threshold of 35MS-EVA can be effectively lowered by applying an electric field to the layers
right after printing. To further lower the percolation threshold, a decrease in the solvent
evaporation rate is shown to be an effective approach. To further reduce the percolation time
in future studies, apart from increasing the electric field strength, the solution mixture
viscosity can be modified by lowering the elastomer concentration in the solvent. The
obtained percolation threshold of 20 vol.% for 35MS-EVA by applying an electric field of

18 V um is desirable for the future development of high-precision directional strain sensors.
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5. Free-standing Microfiber Strain Sensor

In this chapter, a substrate-free microfiber sensor made of EVA and conductive core-shell
microspheres is developed. A scalable wet-spinning method is used for the fabrication of the
stretchable microfiber. The transformation of a viscous paste containing EVA, anisole, and
microspheres into a cylindrical-shape is described. The microstructure of the microfiber
fabricated using either 4 um or 35um microspheres is investigated using OM and SEM.
Focusing on 4 um microspheres (4MS), percolation threshold investigation of 4MS
containing microfiber is discussed. Mechanical characteristics of the pristine elastomer
microfiber are compared with microfiber including microspheres under similar tensile
strain tests. Microfiber, having connected electrodes, is further examined under
electromechanical tests. Based on the tunneling theory, the general response of the sensor
over the entire conductive range is described. The strain sensitivity of the 4MS-EVA
microfiber sensor is compared with that of 35MS-EVA. Although the strain sensitivity of the
35MS-EVA sensor is higher than the 4MS-EVA sensor, its workable range is lower. Hence,
to realize a larger working range, further electromechanical properties of the 4MS-EVA
microfiber are investigated such as minimum strain detection limit and minimum strain
resolution. The minimum detection limit and minimum resolution reported in this work are
compared with piezoresistive strain sensors in the literature. The reproducibility of the
sensor is examined under repetitive cyclic stain and its response time is estimated.
Electromechanical durability to overload strain and large number of cycles is presented.
The results presented in this chapter have been previously published as a journal article in

Advanced Materials.[*48]
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5.1. Introduction

The substrate-free fiber-shape sensors offer several advantages compared to the other forms
of SPC sensors deposited on a substrate. Foremost, the high conformability in a fiber sensor
allows easier access to irregular and intricate structures. Additionally, in applications where
high precision in small strain sensing is the focus, a substrate-free sensor provides improved
resolution and response time compared to a sensor deposited on a substrate. A fiber-shape
stretchable strain sensor is commonly based on a composite of an electrically insulating
elastic polymer (e.g. PDMSE2%! or thermoplastic polyurethane®*) and a conductive
material (carbon nanotubes82% or graphenel*®4™). When tensile strain is applied to such a
sensor, the mechanical deformation stretches the elastomer resulting in slight displacement
of the conductive constituents, hence causing an increase of resistance of the sensor, that is
piezoresistivity. Although there are numerous reports around ultra-stretchable fiber strain
sensors (emax =>100%),[38435977.79 typjcal SPC fiber sensors introduced so far are reliable and
functional in large strain ranges with an insufficient detection limit for subtle strain sensing
(emin >1%).%81 For small strain sensing applications, high resolution and reliable detection of
micrometer thickness changes are of high priority. There is a subgroup of highly sensitive
fiber strain sensors the limit of detection of which is emin =>0.1%.1346280-82] There has also
been extensive work on increasing the stretchability or sensitivity of the fiber strain
sensors.[3413L149.150] However, most reported works lack high resolution and sensitivity for
smaller strains (¢ < 0.1%). Overall, fiber-based strain sensors prepared with economic and
facile methods yielding reasonable stretchability, a very small detection limit (emin < 0.1%),

and high resolution in detecting very small strain changes are lagging.

In this chapter, using wet-spinning as an industrially relevant scalable method, a novel
microfiber consisting of uncommon silver-coated glass microspheres and EVA is
introduced. This fabrication approach eliminates the need for a substrate, therefore canceling
out the unwanted substrate effects such as hysteresis. The developed microfiber is
investigated in terms of microstructure morphology. Under mechanical tests, the effect of
incorporating microspheres in the elastomer is examined. Moreover, in this chapter instead
of the common approach in the literature to have a secondary conductive material,#252-54
one type of conductive particle (conductive microspheres) is chosen as the active sensing
element. An outstanding high resolution of 0.005% strain change detection and linear
response over the whole working range, from 0.005% strain up to 14%, is achieved.
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Additionally, the strain sensing mechanism is described based on the tunneling theory and
thereupon a high strain sensitivity is estimated. The delay in response time of the sensor
during stretching is estimated to be 11 ms and reproducibility of the sensor response over
fast cycling rate is presented. Moreover, retrieved electrical conductivity under overload
strain is presented as well as durability to 10,000 cycles of 1% strain. Lastly, the sensing
properties of the developed microfiber are compared to that of the piezoresistive strain
sensors in the literature. This comparison indicates, to the best of our knowledge, that the
minimum detection limit and the minimum (strain difference) detection resolution are the

lowest among the reported works.

5.2. Fabrication and Structure of Microfiber

For the fabrication of the free-standing microfiber sensor, the wet-spinning method shown
in Figure 5.1a is used as a facile and scalable method (Section 3.2.43.2.4).[386277 Here, EVA,
as the elastomer matrix is dissolved into anisole as a non-toxic solvent. Then the 4 um silver-
shell glass-core microsphere powder is mixed into the EVA-anisole solution. Via a nozzle,
the prepared spinning solution mixture is dispensed into the acetone bath, as the non-solvent.
The choice of anisole as the solvent and acetone as the non-solvent is based on the analysis
of the Hildebrand-Hansen solubility parameters and the relative energy differences of EVA-
anisole and EVA-acetone (Section 2.5). The Hildebrand Hansen solubility parameters of
EVA copolymer are estimated based on Equation 5.1 and the Hildebrand-Hansen solubility
parameters of the polyvinyl acetate (PVA) and the polyethylene (PE) homopolymers, and
the weight ratio of the two in the corresponding EVA (W;).[%%]

6i EVA40 = 6i PVAWPVA + 5i PEWPE (51)

Where Wpe = 1 —Wpva, Wpva is the weight ratio of the vinyl acetate in EVA copolymer, and
oi evado 1S the corresponding Hildebrand-Hansen solubility parameter of EVA. In Table 5.1
the calculated Hildebrand-Hansen solubility parameters of EVA and the relative energy

differences are summarized.[?6-151
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Table 5.1. The summary of the analysis of the Hildebrand-Hansen solubility parameters of
constituent solutes and solvents in the spinning solution and the calculated relative energy
difference for EVA.[?6151

Material 6D(MPa)1/2 5P(MPa)1/2 6P(Mpa)1/2 Si(MPa)l/z RED

PE 14.84 -3.88 1.78 15.44 -
PVA 19.45 10.59 5.76 17.91 -

EVA? 16.68 1.91 3.37 17.13 0.601° 181
Anisole 17.8 4.1 6.7 19.4 -

Acetone 15.5 10.4 7.0 20.3 1.236

Based on Table 5.1, for EVA used in this thesis, based on the weight ratio content of ethylene
and vinyl acetate homopolymers, we calculate the RED for a compound of EVA copolymer
and anisole to be ~ 0.6 (for solubility parameters and RED calculations see Section
2.5).[¢151 The RED of 0.6 means the anisole has close-enough physical composite affinity
parameters with EVA, indicating the solubility of the EVA in the anisole. Additionally, since
anisole and acetone have similar solubility parameters (Table 5.1), they are miscible. This is
essential for the choice of the coagulation bath. For a mixture of EVA and acetone the
calculated RED is 1.26, indicating that acetone is a non-solvent for EVA. Therefore, in this

work acetone is chosen as a favorable non-solvent for the coagulation bath.[®596.151

@ EVA solubility parameters are calculated from Equation (5.1).
b The RED of the EVA40 with anisole and acetone is calculated based on RO = 7.71, Equation (5.1), and
Hildebrand-Hansen solubility parameters of PVVA and PE as given in Table 5.1.
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Figure 5.1. Fabrication method and structure of the free-standing stretchable
microfiber strain sensor. a) Schematic of the wet spinning constituents. A viscous
solution mixture of EVA, anisole, and conductive microspheres is dispensed in the
acetone bath. b) Schematic illustration of the solvent interchanges in the non-solvent
bath. The spinning material densifies and a gel-like material is formed during the
extrusion. ¢) Digital photo of the extruded (2 m long) microfiber resting in the
acetone bath.

When the solution mixture is dispensed into the non-solvent bath, as shown in the schematic
in Figure 5.1b (in the solvent transfer region), due to the net random molecular motions
towards low concentration regions in the bath, the counter diffusion between anisole and
acetone molecules takes place.[**21%4 Anisole is removed from the EVA solution moving
outward and being exchanged with acetone which diffuses inward to the EVA solution
rendering decreased solubility of the EVA. Therefore, the EVA starts to gelify first at the
areas where it is in closest contact with the non-solvent bath.[’71551%1 Qver the course of
coagulation, the gel-boundary between EVA and bath moves inwardly to the center of the
spinned material. This process continues until all the EVA in the extruded material is
deprived of anisole and hence is densified. Therefore, under the influence of the shear force
applied by the spinneret capillary and due to a series of diffusional interchanges between the
anisole and the non-solvent acetone bath, a spinning solution mixture is transformed into a
cylindrical fiber shape. Additionally, to form a long fiber, we exert an additional shear force
on the spinning material by moving the nozzle in the bath in a circular path (Figure 5.1c).

The two shear forces applied to the material™"! yield a condensed and homogenously
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cylindrical microfiber having a meter length. The microfiber stays in the non-solvent bath
for three minutes to let the solvent interchange be completed and the polymer fully
coagulated. This fabrication method is conveniently scalable for the mass production of

microfiber strain sensors for industrial applications.

a)

Figure 5.2. Structure of the free-standing stretchable microfiber strain sensor after
the wet-spinning. a) Digital photo of the spooled two-meter microfiber. b) Digital
photo of the microfiber assembled throughout a curved (3D-printed) object. c)
Digital photo of the microfiber prepared for electromechanical tests (with coper-
tape and silver lacquer electrode contacts attached at the two ends of it). d) OM
image of the microfiber.

After the coagulation time, the free-standing microfiber is drawn out of the non-solvent bath
and spooled (Figure 5.2a), then dried at room temperature under vacuum, to remove the
acetone residue inside. As shown in Figure 5.2a, to demonstrate the conformability of the
developed microfiber, it is assembled around and into a curved 3D-printed structure,
exhibiting its high conformability and potential for strain sensing in intricate applications
with detailed form factors. The developed microfiber strain sensor with attached electrodes
as shown in Figure 5.2c¢ can be used for electromechanical characterizations. The OM image
of the lightweight microfiber (0.133 mg mm™) in Figure 5.2d displays the cylindrical form

of the microfiber strain sensor used in this work with a diameter of 330 um £10um.
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Figure 5.3. The diameter of the microfiber is controlled by the wet-spinning
parameters. a) OM image of the microfiber fabricated by a needle gauge of 17 (inner
diameter of needle 1070 pm) and wet-spinning rate of 50 mm s™. b) OM image of
the microfiber fabricated by a needle gauge of 18 (inner diameter of needle 840 pum)
and a spinning rate of 70 mm s™.

The diameter of the microfiber can be tuned from 300 um up to 1000 um, according to the
wet-spinning parameters, i.e. the nozzle gauge (or in other words the inner diameter of the
nozzle), the weight ratio of EVA to anisole, and the wet-spinning rate. For example, a nozzle
gauge of 17 (inner diameter of needle 1070 pm) and a wet-spinning rate of 50 mm s results
in a microfiber diameter of 950 pm, as shown in Figure 5.3a. Another example is where a
nozzle gauge of 18 (inner diameter of needle 840 um) and a wet-spinning rate of 70 mm s
are used which results in a microfiber with 490 um diameter, as shown in Figure 5.3b. In
this work, microfibers with 330 um + 10 um diameter are fabricated by a nozzle gauge of

18 and a spinning rate of 50 mm s™.

5.3. Microstructure Morphology

As illustrated in Figure 5.4a (left), within the microfiber, conductive paths are formed
through a percolated network of conductive core-shell microspheres, with minimal contact
due to the spherical shape of particles Figure 5.4a (right). The microstructure of the
microfibers is studied by SEM images. In Figure 5.4b the SEM cross-sectional image shows
the compact and cylindrical structure of the developed microfiber. The SEM image in Figure
5.4c displays the percolated cluster of conductive microspheres with an average diameter of
4 um formed in the EVA matrix. A further enlarged SEM image in Figure 5.4d shows the

smaller features of the nanoscale silver coating on the glass core.
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a) Conductive stretchable microfiber Conductive core-shell microspheres
Nanoscale silver Electrically conductive path
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Figure 5.4. Microstructure of the 4MS-EVA microfiber strain sensor. a) Schematic
of the microfiber (not to scale) depicting the formation of an electrically conductive
path by percolated microspheres and the minimal contact interface between them.
b) Cross-sectional SEM image of the microfiber. c) Magnified cross-sectional SEM
image of conductive core-shell microspheres (colored orange digitally). d) SEM
image of microspheres with a nanoscale silver coating (with an average thickness of
50 — 80 nm).

5.4. Percolation Threshold

In Figure 5.5, the normalized mean conductivity of the developed 4MS-EVA microfibers
(containing EVA and 4 um microspheres) as a function of different volume fractions of
microsphere to sensing material is plotted (single data points). Based on the percolation
theory of Kirkpatrick (Section 2.1) the conductivity vs volume ratio behavior of a composite
of conductive particle and insulating elastomer can be defined by a power law relationship
as o/o0 = (p - ). In Figure 5.5 the fit to the conductivity data based on the percolation
theory is plotted by the solid line. The percolation threshold of 4MS-EV A microfibers, where
there is a shift from electrically disconnected to conductivity, is estimated to be 13 vol.%.
Considering the volume ratio of the silver shell to the total sensing material (EVA, the
spherical insulating core, and the spherical silver shell), a very low percolation threshold of
1.9 vol.% is achieved. For the fabrication of the 4MS-EV A microfiber sensors, to make sure
the electrical response is repeatable, a microsphere to elastomer volume fraction of 20%

(slightly above the percolation threshold) is chosen. Using a further higher volume fraction,
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by increasing conductive particles in the matrix, is known to have an adverse effect on the

stretchability of the composite.l2!
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Figure 5.5. The mean of normalized conductivity of 4AMS-EVA microfibers as a
function of the volumetric ratio of microsphere to the sensing material.

5.5. MS-EVA Interface

The electrical response of the stretchable conductive microfiber is strongly correlated to the
changes in the mechanical characteristics of the elastomer matrix as a result of solid
microsphere inclusion. In this work, EVA as an economic and advantageous copolymer
consisting of physically cross-linked vinyl acetate and ethylene polymer chains (40 wt.%
vinyl acetate) is used as the stretchable polymer. To investigate the interface that EVA makes
with the microspheres, the SEM images are examined. In Figure 5.6a the 4MS-EVA
microfiber is displayed in the relaxed state, and Figure 5.6b when the same microfiber is
under a tensile strain. To gain more insights into the particle-polymer interface in Figure
5.6¢ and Figure 5.6d the SEM images of the 35MS-EV A microfiber under strain are shown.
The observations suggest that EVA forms a loosely attached layer around the microspheres.
The weak bond between the EVA and microsphere is ascribed to stem from the weak Van-
der-Waals forces between the silver shell and the polar and mobile vinyl acetate chains.
These chains are the main reason why EVA is highly stretchable and rubbery. Additionally,
it is important to note that since EVA is already polymerized, its semi-crystalline ethylene
chains and amorphous vinyl acetate chains cannot form a strong bond with the silver shell,
as compared to PDMS, as discussed in Section 4.2.2. Forming a blanket-type cover around

the microspheres promotes the formation of a percolated network of agglomerated
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microspheres. Hence, resulting in a lower percolation threshold, compared to a chemically

cross-linked polymer. 1%l

Figure 5.6. SEM images to investigate the EVA-microsphere interface. a) SEM
image of the 4MS-EVA in a relaxed state, and b) under a tensile strain of 70%. c)
and d) SEM images of the 35MS-EVA microfiber under a tensile strain of 30%.

5.6. Microfiber  Prepartion  for  Mechanical and
Electromechanical Tests

In this work the active sensing length of the microfiber sensor is 20 mm. The two-meter-
long microfiber (after drying) is cut into 25 mm pieces to allow for an active sensing length
of 20 mm and an excess of 5 mm for the electrode connections. For the mechanical and
electrical characterizations, to facilitate the contacting from the free-standing microfiber
sensor, using a 5 mm wide copper tape (pre-cleaned with isopropanol) and silver lacquer,
contact electrodes are attached at the two ends of the microfiber. The silver lacquer is left to
dry at room temperature for ten minutes before mechanical and electrical characterizations
of the microfibers. The mechanical and electromechanical characteristics of the microfibers
are examined using a force and displacement applying aparatus, as shown in Figure 5.7. The
microfiber under test is placed between the two clamps of the instrument (with the contact

electrodes being isolated with a PET foil against the metal clamps).
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b)

‘ | (1) Clamps of the apparatus

;.i (2) PET for electrical isolation
i (3) PET (under copper tape)

| (4) Copper tape

I | | (5) Silver lacquare
l : ‘ : I (6) Microfiber strain sensor

Figure 5.7. Electrode connections of the microfiber sensor for mechanical and
electromechanical measurements. a) Photo of the microfiber electrode connections.
A copper tape is connected to the two ends of the microfiber sensor, using a silver
lacquer. b) Schematic illustration of the microfiber sensor (front and side view) for
mechanical and electromechanical measurements using the tensile strain applying
instrument.
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5.7. Mechanical Properties of Microfibers

Under an externally applied tensile strain, as shown in Figure 5.8 (Section 3.3.4) the

mechanical properties of the 4AMS-EVA microfiber strain sensors are characterized.

Figure 5.8. Digital photographs of the 4MS-EVA microfiber installed between the
clamps of the strain-applying instrument for mechanical and electromechanical
tests.
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Figure 5.9a shows the engineering stress vs applied strain to eight identical pure EVA
microfibers without microspheres, denoted as P-EVA. Figure 5.9b the same data (similar to

P-EVA microfibers) measured for eight identical 4MS-EV A microfibers, denoted as 4MS-
EVA.
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Figure 5.9. Engineering stress vs applied strain of a) pure EVA microfibers (P-EVA)
and the same parameters measured for b) 4 um microsphere containing microfibers
(4MS-EVA).

Based on Figure 5.9 (and Section 2.6.1), the relevant mechanical properties of the P-EVA
and 4MS-EV A microfibers are extracted and presented in bar plots in Figure 5.10. Based on
Figure 5.10a the elastic modulus of P-EVA, estimated as 1.4 MPa + 0.4 MPa, is lower
compared to the estimated 9.5 MPa + 0.8 MPa elastic modulus of 4MS-EVA. The main
contributing factor to the low elastic modulus of P-EVA is the high weight ratio of the
acetoxy group in EVA copolymer (compared to pure polyethylene) which hinders the
neighboring ethylene chains from crystallizing. Thus, EVA with 40 wt.% has a rubbery and
amorphous nature,*5°16% a5 opposed to PDMS which is considered a crystalline elastomer.
Having 4 pm microspheres in EVA, as a natural result, apart from the elastic modulus of the
microfiber, as shown in Figure 5.10b and Figure 5.10b its toughness and yield strength are
also increased, respectively.

95



Free-standing Microfiber Strain Sensor

a) |mmamseva| b) Em4MsEVA|  C) [ 4MS-EVA
T P-EVA 1500 | P-EVA [ P-EVA
— 1.0+
€107 o < T 3 |
= L e l [a 1
= 51000} s
= 2 Il - T
> J_ -5') | J_
S 5t @ © 05
2 () ()
= c 500+ =
Iz < &
0 =] o
© ’—I—‘ S K}
oo 0 > 0.0
d) |[mmemseva| e) [0 4MS-EVA
[ P-EVA __ 1500 | EEIP-EVA
100+ X
T < T
L < 1
© 1000 |
= (a1}
S = 1
c 50 N c
‘S [e)
= = 500+r
) T 8
2 5
© o
> 0 Yoo

Figure 5.10. Bar plots of the mechanical properties extracted from Figure 5.9 for the
eight pure microfibers (P-EVA) and eight 4AMS-EVA microfibers. For a detailed
description of the mechanical properties see Section 2.6.1. a) Elastic modulus. b)
Toughness. ¢) Yield strength. d) Yield strain. e) Elongation at break.

The underlying reason behind the increase in elastic modulus, toughness, and yield strength
is attributed to the well-known('® toughening of an elastomer due to the presence of solid
spherical fillers in it. This effect, in our work, stems from the decrease of vinyl acetate chain
mobility as a result of microsphere inclusion in its matrix. However, for small strain sensing
applications, the elastic modulus of the developed 4MS-EVA microfiber is low-enough,
meaning it is considered highly conformable.[**?1 Compared to other filler shapes (e.g. micro
flakes), the incorporation of spherical particles is proven to decrease the internal friction in
the matrix due to the lower contact points between conductive fillers.*31 Another
mechanical parameter determined by the stress-vs-strain plot is the mechanical yield strain,
which is the strain at the onset of the plastic deformation. As shown in Figure 5.10d, from
89% for P-EVA it is decreased to 28% in 4MS-EVA. The elongation-at-break of 1282% for
P-EVA, as plotted in Figure 5.10e indicates the high stretchability of the EVA, which is
decreased to 956% for 4MS-EVA. The lower elongation at the break of 4MS-EVA is
ascribed to the microstructure disruptions caused by the presence of solid microspheres

causing polymer-particle chain ruptures at the interface. In the presence of microspheres in
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AMS-EVA microfiber, as strain increases to high values the long polymer chains connecting
the adjacent microspheres and the chains physically bonded to the surface of microspheres
break. In the absense of the microspheres, in P-EVA under high strain, the long polymer
chains having less constraints are assumed to rearange and untangle easier allowing for
higher stretchability before complete microfiber rupture.**® The summary of Figure 5.10
the relevant mechanical properties determined is presented in Table 5.2.

Table 5.2. The mean and error bars are extracted from Figure 5.9 and plotted in Figure 5.10
for eight 4MS-EVA and eight P-EVA microfibers.

MS-EVA P-EVA
Statistical parameters Mean StdDev. Mean StdDev.
Elastic Modulus (MPa) 9.5 0.8 1.4 0.4
Toughness (J/cm?) 1140.9 141.9 846.9 125.4
Yield Strength (MPa) 0.9 0.1 0.5 0.1
Mechanical Yield Strain (%) 28.3 2.2 89.1 5.9
Elongation at Break (%) 956.2 166.9 1282.2 136.8

5.8. Electromechanical Characteristics of 4MS-EVA
Microfiber Sensors

Applying strain to the conductive microfiber stretches the EVA matrix and decreases the
microsphere network interconnections. The applied strain reduces the number of conductive
paths consequently increasing the resistance, which is called the piezoresistive effect in an
elastomer-filler composite (Section 2.2). The strain is applied using an instrument, (Section
3.3.4) and the resistance of the microfiber is measured via a SMU unit. In the following
sections, the electromechanical behavior of the 4AMS-EV A microfiber sensor under various

tensile strain tests is examined.
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5.8.1. Sensing Mechanism Based on Tunneling Theory

To investigate the sensing mechanism of the 4MS-EVA microfiber, its resistance is
measured while it is subjected to a tensile strain (¢) from O up to the point of electrical
disconnection. As shown in Figure 5.11 (violet color data), the relative change of resistance
of the microfiber defined as AR/Ro (where AR=R—Ro and R is the resistance at the applied
strain, and Ro the initial resistance) is plotted against the applied strain. The experimentally
measured data is examined against the tunneling theory model (cyan color line), which
describes the piezoresistive response of an elastomer-filler composite (Section 2.4).[1285]
Accordingly, the sensor response (experimental AR/Ro) is fit to the AR/Ro defined based on
the tunneling theory model presented in Equation 5.2. As shown in Figure 5.11, the
experimentally measured data is in good agreement with Equation 5.2. The fitting

parameters are listed in Appendix A5.1, Table A5.1.

AR
—= (1+ Eg)exp[(A+ FE)e + B2 + Ce3 + De*] — 1 (5.2)
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Figure 5.11. Response of the 4MS-EVA microfiber sensor subjected to an
increasing strain denoted as violet color data points and the fit to it based on the
tunneling theory model (cyan color line) (Section 2.4, and Appendix A5.1).

5.8.2. Strain Sensitivity

The gauge factor, defined as GF = AR/Ro- 1/A¢ is a key electromechanical property of a strain
sensor. However, as discussed in Section 2.7.1, this formula is only relevant in small strain
ranges where the cross-section and length of the sensing material have approximately the

same value as in the relaxed state, i.e. under very small strain.[**%1421 Considering Equation
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5.2, meaning the response of a piezoresistive composite is exponential, a more inclusive

definition to estimate the strain sensitivity is Equation 5.3.1142

R% = exp(Ge) (5.3)
Where G is the strain sensitivity. As discussed in the literature,[140162163] the resistance
change of a composite of conductive filler in an insulating elastomer matrix is comprised of
two different behaviors. First, in the small strain values, the first-order exponential
dependence of resistance to strain appears as a linear response curve (in a semilog plot).
After reaching a strain limit, which is called the working factor point, the higher orders of
strain dependency come into play which is reflected in Figure 5.12 as the non-linear R/Ro
part of the plot. This is attributed to the change in the tunneling or interparticle distances in

the matrix, which contributes to the surge in the rate of resistance change.
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Figure 5.12. The strain sensitivity of the 4MS-EV A microfiber. A strain sensitivity
(G) of 9 is estimated based on Equation 5.3 and in the linear range of R/Ro (in the
semi-log plot), which is the strain range smaller than 14%. The working factor of
the microfiber sensor is estimated to be 0.14.

The key criteria for practical applications are that the sensor response should be calibratable,
i.e. a measured resistance should be reliably assignable to a strain value and vice-versa. In
this regard, the non-linear resistance-strain dependency is not reliable, mainly due to the
onset of the electromechanical hysteresis at strain values larger than the working factor. The
main origin of the hysteresis in an SPC consisting of solid particles and an elastomer is the
inherent viscoelastic properties of the elastomer as well as the microstructure breakdown and

failure of elastomer chain reorganization as strain grows.[*4% It is important to note that the
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working factor, in addition to the strain sensitivity, can be considered as a key property of

the respective sensor for classifying its reliable response range.

For the 4AMS-EVA microfiber, the strain sensitivity (G) of 9 (Rz = 0.99) and working factor
of 0.14 are obtained by fitting Equation 5.3, to the response of the sensor as R/Ro vs applied
strain, plotted in Figure 5.13. It means the response of our developed microfiber, in the linear
range (¢ < 14%) is calibratable for a target application. The mean strain sensitivity and
working factor of 10 identical microfibers plotted in Figure 5.13 is 9.1 + 1.7 and 0.139 +
0.029, respectively (Appendix A5.2, Table A5.2).
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Figure 5.13. Statistical analysis of strain sensitivity and working factor of 10
identical 4AMS-EV A microfibers at the respective linear response range. a) A mean
strain sensitivity (G) of 9.1 £ 1.7 is estimated based on fitting Equation 5.3 to the
R/Ro vs strain data and b) the corresponding working factor is estimated to be 0.139
+0.029.

The commercially available metallic thin film strain gauges have a limited deformation
range of less than 5% and a low gauge factor of up to 2.[*641651 Fyrthermore, the microfiber-
based piezoresistive sensors which can detect a small strain (emin< 1%), are based on more
than one type of conductive and elastomer material, 3452771 or commonly their fabrication
procedure involves expensive and arduous steps, such as high temperature, hazardous
material, or high vacuum.[*277.166] However, in this work the high strain sensitivity is realized

using only one type of filler and one type of elastomer prepared in a scalable method.
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5.8.3. Minimum Strain Detection Limit

The minimum strain detection limit of the 4MS-EVA microfiber under 10 repetitive strain-
release cycles of 0.005% is investigated in Figure 5.14. The dynamic response of the sensor
to the very small strain of 0.005% is shown as AR/Ro vs time. It demonstrates a consistently
reproducible and easily detectable signal reaching 0.05% at the maxima. The high signal-to-
noise ratio of five, under such a small strain magnitude enables facile detection of subtle
deformations in the target application. It is important to note that the 0.005% strain is
equivalent to detecting a 1 um elongation over a 20 mm active sensing length, indicating the

outstanding sensitivity of the developed microfiber sensor.
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Figure 5.14. Minimum strain detection limit of the 4MS-EVA microfiber sensor.
The highly reproducible dynamic response of the sensor under a cyclic strain of
0.005% indicates its reliability in detecting an elongation of 1 um over the active
sensing length of 20 mm.

5.8.4. Minimum Strain Detection Resolution

As the applied strain is changed, the smallest resolution limit, i.e. minimum strain detection
resolution, is an important property that can be used to classify the performance of the strain
sensor. Correspondingly, the response of the sensor as AR/Ro under different sequentially
applied strain values from 0.005% to 0.025% in 0.005% step increase is examined. As shown
in Figure 5.15, the response of the sensor to the small changes in strain is easily detectable.
This high resolution in strain difference (0.005%) provides a reliable application of the

developed microfiber for small strain sensing applications. Against intuition, large
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conductive microspheres, with the least interparticle contact points (compared to other
shapes), enable the reported detection limit and resolution in very small strain values.[*3!
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Figure 5.15. Minimum resolution of 4MS-EVA microfiber sensor in strain-change
detection under 0.005% strain step increasing.

Sensing Limits Comparison to Literature

Figure 5.16 demonstrates the minimum strain detection limit and minimum resolution in
strain-change detection of the developed 4MS-EVA microfiber are the lowest among the
recently reported piezoresistive-based sensors (Appendix A5.3, Table A5.3).
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Figure 5.16. Comparison of the smallest resolution in strain-change detection and
smallest detection limit of the 4MS-EVA microfiber sensor with the reported

piezoresistive strain sensors.
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5.9. Reproducibility of Microfiber Response

The reproducibility of the response of the 4MS-EVA microfiber to 10 repetitive cycles of
1% strain under a high rate of 900 mm mint is examined. As demonstrated in Figure 5.17,
the AR/Ro of the sensor closely follows the strain data with slight hysteresis in resistance
values. The capability to react quickly, with the least delay, to a very fast stimulus is crucial
for all dynamic sensing applications. Therefore, in the following section, we examine the

delay in response of the microfiber to one of the cycles (presented in Figure 5.17) more

closely.
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Figure 5.17. Repetitive cycles of 1% strain with a high rate of 900 mm min™ are
applied to the 4MS-EVA microfiber to test the reproducibility of its response.

5.10. Response Time Evaluation

The strain-applying instrument is not infinitely fast. It requires some time to take the sensor
to the set elongation. Therefore, the response time of the sensor is estimated based on the
delay between the time it takes for the instrument to apply or release the strain and the time
it takes for the sensor to react to the instrument. The delay time in responding to a 1% strain,
as shown in Figure 5.18 is estimated to be 11 ms, and it takes 34 ms to react to releasing

from the strain. These time constants are calculated based on fitting both the stimulus and

the sensor response to y; = yo; + A; * exp™*/Ti,
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Figure 5.18. Estimating the response time of the 4MS-EVA microfiber sensor when
subjected to a strain of 1% with a rate of 900 mm min and released back to a
relaxed state (Figure 5.17). It takes 11 ms for the microfiber to respond to the strain
applied by the instrument, and 34 ms to react to the relaxing phase of the test.

In Figure 5.19 and Appendix A5.4, Table A5.4, the statistical delay in response time
evaluation of 10 identical microfibers under applying and releasing a 1% strain are
summarized. Overall the mean value for straining time constant is estimated to be 15.3 ms
* 6.7 ms and the mean response time to relaxing is estimated to be 40.6 ms + 8.6 ms. There
is generally a higher response time measured for the relaxing from the applied strain. This
can be attributed to the typical mechanical hysteresis in response of a rubbery elastomer to
a deformation (Section 2.7.3).1267 It is important to note that the overall very short response
time of the developed microfiber sensor provides the possibility of dynamic strain sensing

applications in real-time.
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Figure 5.19. Statistical analysis of the response time estimation for 10 identical
AMS-EVA microfibers subjected to a 1% strain with a rate of 900 mm min™. The
mean response time for straining is estimated to be 15.3 + 6.7 ms, and for relaxing
40.6 + 8.6 ms.
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5.11. Durability to Overload Strain Cycles

One key requirement of an SPC sensor is its durability to strain values higher than its
working factor, meaning the sensor should remain conductive and provide a reliable
response even after being over-stretched. In this regard, the performance of the 4AMS-EVA
microfiber is tested against 5 consecutive cycles of 12% strain with a high strain rate of 900
mm mint. Figure 5.20a shows the dynamic response of the microfiber as AR/Ro under the
strain-release cycles. As strain peaks, the sensor is electrically disconnected reaching
resistances higher than 10° Ohms, and noticeably when relaxed, it becomes conductive
again. The restored conductivity when the sensor is relaxed means the disconnected paths
become mostly reconnected. This beneficial behavior is assumed to stem from using
spherical-shaped conductive particles and EVA as a favorable elastomer, indicating the
effective material engineering in this work. EVA is highly stretchable (elastic modulus of P-
EVA is 1.4 MPa), and creates a beneficial interface with microspheres allowing for the
efficient contraction of the matrix (Figure 4.3 and Figure 5.6). Additionally, due to the low
internal friction of spherical fillers in the elastomer matrix, the reconstruction of conductive
paths is done with the least hurdle. There is a growing hysteresis in resistances measured at
the relaxed state, as plotted in Figure 5.20a which is ascribed to the inherent viscoelastic
behavior of the EVA, surged microstructure breakage, and formation of voids especially at

the interface with microspheres (Figure 5.6b-d).[*61]
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Figure 5.20. Electromechanical durability of the 4MS-EV A microfiber to cycles of
12% strain (overloading it) with a high strain rate of 900 mm min. a) Notably, the
electrical conductivity of the microfiber is retrieved after complete disconnection.
b) There is a hysteresis in the reconnection of disrupted paths which is reflected in
resistances at € = 0.
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Moreover, as shown in Figure 5.21, the microfiber is subjected to five cycles of 25% strain-
release under a lower strain rate of 200 mm min compared to Figure 5.20 (where a strain
rate of 900 mm min* was applied). Here the microfiber demonstrates a repeatable response
and reversible disconnection-connection transition to, overload strain, with strain values
higher than its working factor. The Payne effect (Section 2.7.3) is assumed to cause strain-
hysteresis behavior in recreation of conductive paths.[*®? |t is noteworthy that in the
literature, apart from the main sensing constituents, another solid particle or encapsulating
elastomer is incorporated to preserve the conductivity after complete disconnection.[’7:2%
Our minimalistic approach uses only one type of filler and elastomer to provide
electromechanical durability to overload strain, without the aid of any secondary coating
elastomer or 1D particles for reinforcements. Nevertheless, when subjected to strain values
higher than the mechanical yield strain of the 4AMS-EVA, at 28% strain, the microfiber
becomes irreversibly disconnected. This is assumed to stem from the increased network
microstructure breakdown of filler-elastomer, leading to an unbalance in the number of

disconnected and restored conductive paths, finally causing conductive network failure.
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Figure 5.21. Increased electromechanical durability of the 4MS-EVA microfiber up

to 25% strain under decreased strain rate from 900 mm min™ in Figure 5.20 to 100
mm min,

5.12. Durability to a Large Number of Cycles

Apart from durability to overload strain, electromechanical robustness to a large number of
stretch-release cycles is a key aspect of an SPC sensor for the target applications. The 4MS-

EVA is subjected to 10,000 cycles of 1% strain, as shown in Figure 5.22.
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Over the entire test a higly reproducible strain detection is observed. The repeatability of the
microfiber response (plotted as AR/Ro), shown in the insets in Figure 5.22, throughout the
cycles indicates the microfiber robustness for such a high load of strain-release. During the
first 900 cycles, overall there is a slight reduction in the magnitude of AR/Ro which is
ascribed to the stress-softening effect in a composite of solid filler and elastomer subjected
to repetitive stress cycles, which is the Mullins effect (Section 2.7.3).[196:113.1621 Additionally,
in Appendix A5.5 the result of the static resistance measurement of 4MS-EVA microfiber

sensors with one-month intervals within a year is demonstrated.
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Figure 5.22. Electromechanical durability of the 4MS-EV A microfiber against more
than 10,000 cycles of 1% strain. The two snapshots shown as insets demonstrate the
responses during two time windows on the left from the 1000" to the 1010 cycle,
and from the 10250™ to the 10260" cycle.

5.13. Summary

The development of a free-standing piezoresistive microfiber strain sensor using the
straightforward and industrially favorable wet-spinning fabrication method is described in
this chapter. A viscous solution mixture of conductive microsphere and EVA-anisole is
prepared and dispensed in the acetone as the non-solvent bath. During the wet-spinning, due
to the solvent exchange between the anisole and acetone coagulation happens. Subsequently,
EVA becomes densified and the EVA-microsphere microfiber is formed in the bath. The
microfiber microstructure reveals a compact and uniform structure in which clusters of
agglomerated microspheres are embedded in the matrix of EVA. The morphology of the
interface EVA makes with microspheres is studied under tensile strain and using SEM

107



Free-standing Microfiber Strain Sensor

images, confirming the same type of loosely formed coverage around microspheres, as
discussed in Section 4.4. The mechanical properties of the EVA microfiber are compared
with 4MS-EVA microfiber under tensile strain. Overall when microspheres are included in
the EVA matrix, although there is an increase in elastic modulus, toughness, and vyield
strength, the 4MS-EV A remains soft enough and in the highly conformable range for subtle
strain sensing applications. There is a decrease in yield strain and elongation at the break of
the microfiber. The underlying reasons behind the observed changes in the mechanical
properties are the typical toughening effect due to the presence of solid particles in the
elastomer as well as the earlier microstructure and filler-elastomer breakage.
Electromechanical properties of the microfiber are studied under various tests including
increasing strain, repetitive and very small strain cycles, sequentially increasing very small
strain cycles, very fast rate strain cycles, repetitive overload strain, and a large number of
strain cycles. The strain sensitivity of the microfiber is estimated to be 9 in the linear range,
and the corresponding working range is estimated to be below 14%. The minimum detection
limit of the microfiber is estimated to be bellow 0.005%, and its minimum resolution limit
is also estimated to be less than 0.005%. These two properties are the lowest, to the best of
our knowledge, in the reported piezoresistive sensors. Under a fast strain rate, the microfiber
demonstrates a highly reproducible response, with a very small delay of 11 ms in responding
to straining and a 34 ms delay in reacting to releasing the strain. The electromechanical
durability of the microfiber strain sensor is examined under overload strain cycles. Under
repetitive cycles of 12% strain with a very fast rate of 900 mm min retrieved electrical
conductivity (after complete disconnection) is exhibited. Furthermore, the threshold of
reversible conductivity is increased to 25% strain when the rate is reduced to 100 mm min-
! Lastly, the electromechanical durability of the microfiber sensors is examined under
10,000 cycles of 1% strain where reliable and reproducible responses over the whole cycle
are demonstrated. All in all, the highly sensitive microfiber developed in this work
demonstrates promising electromechanical properties for real-time small strain sensing
applications providing high resolution and easily detectable signals even under very small

elongations.
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6. Microsphere-based Strain Sensor
Applications

In this chapter, three different applications for stretchable strain sensors based on a
composite of 4 pum conductive microspheres and EVA, are demonstrated. The first
application introduced here is impact sensing via the printed composite on the stretchable
PU substrate. Based on the promising electromechanical properties discussed in Chapter 4,
real-time small impact detection is demonstrated where high sensitivity and high-resolution
response are shown. The second application demonstrated here is dynamic diaphragm
expansion monitoring using the printed composite. The estimated strain magnitudes applied
to the sensor during diaphragm expansion tests are estimated to be above the working factor
of the sensor, exhibiting outstanding electromechanical durability to overload strain. In the
last part of this chapter, the free-standing microfiber introduced in Chapter 5 is employed
for dynamic lithium-ion battery expansion monitoring, for the first time, using a stretchable
composite. During consecutive lithium-ion battery charge and discharge cycles, seven
microfibers attached to the sides of the battery provide an easily detectable signal with high
resolution for the different states of expansion and contraction. The microfibers provide
reproducible responses closely mirroring a costly commercially available displacement
sensor. The results presented in this chapter in Sections 6 and 0 have been previously
published in the journal of Advanced Sensor Research.[*?8] The results presented in Section

6.1 have been previously published as a journal article in Advanced Materials.[*4¢]
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6.1. Impact Monitoring with Printed 4MS-EVA Sensors

Monitoring the impacts on a surface has a wide range of applications across industries such
as sports performance and healthcare monitoring, automotive safety, and structural health
monitoring in civil engineering and infrastructure.*68%°1 |mpact and collision monitoring
play a crucial role in improving safety, performance, and risk mitigation across various
fields. Impact sensing is commonly performed in real-time by various sensor types e.g.
gyroscopes, force-sensitive sensors, and strain gauges. During an impact, a strain gauge that
is integrated into the target device detects the impact by outputting a sudden resistance
change. Therefore, one important property of the employed sensor should be high resolution,
high sensitivity, and fast response. The printed 4MS-EVA sensor introduced in this work is
capable of resolving a strain as small as 0.015% with a high signal-to-noise ratio, providing
fast response, and durability to 1000 cycles of 1% strain. These performance characteristics
match the required criteria for high-resolution collision sensing applications. In the

following, the performance of the 4MS-EVA sensor for impact sensing is examined.

6.2. Sensor Preparation for Impact Monitoring

For impact sensing, the printed sensors are used directly after being dried and reached to the
room temperature. A copper tape with a length of 12 cm length and a width of 5 mm and a
conductive adhesive layer is attached to the screen-printed electrodes. As shown in Figure
6.1, to facilitate the electrode connections to the sensor during the impact monitoring, a 5
mm wide copper tape having a conductive adhesive layer underneath is attached to the

screen-printed electrodes.
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Figure 6.1. The impact sensing application setup prepared in this work
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Then the sensor is adhered from the backside on top of a rigid plastic plate using a double-
sided tape. The plate having the sensor attached to it is fixed on a table using a clamp. To
create precise subtle impacts on the sensor, 15 small solid objects weighing 55 mg to 680
mg are dropped on the sensor from a fixed height of 60 mm. To hit the same spot at the
(back) middle of the sensor, the objects are guided through a slider. The electrical response
of the sensor is recorded based on a two-probe resistance measurement setting using a
source-measure unit (Keithley 2612B). A DC source voltage of 50 mV is applied and the

resistance readings are recorded with a 50 Hz frequency.

6.3. Impact Monitoring

As a surface is subjected to an impact shock, if it is not displaced due to the collision, the
impact energy is assumed to be transformed to the surface. Impact monitoring using a
piezoresistive strain sensor is commonly done by translating the detected change of the
resistance of the sensor to the impact energy absorbed by the surface.[**° In this work, to
apply a tunable impact on a solid surface and estimate the impact energy, in a test setup
shown in Figure 6.2a various small solid objects weighing 55 mg to 680 mg are sequentially
dropped from the same height on the middle of a surface at the back of which the printed
AMS-EVA sensor is attached. During the test, the 2-probe resistance of the 4AMS-EV A sensor
is measured using a SMU. Figure 6.2b presents the real-time data of the printed 4MS-EVA
sensor as AR/Ro. The response of the sensor is characterized by a sharp increase of resistance
at the time of the impact, meaning a sudden strain is applied to the sensor, following a
gradual relaxation after the collision. This is a typical resistance change behavior of a
piezoresistive composite of filled elastomers subjected to an abrupt collision as the external

stimulus.[168-170]

As shown in Figure 6.2c the response of the printed 4MS-EVA sensor to the impact is
estimated to be 20 ms. This is a remarkably low response time and is especially beneficial
for real-time impact sensing applications. Also, it is important to note that the obtained
impact time is the same regardless of the mass of the dropped objects. Since all the test
objects bounced back right after hitting the fixed solid surface, we assume that the collision

is elastic. Therefore the kinetic energy of the impact E; absorbed by the surface at the time
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of that impact can be estimated to be equal to the potential energy of the object m; at the
height of h, that is migh.
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Figure 6.2. Impact sensing performed using the 4MS-EVA sensor. a) The setup for
impact sensing. As small objects weighing 55 mg to 680 mg are dropped from a
height of 60 mm through the sliding guide at the back (middle) of the sensor, their
dynamic (2-probe) resistance is measured. b) Response of the sensor, plotted as
AR/Ro over time during the collisions. ¢) Response time of the sensor to the impact
created by an 82 mg object on the left and a 648 mg object on the right.

As plotted in Figure 6.3, the relationship between the AR/Rq at the peak of impact and the
impact energy (corresponding to the mass of dropped objects) is linear. In the inset of Figure
6.3, the capability of the sensor to resolve a very small impact energy difference of 0.942 uJ
is demonstrated. As plotted in Figure 6.3, the relationship between the AR/Ro at the peak of
impact and the impact energy (corresponding to the mass of dropped objects) is linear.
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In the inset of Figure 6.3, the capability of the sensor to resolve a very small impact energy
difference of 0.942 uJ is demonstrated. Here the recorded difference of the output signal
(AR/Ro max) is 1.2%, meaning an easily detectable signal for such a small change in the
impact energy. This corresponds to differentiating a Am of 1.6 mg in the masses of the two
objects (113.6 mg—112 mg) dropped from a 60 mm height on the sensor, indicating the high-
resolution capability of the sensor for impact sensing applications. Furthermore, the smallest
object tested weighs 55 mg resulting in an AR/Ro of 10.66% corresponding to a Ej = 32.61
uJ at the peak of impact, showing the high sensitivity of the sensor to very low collision
energies. The fast response, high sensitivity, and high resolution demonstrated in this proof-
of-concept application are made available through the minimal contact point between
microspherical conductive particles. These findings point toward the promising path of using
conductive microspheres for the development of tactile sensors for 10T and consumer

electronics applications.
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Figure 6.3. Response of the printed 4MS-EVA sensor (plotted as AR/Ro) at the peak
of impact vs the kinetic energy of the impact absorbed by the surface. Inset: a closer

look at the impact energy resolution. Between the first two points, the energy
difference is < 1uJ which is detected by a signal difference of 1.2%.

6.4. Diaphragm Expansion Monitoring with 4MS-EVA
Sensors

In addition to the impact sensing discussed in the previous section, since the printed 4MS-
EVA sensor shows beneficial sensing properties, in this section we show case its use for soft

membrane expansion monitoring.
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6.4.1. Sensor Preparation for Diaphragm Expansion Monitoring

As the diaphragm, a circular sheet with a 25 mm diameter is cut from the PU substrate that
is the same substrate sheet on which the active sensing material is printed (Section 3.2.3).
The sensor is used after being dried. As shown in Figure 6.4, two copper tapes (5 mm width)
with a conductive adhesive layer are attached on the sensor electrodes (screen-printed silver).
After the sensor electrode connection for the diaphragm expansion monitoring, the sensor is
adhered to the expandable diaphragm using a double-sided tape. Then the diaphragm is fixed
around a cylindrical container using an O-ring. To inflate the diaphragm at fixed intervals,
pressurized air is pumped into and released immediately. The electrical response of the
sensor is recorded in the two-probe setting using a source-measure unit (Keithley 2612B)
applying a 50 mV DC voltage and the connected crocodile clamps simultaneously record the

resistance readings with a 50 Hz frequency.

Connections to the SM}\

Sensor -2

Copper Tape Contacts

Diaphragm

O-ring fixing the
diaphragm

Figure 6.4. Diaphragm expansion monitoring application setup prepared in this
work.

6.4.2. Diaphragm Expansion Monitoring

Figure 6.5d demonstrates the real-time response of the sensor as AR/Ro during the expansion
and relaxation of the membrane. According to the movement of the diaphragm, the response
of the sensor shows first a sharp increase and then a gradual decrease. Swallowing of the
membrane results in a sudden rise of the AR/Ro following a slow decrease of it as the air is

released.
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Figure 6.5. Diaphragm expansion monitoring using the 4MS-EVA sensor. a)
Relaxed state (scale bars 40 mm). b) Expanded diaphragm. c) A larger expansion
compared to b. d) Real-time response of the sensor as AR/Ro during the diaphragm
expansion monitoring.

By plugging the response of the sensor as R/Ro and the strain sensitivity (G) of 7 into the
R/Ro = exp(Ge) equation (Section 4.5) the corresponding strain applied to the sensor can be
calculated. The strain experienced by the sensor in the diaphragm expansion shown in Figure
6.5c is estimated to be 14% which is reflected as 173% in AR/Ro at the peak. The inflation
shown in Figure 6.5b applies an estimated strain of 11% causing a AR/Ro of 118% at the
peak of the sensor response. The data presented here confirms the electromechanical
durability of the printed 4MS-EVA sensor to strain values higher than its working factor as
well as the reproducibility of its response to over-load strain measurements in real-life
applications. These results emphasize the suitability of the developed sensor for soft
membrane deformation monitoring applications such as healthcare, rehabilitation, E-skins,

and robotics.
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6.1. Lithium-ion Battery Expansion Monitoring

The lithium-ion (Li-ion) battery is the most popular energy storage battery in a wide range
of applications such as consumer electronics or electric vehicles. Monitoring the health of a
Li-ion battery during its lifetime is crucial for example to prevent early capacity reduction
and decrease hazardous waste, as well as prohibiting the dangerous material leakage and
explosion as a result of battery failures. During charging and discharging of the battery,
because the lithium travels from cathode to anode and vice versa (that is called Li-ion
de/intercalation), there are various reactions between the liquid electrolyte and the
electrodes. Correspondingly, the cathode and anode lattices undergo inevitable expansions
and contractions during charge and discharge cycles, giving rise to reversible battery volume
expansions and contractions. This inevitable volume change is known as the breathing which
_in the long run_ causes gradual structural degradation of a Li-ion battery.[*54 Additionally,
irreversible volume expansions are happening during charging and discharging known as
swelling. The primary origin of the swelling is found to be unwanted side reactions such as
gas generation, increase of solid electrolyte interphase layer, and lithium-plating. These
reactions over time lead to increased internal resistance, reduction of Li-ion inventory,
capacity loss, and reduced energy efficiency.'7%172 As a result of these reactions, during
cycling commonly there are volume changes ranging from 1-10%, depending on the
chemical composition of the electrodes and the electrolytes.? Thus, to enhance the Li-ion
battery lifetime and therefore prevent premature aging, monitoring the volume changes of
the battery in real-time has a high importance in battery management systems.[:”3741 |n this
regard, currently there are multiple characterization techniques engaged in battery health
diagnosis through volume change measurements. Examples are X-ray diffraction,[*">1761 3D
digital image correlation,[*’"1"81 atomic force microscopy,*’® ultrasonic probing,[280.181]
optical sensors, 821831 neutron imaging,™#! mechanical measurement approaches, [64171.187-
1901 and displacement gauges.['’>1%1 Notwithstanding their success, the above-mentioned
methods, in terms of the laboratory pieces of equipment needed for a single battery
measurement are quite demanding and costly, and cannot be easily integrated into a battery
for in-situ volume expansion monitoring.[:”31%2 Hence, an all-rounder volume measurement
method is required that in addition to providing high-resolution and reliable data, is low-cost

and its integration with diverse battery form factors is straightforward.
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6.1.1. Lithium-ion Cell Assembly and Formation

The Li-ion cell assembly? is performed using commercially available electrodes, containing
20 double-sided cathodes and 21 double-sided anodes. Cathodes consist of
LiNizMn13Co1302 (NMC 111) with 94 wt.% active material and are 135 mm x 208 mm in
size. Anodes, consisting of graphite, are 139 mm x 212 mm in size. As separators between
anodes and cathodes, 143 mm x 216 mm ceramic-coated PET separators are used.
Electrodes and separators are dried under low pressure for 24 h at 130 °C and 180 °C,
respectively. Then as the electrolyte, the cell is filled with 80 ml LP30 and sealed under low
pressure. Afterward, it is stored at 40 °C overnight. The cell has a theoretical capacity of 20
Ah. For the Li-ion cell formation, after cell assembly is performed as described above, an
initial charging is performed with a constant current (CC) mode with a C/10 rate, following
a constant voltage (CV) mode charging up to 4.2V, until the current decreased to C/20. Then
the cell experienced two cycles at a C/2 rate, where charging was performed using a CC-CV
mode until the current dropped below C/20. All electrochemical cell-cycling tests are
performed with BasyTec HPS LAB at 26°C + 1°C.

6.1.2. Microfiber Sensor Preparation for Li-ion Cell Thickness

Monitoring

After the microfibers are dried under the vacuum at room temperature they are used for the
Li-ion battery expansion monitoring. As the book-format Li-ion cell used in this work has a
thickness of around 7 mm (Table 6.1), the two-meter long microfiber is cut into 15 mm long
pieces to allow for 7.3 mm active sensing length and the electrode connections. The
microfibers are fixed vertically at the edges of the two horizontal PMMA plates (holding the
Li-ion cell) to the pre-attached copper tape using a silver lacquer. Afterward, the contacts
are left to dry at room temperature for ten minutes. Then to ensure minimal residual strain
in the microfibers after being attached to the setup, and before Li-ion cell thickness

monitoring, the setup is held as prepared overnight.

2 The Li-ion pouch cell used in this work is prepared by Christopher Schwab under supervision of Dr. Anna
Smith at the Institute for Applied Materials - Energy Storage Systems at Karlsruhe Institute of Technology.
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Lithium-ion Cell Expansion Monitoring Application

For the Li-ion cell expansion monitoring, it is initially discharged under a 1C rate, followed
by four cycles in the voltage window of 3-4.2V charging in a CC-CV mode until the current
drops to C/10 and discharging in CC mode, both with a 1C rate. Then the cell is charged to
a nominal 3.7 V. It is important to note that all the electrochemical measurements are
performed at 26°C + 1°C. As the reference sensor for the thickness measurement a
displacement gauge from Keyence (GT2-H12) is used having a minimum detection limit of
2 um and 0.5 um resolution. As shown in Figure 6.6, the reference sensor is at the center of
the middle plate. While the Li-ion cell is undergoing cycles of charge and discharge, the data
of the reference sensor is obtained in real-time with 1 Hz frequency using the Keyence (GT-
Monitor 2) Test version software. The electrical response of the seven microfiber sensors is
simultaneously obtained in a two-probe setting (using two crocodiles for each microfiber)
by a Data Acquisition/Switch Unit (34972A) from Keysight under a DC source voltage of
50 mV. The resistance of all microfibers is measured with a 1 Hz frequency. The relative
resistance change of the microfiber sensors is then correlated to z-direction displacements
recorded by the reference displacement sensor.
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Figure 6.6. Photograph of the Li-ion battery thickness change monitoring setup.
While the Li-ion cell is undergoing a charging and discharging cycle, a reference
sensor, installed in the middle of the setup which is connected to a laptop (using the
Keyence GT-Monitor 2 Test version software), is recording the displacement
changes. Simultaneous to reference data and Li-ion battery cycling, the real-time
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resistance of the microfibers installed vertically around the setup are recorded using
a multi-channel Keysight (data acquisition/switch unit).

6.1.3. Monitoring Li-ion Battery Expansion with Microfiber Sensors

A crucial part of a Li-ion battery health management system is monitoring the thickness or
volume changes of the battery during charge and discharge cycles. In this regard, depending
on the battery requirements, e.g. the form factor of the battery under investigation and the
available space for the measurement an appropriate sensor is chosen. The remarkable sensing
properties and high conformability of the 4MS-EVA microfiber sensor developed in this
work offer a promising solution to the current demands of dynamic Li-ion battery thickness
monitoring. Figure 6.7 demonstrates the setup prepared for the Li-ion battery monitoring.
Here, a book-format Li-ion pouch cell (made in the laboratory)? is placed in between two
solid PMMA plates for thickness monitoring in the z-direction (Az), and one plate is fixed
on top. Four springs are located at the corners of the plates (around a fixed rod), to keep the
two lower plates in contact with the pouch cell during the thickness changes. These springs
also apply a small z-direction force to the middle plate to ensure a more balanced movement
of that plate during the measurements. Seven 4MS-EVA microfibers, having an active
sensing length of 7.3 mm (Figure 6.7b) are located perpendicular to the plates on three sides
around the cell, leaving one side for the battery electrode connections. The two-probe
resistance of the microfibers is measured in real-time using a single SMU. There is a
reference sensor, a commercially available displacement sensor (RDS), located at the center
of the setup with its measurement tip extruding the upper most sheet to become in direct
contact with the middle plate, which is in touch with the pouch cell’s upper surface (Figure
6.7a and Figure 6.7c). A schematic illustration of the Li-ion pouch cell and the structure of

its stacks is shown in Figure 6.7d.

2 The preparation, formation, and all the electrochemical measurements of the Li-ion pouch cell used in this
work is performed by Christopher Schwab with supervision of Dr. Anna Smith at the Institute for Applied
Materials - Energy Storage Systems at Karlsruhe Institute of Technology.
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Figure 6.7. 4AMS-EVA microfiber sensor employed for real-time thickness change
monitoring of a Li-ion pouch cell. a) Digital photo of the prepared setup for
thickness measurements. A Li-ion pouch cell is placed between two solid PMMA
plates. At the four corners of the plates, springs are located to keep the two lower
plates in contact with the pouch cell. A commercial displacement reference sensor
(RDS) is installed in the middle of the setup. The seven MS-EVA microfibers are
attached vertically at the three sides of the plates. While the pouch-cell undergoes
charging and discharging, the real-time data of the RDS is collected on a laptop and
the microfibers are connected to a multichannel SMU using which the two-probe
resistances are recorded. b) A digital photograph of the position and electrode
connections of one of the microfiber strain sensors in the setup. ¢) A schematic
illustration of the prepared Li-ion battery thickness monitoring setup in this work.
The dynamic cell thickness change is recorded in the z-direction by the RDS at the
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center simultaneous to seven microfibers on the sides. d) A schematic illustration of
the internal structure of the Li-ion pouch cell used in this work. It is comprised of
20 double-sided NMC cathodes and 21 double-sided graphite anodes stacked in z-
direction.

One complete charging and discharging cycle of the Li-ion cell is shown in Figure 6.8. The
corresponding cell voltage is plotted in black and the recorded RDS data is shown in gray.
The calculated thickness changes of the cell based on the resistance changes of one of the
microfibers are plotted in orange color. In our cycling routine, the cell is in constant current
mode (CC) charged up to 4.2 V, and then charging is continued with a constant voltage mode
(CV) under a 1C rate. Afterward, the discharging is performed up to 3 V with CC mode

under a 1C rate.
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Figure 6.8. The Li-ion cell voltage during one charge and discharge cycle (plotted
in black color), the calculated Li-ion cell expansion in the z-direction (Az) during
the cycle measured by one of the microfibers (f7) at the sides of the setup (plotted
in orange color), and the thickness monitored using the reference sensor at the
middle of the setup during the same cycle (gray color).

The cell inflates while charging under CC mode and based on the reference sensor data
(measured at the center of the setup) reaches a maximum thickness change of 62 um at the
peak. The elongation experienced by the microfiber 7, is calculated based on the response
of the sensor as R/Ro (shown in the orange line in Figure 6.8), the estimated strain sensitivity
(G) of 9, and R/Ro = exp(Ge). Correspondingly, the elongation of the f7 microfiber sensor

experienced at the peak of cell expansion is estimated to be 80 um. It is important to note
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that, the small difference between the measured thickness changes of the RDS and the 7
microfiber can be ascribed to the difference in their location on the setup. The RDS is located
at the geometrical middle point of the setup, directly in contact with the middle plate, while
all the microfibers are installed at the edges of the setup. In Figure 6.9, the real-time response
(AR/Ro vs time) of the seven microfiber sensors denoted as f1 to f7 monitoring the expansion
of the Li-ion cell at the edges of the setup is shown. All seven microfibers, similar to the
response of the reference sensor, provide valuable information on the different phases of the

Li-ion cell expansion.
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Figure 6.9. Real-time response of the seven microfibers f1-f7 to the tensile strain
applied to them due to the Li-ion cell expansion during one charge and discharge
cycle and the corresponding cell voltage during that cycle.

As the cell inflates, during the CC-charging phase, it applies a tensile strain of 0.085% to the
microfibers at the peak of expansion which is reflected in a AR/Ro of 10%. It is important to
note that the contraction of the cell already starts as the charging phase continues in the CV
mode, instead of getting started at the discharge phase. This is notable in the shape of AR/Ro
as the CV-mode charging begins. As an example, the f7 reaches an AR/Ro of 10.8% at the
peak when the charging CC mode ends following a reduction in AR/Ro to 9.7% as reaching
the end of the charging in CV mode. The cell contraction during the charging in CV mode
corresponds to a -0.05% change in strain (Ae). Based on this observation, it can be inferred
that during the CV-mode charging when reducing the current, overall the volume relaxation
is dominant compared to the volume expansion of the anode due to the lithiation of the
anode. After the end of charging, the discharging is performed in CC mode showing

contraction of the cell until reaching the initial thickness. In Figure 6.10 the calculated cell
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thickness changes experienced by the microfibers are plotted for f1-f6, based on the R/Ro of
the individual sensors, the G of 9, and R/Ro = exp(Ge). Here as well, the microfibers follow
the course of the reference sensor data. Based on the calculated thickness changes recorded
by the microfibers, and the RDS data, the cell thickness evolution can be studied in real-
time. During charging the cell first expands applying a tensile strain to the microfibers, up
to the peak of expansion at the end of CC charging mode. Then it contracts as charging
continues in CV mode, which is reflected in the detected strain being released from the
beginning of CV charging mode. The cell shrinkage continues further to reach the initial
status by the end of the discharging in CC mode which is reflected in the response of the

microfibers.
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Figure 6.10. The elongation applied to the microfibers due to cell expansion and
contractions (based on the response of each microfiber as R/Ro, the strain sensitivity
(G) of 9, and the R/Ro= exp(Ge), during one complete cycle. The electrical response
of the microfiber to the thickness changes is converted to elongation (Az). Here f1-

6 presents the data of six microfibers.
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Figure 6.11 demonstrates the reproducibility of the response of three sensors during three
successive cycles of charge and discharge as well as the corresponding RDS responses.
Compared to the reference readings, all microfibers mimic the RDS data closely and
reproducibly, indicating the high accuracy and reliability of the developed microfibers. We
also note that, overall, there is a reduction in the total amount of expansion, which is reflected
in both the RDS as well as the microfibers data.
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Figure 6.11. The electrical response of the three microfiber sensors (f5-f7)
developed in this work and the RDS displacement data measuring the thickness of
the Li-ion cell undergoing four consecutive cycles of charging and discharging.

Remarkably, the reproducible signal of the developed economic and versatile microfiber
sensors mimics the RDS data as a separate reference instrument. Based on Figure 6.8 to
Figure 6.11, using microfibers all phases of cell expansion and contraction are resolved in
real-time. Additionally, most commercially available Li-ion pouch cells expand more than
1% of their initial volume.[*%%-1%1 Hence, the developed microfiber sensors in this work can
be deployed to monitor the volume expansion of commercial Li-ion cells. The simplicity
and accuracy of the introduced microfiber in this work indicate its suitability for high-
precision Li-ion battery thickness monitoring in a battery management system. Furthermore,
using the microfiber sensor, apart from the reversible expansions, it is also possible to
monitor the irreversible expansions that occur due to the aging of the cell which could lead
to leakage or explosion. Additionally, considering the fast response, low cost, detection limit,

resolution, repeatability as well as durability to more than 10,000 cycles of strain, it is
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feasible to monitor the volume changes of a Li-ion battery in real-time throughout its

lifetime.

Static Thickness Measurement of Li-ion Cell

Table 6.1 shows the summary of the static thickness measurements performed at nine
different points on top of the Li-ion cell at the completely discharged and charged states. In
a static setting, the thickness of the Li-ion pouch cell (z) is measured at different spots once
at 0% state of charge and once at 100%, using a Heidenhain-Metro MT12B. Figure 6.12
shows the pouch cell used in this work with the spots marked on it (as x1 to x9). It is
important to note that these thickness measurements are performed in the absence of external
pressure or constraints to the pouch cell. Therefore, due to the flexibility of the pouch cover,
there are point-to-point differences in the measured thicknesses. Comparing the initial
thickness values to the final thicknesses measured, independent from our thickness
monitoring setup, indicates inhomogeneity in inflations of the cell that stems from the cell
manufacturing process and the pouch foil effects. In our measurement setup, we opted for
the springs pressing the four corners of the middle plates, to keep it in touch with the upper
side of the cell, applying a slight pressure to it during cycling. These springs mostly
distribute the differences in thickness at different points across the plate.

Figure 6.12. Photograph of the Li-ion battery pouch cell used in this work. Spots
used for static thickness measurements are marked with x from top left x1 to bottom
right x9. The thickness of the cell in the static mode is measured once in a 0% state
of charge and once in 100% (not during cycling, but in a fixed state of charge).
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Table 6.1. Static thickness measurement data at nine spots on the Li-ion pouch cell.

Location z at 100% State of ~ z at 0% State of Az
Point charge (mm) charge (mm)
1 7.638 7.535 +0.103
2 7.798 8.029 -0.231
3 7.731 7.620 +0.111
4 7.575 7.500 +0.075
5 7.372 7.385 -0.013
6 7.956 7.832 +0.124
7 7.955 7.868 +0.087
8 7.571 7.408 +0.163
9 7.876 7.786 +0.090

6.2. Summary

In this chapter, based on the promising electromechanical properties of the developed strain
sensors three different applications are demonstrated. First, based on the printed composite
of 4AMS-EVA, impact sensing is show cased by dropping small objects weighing 55 to 648
mg from a short height on the sensor. The response of the sensor shows a linear relationship
to the impact energy, a remarkably short response time of 20 ms, and a high resolution in
detecting a difference of 1.6 mg in the weight of the dropped objects. Furthermore, as the
lightest object hits the surface of the sensor, it outputs a AR/Ro of 10.66% at the peak of
impact. Second, the printed sensor is implemented for monitoring the expansion of an
inflating diaphragm. While the expandable membrane is inflated to different maxima, the
electrical response of the sensor attached to its surface is monitored. Based on the strain
sensitivity of the sensor, the applied strain as a result of diaphragm expansions is calculated.
Although the applied strain during diaphragm expansion (€.9. &calculated =11%) surpasses the
work factor of the sensor (¢ < 6.7%), the sensor remains reliably responsive. Lastly, the
outstanding electromechanical properties of the microfiber sensor developed in this work
(and discussed in Chapter 5) motivated its application for dynamic Li-ion battery expansion
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monitoring. The electrical response of the microfiber is compared with a commercial
displacement sensor during a single charge and discharge cycle as well as four consecutive
cycles. The microfiber demonstrates high precision in resolving the different stages of
expansion and contraction during charging and discharging, respectively. A high signal-to-
noise ratio and reproducible response in full agreement with the reference sensor is

demonstrated.
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7. Conclusions and Outlook

Although MEMS-based strain sensors with high performance dominate the sensor market,
due to the inherent rigidity of the crystalline silicon, the production complexity, and
relatively high cost the MEMS sensor performance is limited to rigid surfaces.[**”]
Stretchable sensors based on a polymer, as complementary to conventional silicon
technology, are designed to be mechanically deformable and adaptable to bending and
stretching and can be produced in large volumes at low cost. The unique advantages
stretchable sensors possess make them a promising choice for a wide range of applications
such as human health monitoring, soft robotics, human-machine interfacing, and wearable

electronics.1%]

Among various form factors and material designs utilized in stretchable strain sensors, a
composite of an insulating elastomer with embedded conductive particle, being fully
stretchable, offers an attractive approach to deformability. On the one hand, to take the
successful lab-to-fab transition, the electromechanical performance of such sensors has to
overcome several challenges such as long response time, low output reproducibility, and low
resolution. On another hand, an important technical limitation is a trade-off relationship
between high sensitivity and high stretchability.[1°21%! Therefore, the sensing range and

limits of detection in SPC sensors are designed with respect to the target application.

In this work, as a meaningful contribution to the field, employing high-throughput additive
fabrication techniques, the goal is to improve the performance of the composite-based strain
sensors and introduce novel industrially relevant applications. The steps taken to achieve
this goal are the body of this thesis being explained in Chapters 4 and Chapter 5, with Chapter

6 exploring three application areas that have been left unexplored. Throughout this thesis, as
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active sensing elements, conductive core-shell (glass core, nanoscale silver shell)

microspheres with a diameter of either 4 um or 35 um are utilized.

Chapter 4 begins with exploring the role of elastomer nature in particle-polymer interface
formation by comparing EVA and PDMS. Prepared by stencil printing, a composite of 35MS
and PDMS or EVA is printed on a stretchable PU substrate. Microstructural studies reveal
PDMS allows for a uniform distribution and compact interface while EVA forms a loose
layer around clusters of particles promoting their agglomeration. These observations are
reflected in a lower electrical percolation threshold of 20% for the 35MS-EVA composite
compared to a 34% percolation threshold for 35MS-PDMS. Electromechanical tensile tests
suggest EVA is a more promising elastomer compared to PDMS due to is lower hysteresis.
Using EVA as the elastomer, the sensing properties of the printed 35MS-EVA sensor are
further investigated whereupon a remarkably small detection limit and detection resolution
of 0.01% is demonstrated. However, the working range of the 35MS-EVA sensor is strain
values below 0.2%. Above 0.2% the onset of the second shoulder in the output signal is
observed. To increase the working range and lower the hysteresis, the rest of this chapter
revolves around investigating the performance of the 4MS-EVA sensor based on 4 pm
conductive particles embedded in the EVA matrix. 4MS-EVA has a percolation threshold of
16%, provides a small detection limit of 0.015%, a detection resolution of 0.025%, and
demonstrates highly reproducible electrical response in cyclic strain values ranging form
0.5% to 3%. Response time evaluation during straining and releasing is estimated based on
a time-constant difference between the stimulus data and that of the sensor. The electrical
response mechanism of the sensor is explained using the tunneling theory. The strain
sensitivity and working range of the sensor are estimated to be 7, and 0.067 respectively.
Electromechanical durability to 1000 cycles of 1% strain provides evidence of the

reproducibility of the developed sensor for small strain sensing applications.

In the final section of this chapter, applying a direct current electric field across the sensor
immediately after printing, the possibility of lowering the percolation threshold is
investigated. In-situ observation of dynamic percolation via an optical microscope, under
low voltages (< 50 V) reveals the alignment of microspheres toward the electrodes in the
direction of the electric field. The forces acting on the microspheres and the reasons behind
directed percolated network formation are described in Chapter 2. The net force acting on

the particles results in the formation of a linear agglomerate connecting the electrodes and
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therefore lowering the percolation threshold. To further decrease the percolation threshold,
the printed layer is covered to lower the airflow on the wet layer. Another route to lower the
percolation is to increase the strength of the electric field, however, as the field increases to
38 V um? large clumps form between the electrodes instead of linear structures. Overall,
applying an 18 V um yields a 19% percolation threshold, and a 25 V um results in a 14%
percolation threshold. The percolation time also decreases from 690 s under 18 V um? to
190 s under 25 V pm™. The finding in this section suggests the directed assembly of
microspheres using a DC electric field effectively reduces the percolation threshold. To tune
the percolation threshold the strength of the electric field and the processing conditions can
be modified.

On the path to further improve the performance of the microsphere-EVA-based sensors,
Chapter 5 describes the development of a high-precision free-standing microfiber strain
sensor using EVA as the matrix and 4 um microspheres as the main sensing elements. Wet-
spinning as a scalable method is used by which the solvent exchange transforms a composite
material from a viscous paste into a long cylindrical fiber. The microstructure morphology
investigations using OM and SEM exhibit a compact microstructure in which clusters of
agglomerated microspheres are formed within the EVA matrix. A closer look at the EVA-
microsphere interface shows a rather loose-layer, as it is discussed in Chapter 4, in
comparison to the PDMS-particle interface. The percolation threshold of the 4MS-EVA
microfiber is estimated to be 13%. First, tensile destructive tests are carried out to compare
the mechanical characteristics of EVA polymer microfibers with those of 4MS-EVA
microfibers. Stress-strain plot and the statistical analysis of the results indicate inclusion of
solid microspheres in the EVA matrix results in increased elastic modulus, toughness, and
yield strength. Whereas the yield strain and elongation at break are decreased. The main
reason behind the measured changes is ascribed to the rupture of microsphere-EVA bonds
due to the polymer toughenning, an effect that is typically observed in filled-elastomers. This
phenomenon prohibits chain re-orientation and elongation to accommodate the strain inside
the matrix. The sensing mechanism of the microfiber, over the entire electrically conductive
range, exhibits good agreement with the formulations based on the tunneling theory. 4MS-
EVA microfibers show a mean strain sensitivity of 9.1 and a mean working factor of 0.139.
Investigating the minimum detection limit under nine sequential cycles of 0.005%-0
demonstrates a highly reproducible as well as easily detectable sensor response. This

remarkable detection limit is equivalent to detecting a 1 um elongation over a 20 mm active
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sensing length. Furthermore, the ability to detect a change in the applied strain is tested under
sequentially increasing strain-release cycles from 0.005% up to 0.025% in +0.005% strain
steps. The microfiber is capable of resolving a 0.005% strain change by clear signal
differences. The reported sensing and resolution limits are the lowest compared to the
reported piezoresistive works. The high repeatability of the sensor response is demonstrated
under 10 repetitive 1% strain cycles with a fast strain rate of 900 mm min. Based on the
fast-rate test the time constant (response time) of the microfiber sensor is statistically
estimated to be 15.3 ms for straining and 40.6 ms for relaxing. The fast response allows for
realtime detection of strain in the respective application. The electromechanical durability
of the microfiber to overload strain is examined under repetitive cycles of 12% and 25%
under 900 mm mint and 100 mm min strain rates, respectively. Remarkable is that, even
though at the peak of strain the sensor is electrically disconnected, as the sensor relaxes it
becomes conductive again. Furthermore, the electromechanical durability of the microfiber
against > 10,000 cycles of 1% strain shows a highly reproducible signal when comparing
the sensor response during the 1000™" cycle with the 10250" cycle. Overall, leaving out the
substrate, the 4MS-EVA microfiber reaches a record low-resolution limit and minimum

detection limit, a shorter response time, and a higher signal reproducibility.

Noteworthy is that the electromechanical hysteresis is observed in results presented in
Chapter 4 and Chapter 5. Meaning in the printed sensor on the PU substrate and when the
sensor is a stand-alone microfiber there is hysteresis in its signal. The observed hysteresis
appears especially during the overload strain tests at the relaxed-state response level.
Additionally, when the sensor is subjected to a large-number cyclic test the onset of the
shoulder peak as the cycle number increases is another symptom of hysteresis. The main
reason behind these types of strain-history dependant responses in a polymer-based strain
sensor, as explained in Chapter 2, stems from the inherent viscoelasticity of an elastomer.
However, when involving the substrate, as a secondary elastomer, as discussed in Chapter

4, the hysteresis is stronger compared to the substrate-free microfiber sensor.

The performance characteristics of the developed sensors, based on the findings in this thesis
(Chapter 4 and Chapter 5), are promising for application areas where high-resolution strain
sensing in small strain is the focus. While the majority of strain sensors reported in the
literature have chosen human health or body-part motion detection to show-case the

applicability of the sensor, in Chapter 6 we aim for impact sensing and Li-ion expansion
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monitoring. To facilitate the benchmarking with the literature we also reported the

diaphragm expansion monitoring.

Impact sensing by the printed sensor on the PU substrate is performed using small solid
objects weighing a maximum of 680 mg dropped from a close distance (60 mm) on top of
the sensor. A fast response time of 20 ms, independent of the weight of the objects, is
recorded. Correlating the sensor's response to the impact energy exerted on the sensor
exhibits a linear relationship between the two. Remarkable is the pinpointing of a very small
impact energy difference (< 1 pJ corresponding to Am =1.6 mg) with an easily detectable
signal change (1.2%). The key implication of this section is that the printed sensor attached
to a surface is capable of detecting very small impacts applied on the surface with a high

signal-to-noise ratio.

For the diaphragm expansion monitoring by the printed sensor, pressurized air is sequentially
pumped into and out of a container that has a stretchable PU as the diaphragm attached to it.
The sensor is attached to the diaphragm while its signal is recorded simultaneously. Here the
maximum strain applied to the sensor is estimated to reach 14% which is well above its
working range € < 6.7%. The main conclusion of this section is that the printed sensor
endures overload strains during the respective application while remaining reliably

responsive for subsequent sudden surface expansions.

Lastly, Li-ion battery expansion monitoring using the 4MS-EVA microfiber sensor, as an
unconventional application for a piezoresistive sensor is demonstrated. The setup for this
application is prepared using three solid sheets where the middle sheet is vertically
displaceable. A lab-made Li-ion cell with the NMC composition is placed between two
lower sheets. Around these sheets, seven microfibers are attached vertically. On top of the
setup, a reference sensor is installed. Simultaneous with charging and discharging the Li-ion
cell, the response of the microfibers and the reference sensor are recorded. As the battery is
charged in the CC mode it expands and as soon as charging in the CV mode starts, the cell
contraction starts. Further, during the discharging in the CC mode, the cell contraction
continues until reaching the initial thickness by the time the battery is discharged. The phases
of expansion and contraction are accurately recorded by the microfibers following the
courses of the reference sensor. At the peak of the cell expansion, calculated based on the
microfiber response and the strain sensitivity of 7 (discussed in Chapter 5), one of the

microfibers experienced an elongation of 80 um. Comparing the electrical response of six
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microfibers with one another, each microfibers closely mirrored the the rest, exhibiting
reproducibility of the sensor signal. Overall, the slight difference between the displacement
the reference sensor recorded (62 um) and the elongation the microfibers experienced is
attributed to the difference in the location of the sensors. The repeatability of the microfibers
is examined under four consecutive cycles of charge and discharge. The three microfibers
exhibit identical signal changes throughout the test and closely follow the reference sensor.
The key finding of this section is that microfiber as an economic and high-precision sensor
can be reliably employed for Li-ion battery expansion monitoring. The approaches presented
in this work, highlight that combined with the fast strain detection response, high resolution,
and mechanical durability, the developed sensors tackle the sensing limits reported so far

and their relevance for technological applications is demonstrated.

Outlook

In accordance with the respective application area, a piezoresistive particle-polymer sensor
should be designed. The close relationship between the fabrication method and material
performance underlines the importance of an application-oriented sensor design. When
pushing the sensing boundaries through novel structures, it is crucial to account for the time
and energy expended to ensure a smooth lab-to-fab transition. This work presents an
approach that highlights the modifications made to a sensor printed on a substrate when the
same composite is utilized in a stand-alone architecture. For example, if the application
necessitates surface sensing, wherein the printed sensor on a substrate is the preferred
solution, the cross-compatibility of the substrate material with the elastomer becomes
essential. Additionally, the nature of the elastomer affecting the performance of the
composite outlines another key aspect requiring careful attention in sensor design. Due to
the inherent viscoelasticity of elastomers, and the inevitable alterations introduced to the
matrix structure by incorporating solid particles, there is not a single optimal set of
performance criteria to opt for when developing a piezoresistive sensor. Nevertheless, the
availability of versatile conductive and elastomer materials enables a flexible and

application-tailored approach to sensor design.

Looking forward, one solution to the hysteresis problem can be the improved engineering of
the interfaces to prevent early damage during cycling, that is by optimizing the polymer

adhesion to the particle surface or using conductive hydrogels instead of viscoelastic
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polymers.[?%1 The longer response time observed when the sensor is relaxed stems from the
weak binding with conductive fillers causing slow recovery when strain is released.
However, very strong interfacial binding could result in earlier fracture of microstructure
due to decreased polymer chain mobility. Therefore, according to the target application,
particularly the detection limit and resolution, the particle-polymer interface can be
optimized, without sacrificing the desired outcome. One side note is that, in doing so, the
fabrication process might become complicated and costly. Also, there is always a trade-off
relationship between a very low detection limit and high stretchability. Another strategy can
be leveraging machine learning to analyze the hysteresis in the developed sensor and
improve sensor error.?%2 Future work can be dedicated to applying the free-standing
microfiber for different battery form factors. Using printed sensors for higher-impact shocks
sounds like an interesting avenue to explore further. To extend the linear working range of
the developed sensors it is speculated that using hydrogels instead of EVA or microsphere

surface functionlization can be another focus for future studies.
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Appendices
Appendix A4.1.

Table A4.1. Key sensing characteristics of the developed strain sensors in this work

compared with the reported piezoresistive strain sensors in the literature in recent years.

Minimum Minimum Sensor Form | Sensor
Ref Strain Strain Response Material
' Detection Detection Time (ms)
Limit (%) Resolution (%)
MS-EVA Printed Film | PU  substrate
Sensor 0.01 0.01 20 IEVA/Ag-glass  core-shell
(Chapter 4)[121 microspheres
MS-EVA Fiber | EVAJ/Ag-glass
Microfiber Sensor 0.005 0.005 11 microspheres
(Chapter5s)*4l
Fiber | rubber/polypropylene
[39] 0.01 0.04 70 fiber
sheath/CNT
[202] 0.01 0.04 60 Fiber | TPU/CNT+TPU
[203] 0.01 0.04 o Film | Poly ether ketone
substrate/graphene
[204] 0.01 01 99 Film | Au NW/various
elastic substrates
[131] 0.01 05 100 Fiber | PU/Graphene/PVDF
nanoballs
Film | polyhedral cobalt
[205] 0.02 NA 170 nanoporous
carbon/graphene/SEBS
Film | polymerized
[206] 0.02 NA 200 perfluoro phenyl
methacrylate/PDMS
Film | Polyacrylamide
[129] 0.05 0.05 147 organohydrogel
microsphere/Ecoflex
[154] 0.05 0.05 58 Film | PDMS liquid metal
[58] 0.05 NA 200 Film | PDMS/CB/PEN
[207] 0.05 0.05 28 Film | CB/natural rubber
latex
571 0.1 NA 50 Film | PDMS/CB
130 Film | PDMS/Au coated
o 0.3 0.3 NA glass microspheres/PDMS
Film | CNT/silicone
[81] 0.3 0.1 300 elastomeri/silica
nanoparticles
[60] 0.5 0.5 70 Fibrous mat | CNT/TPU
[208] 1 NA 230 Film | natural

rubber/modified MWCNT
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Appendix A5.1.

Table A5.1. Parameters derived from fitting Equation 5.2 to the experimental data of AR/Ro.

Fitting Parameters A B C D E F

Fitted Values 0.17668 -0.00519 -8.10133E-4 2.56995E-5 0.01408 26.25327
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Appendix A5.2.

Table A5.2. The mean strain sensitivity and working factor of 10 4MS-EVA microfibers.

Statistical descriptive parameters  Mean StdDev
Strain sensitivity 9.1 1.7
Working factor 0.139 0.029
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Appendix A5.3.

Table A5.3. The smallest strain sensing limit and smallest resolution of 4MS-EVA

microfiber compared with the reported piezoresistive strain sensors in the literature.

Minimum  Minimum  Strain Strain Fabrication Material
resolution  detection  sensor sensing method
(%) limit (%)  form mechanism
[62] 0.5 0.5 Fiber pz. @, Coaxial wet SBS/SBS-
PC. @ spinning multiwalled (MW)
CNT
209] 0.5 0.5 Fiber PZ., Dip-coating Elastic filament/
PC., polyethylene
Crk. ® terephthalate
(PET)/CNT
210] 0.5 NA.@ Film Crk. Magnetron Polyimide
sputtering substrate/ Cu-Al
film
[166] 0.2 0.3 Fiber PZ. Dip coating  Polyurethane (PU)
yarn/polyethylene
(PE) /reduced
graphene oxide
211] 0.15 0.15 Film PZ. Stencil PET/Au/Au NP
lithography
(34] 0.1 0.1 Fiber PZ., Dip coating PU yarn/carbon
PC. black/cellulose/nan
ocrystals/natural
rubber/chitosan
[82] 0.1 0.1 Fiber PZ., Microfluidic MWCNT +
PC. hydrogel
(212] 0.1 0.1 Fiber Crk. Dip-coating PU yarn/ Bovine
serum
albumin/reduced
graphene oxide
[213] 0.5 0.09 Fiber Plasmon Molding + PDMS + Au
resonance dip coating  nanoparticles/PDM
S
(214] 0.08 0.09 Foam PZ., Chemical Graphene
PC. vapor fragmentized
deposition foam/PDMS
[142] 0.07 NA. Fiber PZ., Emulsificatio  PDMS/graphene
PC. n
[215] 0.065 NA. Fiber PZ., Dispersion + Polyolefin
PC. interpenetrati  nanofiber yarn/Ag
on nanowire
[41] 0.05 0.05 Film PZ., Electrospinni Thermoplastic
PC. ng polyurethane (TPU)
fibrous mate/CNT
216] 0.05 0.35 Film PZ., Blade PDMS/reduced
PC. coating graphene oxide
flakes
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[217] 0.05 0.1 Fiber lon Wet spinning ~ TPU/lonic liquid
transmission
51] 0.05 NA. Film PZ., Screen PDMSI/CB or
Crk. printing Ag/SBS
[218] 0.033 0.34 Film  Piezotronic Chemical Ag
tunneling vapor electrodes/HfO(ins
junction deposition ulator)/n-ZnO NW
[219] 0.02 NA. Fabric PZ., Thermal Carbonized
Crk. treatment cellulose
fabric/Ecoflex
[220] 0.02 0.02 Fabric PZ., Chemical Graphene/Ecoflex
layer vapor
buckling deposition
39 0.01 0.04 Fiber PZ. Dip coating  Rubber/polypropyl
ene fiber
sheath/CNT
(202] 0.01 0.04 Fiber PZ., Coaxial wet TPU/CNT+TPU
Crk. spinning
[203] 0.01 0.04 Film PZ., Laser- Polyether ketone
Crk. induced substrate/graphene
carbonization
204] 0.01 0.1 Film PZ., Drop casting  Au NW/various
PC. elastic substrates
(131] 0.01 0.5 Fiber PZ., Wet spinning  PU/Graphene/PVD
PC. F Nano balls
This 0.005 0.005 Fiber PZ., Wet spinning EVA + Ag-SLG
work PC. core-shell

microspheres

(1) PZ.: piezoresistive, (2) PC.: percolative, (3) Crk.: crack based, (4) NA.: not available.
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Appendix A5.4.

Table A5.4. Summary of the statistical analysis of delay in response time of 10 identical MS-
EVA microfibers when a 1% strain is applied and released.

Statistical descriptive parameters  Mean StdDev
Straining (ms) 15.3 6.7
Relaxing (ms) 40.6 8.6
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Appendix A5.5.
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Figure A5.5. The long-term stability of developed 4MS-EVA microfiber.
Static 2-probe resistance measurements of eight microfibers are performed under
controlled ambient conditions, 20°C + 2, RH 45% + 5), at one-month intervals
within a year (using a SMU).
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