ELECTRONICS

ABSTRACT

Sensors in healthcare,
manufacturing, and other control
systems have helped modernize,
secure, and interconnected society.
Machine  learning, artificial
intelligence, and robotics are the
fastest-growing sensor sectors. In
wearable electronics, biosensors,
and soft robotics, high production
costs, inflexible and expensive
materials, and insufficient
sensitivity have limited their use.
Designers can use inks to create
cutting-edge products for 5G
communications, cars, advanced
packaging, and healthcare devices.
Green chemistry and biomaterials
enable eco-friendly, printable,
elastic, stretchy, and biodegradable
materials for fabricating sensors
that can be recovered and reused,
lowering the amount of e-waste.
This thesis creates bio-based
conductive inks for flexible
electronics. The best features of
the inks presented are their
excellent electrical conductivity,
adaptation to various printing
method designs, good shelf life
stability, noticeable adhesion to a
wide range of substrates, and
excellent durability, aiming to
improve sustainability, reduce
costs and fabrication complexity,
and enhance mechanical,
electrical, and thermal properties.
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Abstract

The widespread use of sensors in healthcare, manufacturing, and other control
systems has attributed to the path towards a modern, safe, and interconnected society.
Among the various sectors where sensors are gaining prominence, machine learning,
artificial intelligence, and robotics are the most rapidly expanding ones. To date,
however, issues including high production costs, inflexible and expensive materials,
and insufficient sensitivity have limited their use in fields like wearable electronics,
biosensors, and soft robotics. Inks enable designers to make cutting-edge goods in a
wide variety of industries and fields, from 5G communications and automobiles to
advanced packaging and healthcare devices. Biomaterials and green chemistry
manufacturing have opened up a world of eco-friendly, printable, elastic, stretchy, and
biodegradable possibilities. In addition, sensors are undergoing a significant
transformation toward materials that can be recovered and reused, lowering the amount

of e-waste.

This thesis aims to create novel conductive inks from bio-based materials that
could be applied in the flexible electronics field. The best features of the inks presented
are their excellent electrical conductivity, adaptation to various printing method
designs, good shelf life stability, noticeable adhesion to a broad range of substrates,
and excellent durability, aiming to improve sustainability and reduce costs and
fabrication complexity as well as enhance mechanical, electrical, and thermal

properties.

Key-words: Flexible electronics, Green electronics, Wearable electronic, Strain
sensor, Bio polymer, Vitrimer, Conductive fillers
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Chapter 1:  Introduction

1.1 OVERVIEW

Technology and product development in the electronics industry has influenced
society, markets, and the environment over the last decade. Electrical/electronic
equipment manufacturing is one of the world's fastest-growing production domains?.
The development of the integrated circuit in 1959 by Jack Kilby and Robert Noyce
ushered the electronics industry into a new area, recognized as the primary foundation
for the growth of the modern solid-state electronics industry. Since then, Moore's
Law?, which states that every 1.5 years the speed of electronics doubles, is valid and,
thus, our electronics device performances are constantly improving and with that, the
frequency with which we change them. This factor, together with the use of electronic
chips in many industrial, medical, space, and military applications and with the
growing demand for electronic devices in developing countries, increased the volume
of electronic products drastically. This super rapid and uncontrollable growth of
electronics, the ever-increasing needs of consumers, and, as a result, the ever-
increasing obsolescence of electronic and electrical equipment on the one side, and the
wide variety of chemical elements and materials used in their construction have
increased natural resource consumption.® In other words, the development and growth
of the electronics industry, despite improving people's quality of life, lead to increase
in electronic waste (e-waste) and pollution. This issue has adverse environmental and
humans effects due to the incorrect and complicated disposal of electrical and

electronic waste.*".

In more detail, waste of electrical and electronic equipment (WEEE) consists
typically of organic materials, metals, and ceramics with more than 1000 "hazardous™
and "non-hazardous™ materials. Figure 1 shows a typical combination of metallic and
non-metallic components in a printed circuit board. Apart from non-hazardous metals,
high concentrations of toxic substances such as polychlorinated biphenyls (PCBS),
polycyclic aromatic hydrocarbons (PAHSs), brominated flame retardants (BFRS),
dioxins, and heavy metals such as lead, mercury, cadmium, and selenium are all

present in a significant amount.® Such substances harm the environment and human
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health after disposal in a standard landfill or even worse in the environment®,
Moreover, these wastes include ferrous and non-ferrous metals and plastic, which are
50%, 13%, and 21%, respectively, while the rest is constituted mainly by glass, wood,
and ceramics. Metals inside WEEE are basic and precious; as electronic equipment is
designed today, it is difficult to separate them. Considering this, scientists have
highlighted the opportunity for e-waste recycling. Moreover, since e-waste is rich of
precious metals , their recycling can be profitable®. In addition, e-waste recycling also

can diminish the need to extract new materials and damage the environment®.

WEEEs
. 30%
30% Organic Ceral:lic 40%
Materials
(Silica, Alumina) Metals
Organic . .
P llgt ; Plastics Glass Fiber Ferrous Non-Ferrous
0» utants (PE, PP, PPE, (Epoxy resins, Metals Metals
(F.CLBr,BFR, PVC, Nylon) Fibers, TBBPA) (Fe, Ni) (Cu, ALPb,Zn,Cr)

PBDE)

Hazardous
Metals
(Pb,Hg,Cr,Cd,Be,
Ni,Zn )

Precious Rare Earth
Metals Metals

(Au, Ag, Pt, Pd) (Ga,Ta)

Figure 1. Components of electrical and electronic equipment discarded as waste. PBDES
(Polybrominated Diphenyl Ethers) and BFR (brominated flame retardants) are classified as persistent
organic pollutants and used as fire retardants.

The production of e-waste is projected to continue to grow at the fastest rate
among wastes, with a projected average production of 120 million metric tons per year
by 2050, Currently, the worldwide e-waste generation is approximately 53.6 million
tons with a production of 4000 tons per hour, which was 49.8 million tons in 2017
divided among continents as shown in Figure 2. This issue becomes tangible when we
take a glance at our living environment and realize that we use many electronic and
wearable devices in our daily life. According to the 2020 United Nations e-waste
Global Examiner report, Asia leads internationally with 24.9 million tons, followed by
the Americas with 13.1 million tons, Europe with 12 million tons, Africa with 2.9
million tons, and Oceania with 0.7 million tons®. In Asia, China and India are the first
and the second countries with the most considerable amount of producing electronic
waste per year, while their contributions are growing excessively. As an example to

this excess and to the growing contribution to the e-waste coming from the developing
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countries, India currently produces eighteen times more discarded mobile phones than
it did in 200781112,

29Mt 0.7 Mt 24.9 Mt
12 Mt Africa Oceania

Asia
Europe

Figure 2. Statistical chart of countries' share in electronic waste production.

In order to raise awareness about the damage caused by the disposal of electronic
devices, Joe Rush sculpted the G7 leaders' "Mount Recyclemore” from electronic
waste in Cornwall prior to the 2021 G7 summit (Figure 3). This increasing amount of
electronic waste around the world due to the lack of suitable recycling technology
requires serious attention to the methods of dealing with this problem. Therefore, it
requires fast and correct planning as well as national determination to respond

appropriately to electronic waste and correct disposal® .

—

Figure 3. The sculpre is constructed from electronic waste®3.

Given the nature and complexity of electrical/electronic product materials, their
energy consumption, and the e-waste they generate, their design and innovation should
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incorporate sustainability'®. In such context, eco-friendliness is becoming a must for
electrical and electronic equipment. Looking into the literature, eco-friendly
electronics can be defined in its multiple meanings: equipment made with "green"
processes, electronics made with materials that reduce environmental and health risks,
devices that can be repaired, power-saving devices, end-of-life impact attenuators,

etc’®,

In recent years, a significant revolution has started trying to invert the non-
sustainable trend that was being established in the electronic industry, where not only
enormous amounts of resources are consumed and hazardous substances produced, but
also, devices are updated every year, causing the old ones to be discarded and, thus,
vast quantities of non-recyclable e-waste to be produced'®!’. Fortunately, several
innovative strategies from a circular economy perspective have been developed, trying
to give new life to e-waste through environmentally sound recovery processes*8. Inks
enable designers to make cutting-edge products in a wide range of industries and fields,
from 5G communications and automobiles to advanced packaging and medical
devices. Bio-material production and green chemistry have made it possible to make
things that are green, printable, flexible, stretchable, and degradable in the

environment.
1.2 GREEN ELECTRONICS

The considerable demand for electronic devices is causing an energy
consumption imbalance and a progression of harmful outcomes: (i) the production of
an enormous amount of e-waste; and (ii) an exponential rise in the utilization and
depletion of natural elements, like indium and gallium. Both of these problems are
exacerbated by the fact that the need for electronic devices is increasing. The toxic
substances in e-waste are not only causing damage to the environment but are also
harmful to humans. Reducing, reusing, and recycling are three of the most common
approaches to managing electronic waste®®. The diversity of electronic wastes, which
are currently considered as one of the most complex waste streams, has largely
hindered progress in finding a solution towards the e-waste problem. This is due to the
wide variety of products on the market, where the recovery of electronic waste is a
difficult issue because of variances in product models, sizes, compatibility problems,

and other specifications, as well as variations in the materials and components
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used?%21, In spite of the fact that recycling can positively affect the economy and tackle
the issue of scarcity of raw materials through the reuse of the metals in e-waste, it is
not a long-term solution. In other words, recycling can be accomplished for e-waste
issues only to a certain extent?’. As the world moves toward a more sustainable future,
despite the fact that technologies have progressed rapidly in terms of miniaturization
and computing power, the materials used in electrical and electronic equipment have
remained unchanged over the past three decades??. As a result, it suggests a need to
develop a new electronics class that is environmentally safe, low-cost, and
disposable?*24, Here is where green electronics enter the picture. Green electronics are
a more viable solution to compensate for the issues that cannot be solved by recycling
alone, and they contribute to making the world more sustainable. "Green" electronics
expresses not only a novel scientific term, but it is also an emerging area of research
focused on finding compounds of natural origin and trying to establish economically
efficient paths for producing synthetic materials that possess pertinency in
environmentally safe (biodegradable) and/or biocompatible devices!®%-28, The term
"green™ electronics was coined in 2005 by a group of researchers at the University of

California, Santa Barbara®.

The field of green electronics tries to deliver on its original goal of making
devices through materials with minimal cost and high efficiency in terms of energy
use while also working toward accomplishing various functionalities for electronics

that help interface them with the real world?®3°,

Moreover, green electronic products in developed or developing countries that
are facing the e-waste management problem, can be an excellent solution to increase

human health and prevent environmental damage®'.

Biodegradable electronics are a new type of "green electronics that can be used
for a certain length of time and then broken down into harmless components. More
specifically, the EN13432 standard defines biodegradability as the property where
fungi or microorganisms can turn at least 90% of the compound into water, carbon
dioxide, and biomass in six months under certain temperature conditions, humidity,
and oxygen. With this quality, such systems can be safely integrated into the

surrounding environment or the human body in the future?.

The biodegradable properties of the electronics will not only solve the problem

of electronic waste but also allow them to be used in a wide range of areas, such as
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packaging and biomedical implants®®. When biodegradable electronics decompose
after their intended life span, the costs and health risks associated with managing and
recycling hazardous waste streams decrease®. Many devices on the market today need
new technologies that can decompose physically or stop working at the end of their
operational term. So, developing biodegradable electronics could also make a massive
difference in the quality of the technologies which designers use today34. In the
biomedical field, for instance, electronics are not utilized much in vivo because of the
risks that come with long-term implants. Even though they have a lot of potentials to
solve many medical problems, such as by acting as implanted sensors, the long-term
health risks of permanent implants and the need for surgery to remove them are still
significant problems®*%®, To overcome this problem, more work must be done to make
green electronics so that living organisms can decompose. Because these devices are
only there briefly, they can work as electronic medical diagnostic and therapy devices
that can be implanted. This means they lack the long-term side effects that arise with
permanent implants®2. Moreover, some biodegradable electronics, like those made of
paper and silk, are more flexible than traditional electronics®®=’.

Biodegradable components and environmentally friendly manufacturing
techniques make green electronics efficient in managing electronic waste.
Greenization, along with micro miniaturization, integration, and multi-
functionalization, is one of the most basic movements affecting the future e-market.
Fortunately, research communities are conscious of the significance of eco-friendly

electronics and have taken steps to achieve this objective®.
1.3 FLEXIBLE ELECTRONICS

Flexible electronic devices are required for applications involving unusual
interfaces, such as soft and curved biological systems, where traditional silicon-based
electronics encounter mechanical mismatches®®. Flexible electronics, also known as
printable or organic circuits, are made by depositing electronic devices onto flexible
substrates®. Flexible and wearable electronics devices have recently demonstrated
considerable application potential in the Internet of Things (IoT), sensor, energy,
biomedical systems, artificial intelligence (Al), and smart robots. Flexible electronics
have many advantages over traditional electronic equipment, such as portability,

flexibility, extensibility, low manufacturing cost, unique deformability, and so on®.
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Flexible electronics are attractive for a new generation of electronic devices such as
smartphones, soft robotics, touch sensors, or bionic devices®. This thesis elaborates on
the preparation materials and fabrication of wearable and flexible sensors and their
applicability while discussing the ideas of sensory mechanisms based on strain or

pressure.

Flexible and wearable sensors are designed to be integrated into daily life.
Researchers can use flexible sensors to convert external forces into electrical signals,
perform signal processing, and incorporate flexible sensors into wearable products to

monitor human body indicators in real time and accurately*%4L,

The widespread use of sensors in healthcare, manufacturing, and other control
systems has contributed to the path toward a modern, safe, and interconnected
society®>1824 Sensors are becoming increasingly crucial in numerous fields, especially
those overgrowing, like machine learning, artificially intelligent systems, and robots*?-
47 Traditional and flexible sensors are made using entirely different materials and
techniques. Flexible substrates must be used with flexible sensors. They have strict
requirements for electrical conductivity, cannot be processed at high temperatures, and
need to maintain stable performance when bent, folded or exposed to continuous cyclic
strain/pressure. Flexible sensors have unique properties depending on the fabrication
methods. They also operate differently from conventional sensors regarding factors
like changing the conductive network between overlapping nanomaterials, the
tunnelling effect, crack propagation, and other aspects*®*°. To date, however, their use
in areas like wearable electronics, biosensors, and soft robotics has been limited so far
because of aspects such as high production costs, inflexible and expensive materials,

and insufficient sensitivity®°->4,

Conductive inks are one of the most promising methods for the production of
flexible sensors due to their potential low cost, high throughput, completely additive
nature, relatively low-temperature processes, and the creation of complex patterns
without plating, masking, or etching. The use of biomaterials such as regenerated
proteins, hydrogels, and biopolymers in flexible electronic devices can increase their
compatibility with environmental requirements. This research is designed to create
novel conductive inks from bio-based materials that could be implemented in the
flexible electronics field. The best features of the inks presented are their excellent

electrical conductivity, adaptation to various printing method designs, good shelf life
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stability, noticeable adhesion to a broad range of substrates, and excellent durability,
aiming to improve sustainability and reduce costs and fabrication complexity as well

as enhance mechanical, electrical, and thermal properties.
14 GREEN FLEXIBLE ELECTRONICS

Green flexible electronics are electronic devices that are both environmentally
friendly and flexible®’. These devices are typically created from flexible, sustainable
materials like biodegradable polymers such as polylactic acid (PLA), poly hydroxyl
alkanoates (PHA), and polybutylene succinate (PBS) or organic materials like
conductive polymers that can be printed or moulded into various shapes3®°5¢, They
can be used a wide range of applications, including wearable electronics, solar panels,
and energy storage devices. They are appealing to manufacturers who want to create
more sustainable and innovative products because they are flexible and can be easily

integrated into a wide range of products®!,

Green flexible electronics have a lower environmental impact than traditional
electronics, which is one of their main advantages. They are usually made of renewable
or biodegradable materials, which means they can be easily recycled or disposed of

without causing any environmental damage®”*®.

Furthermore, green flexible electronics are frequently designed to be energy-
efficient, reducing the amount of electricity required to power the device. This
contributes to the conservation of natural resources and the reduction of greenhouse

gas emissions®’.

Green flexible electronics typically include a number of components, such as:
the foundation layer on which electronic components are constructed is known as a
substrate. The substrate for green flexible electronics is typically made of flexible and
sustainable materials, like organic or biodegradable materials. Conductors are
materials that permit the flow of electricity through them. Conductors are typically
made of materials like silver, copper, or carbon nanotubes in green flexible electronics.
Semiconductors are materials that can conduct electricity under certain conditions.
Semiconductors used in green flexible electronics are typically made of organic
materials like polymers or small molecules. Dielectric materials are compounds that
can shield electronic components from interfering with one another. Dielectric

materials are typically created from renewable resources like cellulose or
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nanocellulose in green flexible electronics. Materials for encapsulation are used to
protect electronic components from environmental factors like moisture and dust.
Encapsulation materials for green flexible electronics are typically created from
sustainable resources like glass or biodegradable polymers>®-5L,

1.5 CONDUCTIVE INKS

Structurally, Conductive ink is a medium- to low-viscosity thermoplastic paste
used to carry electricity from point A to point B. The ink is usually made up of three
or four parts. The binder keeps everything together and serves as the product's
backbone. The conductor is the functional component of the ink and allows electricity
to flow through; the solvent dissolves the ink and determines the material's drying and
working conditions; optionally, surfactants are added to the material to make it more
compatible with the printing process and substrates. In greater detail, conductive ink
acts as an interface to connect conductive paths. In particular, these materials are
known as suspensions of conductive nanomaterials in water or a solvent medium,
produced by adding a surfactant or polymer, and have a stabilizing role. Conductive
inks evaporate quickly after deposition and do not dry rapidly in the print head nozzles
when idle for a short period®?-%7. These nanomaterials should be smaller than hundreds
of nozzle sizes to prevent clogging of the print head. As mentioned before, conductive
inks have different types that should have characteristics such as ideal conductivity,
simple formulated, low cost, good printability, low viscosity, good stability, good
adhesion to the substrate, and high electrical conductivity after printing and
processing. Apart from this, to have a uniform coated layer, conductive ink needs to
be compacted and dried on the surface of the substrate. Conductive inks are widely
used in various electronic applications such as organic light-emitting diodes (OLEDs),
organic and inorganic photovoltaics, touch interfaces (HMI), soft machines and robots,
bendable circuits, flexible NFC tags, flexible displays, radio frequency identification
(RFID), health devices, thin film transistors, solar cells, sensors, smart textiles,
batteries, memory components, and antennas are used. Due to the comprehensive
capabilities of these materials, it is expected that the market value share of these

materials will increase by 2026°’.
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1.5.1 Required properties of conductive inks

Stretchable circuit fabrication is generally difficult since it includes patterning
electrically conductive lines on a stretchable substrate and connecting the sensor with
circuits for power transmission, signal conditioning, and data collecting from the
device's surface. Although more improved techniques for patterning electrical lines on
flexible and stretchable substrates have recently been developed, a fully stretchy

device is still not feasible®.

Because of the role that conductive inks play in integrating the various
components of the devices, they are considered to be of utmost significance in
fabricating any stretchy, flexible, and wearable electronic applications®®. The
conductive substance is widely regarded as the single most critical component in the
production of conductive ink. The selection of conductive materials is determined by
the physical properties of the pattern that will be printed, such as its level of adhesion
with the substrate, and the desired physiochemical properties of the inks, including
their level of compatibility with the printing procedure. This includes limitations on
the size of the nozzle used for printing nanoparticles and restrictions on aggregation
(to avoid clogging), stability, rheology, and electrical and mechanical properties®. The

essential requirements for conductive inks are outlined in Figure 4.

Long )

Term

electrical |

Properti
es /

-

'/ » .
Required

/| properties
a

eolog
N = ‘
conductive S

€S

Good
adhesion

Optical
Transpar
ency

Figure 4. The essential requirements for conductive inks.
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A stable ink is an ink whose properties remain constant over time. For inks that
do not have undissolved substances, instability is usually caused by interactions
between ink components, sedimentation, and phase separation. The effect of changing
the solubility (for instance, changing the temperature during transportation and
storage) and even the interaction with the walls of the container containing the ink, for
example, the penetration of the wetting agent from the ink to the polymer walls of the
container can lead to an increase in surface tension or partial polymerization of

monomers during be stored, which can lead to an increase in ink viscosity*.

It should be emphasized that to achieve a stable ink dispersion; one must evaluate
the various suspending agents and find their optimal concentration. The quality of the
suspending agent is essential; there is an optimal concentration of the suspending
agent, which is determined through measurements of dimensions and viscosity. The
viscosity of the suspension system usually decreases with the increase in the
concentration of the suspending agent, of course, up to a certain concentration; after
that concentration, the viscosity increases. This increase can result from the dissolving
of the free polymer suspension in the liquid medium’. Nevertheless, one possibility
for improving the ink stability is using a high viscosity at room temperature to prevent

particle settling.

Surface tension or surface energy expresses the characteristic that any liquid
surface imposes mechanical stress on the environment or another phase or medium to
minimize the dimensions of the interface with that environment. The reason for the
formation of liquid drops is the same tendency to minimize the contact surface,
because a spherical shape has a minor character among conditions of the same volume.
Therefore, the ink's surface tension is a primary factor in determining the formation of
an ink droplet and its spreading on the substrate. As we know, with the reduction of
the dimensions of a particle, the ratio of its surface area to its volume increases as the
ratio R (the radius of the sphere) increases, so we expect surface effects to be more
visible in these particles. One of these features is surface energy, which increases with
decreasing particle dimensions. That is, even though by reducing the dimensions we
expect that the suspension of these particles in the solvent will be easier, due to the
increase in surface energy, the particles will attract each other and stick to each other,
making the suspension difficult. The surface tension can be controlled by using surface

activating agents or surfactants and choosing the appropriate solution composition. For
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example, adding propanol to water results in a drastic decrease in surface tension from
72.8 dyne/cm to 30 dyne/cm. A significant decrease in surface tension by adding co-

solvents is usually achieved at high co-solvent concentrations™ 4.
1.6 SUBSTRATES IN FLEXIBLE ELECTRONICS

As a result of the demand for flexible and wearable electronic applications, there
has been a rise in interest in application systems that are bendable, foldable,
lightweight, and smart. Scientists are focusing more on inventing various
manufacturing techniques for mass producing high-quality electronic devices on low-
cost and flexible substrates that can be stable when folded, bent, or twisted™. Every
substrate that is used for flexible and wearable sensors needs to comply with certain
necessary characteristics. These characteristics include being thermally stable, having
a low coefficient of thermal expansion, having a low cost, being flexible, being

resistant to moisture and gas, having transparency, and having a high volume area’®.

To date, flexible and elastic substrates for printed electronics have been made
out of thin glass, metal foils, paper, polymer, and textile fabrics, among other
materials. In spite of the fact that thin glass structures that are capable of good bending
are taken into consideration to be viable possibilities for substrates, the brittle nature
of glass prevents it from being utilized in the production of stretchy and flexible
electronic devices. On the other hand, metal foils and tapes have the ability to
withstand high temperatures and have good flexibility; however, due to their cost, they
are not suited for use in electronics that are both cheap and flexible’’. The main
advantages of utilizing polymer, paper, and textile substrates in flexible and stretchable

electronic are summarized in Figure 5.
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Figure 5. The main advantage of using polymer-, paper- and textile-based substrates in the flexible
and stretchable electronic.

1.7 PRINTING AND DEPOSITION TECHNIQUES

For flexible, elastic, and wearable electronic applications, numerous printing
processes have been developed. Deposition and patterning technologies are the most
amazing achievements for advanced lean development. Apparently, coating and
patterning are the two main deposition and patterning techniques that have been used
to create flexible electronic devices. The choice of deposition processes is reliant on
numerous variables, including the uniformity of the deposited film or the consideration
of material waste. It depends on the thickness as well. For instance, organic solar cells
require a thickness in the range of a few hundred nanometres, whereas dye-sensitized
solar cells can have a thickness in the range of micrometres, and there are a variety of
thicknesses that can be obtained depending on the technique.

Aside from this, consideration must be given to the choice of deposition
technique, as the morphology of the deposited film can vary depending on factors such
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as the rate of solvent evaporation in the case of solvent-based techniques such as spray
coating, the deposition rate, and post-processing steps such as annealing for metal-
based conductive fillers. The solubility and polarity of the material, as well as whether
the system is composed of a single or hybrid material, must be taken into account while
selecting the appropriate procedures. In the case of deposition techniques, the form
and dimensions of the substrate, as well as its surface characteristics such as roughness
and wettability, might also influence our selection”® %, From such a perspective, Table
1 provides a summary of benefits and drawbacks of main techniques that used in this

thesis.

Table 1. Different used deposition methods, their advantages and limitations”®-8°

techniques

# "Roll to Roll" (R2R) processing has the potential to revolutionize large area electronics production
including mass producing solar roofing panels, large area solid state lighting devices, x-ray imagers,
and flexible flat panel displays®®.

1.8 APPLICATIONS

In flexible and wearable electronic systems, printed electronics has certain
significant applications, as presented in Figure 6. Electrochemical cells, antennas,
photodetectors, electrochemical sensors, solar cells, strain sensors, wearable skin
sensors, flexible light-emitting electrodes, and super capacitors are some of these82-%,
Electrical conductivity, high flexibility, stretchability, high durability,

biocompatibility, lightweight, and eco-friendliness are only a few of the desirable

14 Chapter 1: Introduction



qualities for flexible and stretchable electronics, which were discussed in greater detail
in earlier chapters®. Therefore, the following specific elements need to be carefully
considered while printing: (1) the use of a flexible and stretchable substrate that will
assist in linking the personal devices with the human body; (2) the use of low-toxicity,
soluble, chemically stable, and lower temperature-producible inks for post-treatment
and fast printing; and (3) designs that are even and high-resolution for improved
electrical characteristics and the integration of lightweight electronics. (4) A unique
structure design for the item that helps to prevent it from breaking and slipping about,
which contributes to its high use endurance. Controlling these printing processes
appropriately and purposefully will, without a doubt, make it easier to design high-

performance electronics that are flexible and stretchable8:9192,
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Figure 6. Applications of printed electronics in flexible, stretchable, and wearable electronic devices®*
8

Considering what was said about the importance of conductive inks in green and
flexible electronics and considering that the use of these materials still faces challenges
in the electronics industry, in this research, an attempt is made to use biopolymer to
improve the performance of conductive inks. Biopolymers can be used in flexible
electronic devices due to their biocompatibility with environment, stability, reasonable
cost, as well as the ability of the solution process. On the other hand, if biopolymers
are used in producing conductive inks, they can be used directly and immersed in a
solution as spraying or as a coating on the substrate.
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1.9 THESIS SCOPE AND CONTRIBUTIONS

Flexible electronics are electronic devices that can be bent, twisted, or stretched
without compromising their functionality. They have applications in areas such as
wearable electronics, biomedical devices, and flexible displays.

Green flexible electronics refers to the design and production of flexible
electronic devices and systems that are environmentally sustainable and have minimal
impact on the natural world. These devices are made using eco-friendly materials that
are non-toxic, biodegradable, and/or recyclable. To be considered "green”, flexible
electronics should also incorporate features that enable efficient use of resources, such
as power-saving modes, energy-efficient components, and smart power management
systems. By reducing the environmental impact of electronic devices, green flexible

electronics can contribute to a more sustainable future.

Green flexible electronics designed with conductive inks offer a more
sustainable and versatile option for electronic device manufacturing, with several

advantages, including:

Reduced environmental impact: Conductive inks are often made from eco-
friendly materials, such as silver nanoparticles or graphene, which are non-toxic,
biodegradable, and recyclable. This makes them a more environmentally friendly
option compared to traditional electronic manufacturing methods that rely on toxic

chemicals and metals.

Flexibility: Conductive inks can be printed on various flexible substrates, such
as plastics, paper, and textiles, allowing for the creation of flexible electronic devices
that can bend, fold, and stretch without breaking. This opens up new possibilities for

wearable devices, medical sensors, and smart packaging.

Lower cost: Printing with conductive inks is more straightforward and cost-
effective than traditional manufacturing methods, such as lithography or etching. This
makes producing electronic devices in smaller quantities or for niche applications

more accessible and affordable.

Faster production time: Conductive inks can be printed quickly and easily using

screen printing, inkjet printing, or spray coating techniques. This reduces the time and
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resources required for manufacturing, allowing for faster product development and

commercialization.
This thesis cover:

1) Development of innovative conductive ink from bio-based materials for use in green

flexible electronics.

2) The best features of all formulated inks are their excellent electrical conductivity,
adaptability to different printing methods and designs, good stability, noticeable

adhesion to a broad range of substrates, and excellent durability.

3) Remarked features are meant to improve sustainability, reduce costs and fabrication

complexity, and boost mechanical, electrical, and thermal properties.
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Chapter 2:  Literature Review

In this chapter, we introduce the state of the art of 1) flexible electronic
architectures and materials, 2) flexible strain/pressure sensors, 3) green electronics,

and 4) conductive ink.
2.1 FLEXIBLE ELECTRONIC ARCHITECTURES AND MATERIALS

The first steps toward making flexible electronics were taken in the 1960s. The
first flexible solar cell arrays were made by making single-crystal silicon wafer cells
thinner than ~100 um and then putting them on a flexible plastic substrate®®. In the
past few decades, the electronics industry has become familiar with a new concept
called flexible electronics. Flexibility is generally seen in thin and very long materials
such as cables and wires. But the concept of flexible electronics is much more
complicated than cables and wiring®. Flexible electronics incorporate all the
functional properties of conventional rigid electronics in forms modified to survive
mechanical deformation. Therefore, understanding the evolution of device
performance during bending, stretching or other mechanical operations is essential for
research efforts in this field. Recently, the development of flexible electronics has
attracted considerable attention. Most researchers are trying to develop devices or
techniques that pave the way to adaptive sensors for healthcare applications, electronic
skins for versatile and adaptive robots, or flexible analogues of common consumer
electronics such as e-readers, cell phones, or televisions. Figure 7 shows a number of
flexible electronic devices such as pressure sensors, a piezoelectric energy harvester,

and LED, and skin mountable medical device®.
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Figure 7. Examples of flexible electronic devices: a) a set of flexible pressure sensors (reproduced
with permission), b) an integrated piezoelectric energy harvester, c) a rotatable LED array, and d) a
stretchable skin-mountable physiological measurement device®.

Flexible electronic devices apply electronic materials (organic or inorganic) to
flexible substrates®. Electronic components, flexible substrates, cross-linked
conductors, and sealing layers are the four most common components found in flexible
electronic devices’. The flexible substrates are the most significant difference
between flexible and rigid electronics. Flexible substrates also need to be
inexpensive and insulating. As such, the development of flexible electronics puts
strong limits on the choice of materials and the manufacturing process of the
substrate®®. Cross-linked conductors link the electronic components to create
completely flexible circuits. Each electronic component exists as an isolated device
island. Metal conductors are currently the most popular conductors; copper foil is the
most common among them due to its low cost, good conductivity, and good ductility.
The two most popular kinds of copper foil are electrolytic and rolled, with rolled
copper foil having superior conductivity and ductility®”. The sealing layer protects
flexible electronics from dust, water, gases, and mechanical forces. The sealing layer
must maintain electrical stability under large bending deformations, and this
requirement limits material choice. Acrylic resin, epoxy resin, and polyimide are
commonly used, but their chemical stability is insufficient for flexible devices to have
acceptable durability®®. The stretchability and flexibility of flexible electronic devices
are also impacted by the sealing layer. Therefore, the sealing layer's structural design
needs to be optimized in order for the electronic components to be placed on the sealing
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layer's mechanically neutral surface. In the island-interconnect structure, for instance,
the proper design of the sealing layer's structure can reduce stress on the edge of the
cell island to increase the mechanical toughness of the flexible device and protect the
separation of electronic components and flexible substrates from reducing the life span
of flexible devices®. Different applications for flexible electronic devices have various
requirements for the sealing layer. For instance, liquid crystal displays (LCDs) and
thin film transistor (TFT) devices have low sealing requirements compared to organic

light-emitting diodes (OLEDs), which have high sealing requirements®.

Flexible or stretchable electronic devices can be produced using different
techniques. For example, electrical conductors are deposited by physical vapour
deposition (PVD) processes (i.e., evaporation or sputtering), and patterned by shadow
mask or simple optical lithography. If a suitable solvent can be identified, the
semiconductors are spin coated from solution, or deposited in PVVD or chemical vapour
deposition (CVD) processes. Insulators are spin-cast from solution or deposited by
PVD. In some cases, spin coating is replaced by techniques such as drop casting, rod
coating, or guided assembly, and evaporation/sputtering processes are replaced by

metal ink casting, CVD, or atomic layer deposition (ALD)%494101-103

The use of organic materials and nanoscale materials are the best option for
increasing the efficiency of flexible and stretchable electronic devices due to their high
processing and flexibility'®. Choi et al'® stated that high-performance stretchable
conductive nanocomposites are ideal options for soft electronics, optoelectronics, and
energy harvesting devices. Also, Kamyshny and Magdassi®? investigated the effect of
integrating conductive nanomaterials with inkjet-based production processes in order
to increase the performance of flexible electronic devices. Kagan'®® developed
perovskite-VI, 1IV-VI, I-111-VI12 and perovskite metal halide semiconductors for thin
film based on how to precisely control the synthesis and assembly of semiconductor

nanocrystals for flexible electronic devices.

In particular, Sun and Bao'®” stated that the materials used in flexible electronic
devices should have excellent mechanical properties to withstand strain in addition to
the main properties such as energy generation, energy storage, and signal sensing /
tension or geometric deformation are also large. According to the articles by Wang et
alt%1% the use of innovative structural designs that originate from the existing natural

structure and the resulting function can bring new concepts for intelligent functions.
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As stated by Chun et al'!%, high adhesion and water resistance for wearable electronic
devices that can be attached to the skin are requirements of the materials used in these
devices. For this purpose, an artificial patch with an octopus-like pattern with high
adhesion capability in dry and wet conditions on different surfaces for skin sensors to
monitor in vitro and in vivo biological signals can be inspired by the protrusion or

infundibulum in octopus suckers.

The study of flexible electronic equipment is the pinnacle of science, mechanical
electronic materials and production methods in the field of making circuits on flexible
substrates (Figure 8). Flexible electronic equipment has the potential to be better than
its traditional and rigid counterpart in terms of weight, price and flexibility. The
potential applications of flexible electronic devices briefly include paper video
displays, such as pseudo-skin smart prostheses and printable thin film solar cells.
Flexible displays can be rolled into small volumes, which saves both space and
weight!'!. This equipment can reduce the need for bulky and large traditional screens.
Rollable screens save space by using them on TV screens, computer monitors and solar
panels. A traditional solar panel is usually shaped like a large rigid rectangle;
Compared to the flexible solar panel that can be folded into a tube. In addition, the
flexibility of the solar panel allows it to take different forms (such as the roof of houses
or cars). Also, flexible electronic equipment can be simulated as a sheet of paper. By
electronic media which are easily available one can get daily news books and other
reading material through wireless communication. Flexible electronic sensors allow
the prosthetic skin to bend and straighten like natural skin while providing electrical

feedback based on temperature, pressure and humidity**2-1%6,
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Figure 8. Range of applications for flexible electronic?’
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The above examples show a set of uses of flexible electronic equipment. Flexible
electronic equipment differs from traditional electronic equipment in terms of its
ability to change shape. Flexible electronic devices tend to use more flexible materials
as building blocks, with circuits such as polymers and elastomers that can withstand
large deformations without cracking or breaking. Flexible electronic equipment
usually includes a large number of microelectronic components integrated on large
areas such as display screens. Finally, flexible electronic components have thin

profiles to achieve better flexibility and reduce weight*é.
2.2 FLEXIBLE STRAIN/PRESSURE SENSORS

Flexible strain and pressure sensors are a type of flexible electronic device that
can detect mechanical deformations such as bending, stretching, and compressing.
These sensors have gained significant attention in recent years due to their numerous
potential applications, such as in wearable health monitoring®*t®21  robotic

skin'?2123 and human-machine interfaces!?.

The most common materials used in the fabrication of flexible strain and

pressure sensors are divided into four categories:

1. Polymers: polymers are widely used as the base material for flexible strain
and pressure sensors due to their excellent mechanical properties, low cost, and easy
process ability*?>1%6, The polymer material can be combined with conductive materials
or additives to enable sensing properties, making it possible to detect mechanical
changes in the sensors. Apart from this, using polymers as substrate comprises
flexibility and therefore overcomes the limitations of conventional rigid electronics.
Examples of polymers used in flexible sensors include polydimethylsiloxane (PDMS),

polyurethane (PU), polyethylene terephthalate (PET), and polyimide (P1)*2712°,

2. Carbon-based materials: carbon-based materials, such as carbon nanotubes
(CNTSs), graphene, and carbon black, are also commonly used in flexible sensors.
These materials offer high sensitivity, low hysteresis, and excellent mechanical
flexibility. They can be easily incorporated into the polymer matrix to form composites

with enhanced sensing properties3%-132,

3. Metals: metals, such as copper, gold, and silver, are used in flexible strain and

pressure sensors due to their excellent electrical conductivity and good mechanical
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properties. They can be deposited on flexible substrates, such as polyimide, by various

techniques, including sputtering, evaporation, and printing3!:133.134,

4. Ceramics: ceramic materials, such as zinc oxide (ZnQ), aluminium nitride
(AIN), and silicon carbide (SiC), are also used in flexible strain and pressure sensors.
These materials offer high sensitivity and stability at high temperatures and harsh
environments. They can be deposited on flexible substrates by various techniques,

including chemical vapour deposition (CVD) and inkjet printing*>13¢,

To fabricate flexible sensors, special techniques, and materials should be used to
have the same performance and efficiency as conventional sensors**’. The types of
technologies used in the construction of flexible sensors can be surface acoustic
wave'®, infrared™®, tensiometry'®°, optical imaging (image processing)**!, signal
propagation technology, resistive and capacitive sound pulse detection*?. In the
resistive type of these sensors, the touch screen comprises several layers, the most
important of which are two metal layers of pressure-sensitive resistive layers separated

by a small distance*?,

Several techniques have been employed to fabricate flexible strain and pressure
sensors, such as screen printing, inkjet printing, and micro contact printing. These
techniques allow for the precise patterning of conductive materials on the flexible

substrate, resulting in sensors with high sensitivity, accuracy, and repeatability*4+14,

The performance of flexible strain and pressure sensors has been improved by
developing novel sensor designs that enhance their sensitivity, selectivity, and
durability. One approach to improving sensor performance is modifying the sensing
materials' structure and composition. For instance, researchers have developed
composite materials that combine multiple types of conductive materials to achieve
superior sensing performance. These composites may include carbon nanotubes,

graphene, silver nanowires, and conductive polymers, among others'#4,

Another strategy for improving sensor performance is by designing the sensor's
architecture. For example, some researchers have developed sensors with multiple
layers, each with a different function, such as an electrode layer, an insulating layer,
and a sensing layer. This approach can enable a more robust and sensitive sensor with

enhanced mechanical properties and environmental stability*4¢-14,
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Furthermore, several advanced signal processing techniques have been
employed to enhance sensor performance. Machine learning algorithms, for example,
can help to improve sensor selectivity and enable the detection of subtle mechanical
deformations that may be missed by traditional sensors. Additionally, smart materials
such as shape-memory alloys and ferroelectric materials can be incorporated into
sensor designs to enable adaptive sensing capabilities!4®15,

Developing novel sensor designs and integrating them with advanced signal
processing techniques has dramatically improved the performance of flexible strain

and pressure sensors, enabling their use in a broad range of applications.
2.3 GREEN ELECTRONICS

The concepts of eco-friendly or green electronics encompass various dimensions
of this electronic-environmental relationship and have been loosely used for countless
initiatives. These concept refer to I) the production process through the use of
environmentally friendly processes and avoiding hazardous components or chemicals;
IT) Waste generation (avoidance) by reducing the effects of e-waste through the use of
cleaner materials, longer product life, introducing programs to raise awareness and
promote reuse/recycling; III) Using sustainable performance (green computing),
through responsible use of computer resources, for example, by turning devices off
and on as needed, reducing energy consumption during inactivity. IV) Design is
applied by developing more efficient components that require less energy to run,

reduce carbon emissions, and generate less heat!®?,

Under such a perspective, green electronics, as a rapidly evolving field, has

recent developments in different areas, for instance;

1. Development of biodegradable and recyclable electronic materials:
Researchers have been exploring new materials for electronic devices that are
biodegradable and recyclable. For example, a recent study described the development
of a biodegradable polymer-based electronic material that can be recycled and used to

make new devices!®S,

2. Use of nanomaterials for energy-efficient electronics: Nanomaterials such as

graphene and carbon nanotubes are being used to develop energy-efficient electronic
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devices. A recent study reported the development of a graphene-based transistor that

uses less energy than conventional silicon-based transistors!32.

3. Green manufacturing techniques for electronic devices: Researchers are
developing new manufacturing techniques that reduce the environmental impact of
electronic devices. For example, a recent study reported the use of a solvent-free
printing technique to fabricate organic photovoltaic cells, which reduces the amount

of waste generated during production®®,

4. Development of eco-friendly batteries: Researchers are exploring new
materials for batteries that are environmentally friendly and sustainable. For example,
a recent study reported the development of a sodium-ion battery that uses non-toxic
and abundant materials, making it a more sustainable alternative to traditional lithium-

ion batteries®®.

Among the new trends in green materials used in green electronics, a new class
of advanced electronics, called biodegradable electronics and transient electronics,
may represent new and promising strategies for developing environmentally friendly
devices®!. Biodegradable electronics refer to electronic devices or components that are
designed to be biodegradable, meaning they can decompose naturally and safely in the
environment after their useful life has ended. These devices are typically made from
biocompatible and biodegradable materials, such as silk, cellulose, or chitosan®2337,
Transient electronics, on the other hand, are electronic devices or components that are
designed to dissolve or disintegrate upon exposure to certain environmental stimuli,
such as heat, light, or moisture. These devices are typically made from materials that

are soluble or biodegradable, such as magnesium or zinct%-1%,

While both biodegradable electronics and transient electronics are designed to
reduce the environmental impact of electronic waste, they have different mechanisms
and objectives. Biodegradable electronics are designed to be environmentally
sustainable throughout their lifecycle, from production to disposal, while transient
electronics are designed to have a limited lifespan and disappear completely once their

usefulness is over®’.

From material perspective, as a biodegradable and renewable synthetic material,
polylactic acid (PLA) has attracted attention as a potential alternative to conventional

petroleum-based plastics in various applications, including green electronics®%-162,
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PLA is a biodegradable and biocompatible thermoplastic polyester derived from

renewable sources such as corn starch, sugarcane, or tapioca roots*®3,

In the field of electronics, PLA has been explored for use in both biodegradable
electronics and transient electronics, but its use is more common in biodegradable
electronics'® 1%, For example, PLA-based materials have been used to create
biodegradable circuit boards'®®, sensors!®’®8 and batteries!®®. PLA has several
advantages, making it a promising material for green flexible electronics. It has good
mechanical strength, flexibility, and thermal stability, which are essential properties
for flexible electronic substrates'®®!%2, It is also transparent, which makes it suitable
for use in displays and touchscreens'’®. Moreover, PLA is biodegradable and

biocompatible, making it suitable for biomedical applications’?.

Recent research has focused on developing PLA-based materials for various

applications in green flexible electronics.

Substrates for flexible electronic devices: PLA has been used as a substrate
material for various flexible electronic devices, such as organic light-emitting diodes
(OLEDS), thin-film transistors (TFTs), and sensors. The mechanical properties of
PLA, such as its flexibility and tensile strength, make it a suitable material for use as
a flexible substrate. PLA can also be easily processed into thin films using methods

such as spin-coating, dip-coating, or roll-to-roll processing!62172173,

Conductive composites: PLA has been used as a matrix material for conductive
composites, which can be used as electrodes in flexible electronic devices. Conductive
nanoparticles, such as carbon nanotubes, graphene, or silver nanoparticles, can be
dispersed in the PLA matrix to improve its electrical conductivity. In addition to
improving electrical conductivity, the addition of conductive nanoparticles can also

enhance the mechanical properties of the composite material*’417.

PLA-based conductive polymers: PLA can be combined with other conductive
polymers, such as polyaniline, to form PLA-based conductive polymers. The resulting
materials have improved electrical conductivity and can be used as electrodes in
flexible electronic devices. The use of conductive polymers can also improve the
adhesion between the electrode and the substrate, which is important for maintaining

the integrity of the device during bending or stretching®"®-178,
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Biomedical applications: PLA is biodegradable and biocompatible, which makes
it suitable for use in biomedical applications. PLA-based materials have been used for
the fabrication of flexible sensors for medical monitoring, such as temperature sensors,
pressure sensors, and glucose sensors. PLA-based materials have also been

investigated as scaffolds for tissue engineering and drug delivery applications’7°,

Although PLA is a promising material for green flexible electronics due to its
biodegradability, biocompatibility, mechanical strength, and transparency, because of
the insulated nature of this polymer, it is necessary to be mixed with other conductive
polymers or particles. Nevertheless, these approaches can increase the material cost
and processing complexity. Another challenge is the limited thermal stability of PLA,
which can limit its use in high-temperature applications. Further research is needed to
optimize its electrical properties and to develop new PLA-based materials for specific

applications in green flexible electronics.

In line with green electronic development, another alternative material with
recyclability properties is a new polymer called vitrimers. The term "vitrimer" is
derived from the words "vitreous" (meaning glassy) and "polymer." A vitrimer is a
type of polymer that exhibits a unique property known as dynamic covalent behaviour.
This means the bonds between the polymer chains can break and reform in response

to external stimuli, such as heat, light, or mechanical stress'&%18!,

Vitrimeric polymers are similar to conventional thermosetting polymers in that
they can form a solid, three-dimensional network structure. However, unlike
conventional thermosets, vitrimers are not permanently cross-linked and can be

reprocessed and reshaped multiple times without losing their mechanical properties*®?.

Vitrimers have potential applications in various fields, including coatings,
adhesives, and composites. For example, vitrimeric coatings could create self-healing
materials that can repair damage in response to external stimuli. In electronics,

vitrimers could be used to develop flexible and self-healing electronic devices!®?.
2.4 PRINTABLE INKS

Printable inks are typically liquid and are classified as conductive,

semiconductive, or dielectric. Table 2 shows the primary materials for the conventional
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approach and bio absorbable alternatives for conductors, semiconductors, and

dielectrics®®?.

Table 2. Conventional and bio absorbable materials for conductors, semiconductors and dielectrics!®2.

Materials Conductors Semiconductors Dielectrics
Lead zirconate titanate
AU GaAs (PZT)
Ag SiGe BaTiO;
' Cu Si Si0o,
Comamacmet Other metals Ge
Conductive polymers GaN
SiC
AIN
Zn Zn0O Sio,
Fe Mono-Si; poly-Si; a-Si MgO
Bioresorbable Mo Ge SisN,
Mg InGaZnO, Spin-on-glass (SOG)
W SiGe Silk

Semiconductive inks have a significant impact on the final device's performance.
Semiconductive inks can be inorganic, such as metal oxide based, or organic, used in
active devices like Organic Photo Diodes, Organic Light Emitting Diodes (OLEDS),
Organic Field Transistors, organic solar cells, and so on®. Zinc oxide (ZnO),
magnesium oxide (MgO), and silicon nitride (SisN4) are all recognized as having

potential as semiconductors to replace more traditional materials!8418°,

Dielectric inks play an essential role in electronics, protecting and enhancing the
functionality of conductive materials, allowing for energy storage and operation under
a biased voltage. Dielectric inks typically contain organic polymers or ceramics in
solvents, insulating 2D nanomaterials such as hexagonal boron nitride and improving
thermal and electrochemical stability, which is required for solid-state batteries, field

effect transistors, and neuromorphic systems®2.

Conductive inks form the fundamental structure of all printed electronic devices
and circuit boards, as well as integrated low-resistance circuit interconnects, antennae,
contact electrodes within transistors, and so on. Conductive inks and pastes are also
appealing for the fabrication of medical biosensors, such as disposable glucose sensors
for diabetic patients and conductive patterns found in photovoltaic cell configurations

for the electrodes exposed to light'®. Conductive inks could contain a wide range of
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conductive materials, including conductive polymers, carbon, organic and metallic

compounds, metal precursors, and metal nanoparticles, as well as combinations of

composite materials®®’

183

. Organic inks are made of organic materials such as
polymers Conductive polymer-based inks have good stretch ability and
biocompatibility, essential for printing flexible patterns and making bioelectronics, but
their resistivity is relatively high!®. Conductive polymer-based inks are thus used in
batteries, capacitors, resistors, inductors, sensors, electromagnetic shields, and other
electronic devices. Carbon nanomaterials like graphene nanoplatelets and carbon
nanotubes are also popular because of their unique surface area, chemical stability, and
electrical, optical, and mechanical properties®”. However, they are less conductive than
metal particles, making them more appealing for use as electrode materials in printed
batteries, supercapacitor, stretchable bioelectronics, and wearables. Metal nano- or
microparticles-based inks are the most popular conductive ink category due to the
unique electrical properties of metallic species and the high surface-to-volume ratio of
nano- or microparticles. These particles have a resistivity similar to that of the bulk

material (two to three times higher)®’,

Nan et al*®® developed an environmentally friendly soft ionic actuator using
cellulose acetate (CA), graphene Nano powders (GN), ionic liquid (IL), and poly(3,4-
ethylene-dioxythiophene)-polystyrene sulfonate (PEDOT: PSS) as an electrode. Ba et
al*® used cotton fabrics coated as a peeling agent to produce a highly dispersed multi-
layer graphene solution, which is very efficient from an environmental and economic
point of view, and to obtain flexible folding electronic devices. It uses paper as a
substrate and consists of simple or brush coating followed by low-temperature heat
treatment. Liu et al®® produced a highly concentrated graphene powder-based
conductive ink. The ink is compatible with multiple substrates and can be used in a
roll-to-roll production process. The ink can be used as a screen printing ink and is
suitable for applications such as RFID tags, microwave antennas, and healthcare
monitors. Several research showed that graphene production significantly impacts
environmental and human toxicity and increases energy consumption. As these articles
highlight, the use of ultrasound in manufacturing results in fewer negative impacts on
the environment across the board. Inorganic reagents, such as diethyl ether and acidic

solvents, can be recovered and used again to lessen these effects!®1%2,
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2.5 CONDUCTIVE INKS

Inks have gained significant importance in electronics due to their unique
properties, such as flexibility, low cost, and ease of processing, which make them
suitable for various electronic applications. Inks are used in electronic devices for
printing circuits, displays, sensors, and energy storage devices®’. As mentioned earlier,
one of the most significant recent progress in ink technology is the development of
conductive inks, which can be used to print conductive traces and patterns on various
substrates, including flexible materials. These inks consist of conductive particles,
such as silver, copper, and graphene, dispersed in a solvent, which can be printed using
various printing techniques. Developing conductive inks has enabled the production
of flexible and stretchable electronic devices, which are finding applications in
wearable devices, healthcare, and automotive industries'®®. Traditional conductive
inks, on the other hand, often have metals or solvents that are harmful to humans and
the environment. Researchers have been developing green conductive inks made from
eco-friendly materials to address this issue. These inks can potentially reduce the
environmental impact of electronic device manufacturing while maintaining high

levels of functionality and performance!®,

In general, conductive inks are divided into two general categories.
1. Organic conductive inks such as PEDOT or some of its derivatives.
2. Inorganic conductive inks such as conductive nanoparticle inks.

Each of these types of inks has its own advantages and disadvantages, which are
mentioned in .Considering the important advantages of inorganic inks made with
conductive nanoparticles, such as high stability and electronic characteristics closer to
the current bulk materials technology, as well as the greater availability of these inks,
this category has been chosen for the experimental part of this thesis, and our

explanations are based on this type of ink53194:1%,
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Table 3. Advantages and disadvantages of organic and inorganic materials for printed electronics

Ability to design organic molecules Low load mobility
. Low cooking temperature Low environmental stability
Organic & Temi :
conductive inks flexible Poor printability of small molecule materials
Better printing capability of polymer a ) B
P gcap . yol poy The heterogeneity of the produced devices
materials
. - Difficulty in ink formulation (separation and
High inherent load mobility .
suspension problems)
Environmental sustainability Impurity caused by surfactants
Inorganic o ) )
" . Maturity of mass production technology High post-process temperature
conductive inks
Abundance Coffee ring effect
Homogeneity of manufactured devices Weaker properties compared to bulk material

2.6 INORGANIC CONDUCTIVE INKS

Developing low-cost, functional inks with desired printability and possibility to
coat different substrates is critical to realizing printed electronic (PE) and large area
coatings and exploring various electronics applications. The ink and its physical
properties, such as viscosity and surface tension, are the most vital aspects of printing
and coating techniques, affecting both printing conditions and pattern resolution.
Because a variety of functional nanomaterials are obligated for PE fabrication, such as
high conductivity metals for electrode and inter-connectivity, high capacitance/low
leakage gate dielectrics for supercapacitor and TFTs, and high-mobility n-type and p-
type semiconductors for complementary, low-power logic circuits and solar cells,
developing and integrating innovative PE materials has become a core activity.
Metallic NPs, carbon nanomaterials, semiconductor nanomaterials, and reactive inks
are the most common printable inorganic nanomaterials among the aforementioned
inorganic materials. Furthermore, printing ink is a unique combination of ingredients
blended in a specific formulation to meet the desired properties of the ink's printing
application. In general, inorganic nanomaterials serve to provide electronic properties
for PE devices. To formulate the inks, resins, oils or carriers, additives, and solvents
are also added. The resin is frequently used as a binder to affix the nanomaterials to
the print substrates, the oil or carrier is the medium for transferring the functional
nanomaterials and resin through the press, and the additives and solvents are used to
control the rheological properties of the ink. In terms of ink formulation, the choice of

solvents is critical, and there is a push to use water as a non-toxic, inexpensive, and
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environmentally friendly solvent. However, because the surface energy of typical
plastic substrates is much lower than that of water, water-based inks have difficulty
wetting these materials. Much effort has gone into optimizing various ink parameters,
allowing for wusing many functional inorganic nanomaterials in printed
electronics!®197,

So far, it has been shown that a number of different materials can be synthesized

19&200’ Carb0n72*2°1, and

and used as functional inks, including conductive polymers
metallic NPs?%22%, These functional inks have become a focal point of study in the
field of printed electronics due to their widespread use in the development of PE

devices based on plastic, textile, and paper substrates.

2.6.1 Inks based on metallic nanoparticles

Various metallic NPs-based inks, including Au, Ag, Pd, Cu, Sn, and Ni NPs and
their alloys or composite NPs, have been proposed and used in printed
electronics?®”?%, Because metallic NPs have a lower melting temperature than the bulk
material, the ease of achieving a printable functional ink is an important factor in

deciding which metallic NPs to use!®’.

The four metals that are mostly used as printable conductors are silver, copper,
gold, and aluminium, with conductivity value of 6.30x10’, 5.96x107, 4.10x107 ,and
3.5%x107 (S/m) respectively at 20 °C?%°. Since their conductivity is slightly different,
other parameters are the deciding factors. Gold appears to be a perfect conductor for
printing ink. Its environmental stability is high and its conductivity at low process
temperature is close to the conductivity of its bulk form, but the price of gold is high
for use in cheap printed electronics and large area conductive coatings?:°. One good
alternative to gold is silver because its price is lower compared to gold but has the
highest conductivity, and a low chemical reactivity. Silver inks can be easily processed
at ambient temperature to reach conductivity close to bulk form with a processing
temperature below 200°C (even in some cases close to room temperature)?'®. Copper
is a metal about 100 times cheaper than silver, but its ink preparation is more difficult
due to its high tendency to oxidize. Aluminium has the same problem, with the
difference that it is more chemically active. Like other useful metals, there are many
challenges in the preparation of inks and their printing processes that limit their use to
specific applications?!!?2, Gold and silver inks are comparable in terms of their high

conductivity and thermal stability, but silver has a clear advantage over gold. As
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mentioned, its price is lower. Silver and gold inks with a high solid content (for
example, 50% by weight) are easily available in the market and can even be prepared
in the laboratory, whose typical resistance after the modification process (not above
200°C) is only several times that of the bulk metal?’®. Printed silver and gold
conductive lines have been successfully used in some devices, such as transparent
conductive film-based grids of transistors and solar cells. Despite the maturity of silver
ink features such as high conductivity and stability, its high relative price and the
phenomenon of electrical migration of silver atoms cause circuit failure in high
humidity and limit its wide industrial use. Copper ink is a promising alternative to
silver and gold due to its much lower price, comparable conductivity to competitors,
and excellent electrical migration resistance. But oxidation of copper during the
synthesis, maintenance, and transfer of electrical properties destroys it. First,
traditional reduction methods make it very difficult to prepare copper nanoparticles
without copper oxide when water and oxygen molecules are in the reaction medium.
Secondly, copper particles require a high processing temperature due to copper's high

melting temperature and copper oxide's presence?'®21,

Metals cannot be dissolved in standard aqueous or organic solutions. To make
metals printable, the conventional way is to mix metal particles with viscous polymer
solutions, specifically with thermoset resins, to form pastes. Conductive pastes can
create good mechanical connections and have good reliability. Still, these materials
can have poor electrical conductivity, two or three orders of magnitude lower than the
mass state. Recent advances in nanomaterials and surface modification methods have
made it possible to disperse metal nanoparticles in an organic or agueous solution with
only a small amount of surfactants without using resin, creating conductive inks. After
printing the ink and drying, the metal nanoparticles are very close to each other to form
a continuous layer containing only a small amount of residual surfactants and

lubricants?1,

Metallic printed layers can have excellent electrical conductivity but can lack
mechanical properties such as flexibility, or resistance to folding and stretch. Like
soluble compounds, these nanoparticle-based solutions have very low viscosity,
making them suitable for high-resolution printing and forming like inkjet printing
forming a thin film. Metal compounds can also be soluble and form soluble model inks
that are particle-free. They are usually called organic metal decomposition inks?’.
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They differ significantly from the nanoparticle model inks mentioned above in
ink properties and film formation. In the inks of metal compounds, the thin conductive
layer is made by converting the implanted metal compound layer into a metal layer by
post-modification. The particle-free nature of these types of inks can reduce nozzle
clogging, remove colloidal stabilizers from the ink and create a denser layer that is
always lower than the inks based on nanoparticles. The small size of metal
nanoparticles can reduce their melting point and accelerate their processing at low
temperature. In addition, the small dimensions, spherical shape and uniform

distribution of nanoparticles make it easy to form a dense layer*®’,

In general, nanoparticles tend to agglomerate due to their high surface energy.
Usually, the addition of dispersing agents is necessary to: 1) improve the suspension
and stability of nanoparticles in solution, 2) control the dimensions and shape of a
nanocrystal during their synthesis, 3) control the homogeneity of the coating process,
and 4) improve the binding energy to create a strong interaction between the
nanoparticles and the coating agent. On the other hand, strong binding energy results
in the need for high thermal energy to separate these coating agents from the surface
of a nanoparticle after ink printing. The findings show that functional groups with
oxygen, nitrogen, and sulphur atoms can interact well with metals such as gold, silver,

and copper?’.

To resume, Ag is the most promising metal-based conductive nanofiller since it
has the highest electrical conductivity of all metals, it costs less than Au, and has a

better air stability compared to Cu.

2.6.2 Inks based on carbon nanomaterials

In a variety of chemical and physical environments, such as in acidic or basic
media, as well as at high temperatures and pressures, carbon nanomaterials
demonstrate noticeably more excellent stability. Since they are relatively inexpensive
and have good electrochemical performance, carbon inks have been particularly
appealing for printing electrochemical electrodes for sensing applications (low
background currents and broad potential windows)®. Graphite particles, a polymer
binder, and other additives are frequently found in inks (for the dispersion, printing,
and adhesion tasks). Due to their distinct electrical characteristics and potential for a
wide range of applications, carbon nanotubes (CNTs) have since been used to

construct printed devices?®,
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Recent promising commercial developments in CNT electronics have included
low-cost TFT printing and RFID tags. SWCNT films with 90% transparency and a

sheet resistivity of 100 Q/sq have recently been developed commercially?*®

. Graphite
and CNTs are frequently printed using inkjet and screen printing. Kordas et al., for
example, reported that an aqueous dispersion of functionalized CNTs could be inkjet
printed onto the surface of paper and plastic substrates, allowing the fabrication of
electrically conductive patterns??%. Due to its small dimensions (diameter of about 12
nm), its surface without dangling bonds, and its excellent optical properties, along with
its stunning mechanical properties, SWNTs have the potential to be used in a wide
range of applications in electronic devices such as transparent films, conductive
connections, transistors, and sensors. Baechler et al. used inkjet printing to create
MWOCNT electrodes for dielectric elastomer actuators. Thin film electrodes with
conductivities greater than 30 S/cm were obtained after optimizing the printing

parameters without any sintering process®2.

Graphene, as an unique type of 2D carbon material with a honeycomb structure
one atom thick, is receiving attention in fundamental and experimental scientific
research because of its extraordinary physical and chemical properties. Graphene can
be rolled into 1D nanotubes, wrapped around OD fullerenes, or stacked to form 3D
graphite. Numerous studies have shown that a high-quality graphene sheet can be used
to create transparent, flexible electronic devices with extremely high mobility?22223,
Yang and Wang examined the development of graphene and graphene hybrid inks,
paying close attention to their composition and characteristics. Inkjet-printed graphene
inks were achieved by Secor et al. with conductive features having a low resistivity of
4 mQ.cm after sintering at 250 °C for 30 min. The samples exhibit consistent
morphology, are compatible with flexible substrates, and have excellent bending stress
tolerance??*. Huang et al. used single- and multi-layered graphene oxide (GO) aqueous
solutions as inks to print patterns on various flexible substrates, such as paper, PET,
and polyimide (PI). The printed patterns had a better image quality and were produced
using an easy and affordable inkjet printing technique. The printed patterns on Pl
substrates, out of the three substrates, showed the highest electrical conductivity (~874
S/m) after thermal reduction??*. The topic of printed graphene electronics has received
increasing attention in recent years. For instance, Torrisi et al. created graphene-based

ink by exfoliating graphite in N-methyl pyrrolidine during the liquid phase. They used
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it to inkjet print conductive and transparent patterns with ~80 % transmittance and 30
kQ.sq sheet resistance, as well as TFTs with mobility up to ~95 cm?/V.s. Because they
affect the electrical and mechanical properties of printed patterns, the characteristics
of graphene or its derivatives are crucial for inks. Although high-quality graphene
could be produced without oxidation using liquid-phase exfoliation, pristine graphene
still has a low solubility in common solvents, which is the main barrier to the

production of graphene-based PE devices®> ™,

However, the patterns printed from pure carbon nanomaterials as obtained still
have a very low conductivity, which limits their application. Inks that combine metal
and carbon may be a better way to realize high-conductivity applications. For instance,
to create flexible PE devices, Zhang et al. prepared an Ag/RGO composite that worked
well as conductive inkjet printing ink. The conductivity was increased from 800 to
2000 S/m by the attached Ag NPs, and their size and morphology could be easily
tailored??® . However, more research and understanding are needed to fully comprehend

the conductive mechanism of carbon/metal hybrid inks.
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Chapter 3:  Characterization techniques and

analyses methods

3.1 CHARACTERIZATION

3.1.1 Morphology

An analytical (low vacuum) scanning electron microscope using a JSM-6490LA
SEM (JEOL) at 10 kV acceleration voltage and at fixed magnifications was used to
analyse top surface and cross-section morphologies. The samples were then secured to
a proper stub using carbon tape before being sputter-coated with a 10 nm-thick layer
of gold in the Cressington 208HR sputter coater to eliminate the effects of charging.
In order to carry out the analysis of the cross-section view, the samples required to be
examined were freeze-dried with liquid nitrogen to facilitate breakage and retain
morphology, and then twisted until breaking. An Oxford X-Max system with an active
area of 80 mm? was used to conduct the energy-dispersive X-ray spectroscopy (EDS)

analyses.

Zeta-20 optical profilometer (Zeta Instruments, San Jose CA, US), working in
the confocal mode, imaged the roughness analyses on the coating layer surface. The
image size was chosen to be 1920x1440 pixels with an objective of 20X magnification,
giving a field of view of 664x498 pum?. Moreover, the z spacing in the vertical
tomography with a maximum range of 25 mm and a resolution of 10 nm used to

reconstruct the 3D surface profile.

3.1.2 Dynamic light scattering (DLS)

The dynamic light scattering method (DLS, Malvern Zetasizer Nano ZS) with a
He/Ne laser was used to characterize solutions, emulsions, and conductive inks for
average droplet size. Probe sonicated (Sonics, Vibra cell, USA) samples were analyzed

from 0 to 6 hours.

The emulsion-based inks were imaged with a standard optical microscope
(Nikon microscope Eclipse 80i, Nikon Corp., Japan) and NIS Elements F Image
Processing Software. Before analysis, the emulsions were gently stirred in vials to
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ensure uniformity. A drop of each emulsion was placed on a microscope slide, which
was then covered with a cover slip. For each type of emulsion, over ten shots were

taken.

3.1.3 Scotch-tape test

To test the adhesion of the coating to the substrate, a strip of Scotch tape with a
known adhesive force of 2.5 mN/m for steel was placed on the coated substrate and
ripped off after 10 seconds. This test was specifically developed to compare and assess

the adherence of ink to various substrates.

3.1.4 Water contact angle (WCA)

The static water contact angles (WCAs) of the top layer of ink at room
temperature were measured using a contact angle goniometer (OCA-20 DataPhysics,
Germany). 5 uL of deionized water were dropped onto the surfaces of the samples with
the assistance of built-in software, and the contact angle was calculated from the side
view. To ensure that the results could be repeated, five measurements were taken for

each sample.

3.1.5 Mechanical test

Using a dual-column tabletop universal testing system, the System 3365, stress-
strain curves were generated to examine the mechanical characteristics of the coating.
The samples were mechanically hollow-die punched into a dog-bone shape with a
nominal width of 4 mm and an effective length of 25 mm, then stretched at different
rates. Young's modulus was calculated from the engineering stress-strain curves at two
places to account for the two stages of textile material deformation. The structural
rearrangement of the thread bundles, which was the initial response, was measured as
the segment's slope crossing the curves at 0% and 1% strain. With the tangent at 20%
strain, the samples' actual deformation was taken into account. The curves were also
used to compute tensile strength. Each sample receives an average of seven

measurements, which are then presented along with standard deviations.

3.1.6 Electromechanical tests
3.3.6.1 Electrical characterization under static conditions

In order to record I-V curves using the two-point probe method, electrical

properties were measured using a Keithley 2612A source meter (Tektronix, Inc., US)
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linked to a Signatone 1160 probe station (Microworld, France). Samples having an
area of 10 mm? were glued to glass slides for basic resistivity (sheet-resistance)
measurements using double-sided adhesive tape. In order to reduce contact resistances,
two electrodes were painted on the surface on opposing sides using silver conductive
paint with a specified resistivity of ~0.001 Q/cm. The electrodes were subjected to

electrical voltages ranging from -2.0 V to 2.0 V and backwards.
3.3.6.2 Electrical characterization under deformations

A micro tensile stage (Deben Micro uniaxial stage) with a 2 kN load cell linked
to the Keithley source meter was utilized for dynamic electromechanical
measurements. The samples were stretched to a strain of 10% before being released
(strain 0%) up to 400 times at a strain rate of 2 mm/min.

Tensile deformation up to break was further studied by Instron dual column table
top universal testing system 3365 (USA) coupled with the Keithley 2612A source
meter (Tektronix, Inc. US). The effect of a cyclic deformation on the resistance change
for higher than 500 cycles, was studied through the same Zwick (ZwickRoell S.r.I.
Genova)-Keithley coupling measurements.

3.1.7 Post-printing treatment

As a post-printing method, thermal sintering was done. As a result, the printed
patterns have a high surface-to-volume ratio and improved self-diffusion of surface
atoms of metal nanoparticles. The sample was heated inside the SH-262 Benchtop
Atmospheric Chamber (ESPEC NORTH AMERICA, Inc.) for sintering by using
precise ramps and rates as well as one-minute equilibration intervals to raise the
temperature from ambient temperature to the desired temperature. The prepared
samples' relative electrical resistance was examined under the impact of temperature
in order to further examine how electrical characteristics are affected by temperature.
In order to record the IV curves, a dog bone-shaped sample was taped inside a petri
dish, and its two ends were linked to the Keithley source meter using crocodile clamps.

3.1.8 The flexural rigidity

A cantilever test (ASTM D1388) was used to quantify the flexural rigidity
GPierce (Nm) in order to assess the effect of the coated layer on the bending
characteristics and drapability. The coated samples and substrates without coating,
both measuring 200 mm by 250 mm, were used for the test. In summary, the samples
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were placed on the instrument's horizontal terrace underneath a rectangular piece of
metal, then progressively pushed over the edge at nearly constant speed until the
sample's front side reached a banding angle of 41.5° under his own weight. The
formula (1), where w (g/m?) is equal to each sample's weight density and C (mm) is
the length of the bent sample during the cantilever test to reach the specific angle
(41.5°), was used to calculate the average flexural rigidity from four measurements on
each piece, the face and back of both ends. A higher value of the bending length

indicates a stiffer fabric2:227,

Gpierce = 9.81x102wc? D

3.1.9 Reusability and recycling

A mixture of 50% vol solution and 50% vol water was used to soak the inked-
coated glass substrate overnight. The glass substrate was then taken out, cleaned with
a little new solvent, filtered to remove any conductive particles that had accumulated

on the filter paper, and allowed to air dry at ambient temperature.

3.1.10 Viscosity measurement

Viscosity is an essential property of ink that affects its printability and final
quality. The viscosity of the ink can be measured using a viscometer. It is influenced
by various factors, including the concentration and size of its components, such as
particles, polymers, and solvents. Although the weight or volume percentage of the
components cannot be used to determine the viscosity of ink directly, they can provide
some insight into the potential viscosity behaviour of the ink. The weight percentage

of a component in a conductive ink can be calculated using the formula:
Weight Percentage = (Weight of component / Total weight of ink) x 100% (1)

Similarly, the volume percentage of a component in a conductive ink can be

calculated using the formula:
Volume Percentage = (Volume of component / Total volume of ink) x 100% (1II)

However, it is recommended to test the viscosity of the ink at different
concentrations to determine the optimal formulation. Ultimately, measuring the
viscosity of the ink using a viscometer at a specific temperature and shear rate is
necessary to determine its actual viscosity and to optimize the ink formulation for
particular printing applications.
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3.2 COMPLEMENTARY ANALYSES

3.21 FTIR

A Fourier transform infrared spectrometer (Equinox 70 FT-IR, Bruker) and
MIRacle attenuated total reflectance (ATR) (PIKE Technologies) with a diamond
crystal were used to obtain the infrared spectra. All spectra were captured at a

resolution of 4 cm™ with a total of 120 scans in the range of 4000 to 600 cm™.

3.2.2 XRD

The X-ray diffraction (XRD) pattern of conductive particulates was recorded
using a PANalytical Empyrean X-ray diffractometer installed with a 1.8 kW Cu K
ceramic X-ray tube and a P1Xcel3D 22 mm? area detector. The diffraction pattern was
produced utilizing a parallel-beam geometry, a symmetric reflection mode, and a step
size of 0.05° over an angular range of 23°-70°. For phase detection, PANalytical's

High Score 4.1 software was used.

3.2.3 Raman

A Renishaw micro Raman Invia 1000 mounted with a 50x objective, an
excitation wavelength of 633 nm, and an incident power of 1 mW was used to perform
the Raman spectroscopy observations.

3.2.4 TGA/DSC/DMTA

On a TGA Q500 system, thermogravimetric analysis (TGA) is conducted (TA
Instruments USA). The tests were carried out on approximately 4.00 mg of samples
heated from 30 to 800 °C at a rate of 10 °C/min under nitrogen at a constant flow rate

of 50 mL/min in platinum pans.

With the use of Discovery DSC 250 TA Instruments, differential scanning
calorimetry (DSC) was carried out. The measurements were performed using nitrogen
as a cell purge gas at a rate of 50 mL/min and at a heating and cooling rate of 20 °C/min
from 90 to 150 °C. From the second heating, glass transition temperatures were
calculated. These observations have been made in order to figure out the glass
transition and a-relaxation temperatures as well as to investigate how ink changes with

temperature.

Through DMTA measurements in a DMAS850-TA, the thermomechanical
sensitivity and viscoelastic behaviour have been examined (Discovery). With a
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constant frequency of 5 Hz, a temperature ramp from 30 °C to 150 °C has been run
with a displacement amplitude of 100 um and a heating rate of 5 °C/min. From the
glassy plateau to the start of the a-relaxation, frequency sweeps have been performed
at several temperatures. Based on the characteristics of the samples, 3-point bending
clamp was found to be the best choice, especially for determining the temperature
range at which peeled-off ink becomes softer. The three most widely investigated
variables include storage modulus, loss modulus, and tané which provide details on
the degrees of freedom of internal particles and the transition temperatures. This
analysis aimed to check for the robustness of peel-off ink in the investigated
temperature range, which is helpful to attest that it does not degrade during the

combined test of resistivity and temperature.

3.2.5 Biochemical oxygen demand (BOD) in seawater

By measuring the amount of oxygen consumed in a closed respirometer, the
biochemical oxygen demand (BOD), a simple method for assessing biodegradability,
was used to evaluate the biodegradability of the samples. More specifically, 432 mL
of seawater as a single carbon source were added to the approximate amount of 200
mg sample. In order to replicate real environmental conditions, seawater was chosen.
It already has the salty nutrients and microbial consortiums required for its growth.
The experiment was carried out at room temperature inside 510 mL dark glass bottles
that were hermetically sealed with an OxiTop measurement head. In order to sequester
the carbon dioxide created during biodegradation, a CO2 scavenger was added, and the
biotic consumption of the oxygen present in the system's free volume was monitored
as a function of the pressure change. Samples were examined twice. The mean values
of the blanks, which were generated by measuring the oxygen consumption of the
seawater in the absence of any test material, were subtracted from the raw data of
oxygen consumption (mg O/L). Following this subtraction, results were standardized
based on the mass of the individual samples and expressed as 100 mg of the material
(mg O2/100 mg).

3.3 COATING METHODS

Rod coating: Conductive inks were speared to the substrate with a rod coating
system (EZ coater EC-200, Chemsultants Intl., Inc.) to create a homogeneous coating

surface. Rod number 5 was employed at a coating speed of 0.4 m/min. In order to
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finish the evaporation of the solvent and water, the substrate was then placed under the
fume hood at room temperature. Similarly, the coating procedure was performed three
times overall, with a three-day gap between printing cycles. In order to enhance
conductivity, compactness, and adhesion, the hot pressing was carried out using a
Carver press (model 3853CE, USA). The obtained samples were subjected to a 9.3
kPa force press for five minutes at a temperature of 110 °C after they had completely
dried. In the fourth chapter, the ink is spread throughout the substrate using this

printing technique.

Spray Coating: Spray coating was carried out using an airbrush atomizer spray
coater (VL Siphon feed, 0.73 mm internal nozzle diameter, Paasche airbrush, US) with
a pressure of 2 bar with the nozzle positioned at a fixed distance of roughly 15-20 cm
from the substrate. In the fifth chapter, the ink is spread throughout the substrate using

this printing technique.

Screen Printing: To apply the ink to the substrate, a manual screen printing
machine (NS101-S) with a frame chuck and 360° frame rotation was used. According
to the needs investigated in various applications, manual screen printing gives
fabrication-related characteristics that are easily manipulable to produce various film
qualities for different applications. In the screen printing method, a metal mesh frame
with a dog bone pattern was placed on the substrate, and the prepared ink was applied
to the edge of the mesh. The paste was then forced through the mesh using a squeegee
that had a rubber blade attached. Screen counting mesh, repeated printing time,
viscosity, ink shape, and sintering temperature and time are only a few of the crucial
factors that affect the screen printing process. These factors are covered in more detail
in the following chapter. The number of wires overall per linear inch can be used to
describe a screen's mesh count. A film thickness of 10 um can be obtained by printing
three times. In the sixth chapter, the ink is spread throughout the substrate using this
printing technique.
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Chapter 4:  Polylactic acid/graphene emulsion conductive

ink for textile-based strain sensor
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Formulations of the Inks

Hydrodynamic Diameter (nm)
—— Solution
—— Emulsion

Ink

PLA0S  54.0 80.0 1:1.5
PLALO  80.0 80.0 1:1
PLALS 160.0 80.0 1:0.5

*Final weight ratio of filler compare to polymer in the conductive inks

Nowadays, acquiring durable and reproducible electronics based on
biodegradable and bio-based materials is demanded to confront electronic waste
consequences. However, developing such sustainable materials with high conductivity
remains a challenging task. Apart from this, in many cases, the use of toxic solvents
may be unavoidable. Thus, in this chapter, a novel and efficient method founded on
aqueous emulsion-based printable conductive ink is developed, which shows the
feasibility of being used as fabric stretch sensors. Moreover, the influence of
stretchability on the conductivity of the fabric-based sensor is investigated, and it
exhibits high stability in cyclic strain tests suitable for wearable electronics.

Polylactic acid (PLA) is used as a bio-based binder to prepare the emulsion ink,
and graphene nanoplatelets are used as a conductive filler. Spray-coated cotton fabric
shows an encouraging electrical conductivity of 34.5 S/m. An additional improvement
in the electrical conductivity of conductive cotton fabric is gained by hot pressing post-
treatment. Additionally, the mechanical studies of the coated fabrics have been studied.
The findings illustrate the enhancement of the mechanical properties of the cotton
fabrics by increasing Young’s modulus values almost twice compared to pristine
fabric. This eco-friendly conductive ink can be used to coat a wide range of textile-
based substrates and serve as a strain sensor for transforming specific electronic

components into biodegradable versions.
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41 OVERVIEW

Flexible electronics increasingly require wearable devices??®-23L, This is driving
demand for flexible, lightweight, biocompatible, easy-to-fabricate, reasonably priced,
and biodegradable electronic devices?®2233, Wearable flexible hybrid electronics are
widely used for continuous health monitoring, diagnostics, and human-machine
interfaces, with development focusing on non-irritating, non-toxic materials and cost-
effective processes?*42%", Functional electronic materials must be biodegradable and
biocompatible to meet health and environmental regulations and reduce electronic
waste management risks?. After their effective service lives, biomaterial-based
electronic devices should partially or completely biodegrade or disintegrate in

238

physiological liquids or natural environments=>°, A new term, "green electronics", is

addressing this biggest challenge®2%,

The use of bio based materials, such as regenerated silk, hydrogels, and
polylactic acid (PLA), offers decent potential for flexible electronic devices due to
their biocompatibility, environmental friendliness, sustainability, reasonable cost, and
solution process ability®175240-243 The biopolymer-based conductive inks can be
directly applied to any substrate via solution immersion, coating rods, or
spraying®**?%>. For example, Barreiro et al.?*® used solution casting to create a
conductive, highly stretchable, flexible, and biocompatible silk-based composite with
bio-based carbons derived from biomass via hydrothermal processing as filler. The
authors used bio-based carbon fillers to reduce electrical resistivity on one side of the
films by creating a carbon-rich layer. At lower concentrations of bio-based carbon, this
layer aids in the formation of the conductive network. Although the resulting
deformations after tensile stress could not be fully recovered due to relaxation in the
silk fibroin chains, the authors concluded that these materials are still suitable for use
as disposable ecofriendly strain sensors. Metal nanoparticles and metal oxide
semiconductors®*’, in addition to carbon-based nanomaterials®*®, are widely used in
flexible electronics®. Despite significant advancements in recent decades, their
inherent mechanical properties, high cost, and uncertainties regarding biocompatibility
and degradation limit their widespread use®*°. Lee et al. 2°, for example, demonstrated
printable bio/eco-resorbable conductive inks based on polybutane dithiol and
molybdenum metal microparticles. The most significant benefit of this ink is its

stability in water-soluble electronic devices. However, above a certain concentration
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(800 pg/ml), molybdenum can be toxic?®-%2, and producing this ink on a large scale
may have environmental consequences. Madhur et al.}™ also created PLA-based,
versatile, ready-to-use conductive inks to print biodegradable conductors with
improved moisture stability. Tetrahydrofuran (THF) solutions containing tungsten

powder were used for this.

In the production of conductive ink, solvents are crucial for maintaining the
viscosity required for each type of printing method. The most common solvent for
PLA in green flexible electronics and conductive inks is chloroform. Chloroform is a
volatile organic solvent that can dissolve PLA at room temperature, making it an
effective solvent for the processing of PLA-based materials. However, the use of
chloroform is associated with safety and environmental concerns, as it is toxic and can
contribute to the formation of ozone in the atmosphere. Therefore, researchers have
also explored alternative solvents for PLA processing, such as acetone, tetrahydrofuran
(THF), and 2-butanone. These solvents have lower toxicity and environmental impact
compared to chloroform, but they may have different effects on the properties of the
resulting PLA-based materials. To facilitate the dominance of bio-based polymers in
flexible electronics, the use of toxic solvents must be minimized. This can be
accomplished by utilizing biodegradable, halogen-free, and non-toxic solvents for
solution processing in the development of electronic materials?3. Table 4 summarizes
the most common used solvents for graphene conductive inks to date, with their

chemical properties, advantages, and disadvantages.
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Table 4. The most common used solvents for the graphene conductive inks382%4,

Boilin Surface
Name Formula . g Cons
point cc) | tension (mim?)

CsHNO 202 Not compatible with plastic
substrate, costly, potentially
DMF C;H,NO 153 371 toxic, hazardous, and heating
High stability and good of the substrate may need to
graphene dispersion accelerate the evaporation
process and improve film
morphology because of high
boiling point.

DMSO C,H,0S 189 43.5

THE C,H,0 66 26.4
Toluene C;Hg 111 28.4
Cyclohexanol C,H;,0 162 344 Relatively low boiling Low quality graphene
point, less toxicity, and low dispersion; need to combine

Acetone C,H,0 56 27.6 cost stabilizer
IPA C;H ;0 83 23
Ethanol C,H:O 78 22.1

Poor wetting properties, poor
Vawr  HO 100 728 paoardows by andneed o

surfactant to disperse

Given the importance of environmentally friendly conductive ink for humans
and the environment, researchers are focusing on reducing the use of organic solvents
and investigating the possibility of replacing them with eco-friendly alternatives in
conductive ink formulations. As a result, selecting appropriate, environmentally
sustainable solvents is a critical focus of evaluation?®. Guidelines for choosing the
proper solvent include good biopolymer solubility, low cost, lower hazards, and
minimal environmental impact. Even so, finding a suitable solvent that is safe for the
environment remains difficult?®®. Because of its non-toxicity and low boiling point,
water is the most preferred solvent. It does, however, have a high surface tension of
72.8 mJ/m?. Aside from that, the hydrophobic nature of graphite carbon makes
graphene dispersion in water extremely difficult. As a result, surfactants are frequently
used to improve graphene dispersion in graphene inks via van der Waals forces,
hydrogen bonding, electrostatic activity, and =-m interactions. The presence of
graphene electrons in the solution negatively charges the graphene layer surface. As a
result, surfactants may get between graphene layers, thereby increasing the risk of
aggregation. Surfactants used with water are thought to perform better than other toxic
solvents such as NMP and DMF. As a matter of fact, several surfactants, including
ionic, non-ionic, and polymeric surfactants, have been used to prepare graphene

suspensions®’.
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Butler et al.*® created porous materials from hydrophobic biopolymers using
emulsions for controlled release devices and biological tissue scaffolds. This method
is critical because it is solvent-free during both the synthesis and purification steps.
Similarly, stable PLA-based emulsions, such as oil-in-water, can be used to
encapsulate electrically active components like graphene or carbon nanofibers. One
advantage of emulsion-based green conductive ink is that it can be made using non-
toxic and sustainable materials. For example, the solvent can be water-based and the
surfactant can be made from renewable resources. In addition, emulsion-based inks
can be printed using a variety of techniques, including screen printing, inkjet printing,
and roll-to-roll printing. Emulsion-based green conductive inks have a variety of
potential applications, including in the production of flexible and wearable electronics,
sensors, and smart packaging. They offer a more sustainable and environmentally
friendly alternative to traditional conductive inks that may contain hazardous materials
or require harsh chemicals for processing.**?°. However, to date, no research has
been conducted on PLA-based emulsions using green solvents for the fabrication of

electrically conductive inks.

Several studies based on natural materials such as cotton have recently been
reported to generate multifunctional devices such as strain sensors?-264, Qur novel
and efficient method, which uses aqueous emulsion-based printable conductive ink
sprayed on cotton fabric, demonstrates high stability in cyclic strain tests, abrasion
tests, and laundering tests and may be suitable for wearable electronics. In this chapter,
we introduce an oil-in-water emulsion PLA-graphene-based printable conductive ink
that is suitable for the development of functional coatings in consumable
electronics'’>?%5-267 \Water and biodegradable solvents, such as anisole, were used to
create emulsions. The inks were created by emulsifying various PLA binder ratios.
Inks were rod-coated over the fabrics, reducing waste generation. For varying PLA
binder ratios in the inks, the electrical and mechanical properties of the coated layers

were monitored.
4.2 EXPERIMENTAL SECTION

4.2.1 Materials

Amorphous PLA pellets (Ingeo™ Biopolymer 6060D) were provided from
Nature Works (USA), with a density of 1.24 g/cm®. The glass transition temperature
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(Tg) is 55 to 60 °C [45], which can be used as received. Sigma-Aldrich in Italy supplied
sodium carboxymethyl cellulose (SCC). Graphene nanoplatelets (GnPs) were received
from STREM Chemicals Inc. (USA). The average thickness is 6-8 nm, platelet width
of 25 pum, surface area ~500 m?/g, bulk density of 0.03 to 0.10 g/cm?, an oxygen
content of <1 %, and carbon content of >99 wt. %. Merck Life Science S.r.1. (Italy),
was supplied Anisole (C7HgO) and was used as a solvent to prepare the polymer
solution. Polyoxyethylene sorbitan Tristearate (Tween® 65), as a non-ionic surfactant,
was provided by Merck Life Science S.r.l. Italy. Ultrapure Mili-Q water is utilized in
making water-based GnPs dispersion. A plain woven and bleached cotton (100%)
fabric was used as substrate with a mass density of 180+ 5 g/m? and 24 threads/cm in

warp and weft directions.

4.2.2 Preparation of PLA emulsion and GnPs dispersion

Prior to making PLA emulsion, the pellets were dissolved in anisole at three
different concentrations of 53.3, 80.0, and 150.0 mg/mL with stirring at 70 °C for 3
hours and stored in a sealed bottle at room temperature. Following that, a concentration
of 100 mg/mL of Tween® 65 in MiliQ-water was prepared in three vials at 50 °C while
stirring for 15 min. Prepared PLA solutions were combined with these three vials and
probe sonicated (Sonics, Vibra cell, USA) for 1 min. The final PLA-based emulsions
were labelled as PLA 0.5, PLA 1.0, and PLA 1.5. To further homogenize, PLA
emulsions were stirred overnight at 750 rpm at room temperature (RT), and for a few
days, the PLA emulsions were stable. The GnPs dispersions were then prepared in the
following step. In particular, 100 mg SCC were dissolved in 5 mL MiliQ-water at 40
°C for 3 minutes while stirring, and then 400 mg of GnPs were added and sonicated

for another 3 minutes.

4,2.3 Conductive inks formulation

To make PLA-based conductive inks, the various PLA emulsions were mixed to the
GnPs dispersions and sonicated in the ultrasonic bath at 59 Hz (Savatec, Strumenti
scientifici, LCD Series, Italy) for 1 h. Table 5 shows the final formulations with various
GnPs to PLA weight ratios.
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Table 5. The PLA and GnPs-based dispersions formulations.

Cod GnPs bl A: GoPs*
0de (mg/ (mg/ml) s

PLAO.5 53.3 80.0
PLAT1.0 80.0 80.0 1:1
PLAL.S 150.0 80.0 1:0.5

*Final weight ratio of filler compare to polymer in the conductive ink

4.2.4 Deposition of the conductive inks on cotton fabric

Rod coating, as described in the section 3.5, is used to create a conductive layer
from different formulated PLA-based emulsion inks on the cotton fabric. Prior to
coating, all vials were placed in an ultrasonic bath at 59 Hz for 2 hours to ensure ink
homogeneity. After the solvent had completely evaporated, the as-prepared conductive
cotton fabrics were hot pressed for 5 minutes at 110 °C under 9.3 kPa force. The hot-
pressing temperature was lower than the melting temperature of PLA (220 to 240 °C)
but much higher than its glass transition temperature (55 to 60 °C), so the PLA-coated
samples were not melted. To protect the coated layer during the hot pressing process,
the samples were covered with non-stick Teflon films. Cotton fabrics coated with
conductive inks will be referred to as PLA 0.5, PLA 1.0, and PLA 1.5 in the following.

4.3 SIGNIFICANT FINDINGS

4.3.1 PLA-emulsion stability and particle size distribution

Emulsions are often composed of two different fluids, and intercalation between
the phases is critical. Oil-in-water emulsions are typically composed of a lipid and an
aqueous phase that have been homogenized by a water-soluble emulsifier?60268,
Homogenization is the process of creating an emulsion by providing sufficient energy
to the oil-water contact to break the bulk oil into smaller droplets?®®. An ideal emulsion
is homogeneous throughout its volume?®. As a result, it has small droplets with
polydispersity and does not change greatly over time. An emulsion with these qualities
has a prolonged "shelf life". Creaming, sedimentation, phase separation, or oil leakage

are all signs of unstable emulsions?'*,
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To reduce the rate of breakdown in emulsions, tiny and equal droplets are
preferred. After comprehensive screening, the necessary stability is reached with
surfactants from the Tween series (ethoxylated or polyoxyethylene derivatives of
sorbitan esters) in the current study. The hydrophilic-lipophilic balance (HLB) values
of the surfactants in this series govern the selection of an emulsifier. Surfactants with
high HLB are employed for oil-in-water emulsions when water-loving groups
predominate?’2’* To make a stable oil-in-water (O/W) emulsion, the HLB range
should be 8-18 (10.5 in this study). Figure 9 shows some images of PLA-based
emulsions prepared with various surfactants; all of the photographs were taken after

one day of preparation.

Figure 9. Prepared PLA-bhased emulsions using different surfactants from left to the right: Tween®80-
Span®20- Tween®65- Span®65- Tween®85- Mixture of Span®20:Tween®80 in the total weight
percentage of 60:40.

Although simple high-speed stirring can reduce enormous droplets of macro
emulsion to a few micrometres in size, a larger amount of energy is required to further
reduce droplet size. Rotor-stator, high-pressure, membrane, and ultrasonic systems are
the most frequent breakdown techniques. Ultrasonic systems are employed to create
emulsions in this study?’® . Optical microscopy is frequently used to image emulsions.
Figure 10a and Figure 10b represents optical microscopy images of two PLA-emulsions
using: (i) polyoxyethylenesorbitan tristearate (Tween®65); and (ii) sorbian tristearate
(Span®65) respectively. The optical images were obtained after six hours of emulsion
preparation under the conditions specified in section 4.2.2. When oil droplets are
completely covered with a proportional surfactant, they repel against each other and
remain as individual particles?’52”7. (See Figure 10a). Storage time and emulsifier type
are two important parameters that can influence emulsion stability. In unstable
emulsions, dispersed droplets can aggregate into larger droplets called floccules, as

shown in Figure 10b. Individual droplets become linked together in flocculation
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phenomena to increase the degree of creaming in emulsions?’®, The results show that
PLA emulsions in anisole/water prepared with Tween®65 as the emulsifier were much
more stable than emulsions prepared with other surfactants. As a result, from this point
on, the performance of Tween®65-prepared emulsions are investigated. Figure 10C
depicts glass vials containing 5.0 wt.% PLA in Anisole, a PLA-based emulsion, and
the final conductive ink, which includes graphene dispersed in the PLA emulsion
(sample PLAL.0) (see Table 5). Figure 10d shows the dynamic light scattering (DLS)
results for the droplet size distribution of the corresponding solutions and dispersions.
It should be noted that samples were diluted in water 20 times before being measured.
The average droplet size of the PLA-based solution is around 3 nm, with a narrow
particle size distribution. The PLA-based emulsion, on the other hand, has an average
droplet size of about 200 nm and a wide particle size distribution ranging from 80 to
800 nm. When the PLA-based emulsion was blended with GnPs to create conductive
ink, the average droplet size increased to 400 nm and remained highly stable. The
hypothesis is that the GnPs dispersed in the PLA-based emulsion aid in the
stabilization of the emulsion, known as Pickering emulsion?’%%8, In comparison to
regular surfactant-stabilized emulsions, the Pickering emulsion system has
significantly higher deformation resistance due to the immutable adsorption of solid
particles at the interfaces of two immiscible liquids?®¥283, As a result, the PLA-based

conductive ink (with GnPs) has better stability and shelf-life.
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Figure 10. Optical microscope image PLA-emulsion, a) Made with Tween®65. b) Made with Span®65.
c) Images of PLA solution (transparent liquid) and PLA-based emulsion (milky white) as well as
conductive ink (black). d) The corresponding samples' droplet size distribution.

4.3.2 Morphological analysis of the coated fabrics

Figure 11 displays SEM images of the pristine cotton fabric (Figure 11a) and the cotton
fabrics coated with conductive inks having different formulations. In particular, Figure
11b represents the surface morphology of sample PLAO.5 (see Table 5 for formulation),
revealing an irregular and partially filled surface. In contrast, the sample PLA1.0
displays a more uniform surface due to the presence of a higher amount of binder, i.e.,
PLA, see Figure 11c. Therefore, at this PLA to GnPs ratio (1:1), the binder creates a
better coating of ink on the substrate. This implies that the GnPs can form networks
throughout the substrate. Figure 11d shows the sample PLA1.5 where PLA to GnPs
ratio is 1:0.5. Indeed; the surface appears wholly coated; nevertheless, the coated
surface is uneven. It can be observed by comparing Figure 11c and Figure 11d that by
increasing the amount of PLA near to 3 times, it is impossible to obtain a uniform
thickness of the coating on the substrate using the rod coating setup because the binder
dramatically increases the ink's viscosity.

The insets of Figure 11a-d show cross-sectional SEM images of the respective

samples. The images observed in the cross-sections are comparable with those imaged
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in top-view mode. Briefly, images demonstrate that in the ratio of 1:1, i.e., sample
PLAL.0, the coating layer is more profound and more uniform on the substrate's

surface (see inset of Figure 11c).

PLA and cellulose are highly compatible, and many reports in the literature show
cellulose or cotton linters have been demonstrated as fillers or reinforcing agents for
PLA, as shown by Wang et al.?®%, Several studies also show cellulose surfaces
chemically modified to obtain better interfacial interactions with PLA? . Even certain
polar solvents can be used to compatibilized PLA and cellulose interfaces?®. Given
this, the polarity of the anisole/water system?®” can be considered advantageous for
better interactions between PLA and cotton.

10KV X100 100pm

Figure 11. SEM images of the top-view of a) pristine cotton fabric and samples coated with conductive
inks, particularly, b) sample PLAQ.5, c) PLAL.0, and d) PLAL.5. No hot pressing is applied. The inset
SEM images illustrate the cross-sectional view of the respective samples®?®.

4.3.3 Mechanical characterization

The mechanical properties of the coating were investigated using stress-strain
curves. The samples were cut in the shape of a dog bone and stretched at a rate of 10
mm/min. Young's modulus was measured at two points on the engineering stress-strain
curves to capture the two phases of deformation of textile materials. The slope of the
segment crossing the curves at 0% and 1% strain was used to evaluate the initial
response, the structural rearrangement of the thread bundles. The actual deformation
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of the samples was taken into account using the tangent at 20% strain. Tensile strength
was also calculated using the curves. Each sample receives an average of seven

measurements, which are reported with standard deviations.

The corresponding results are shown in Figure 12a. The characteristic stress-strain
curve for freestanding PLA films (the black curve in Figure 12a), which had previously
been prepared by hot pressing, demonstrates linear elasticity and relatively high
rigidity, with a Young's modulus of 5.5 1.5 GPa, which agrees with previous
reports®®. In contrast, the stress-strain curves associated with the coated samples
exhibit non-linear deformation, with a slow initial slope that gradually increases until
fracture. This behaviour is typical of fabrics, with the first phase corresponding to
weave stretching and the second to actual yarn deformation®2®°. As a result, the
former stiffness is an apparent modulus that is affected not only by the material but
also by the weave design and crimp. The addition of a coating over the fibres is
expected to change this modulus by decreasing the mobility of the woven structure.

The coating increases both moduli during initial stretching and final deformation
(Figure 12a-c). Specifically, for any binder ratio, the increment of the weave apparent
modulus is constant, whereas the intrinsic modulus increases linearly. After the hot-
press treatment, the moduli, particularly the apparent modulus, increase further, which
can be explained by better penetration of the PLA binder into the weave and, as a

result, reduced structural mobility even in the fabric without any coating.

The slight increase in the Young's Modulus of the uncoated cotton fabric after
hot pressing can be related to better alignment of the fibres of the woven structure,
which gives the material greater rigidity; however, this increase is not statistically

significant.

Flexural rigidity Gpierce (NM) was measured on coated samples and neat fabric
without coating with dimensions of 200x250 mm. In the section 3.3.8 the testing
procedure has been described. The flexural rigidity of the textile is also an important
mechanical feature that specifies the bending stiffness of the coated fabric?®. Figure
12d shows the results of the cantilever tests. The higher the binder ratio, the stiffer the

fabric, according to the results, confirming the results of stress-strain mechanical tests.
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Figure 12. Mechanical properties of PLA-based conductive cotton fabrics. a) Stress-strain curves for
PLA-coated fabrics; b) Young's moduli at segments 0%—1% (Eow%-1%, MPa), corresponding to weave

stretching from the representative stress-strain curve; ¢) PLA-coated fabric Tangent Young's moduli

(Ewn, MPa). The slope of the tangent to the stress-strain curve at a fixed point corresponds to 20% of
the ultimate strain d). Estimated flexural rigidity via the G. Pierce cantilever test.

4.3.4 Thermochemical characterization

The FTIR spectra of pristine PLA films prepared by hot press, PLA/anisole
solution, and PLA emulsion are shown in Figure 13a. Using PLA-based conductive ink,
a conductive freestanding film is also created. Stretching frequencies for -CH3
asymmetric, -CH3 symmetric, and C=0 groups in pristine PLA film are 2997, 2943,
and 1724 cm, respectively. C-O is linked to two stretching frequencies at 1075 and
1198 cm™. The bending frequencies of -CH3 asymmetric and -CH3 symmetric are
related to two separate peaks detectable at 1468 and 1368 cm™ 21, All of the other
films' spectra show roughly the same absorption peaks as the hot-pressed pristine PLA
film, implying that no new bonds or other strong chemical interactions have been

detected between the PLA and GnPs or as a result of the solvent presence.

Figure 13b and c show the thermogravimetric analysis (TGA) and first derivative
of the thermogravimetric curve (DTG) of the hot-pressed pristine PLA film, the fabric
substrate before and after hot pressing, and the coated sample PLA1.0 before and after
hot pressing. During only one decomposition stage, all samples exhibit primary weight
loss in the range of 275 to 325°C. These curves reveal the nature and extent of the

substrate's degradation prior to coating, as well as the effect of the coating on the
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substrate. Table 6 summarizes the detailed measurements of the thermograms. The
average percent weight lost for all samples from 0 to 230 C is between 0.5 and 2.5%.
The results show that the thermal properties of the graphene-ink-coated samples
improved, which can be attributed to the GnPs' inherent thermal properties. In general,
when nanoscale fillers such as GnPs are dispersed inside polymeric films, the
geometry and concentration of the nanoscale fillers have the greatest influence on the
films' gas solvability and diffusion coefficients 2°22%, GnPs act as a barrier to the
release of compounds during or after decomposition*’®. Furthermore, the hot-press
process causes a uniform arrangement of the fillers within the coating, which improves

the gas barrier properties®,

Table 6. TGA and DTG result related to all samples.
Ton (LC) Tmax (‘C] 8

Sample name

(St.dev.t0.5°C) | (St.dev.:0.5°C) | (St.dev.20.5°C)

Freestanding PLA film 276.60 334.80 314.18
Fabric before hot press 298.84 363.52 340.11

Fabric after hot press 298.84 362.77 339,52
PLA1.0 before hot press 271.26 364.44 338.3
PLA1.0 after hot press 273.25 364.44 339.02
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Figure 13. a) FTIR spectra of hot-pressed PLA film, PLA/Anisole solution film, PLA emulsion film,
and final ink (PLA emulsion/GnPs blend Film). b) Thermogravimetric analysis (TGA) curves of
freestanding PLA film, fabric without coating and coated with GnPs-PLA ink before and after hot-press.
c¢) Derivative thermogravimetric analysis (DTG) freestanding PLA film, fabric without coating and
coated with GnPs-PLA ink a before and after hot-press. The insets in (b) and (c) illustrate the magnified
curves of the main images?%,

4.3.5 Electrical characterization

The Probe station measurement setup is depicted schematically in Figure 14a.
The measured current-voltage curves are in accordance with Ohm's law (Figure 14b).
The sample PLA1.0 has the most conductive curve with the highest Ohmic slope
with a binder to filler weight ratio of 1:1, indicating that the binder causes a better
coating of ink on the substrate at this ratio. As a result, the GnPs can form electrically
conductive networks across the substrate?®*. Such conductivity is obtained without the

use of hot pressing.

Conductivity is associated with the electrical properties of bulk uniform

materials such as metals or semiconductors, whereas sheet resistance (Rs) is

58 Chapter 4: Polylactic acid/graphene emulsion conductive ink for textile-based strain sensor



commonly used to specify the electrical properties of conductive or semiconductive
coatings. The sheet resistance (Rs) multiplied by the film thickness (t) yields the bulk
resistivity (Q) 2°°. Our findings for the PLA1.0 hot-pressed samples confirmed that by
reducing overall sample thickness (Table 7), conductivity improved while sheet
resistance decreased (See Figure 14C). Figure 14d and Figure 14e show the coating
surfaces prior to and after compression molding. The defects on the coated surface are
clearly reduced after hot pressing.

Table 7. Coating thickness was averaged in 10 random points from each sample with a £0.001 mm
error.

Thickness Thickness
Sample
Before hot press | After hot press
PLAO.5 0.295 mm 0.265 mm
PLAIL.O 0.300 mm 0.280 mm
PLAL.S 0.305 mm 0.298 mm
a) b)
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Figure 14. a) Schematic of the setup for conductivity measurements of the samples using the Probe
station instrument. b) I-V curves of the different prepared inks coated on the substrate (see Table 5). c)
The electrical conductivity measurements of the different prepared inks coated on the substrate. Coating
surface sample PLA1.0; d) before hot-pressing, ) after hot-pressing.

Annealing at temperatures above the binder polymer's glass transition
temperature (Tg) causes the filler (GnPs) within the composite to densify. This results
in an inevitable rearrangement of the GnPs within the polymer network, increasing

contact between GnPs and, as a result, increasing conductivity throughout the
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samples?>0:2%6-2% Tg assess the effect of hot pressing on the electrical conductivity of
the samples, isothermal curing at various times was investigated separately and
compared to the hot press results. For this, the best sample, PLA1.0, is chosen and
oven-treated at 110 °C for 5 minutes, 12, 24, 36, and 48 hours (Figure 15a). Only after
24 hours do the results show an increase in electrical conductivity. The latter can be
likened to the solvents completely evaporating. Crack formations on the coating layer
were observed when the sample was exposed to 110 °C for more than 24 hours (36
and 48 h). This effect was time-dependent, and after 24 hours, the crack’s depth, length,
and width increased with exposure time (highlighted by yellow arrows). Indeed,
increased crack parameters cause defects in the polymer network, resulting in a

decrease in electrical conductivity (Figure 15 b, ¢, and d)?%°.
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Figure 15. a) The effect of isothermal curing at various times on the electrical conductivity of the
PLA1.0 sample. Surface state of the coating after b) 24 hours. c) 36 hours and d) 48 hours.

4.3.6 Electromechanical characterization

The durability of the coated layer is one of the most important parameters in
wearable electronics because it affects long-term functionality®®. Simultaneously, the
weak interactions between the textile substrate and the conductive coating layers result
in electrical conduction instability and low durability after repeated cyclic
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deformation, rubbing, and washing®?. Hu et al.3%2 proposed a green method for
producing ultra-durable conductive textiles. The adhesive force produced by
crosslinking water-borne bio-based SWNTs with GA-chitosan organic salt increased
the durability of the conductive textiles. The conductivity of the fabric decreased by
approximately 13% after multiple bending and by 17% after 20 cycles of washing.
Despite the high durability of this conductive polymer composite, it is preferable to
develop a simple method for producing conductive textiles for practical applications.
Figure 16a depicts cyclic strain tests of the pristine sample PLA1.0 at a strain rate of 2
mm/min for 100 cycles with a maximum elongation of 10%. Inset Figure 16 depicts the
state of the sample in the Deben micro-test setup used for the cyclic tests. Plastic
deformations in the rigid parts inside the polymer structure cause the small peaks
(Figure 16 b) that appear in each cycle when the substrate reaches 10% stretching3°®3%,
The polymer matrix deforms at maximum elongation, causing the conducting network
formed by GnPs inside the PLA matrix to collapse. As a result, by the end of the
repeated cycles, the electrical conductivity had dropped from 34.5 to 26.4 S/m3%:30¢,
The number of cycles was increased from 100 to 400 to further demonstrate that the
fabric's electrical conductivity is stable under harsh conditions (Figure 16 ¢ and Figure
16e). According to the cyclic test results, the hot-pressed sample nearly retains
approximately 70% of its initial conductivity value after 400 cycles, with no significant
change after 50 cycles. The results show that the hot-press process improves cotton
fabric filling with the conductive coating layer, resulting in a better conductive
network. Furthermore, as previously stated, adequate PLA binder penetration into the
weave due to compression molding results in reduced structural mobility and
demonstrates remarkable structural retention and fatigue resistance during the applied

tensile strain.

Cracks initiate and grow at the stress-concentrated areas in the coated layer over
the surface of the textile upon stretching due to their mechanical mismatch with the
material that is supporting them, as seen in images captured by a scanning electron
microscope (Figure 16 d and Figure 16f). In graphene-based strain sensors and their
derivatives, this phenomenon has already been reported®°’-3%, Even though cracks are
undesirable for structural designs, several long-lasting devices and strain sensors with
such microcracks in their conductive thin layers have been successfully
implemented®®31°, This is despite the fact that cracks are a common source of failure
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for structural components. Because of the rapid separation of conductive materials at
the microcrack edges, there is a dramatic reduction in the number of electrical
conduction paths within the conductive layer. This leads to a significant increase in the
electrical resistance of the strain sensors when the tensile strain is applied. The
reconnection of microcrack edges may be responsible for the rise in conductivity that

was observed in both samples after being released.
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Figure 16. a) Electrical conductivity changes in pristine PLA1.0 during a 10% maximum elongation
cyclic test. The photograph inset shows the sample's placement status in the Deben micro-test setup. b)
An illustration of a similar magnified graph. Changes in electrical conductivity during 400 cycles of
tensile strain c¢) Pristine PLAL.0, and d) Pristine PLAL.0 coating surface states at the end of 400 strain
cycles. Changes in electrical conductivity during 400 cycles of tensile strain on e) hot-pressed PLAL.0
and f) hot-pressed PLA1.0 coating surface state at the end of 400 strain cycles.

The washing test is performed in MiliQ water to estimate the durability of

conductive coatings during laundering. Five 5x5 cm? samples of hot-pressed and
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pristine PLA1.0 were cut and placed in two separate 500 ml beakers at room
temperature. The coated samples were washed with detergent and water under stirring
conditions in order to assess their durability during the washing process. The total
washing time for one laundry cycle begins at 0 minutes and gradually increases by 10
minutes on each cycle; in this way, the shortest washing cycle was assumed to be 10
minutes, and the most extended cycle was 60 minutes. At the end of every 10 minutes,
when the washing cycle was completed, all five samples were removed from the

beakers, and new samples were placed (Figure 17a).

The effect of laundering time on the electrical conductivity of pristine and hot-
pressed sample PLAL.0 is shown in Figure 17b. Surface conductivity of pristine and
hot-pressed samples decreased from 35 to 7 S/m and 63 to 40 S/m, respectively, after
laundering for 60 minutes, as shown in this graph. After 10 minutes of laundering, the
electrical conductivity of the pristine sample was reduced by 5 times. After one hour
of continuous laundering, the hot-pressed sample (at 110 °C) retained more than half
of its initial conductivity value with almost no significant variation. As the laundry
time increases, more conductive fillers are detached from the surface, and a visible
coating inhomogeneity with exposed underlying cotton begins to form. In addition, the
results show that compression molding improves the quality and robustness of the
coated layers by allowing the ink to penetrate deeper into the fabric warp. For each
laundry cycle time, electrical conductivity is reported for an average of five washed

pieces. Repeating the hot press after the washing test has no effect on conductivity.
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Figure 17. a) Schematic of the washing process for the sample PLA 1.0. b) The electrical conductivity
measurement for the evaluation of washing durability of the coated layer in pristine PLA1.0 and hot-
pressed PLA1.0.

Abrasion tests were performed on the pristine and hot press PLAL1.0 samples

using a linear abrasion method. The schematic of the abrasion tests for these samples
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with 200 g loading over 500 grit abrasive paper is shown in Figure 18a. Before
beginning the test, a 5x5 cm? area of the sample PLA1.0 was stuck to an appropriate
glass frame. A 200 g weight was glued on top of the frame to ensure the coated surface
was in contact with abrasive paper. Each abrasive cycle was 10 cm forward and 10 cm
back to the start. The thickness of the samples decreased by 10 to 15 micrometres at
the end of each cycle. The same test was performed on the hot-pressed PLA1.0 sample.
The electrical conductivity values were measured after the fabric's surface was
damaged by abrasion every ten cycles up to 100 cycles, as shown in Figure 18b.
Although abrasion reduced conductivity in all samples, hot-pressed conductive fabrics
maintained significantly higher electrical conductivity values than pristine fabrics. The
abrasion cycles remove all unconsolidated material, even in the hot press sample,
demonstrating that the hot-pressed coating has relatively high conductivity, with a
slight decrease in conductivity observed with the increasing number of rubbing cycles
up to 50 cycles. Wearing away the loose materials appears to aid in the contact of the
GnPs, which are actually fixed within the conductive layer and connected to the
percolation paths within the coating. While high friction between abrasive paper and
coated layer demolishes the coated layer and the conductive electrical network after
60 cycles, significantly reducing conductivity. Apparently, the coating layer in pristine
conductive fabrics can be removed, resulting in coating thinning and negatively
impacting electrical conduction. In both samples, however, the primary damage is

maintained by the conductive network generated by the polymer-bound GnPs.
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Figure 18. a) Abrasion test schematic for sample PLA1.0 at 200 g loading on Abrasive paper 500. b)
Rubbing test for different cycles of graphene/PLA pristine and hot-pressed coated cotton fabric.
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4.4 CONCLUSIONS

In summary, bio-based conductive inks made from graphene nanoplatelets and
PLA-based aqueous emulsions in three different weight ratios were evaluated in this
chapter. To form emulsions with water, a biodegradable solvent such as anisole was
used, and PLA was used as a binder for connecting conductive particulates of GnPs.
In general, PLA is soluble in chloroform. The primary goal of this chapter was to
discourage the use of such hazardous solvents. Anisole is a non-petroleum-based
sustainable solvent with high biodegradability®*t. Emulsifying ensures that water
replaces a significant portion of the solvent. If the solvent is not biodegradable, this
means lower solvent emissions and, of course, lower solvent costs. The only
disadvantages of anisole are its flammability and high boiling point, which complicate
sample drying time. The dynamic light scattering and optical microscopy studies of
the emulsion and ink revealed a very well-dispersed oil-in-water emulsion with
dispersed PLA and GnPs. With the rod coating technique, the inks were spread into
the cotton fabrics. Their structural morphology revealed that inks with a PLA: GnPs
ratio of 1:1, sample PLAL.0, covered the fabrics in the most uniform manner, yielding
the best conductivity and mechanical properties in comparison to the other inks
prepared. The results showed that the samples' electrical conductivity was improved
twofold after being hot pressed. Furthermore, the hot-pressed samples demonstrated
improved mechanical performance due to improved PLA binder penetration into the
weft of cotton fabric. It is worth mentioning that, regardless of being subjected to a
series of stretch-release cycles during strain testing, coated samples maintained
electrical conductivity. The collapse of the conductive networks formed by GnPs can
explain the decrease in electrical conductivity observed near the end of the 100 cyclic
strain test, from 34.5 to 26.4 S/m. Printed inks were also resistant to washing and
abrasion while remaining conductive. Future research might explore the possibility of
using alternative polar green solvent-water emulsions in the formulation of such inks

with biopolymers, which was the inspiration for an idea for the next chapter.
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Polylactic acid (PLA), a synthetic polymer that is both renewable and
biodegradable, has garnered a lot of interest as a potential approach to reducing the
negative effects of electronic waste in environmentally friendly flexible electronics.
The fact that PLA-based electrical devices can last even after being submerged in
water or buried underground for three years is a significant limitation on their
development. Under such a perspective, in this chapter, another conductive ink that is
based on PLA-emulsion and hybrid conductive fillers such as silver flake and carbon
nanotubes is formulated using a variety of methods in order to determine its
morphology, electrical properties, and mechanical performance. In order to improve
the electrical characteristics, thermal sintering is done as a post-treatment. After being
annealed isothermally at temperatures up to 110 °C for varying amounts of time, the
self-diffusion of surface atoms of conductive filler, in particular metal particles, at the
printed patterns is increased, resulting in an improvement in the sheet resistance
value and reach to 290+2.23 Q/sq after the improvement. When hybrid conductive
fillers are utilized, the ink's percolation threshold and production costs are both
reduced, while the ink's excellent electrical properties are preserved. Additionally,
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CNTs that are used as conductivity fillers have the ability to bridge adjacent silver
flakes, which increases the amount of electron transport. To satisfy the ever-increasing
demand for environmental protection, the ink exhibited noticeable adhesion to a wide
variety of substrates, including biodegradable nitrile gloves, cotton fabric, and paper.
Moreover, a sensor that is constructed out of paper demonstrates high-pressure
sensitivity (0.3 kPa) along with an operational range (0.1- 500 kPa). In addition, ink is
capable of biodegradation in marine environments, which leads to a gradual reduction

in the accumulation of the substance within the ecosystem.
51 OVERVIEW

The widespread use of sensors in healthcare, manufacturing, and other control
systems has opened the door to a more modern, secure, and interconnected society.
However, factors such as high production costs, rigid and expensive materials, and
insufficient sensitivity have prevented their broad acceptance in industries such as
wearable electronics, biosensors, and soft robotics!®2312313 While developers working
in such an area can use inks to create cutting-edge products in a variety of industries
and fields, including 5G communications and automobiles, as well as advanced
packaging and healthcare devices, Because of recent developments in biomaterials and
green chemistry, environmentally friendly, printable, flexible, stretchable, and
degradable options are now available343, Printed electronics are created by
registering thin functional material (ink) layer combinations on a low-cost substrate
that can be recycled and/or naturally degraded in nature, and they offer a number of
benefits that conventional electronics manufacturing does not?3!6, As a result of
recent advances in printed electronics, long-term goals include developing conductive
inks made from recycled and/or bio-based materials to create interesting elements with
excellent electrical conductivity that might be investigated for the fabrication of a

broad range of stretchy and flexible electronic devices®37.

Because of their function in connecting the devices' components, conductive
inks are considered critical for creating all types of stretchy, flexible, and wearable
electronic devices®®3*2, The material that conducts electricity is thought to be the
primary ingredient in the process of producing conductive ink3832°, The physical

properties of the pattern to be printed, such as its adherence to the substrate, as well as
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the desired physiochemical features of the inks, such as their compatibility with the

printing procedure, influence the selection of conductive materials.

Carbon-based nanoparticles have been discovered to preserve great promise for
use in printed and flexible electronics, making them one of many nanomaterials
discovered to date321323, CNTs are electrically heterogeneous in comparison to other
nanomaterials, which is one of the primary reasons for their widespread interest
(metallic or semiconducting)®?*. However, the stability of CNT dispersion in water
remains a concern because the nanoparticles frequently appear to agglomerate rapidly
as a result of their strong van der Waals attraction32>32®, Despite the numerous benefits
provided by carbonaceous fillers, the maximum conductivity achievable with their
nanocomposites is significantly lower than the values required for many applications.
While adding more fillers may increase conductivity, it may also increase cost and
viscosity, resulting in poor applicability and, in some cases, diminished mechanical

qualities®?7328,

Silver-based materials (nanoparticles, micro- and nanoflakes, nanospheres, etc.)
are more promising metal nanoparticles for flexible and stretchable electronics than
carbon-based materials because silver possesses the highest electrical conductivity
195,329 " Sjlver-based conductive ink is the preferred option for printed electronics
among the numerous nanoparticle-based conductive inks investigated due to its
superior oxidation resistance, electrical conductivity, and other relevant physical
features that provide strong substrate adhesion®*%331, The primary issue with silver is
the requirement for high-temperature annealing of the printed film in order to achieve
exceptional conductivity332333, As a result, conductive inks that are also hybrids with
silver are an excellent cost-cutting option. Due to the high cost of silver-based
conductive fillers, hybrid fillers for thermally and/or electrically conductive inks have
recently gained interest®®3343%_Silver flakes (¢ = 6.107 S/m)3*® and carbon nanotubes
(o = 1.104 - 2.105 S/m)*¥"3%8 have recently been used to create a new type of filler
with extremely high electrical and thermal conductivities. Furthermore, because CNTs
have a high aspect ratio®°%% highly conductive hybrid CNTs/silver flakes inks can

be developed with less silver than conventional silver-filled inks.

Table 8 summarizes previous research on inks made of CNTs, silver, and a
combination of CNTs and silver. The majority of CNT and silver-based conductive
inks were made with toxic solvents that are harmful to both humans and the
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environment. Silver must also be annealed at a high temperature to improve its
electrical conductivity. Furthermore, because of the sensitivity of plastic and paper
substrates to degradation at high annealing temperatures, the use of silver-based inks
in flexible electronics is limited33341:342 As a consequence, developing a high-quality,
long-lasting hybrid ink that retains its high conductivity even after being exposed to a

low annealing temperature is critical.

Table 8. The previous studies on conductive inks based on CNTSs, silver and its hybrid.

Inks Solvent Printing Method Substrate ,\nne.a!lng Rsoro
condition
.- Ethanol and q - -
AgNPs/Graphene e Inkjet PET - 4.74 Qisq
MWCNTs/ GeMA/DNA Water Screen printing 3<% hydrogels, 24+ 18S.cm !
elastomers
AgNPs/Graphene DME:EG:G Inkjet polyvinyl alcohol 80 °C- 10to 30 min ~ 0.3545t0 2.1517 S.m’!
Do X Chloroform and free-standing . - r
AgNPs/CNTs DMF composite mild condition 1228 S.om
lysozyme
MWCNTs solution (acidic ~ Pen direct writing  Glass, PET, Silicon mild condition 500-1500 £/sq
buffer)
AgNPs/Graphene DMF Inkjet Pl 400°C, 30 min 20%1 C¥sq
Ag Flakes/CNTs Emulsion system  Spray coating e CTE ) 110°C-120 min 290 Q/sq

Nitrile gloves

As a result of the importance of environmentally friendly conductive ink for
humans and the environment, the research trend is shifting toward minimizing the use
of organic solvents and investigating the possibility of replacing them in conductive
ink formulations with eco-friendly alternatives such as water. As a result, selecting
appropriate, environmentally sustainable solvents is a critical focus of this work. In
addition, polymeric biomaterials based on polylactic acid blends are promising
candidates for use as biocompatible, bioresorbable carriers in regenerative medicine
applications. PLA is very susceptible to hydrolytic and enzymatic degradation in the
amorphous region due to the ease with which water can permeate it; however, when
PLA is combined with other polymer matrices, phase separation occurs, thereby
increasing water absorption. Using a bio-based binder composed of PLA and water-
based polyurethane (PUDs) improves PLA degradation by creating a more hydrophilic
composite. In addition, it increases PLA's fragility, making it suitable for tactile

applications.
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5.2 EXPERIMENTAL SECTION

5.2.1 Chemicals and Materials

Nature Works (USA) provided amorphous PLA pellets (IngeoTM Biopolymer
6060D) with a density of 1.24 g/cm? and a glass transition temperature (Tg) of 55-60
°C. Lamberti S.p.A. in Varese, lItaly, delivered waterborne bio-based polyurethane
(ROLFLEX® BiO 49) with a relative density of 0.907 g/cm? calculated from dried
film. Merck Life Science S.r.l., Milan, Italy, purchased multi-walled carbon nanotubes
(MWCNTSs) with a relative density of 2.1 g/cm?, an average diameter of 110-170 nm,
a length of 5-9 microns, and a carbon content of 90% by weight. The Silver Flakes
99.9% trace metal basis was supplied by Merck Life Science S.r.l. in Milan, Italy, with
an average particle size of 10 and a density of 10.49 g/cm®. Ethyl acetate (EtOAC) was
purchased from Merck Life Science S.r.l. in Milan, Italy, and was used as a solvent to
create a 99.5% pure polymer solution. Merck Life Science S.r.l., Italy, supplied the
polyethylene glycol sorbitan monooleate (Tween®80) and sorbitane monooleate
(Span®80) used as non-ionic surfactants. Mili-Q ultrapure water is used in the
production of emulsion-based ink. As substrates, 100% cotton plain-woven fabric that
had been bleached and had a mass density of 180.5 g/m? and 24 threads/cm in both the
warp and weft directions, commercial nitrile rubber (acrylonitrile butadiene), which is
used to make gloves, and cellulose chromatography paper were chosen to study the
adhesion properties. PDMS is prepared by Sylgard 184 silicon elastomer kit supplied
by Sigma Aldrich, Germany.

5.2.2 Ink design

The following steps were involved in the formulation process of ink, which will

be explained in detail in the subsequent paragraphs:

First, the polylactic acid was dissolved in ethyl acetate, a solvent that is
environmentally friendly. At 100 °C, 1.54 g of PLA 6060D was dissolved in 15 mL of
ethyl acetate with continuous stirring for 3 hours. Second, PLA/PUDs pre-emulsion
was created using the oil-in-water (O/W, ethyl acetate/water) emulsion technique in
the presence of non-ionic surfactants, approximately 50 pL from each one of the
Tween®80 and Span®80. Using sonication (30 s; 35Amp), the prepared PLA solution
was emulsified into a 15 mL diluted aqueous solution of water-borne polyurethane
(including 7 mL of PUDs diluted with 8 mL of water to yield 1.54 g of dried PUDs).
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CNTs were initially dispersed in Mili-Q water to create the filler dispersions.
Briefly, 0.22 grams of CNTs powder was combined with 15 ml of Mili-Q water. After
that, 1.1 g of silver flake dissolved in 15 ml of ethyl acetate was added to the CNTs
dispersion in the presence of the same mixture of the non-ionic surfactants to create a
silver flake and CNT hybrid filler. The final distribution consisted of silver flakes, and
CNTs were sonicated for 120 minutes in a sonic bath with a vibration amplitude of

59%. The final silver-to-CNTs volume ratio was set at 50%vol.

Various CNTs/silver flakes/PLA/PUD conductive emulsion-based inks were
formulated, sprayed on glass, and peeled off to determine the percolation threshold.
The hybrid filler was evenly distributed throughout the emulsion during the spraying
process up to 50%vol, while at a higher concentration of 50% vol, it was evident that
the CNTs were aggregated together. Under such a perspective, 30% of the coating

material's volume comprised fillers (Ag flakes and CNTSs).

Finally, the ink was sprayed onto glass and peeled off after drying to exemplify
its properties. The coated samples were sintered in a temperature and humidity-

controlled chamber to improve compactness, adhesion, and conductivity.

5.2.3 Coating method

Coating processes come in a wide variety due to the wide range of applications
and needs in various markets. Coating is a method of transferring an ink layer to a
substrate by pouring, painting, spraying, casting, or smearing it over the surface?°3%,
Blade coating, spray coating, painting, slot-die coating, curtain coating, and slide
coating are all coating methods. Spray coating techniques have a high potential for
large-scale production because they are free of substrate size limitations and low
polymer consumption, and they have the potential to replace existing spin coating
methods®*. To achieve a uniform coated layer, conductive ink was deposited onto
substrates using spray coating. The conductive ink patterns can be seen to be sprayed
across the substrate evenly and uniformly. The collected samples were allowed to dry
before being sintered for 30 minutes at various temperatures to increase conductivity
by enhancing the self-diffusion of surface atoms of conductive fillers, specifically

metal particles, at the spray-coated layer.
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5.3 SIGNIFICANT FINDINGS

5.3.1 Stability and characterization of nanoparticle-surfactant-polymer
stabilized emulsions

The mean droplet size of the PLA emulsion (in yellow) was monitored during
testing for six hours to evaluate its stability (see Figure 19a); the droplet size distribution
slightly increased during the first 10 minutes after emulsion preparation and then
reached a fixed plateau value. This could be attributed to particle reconnection inside

the emulsion?%,

Furthermore, the addition of PUDs (in green colour) into the PLA emulsion
increased the mean droplet size of the emulsions significantly. By switching from
transparent PLA emulsion to white PLA emulsion and PUDs, the emulsions'
consistency improved noticeably. This could be due to the fact that the permanent
hydrophilic groups from the water-based polyurethane polymer chains in the PLA
emulsion's continuous phase, such as the carboxyl group or ammonium salt, are
physically linked together®®. An optical microscope was used to investigate the
microstructure of PLA emulsion and PUDs further (see Figure 19b). Optical images
revealed the presence of oil droplets within the emulsion's continuous phase. This
assumes that PUDs increase emulsion stability and viscosity by forming a protective

layer around the oil particles within the emulsion.

The results also show that the PLA emulsion and PUDs have a lower viscosity
than ink. This could be attributed to the presence of Pickering emulsion83%, As
previously reported, carbon nanotubes and silver flakes can form a bonding layer at
the oil-water interface. Because of the grafting of hydrophobic groups onto the

polymer chain, the ink had high interfacial stability347-34°,

Furthermore, Figure 19¢ and Figure 19d show the ink's storage stability under
ambient conditions, which has excellent stability for three days without phase
separation. However, after five days, silver flakes started to settle in the ink. According
to these findings, the accumulation of silver flakes is primarily responsible for the low
stability of silver-based conductive inks®**. Although nanoparticles settle slowly and
their Brownian motion can counteract gravity's effect, these nanoparticles still
aggregate due to the attractive van der Waals forces between them. Because

sedimentation velocity is proportional to the square of particle diameter when particles
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collide and aggregate, larger agglomerates settle much faster and reduce the
printability of silver-based conductive inks®. The attractive van der Waals forces
between materials can be calculated using Hamaker constants. Metals have relatively
high Hamaker constants when compared to common solvents. As a result of the robust
and attractive force between them, silver suspension cannot maintain a well-dispersed
state for a lengthy period of time (see Figure 19e). Similarly, increasing the sonication
time resulted in a noticeable increase in emulsion consistency. This could be attributed
to the physical entanglements of the polymers, which resulted in an increase in ink
consistency®®23%3_ All solutions, aqueous dispersions, and emulsions were diluted to

0.1 mg/mL for the measurement, and each sample was measured three times.
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Figure 19. a) DLS analysis specifies the droplet size distribution of solution, emulsions, and conductive
ink. b) Image of PLA emulsion/PUDs using an optical microscope. Photographs of c) PLA
emulsion/PUDs after 3 days, d) ink after 3 days, and e) Ag flakes agglomerates within the ink after 7
days.
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5.3.2 Ink surface morphology pre- and post-thermal treatment and substrate
compatibility

Metallic nanofillers with high electrical conductivities and the ability to sinter at
temperatures significantly lower than their melting points are usually the first choice
when high electrical conductivity is required. While maintaining the ink's high
electrical conductivity is important, using a small amount of metallic fillers is
preferable®>*. To increase the electrical conductivity of ink at a given concentration,
an optimal distribution of nanofillers is required. It has been demonstrated that a
heterogeneous distribution (i.e., the fillers are not uniformly distributed across the
matrix) is preferable to a homogeneous distribution for achieving higher conductivities
at similar nanofiller loadings®®3%, It was demonstrated that approaches including
double percolation in hybrid systems with two different fillers, confining nanofillers
in any one of the phases of a biphasic polymer, and generating repulsive forces with
both nanofillers and the host polymer (e.g., polar or non-polar) were all efficient ways

to boost the ink's conductivity3®’.

Figure 20 shows the surface and cross-section view of ink coatings before (see
Figure 20a and Figure 20b) and after isothermal annealing at temperatures of 55 (see
Figure 20d and Figure 20€e), 80 (see Figure 20g and Figure 20h), and 110 °C (see Figure 20j
and Figure 20K) for 30 minutes. The morphology of the coatings changed slightly during
the annealing steps at different conditions, as shown in Figure 20. With increasing
annealing temperature, a microstructural evolution of the coating materials is
observed, resulting in coatings with a connecting feature (top view and cross-section).
After annealing at higher temperatures, a relatively rough surface with granular
features became smoother. The material may have become denser by increasing the
annealing temperature from 55 to 110 °C, as evidenced by a minor change in thickness
(seen via cross-sectional observation). This hypothesis, however, was validated by
measuring the thickness. According to TGA tests (Figure 22b), a portion of the
insulating impurities that remained in the inks gradually evaporated off during
annealing, causing the silver flakes to shrink, come into closer contact, and possibly
sinter. EDS is used to examine the distribution of silver flakes within the ink before
(see Figure 20c) and after (see Figure 20f, Figure 20i and Figure 20l) annealing. As
previously stated, a heterogeneous distribution is preferable when increasing
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conductivity. This is supported by the presence of densely packed silver flakes as well
as sparsely filled silver flakes (highlighted with a red circle).

. X500 ' 50pm

X500  50pm X500 50pm

X500 | 50pm 5kV X500  50pm

Figure 20. SEM images and EDS analyses of the coatings' microstructural evolution: a, b, and c)
before annealing. SEM images and EDS analyses of the coatings' microstructural evolution after
annealing at different temperatures: d, e, and f) 55°C. g, h, and | 80°C. j, k, and 1) 110°C.(all first
columns belongs to top views and middle columns are cross-section views).

The adhesion strength of a coating layer to the substrate is critical for its effective
functioning, and it can be evaluated through a simple scotch tape test. The adhesion
quality of any coating is critical because it determines whether the coating will remain
on a specific substrate and perform its intended function during use. The tape peel test
is the only quick and easy way to determine the adherence strength of a coating to the
substrate. A quantitative "peel test" with adhesive tape provides valuable information
about thin coating layers and their adhesion strength when applied to various
substrates®33°, The adhesive tape peel test was used to assess the quality of each

manufactured coating. The results showed that the printed layers on the paper substrate
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were more resistant to the scotch tape test than the nitrile gloves and textile-based
substrate, which can be attributed to the surface roughness of the paper and its ability
to quickly absorb the solvent after coating®**3° (see Figure 21a). Aside from that, the
electrical performance of the paper substrates with the highest conductivity for the
printed patterns was comparable to that of nitrile gloves and textile-based substrates.
The paper substrate with the best electrical performance after thermally treated at
110°C of the printed layers was used to make sensors with a low operating voltage
(see Figure 21b). Furthermore, the motivation stems from the fact that paper is a visually
appealing and environmentally friendly option for printed electronics. It is a
biodegradable material that is widely available, environmentally friendly, low in cost,

light in weight, and extremely versatile.
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Figure 21. a) Scotch test to evaluate coating's adhesion strength on the different substrates. b) Sheet
resistance values of the peeled-off ink and ink sprayed on the different substrate and have been thermally
treated at 110 °C during 2h by the error value ~ +2 ochm/sq.

54 THERMAL TREATMENT CHARACTERIZATION

5.4.1 Thermal treatment temperature

Thermal treatment aims to improve the conductivity of the samples. A DSC
measurement of the ink has been realized to select several temperatures for thermal
treatment. Indeed, to induce microstructural changes, the temperatures chosen must be
close to the glass transition temperature of the ink to allow the polymer chains to have

global and cooperative motions®*,

Figure 22 depicts the DSC runs of the ink. Two runs have been performed: the

first heating run (violet curve) is made on the pristine sprayed ink, then a fast-
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quenching step has been realized (not shown), and finally, a second heating run (cyan
curve) has been performed. The first part of the protocol aims at erasing the thermal

history of the material, while the second heating run is the proper measurement36-263,

According to the shape of the first run signal, it can be proposed that the sprayed
ink is arranged in a complex network. Indeed, the baseline is hard to determine, and
the glass transition is followed by thermal dilatation. The typical enthalpy release of
PLA during the glass transition crossing is well visible®®*. Then, in a will of clarity, it
has been decided to conclude only from the second heating run. From this
measurement and with a heating rate of 5 °C/min, the glass temperature read seems to
be around 49 °C for the ink. According to this measurement, three temperatures close
to the glass transition temperature have been chosen to perform the thermal treatment:
55 °C, 80 °C, and 110 °C as it is assuming that they belong in a temperature range
where chains have mobility®®* and can trigger microstructural changes that will
improve the conductivity of the material, as it has been done for PEDOT: PSS
films®%®%6, Thermogravimetric  Analysis (TGA) revealed no degradation
characteristics in the temperature range of interest (see Figure 22b) (e.g. thermal

decomposition).
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Figure 22. a) Differential Scanning Calorimetry (DSC) measurement at 5 °C/min with heating runs
ranging from 0 to 150 °C. b) Thermogravimetric Analysis (TGA) graph of Ink and its ingredient.

5.4.2 Thermal treatments effect on ink conductivity

The peeled-off ink was sintered for two hours at the selected temperatures. Sheet
resistance measurements were used to determine the efficiency of the thermal
treatment at each temperature. Figure 23a shows the sheet resistance after thermal

treatment at 55 °C (ATT-55-120min), 80 °C (ATT-80-120min), and 110 °C (ATT-
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110-120min). The pristine sample's sheet resistance is also included (BTT). Other
groups working with PMMA filled with carbon nanotubes, polymer blends filled with
carbon black, ladder polymers (BLL), PEDOT: PSS, or PP filled with carbon
nanotubes have also reported the influence of thermal treatment on sheet resistance3¢’~
372 A slight decrease in the sheet resistance value is visible after the 55 °C treatment
compared to the pristine sample, but this difference is minor. After 2 hours at 80 °C,
the sheet resistance has roughly quadrupled. A decrease in sheet resistance was also
observed after thermal treatment at 110 °C for 2 hours. Heat treatment directly affects
filler distribution, and this temperature allowed for some efficient microstructural
changes in the ink, which improved the connections between the conductive
particulates®2. The best result was obtained at the highest temperature (110 °C), where
the sheet resistance decreased over several decades and remains at 290 + 2.23 Q/sq. It
has been determined that thermal treatment for 2 hours at 110 °C is the most efficient
way to cause microstructural rearrangements that reduce ink sheet resistance. Still, it
is possible that increasing the time spent at this temperature can decrease sheet
resistance even more. Figure 23b depicts the evolution of sheet resistance at various
annealing times ranging from 5 minutes to 5 hours at 110 °C. Figure 23b shows that
even after only 5 minutes at 110 °C, the sheet resistance has decreased and reached a
value comparable to the one measured after 2 hours at 80 °C (as visible in Figure 23a).
The sheet resistance at 110 °C remains relatively constant from 15 minutes to 2 hours.
The sheet resistance increases slightly at 60 and 90 min, but this may be an artifact

because the sheet resistance reaches close to those reported for lower temperatures.
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Figure 23. a) Sheet resistance values of the pristine sample (BTT) and samples thermally treated for
two hours at 55, 80, and 110 °C. b) Sheet resistance for the isothermal treated sample at 110 °C for 5
minutes to 5 hours.
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The sheet resistance slowly increases from 3h to 5h at 110 °C, which can be
explained by SEM images taken after the isothermal treatment at 110 °C from 2h to
5h (see Figure 24). After 2h at 110 °C, there are no cracks in ink, and good connections
appear between the various compounds. Some cracks are visible on the ink after 3h at
110 °C where as these cracks are not visible in the photograph taken after 2h at 110
°C. Itis noticeable that cracks become more numerous and deeper between three hours
and five hours. This effect appears to be time-dependent, as the crack's depth, length,
and width increased over 2h of exposure. The increase in crack characteristics causes

defects in the electrical network, increasing the sample sheet resistance?26:2%°,
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Figure 24. SEM images were taken after the isothermal treatment at 110°C during a) 2h. b) 3h. c) 4h
and d) 5h.

5.4.3 Impact of thermal treatment on the microstructure of ink

DSC isotherms were performed for 2 hours at each temperature (55, 80, and 110
°C) to see if there is a change in the heat flow measured that could be due to ink
crystallization and to better understand the origin of the sheet resistance decrease after
thermal treatment from a microstructural perspective. Indeed, the presence of a crystal
can increase polymer conductivity?®*372373 Following the isothermal treatment, the

samples were quenched at -200 °C/min and a fast heating run (5 °C/min) from 0 to 150
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°C was performed. Figure 25a shows the isotherms, while Figure 25¢ shows the second

heating run of the pristine and treated samples.

The heat flow remains constant throughout all measurements, as shown by the
isothermal graphs (Figure 25a). It indicates that no crystallization occurred during this
step; XRD measurements support these findings (see Figure 25b). Furthermore, as
shown in Figure 25c, the thermal treatment had no effect on the glass transition
temperature when compared to the pristine sample. The only microstructural changes
responsible for the decrease in sheet resistance are caused by the removal of some
microstructural constraints that exist after spraying (as seen in the first run of the
pristine sample, Figure 22a), resulting in reorganization of the polymer chains as a result
of the thermal energy provided by this treatment and the formation of new interactions
that aid in electron displacement, thus improving electrical conductivity. However,
because there are no differences in the glass transition temperature for all temperatures
tested when compared to the pristine sample, the electrical conductivity increase can

be attributed to enhanced filler connections and structural reordering®’*372,
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Figure 25. a) Isothermal treatment at 55 °C, 80 °C and 110 °C. b) XRD measurements of Ink annealed
at different temperature. ¢) Second heating run at 5 °C/min from 0 to 150 °C.
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DSC measurements revealed that the decrease in sheet resistance is due to filler
reorganization rather than crystallization at all temperatures tested. It is now interesting
to learn why 110 °C is the best temperature because it has significantly reduced sheet
resistance over several decades. As a result, a DMA measurement was performed to
better understand how rigidity changes with temperature (Figure 26). The black crosses
on the storage modulus of the pristine sample (pink curve) represent the three thermal
treatment temperatures (55 °C, 80 °C, and 110 °C).
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Figure 26. a) DMTA measurement of the pristine samples and the sample treated at 110 °C. The black
crosses on the pristine curve represent the three selected temperatures for the thermal treatment. b) The
measurements have been performed from 30 °C to 130 °C performed at a 10 Hz frequency of and with
a heating rate of 5 °C/min.

Figure 26a shows three typical zones of polymer viscoelastic behaviour: the
glassy plateau, up to around 60 °C, where chains have low mobility, followed by a-
relaxation, which is visible by a drastic decrease in rigidity. Because the chains possess
low mobility, this relaxation results in a rubbery plateau with low rigidity. The three
temperatures chosen for the thermal treatment (55, 80, and 110 °C) fall roughly into
these three zones. In addition, a thermal treatment performed at 110 °C allows the
polymer chains to have greater mobility (middle of the rubbery plateau) when
compared to treatments performed at 55 °C (beginning of the a-relaxation) and 80 °C
(end of the a-relaxation). At 110 °C, the chains move quickly, allowing the ink to
rearrange itself while improving the connections between the various conductive
particles (carbon nanotubes and silver nanoparticles)®”. This DMA curve explains the
good results of the sheet resistance reduction observed with the 110 °C treatment. The
pristine sample (pink curve) and the thermally treated sample (blue curve) can also be
compared in this graph. The rigidity of the treated samples has nearly doubled (as seen

in the storage modulus curve) as a result of reorganization in this microstructure. Even
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after a-relaxation and on the rubbery plateau, the rigidity of the treated sample remains
higher than that of the pristine sample until the end of the measurement. It means that
the microstructural rearrangements made during the thermal treatment are stable
enough to remain even after the a-relaxation temperature has been reached. The o-
relaxation temperatures of the pristine and treated samples are similar (a little lower
for the treated samples, 67 °C vs. 68 °C for the pristine) and also agree with what is
commonly reported for PLA depending on the measurement methods. Because the
presence of fillers reduces the mobility of the polymer chains, the a-
relaxation temperature is higher than that of a PLA3"43"®, The magnitude of the Tan
delta peak of the treated sample is greater during the transition, as shown in Figure 26b.
It reveals that the treated sample has the greatest increase in chain mobility when
compared to the pristine one®®. Indeed, one of the pristine samples is slightly more
constrained as a result of the spraying (as seen in Figure 22, DSC curve with the first
and second heating), whereas the treated samples' chains have received more thermal
energy to reorganize the constrained areas. Sheet resistance measurements confirm the
DMA results, which showed that chain mobility was higher at 110°C than at 80 °C.

55 BIOCHEMICAL OXYGEN DEMAND (BOD) IN SEAWATER

Polylactic acid (PLA) has been the subject of a lot of research lately. This is not
only because it has great mechanical properties, but also because it can be made from
lactic acid by fermentation and biodegrades in industrial compost®’®. However, the
increased use of PLA has resulted in an increase in the contamination of the
environment with PLA-containing products. This is due to the fact that PLA does not

degrade even after three years of immersion in water or burial in soil®®.

The degradation rates of the coating and its ingredients, namely PLA/PUDs and
PLA and PUDs, were studied separately in seawater under laboratory conditions for
one month (see Figure 27a). The blend of waterborne polyurethane with polylactic acid
can improve the biodegradability of PLA due to several reasons:

Increase in Surface Area: When PUDs is blended with PLA, it can form a stable,
immiscible blend with a larger surface area. This increased surface area provides more
space for microorganisms to attach to and break down the PLA, leading to faster

biodegradation (see Figure 27b).
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Increased Hydrophilicity: PLA is hydrophobic in nature, which means it resists
water absorption. However, when PUDs is blended with PLA, it increases the
hydrophilicity of the blend, making it more susceptible to water absorption. Water
absorption can provide an ideal environment for microorganisms to colonize and break
down the PLA. The wettability of peeled-off ink before and after the BOD test is
shown in Figure 27C. As can be seen, blending PLA/PUDs/fillers produces a more
hydrophilic structure (water contact angle 32.8°+ 0.3°), which increases water
diffusion and, as a result, the ink's degradation rate. The hydrophobicity of the ink
(water contact angle 94.9° +1.1°) after BOD can then be explained by increasing the

ink’s surface roughness.

Synergistic Effects: The combination of PUDs and PLA can also have a
synergistic effect, meaning the properties of the blend are greater than the sum of its
parts. This synergistic effect can result in a combination that is more easily
biodegradable than either component alone.

Overall, the blend of PUs with PLA can improve the biodegradability of PLA by

increasing surface area, hydrophilicity and exhibiting synergistic effects®%377-380,
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Figure 27. a) Biochemical oxygen demand (BOD) of peeled-off ink treated at 110 °C and its component
in seawater. b) SEM image of PLA/PUDs film. c) Surface wettability measurement before and after
BOD.
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Figure 28a and Figure 28b, imaged by the Zeta profilometer, show that penetrating
sea salt increases the surface roughness of ink after it has been exposed inside the sea
water, with the presence of the sea salt later confirmed by SEM analyses (Figure 28

and Figure 28d).

8,5 mm 08 mm
Figure 28. Images of the surface roughness of peel-off ink taken with the Zeta profilometer. a) Prior to
BOD, b) Following BOD. SEM analysis of the surface components of the coating c) Prior to BOD, d)
Following the BOD test.

5.6 FABRICATION AND SENSING MECHANISM OF THE SENSOR

There are several methods for producing interdigitated electrodes, including wet
etching, photolithography, inkjet printing and subsequent metal Au or Ag deposition,
and screen-printing silver paste®. Figure 29 depicts a schematic representation of the
sensor manufacturing process, which consists of two simple steps: first, ink was
applied to the paper, which was then thermally treated at 110°C for two hours to obtain
the desired electrical properties.

In a vacuum desiccator, liqguid PDMS and curing agent (Sylgard 184) were
mixed at a weight ratio of 10:1. The degassed PDMS was poured on top of the FR4
substrate, which was then degassed and baked for 1 hour at 80 °C. Commercially
available conductive silver ink was printed on the FR4 substrate coated with PDMS
film using the Voltera V-One PCB printer to increase the sensitivity of pressure
sensors. The polymerized PDMS detached from the FR4 substrate after the printing
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layout was completely dried. The printed layout has an eight-finger interdigitate with
total dimensions of X=21.0 mm Y= 13.0 mm, a distance of approximately 500 pum
between two adjacent electrode fingers. To ensure good conduction, copper wire was

attached on both sides of the sensor and the sensor was sealed with adhesive tape.

Ink:

PLA
PUDs A
® CNTs o
Silver Flake
Paper Substrate @
Reverse and -+ Eight ﬁng.ers interdigifate 'electrodes
Cuttin printed with commercial silver paste
g on PDMS film

Assembly

I

Adbhesive tape

N

Figure 29. Graphical representation of the pressure sensor production procedure.

5.7 PROGRESSIVE COMPRESSION TEST

Since the sensor is designed to monitor repetitive pressure sensing, therefore it
was subjected to a cyclic progressive compression test, and the effect of cyclic
deformation on the resistance was investigated through Instron-Keithley coupled
measurements. Since these cycles frequently use either constant pressure or variable
force, sensor performance was assessed in both scenarios. Given the applied electric
voltage V and the measured current I, the resistance was calculated at each instant for
each graph using the standard Ohm's law and is plotted for independent sensors in

Figure 30 normalized to the initial resistance value Ro.

In the first scenario (Figure 30a), the constructed sensor was positioned between
Instron clamping plates. A low-power load cell (1ON) was used to apply precise
pressure, which was gradually increased from 0.2 kPa to 10 kPa (pressure values with
more in details; 0.2-0.3-0.4-0.5-1-2-5-10 kPa) with a 30-second relaxation period in
between two different loading pressures. Continually in all unloading modes, the
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pressure dropped back to 0.1 kPa, and each cycle was repeated five times. To avoid a
short circuit, the clamping plates were taped off. The sensor output is unchanged in the
pressure range of less than 0.3 kPa, as highlighted by the red circle in the inset
magnification of Figure 30a. The current detection performance was found to be stable
and continuous, with no apparent signal loss when loading and unloading, despite the
increase in applied pressure at each cycle.

Looking at Figure 30b, the second scenario involves putting the sensor through a
pressure range that goes from 0.5 kPa all the way up to 10 kPa using a low-power load
cell. Each cycle consists of 30 seconds of applying pressure, followed by 30 seconds
of releasing it. After each cycle, the sensor demonstrated an excellent recovery from
pressure when left to relax the stress, going back to almost the same resistance value
in comparison to the initial RO. This was particularly noticeable at a higher pressure
range, which ranged from 10 to 500 kPa (Figure 30c), where the same behaviour was
observed. This drop in the sensor's relative resistance after being loaded with pressure
is most likely caused by a better arrangement of the fillers contained within the
coating®®. The cone-shaped structure of the graph changed when the applied force was
greater than 5 kPa. This may be because, when the sensor is subjected to pressure, the
coating rearranges itself while the PDMS film slightly contrasts the applied force. The
sensor was subjected to a constant pressure of 2 kPa in the final scenario (Figure 30d)
to test further the sensor’ sensitivity to the applied constant pressure and capability to
recover the initial resistance. Increasing the time of applied stress from 1 second to 10
seconds clearly resulted in a gradual decrease in resistance under constant pressure. In
contrast, for the time greater than 15 seconds, the change in resistance value will be

stabilized on a straight line, highlighted with a dashed red line.

In general, when the sensor is subjected to pressure, two phenomena occur in the
system. The first is the formation of conductive networks as a result of conducting
particle rearrangements, and the second is the destruction of some conductive networks
as the inter-particle gap increases. The changes in electrical properties will be
determined by the dominance of one of these two phenomena. According to the above
analysis, adding external pressure reduces the distance between two neighbouring
conductive fillers, i.e., the average inter-particle gap is smaller, resulting in a lower

sensor total resistance3®2384,
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Figure 30. Sensor response during loading and unloading a) Cyclic low power pressure ranging from
0.2 kPa to 10kPa, b) Step low power pressure ranging from 0.5 kPa to 10 kPa, c¢) Step high power
pressure ranging from 10 kPa to 500 kPa, d) Constant pressure of 2 kPa with varying relaxation time.

5.8 CONCLUSION

In conclusion, conductive ink is developed in this chapter using silver flakes,
multi-walled carbon nanotubes, and PLA-based aqueous emulsions. One of the
primary objectives of this chapter followed by previous chapter, is to discourage the
use of chloroform and other non-renewable solvents in PLA-based inks and
suspensions. Emulsifying replaces a significant portion of the solvent with water. If
the solvent is not biodegradable, the costs and emissions are reduced. Dynamic light
scattering and optical microscopy analysis of the emulsion and ink revealed a highly
distributed oil in water emulsion containing PLA and hybrid fillers that can remain
stable for several days. To investigate the effects of annealing for varying amounts of
time and temperatures, various techniques are used. The results show that subsequent
treatment at 110°C for 2 hours improves the electrical properties of the coated sample
for several decades. Moreover, a paper-based sensor yields high-pressure sensitivity
(0.3 kPa) along with an operational range (0.1- 500 kPa). During the cyclic pressure
test, there is a decrease in the relative resistance, which may be explained by the fact

that the distance between two adjacent conductive fillers is decreased as a result of the

Chapter 5: Environmentally friendly, electrically conductive, and versatile emulsion-based ink for distributed

tactile sensing 87



external pressure. In addition, ink is capable of biodegradation in marine
environments, which results in a gradual reduction in the accumulation of the
substance within the ecosystem. This leads to an increase in the overall health of the

ecosystem.
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Sensors and transducers are well-known devices that are seeing an increase in
research and development due to their numerous applications in electronics and
robotics®®. They are found in measuring instruments, but they are also widely used in
medicine, industry, and control systems. Furthermore, every smart object requires
sensors to perform its functions, and it is thanks to sensors that smart is becoming so
prevalent in everyday life. Sensor technology is especially important in robotics and
artificial intelligence, two new fields that are rapidly expanding®®. Furthermore,
sensors, like electronics in general, are undergoing an actual transformation toward
greener and more sustainable manufacturing, with the goal of producing fully
recyclable devices and limiting the creation of e-waste. This chapter describes the
fabrication of novel inks taking advantage of carbon-based conductive fillers, such as
graphene nanoplatelets (GNPs) and carbon nanofibers (CNFs) or metallic conductive
fillers, such as silver flake, with a dynamic thermoset (a so-called vitrimer) synthesized

from a mixture of epoxidized soybean oil acrylate (ESOA) and diboronic easter dithiol
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(DBEDT) dynamic cross linker. Due to its flexibility, recyclability, and capacity to
self-heal damages like cuts or cracks at ambient conditions, the boronic ester vitrimer

made from soybean oil was chosen as a binder.

Indeed, it will be demonstrated that the presented conductive inks have a lot of
potential in flexible electronics, particularly in the field of sensors, due to their
conductivity similar to that of conductive polymers and their self-healing
characteristics inherited from the vitrimer matrix. Further to that, the material's
recycling and reusing possibilities make it an appealing option available for advanced
and innovative electronic devices, addressing a topic of critical importance in today's
technologies, such as sustainability and circular economy.

6.1 BORONIC ESTER VITRIMER: A BIOBASED, BIODEGRADABLE,
SELF-HEALING MATERIAL

The class of polymers known as thermosets is distinguished by a permanent,
three-dimensional network created by covalent cross-links. Due to their cross-linked
nature, which provides high mechanical strength, chemical resistance, as well as
thermal and dimensional stability, they find a wide range of applications, including
adhesives, coatings, and polymer matrices in composites for transportation, wind

blades, aircrafts, sporting goods, and electrical materials3®738,

Unfortunately, most epoxy resins are made from fossil feed stocks and toxic
chemicals like BPA and epichlorohydrin. BPA, an endocrine disruptor, can negatively
affect human health. Traditional thermosets also accelerate fossil-based feedstock

consumption and create persistent plastic waste38°-3%,

Thus, renewable, biodegradable thermosets are needed to be urgently developed.
Due to their renewability, availability, and environmental friendliness, plant oils could
be used to make thermosets. Oils from different origins contain functional groups like
double bonds, esters, and hydroxyl groups for chemical reactions, making them

versatile3°?,

Soybean oil has several unsaturated double bonds within the fatty acids;
nevertheless, they are not very reactive and must frequently be converted into more
reactive functional groups. Epoxy groups can be implemented directly into the soybean

oil by reacting it with hydrogen peroxide and either acetic or formic acid. This type of
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epoxidized soybean oil (ESO) is commonly employed in the manufacturing of epoxy
resins utilizing curing agents such diamines, dicarboxylic acids, or anhydrides. ESO is

also used as a green plasticizer in polymers such as polyvinyl chloride and polylactic
acid392,393.

Traditional thermosets have a significant disadvantage in that they cannot be
easily reprocessed or recycled after their use period, so they are either disposed of as
waste in landfills or incinerated, which causes serious environmental concerns and
significantly increases the overall material cost®®*. To address these concerns, dynamic
cross-links capable of exchanging reactions can be incorporated into thermosets,
allowing network rearrangements, malleability, and reprocess ability. Such created
dynamic thermosets constitute a new class of materials known as vitrimers because
they flow like vitreous silica (quartz glass) according to the Arrhenius law®®. Because
of this, vitrimers, like thermoplastic polymers, can be repaired, reshaped, and
reprocessed using extrusion, injection or compression molding, and 3D printing,

drastically lowering both the price and the effect to the environment!8:3%6:397,

Appendix A describes an eco-friendly synthesis of a diboronic ester dithiol
(DBEDT) dynamic cross-linker used for the preparation of catalyst-free, bio-based
vitrimers via thiol-acrylate coupling of ESOA and DBEDT.

ESOA-DBEDT, like thermoplastics, can be reprocessed numerous times without
affecting its mechanical performance. Additionally, a recycling procedure was
established in which the vitrimer can be regenerated by hydrolysis and dissolution in
90% v/v ethanol, followed by solution evaporation. The ESOA-DBEDT vitrimer had
excellent potential as a self-healing coating and was biodegradable, removing issues

regarding waste accumulation in the environment*®!,
6.2 CONDUCTIVE INK PREPARATION

6.2.1 Carbon-based vitrimer ink

The binding vitrimer polymer ESOA-DBEDT was hydrolysed and dissolved in
a solution of 1ImL H>0O and 9mL ethanol at room temperature for 24 hours and then
filtered to remove any possible solid residues (<1%). CNFs and GNPs were dispersed
separately in 20 mL of ethanol using ~50 pL of the dispersing agent Tween®80 and
sonicated for one hour. By combining the components mentioned earlier, three
mixtures containing 10, 20, and 30% by weight of the fillers (GNPs and CNFs
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combined, with the weight ratio of 1:1) concerning the total weight of the coating
material were obtained. Each contains 49 mL of ethanol, 1 mL of water, and ~100 puL
of Tween®80 as a solvent. The prepared carbon-based vitrimer inks were sonicated for

an additional hour before spray coating onto the substrate.

6.2.2 Silver-based vitrimer ink

There is a range of acceptable viscosity for different printing methods; ink
viscosity is very important due to its efficiency when spread on the substrate and is
affected by various parameters, the most important of which is the solvent evaporation
rate®®, The lower the boiling point of the solvent, the faster it evaporates, influencing
the actual composition of the wet ink, increasing its viscosity, and causing differences
in the printed mass. The faster-evaporating solvent also has an effect on the internal
structure after deposition because faster-drying films have much higher internal
tension, which should result in lower resistivity values. When ink does not successfully
transfer to the substrate but remains in the screen meshes, a clear solvent spot on the
substrate appears as evidence of contact between the solvent front and the substrate.
The ink flows through the mesh as a core of particulates protected by a vehicle-rich
layer. The effective viscosity of the ink is reduced during printing as a result of the ink
structure. Furthermore, the presence of a solvent with a lower boiling point results in
an increase in surface roughness®®4%_ In this light, 1-hexanol was chosen as an ethanol
substitute to achieve a good performance-sustainability balance. Several kinds of ink
were formulated, following the quantities reported in Table 9, by mixing the hydrolysed

vitrimer in 1-hexanol and water with silver flakes.

Table 9. Different silver-based ink formulation.

. . Filler vol.% Binder vol.%
it HNEAE) | () Density: 10.490 g/cm?® Density: 1.09+0.05 g/em?
1 0.29 0.3 9 91
2 0.48 0.3 14 86
3 0.75 0.3 20 80
4 1.125 0.3 28 72
5 1.63 0.3 36 64
6 2.56 0.3 47 53
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6.3 SIGNIFICANT FINDINGS

6.3.1 Carbon-based vitrimer ink characterization

The adhesion of the conductive pattern to the substrate and its conductivity are
critical for the practical applications of flexible electronic devices. Figure 31 depicts
SEM images of vitrimer ink coated on natural rubber (Figure 31a and b), glass (Figure
31c and d), and paper (Figure 31e and f) substrates with varying nature and mechanical
properties and then compress moulded to increase the coating's compactness. Vitrimer
in formulated ink may vastly improve the adhesion property of the conductive pattern.
If the ink’s adhesion properties to the substrate are poor, the formed conductive pattern
will be easily cracked and detached from the substrate. As a result, it is critical for ink
solutions to select a suitable solvent to improve adhesion with appropriate surface

tension gradients®0140,
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Figure 31. SEM images of cross-section view for the carbon-based vitrimer ink. The right column
images belong to samples before the hot-press, coated on a) natural rubber, c) glass, and e) paper. The
left column images belong to samples after compression molding, coated on b) natural rubber, d) glass,
and f) paper.

For the recyclability test, carbon-based ink was sprayed onto a glass substrate. This
idea is based on the fact that hydrolysis and the subsequent regeneration of boronic
esters vitrimer after solvent evaporation and drying can be used to recycle and reuse
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the ink and can be performed multiple times. The electrical characteristics of the ink
sample were measured, along with an analysis of the sheet resistance of the dried
printed layers. The goal of this test was to environmentally friendly recover the sensor’s
components to support the thesis's goal of developing a sensor with a circular economy
perspective. The coated glass was immersed for three hours in a solution of 90%
volume ethanol and 10% volume water to remove the coating by hydrolysis and
dissolution of the vitrimer binder. The glass substrate was then removed and washed
with a small amount of water and ethanol. The obtained recycled ink was sprayed again
on the same glass substrate to recreate the original material. Emphasis was put on the
investigation of changes induced by recycling on the electrical properties. Figure 32a
and Figure 32b present SEM images of the sensor on the glass substrate both before
recycling and after recycling and further spraying, respectively. Figure 32c, in fact,
shows that the relative resistance of the ink did not change significantly following
recycling and additional spraying. Figure 32d depicts the recyclability test's
methodology.
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Figure 32. Cross-section view of coating state on the glass a) before recycling, b) after recycling. c)
Relative value of the resistance for the initial sensor and after recycling. d) Schematic illustration of the
recyclability test.

6.3.2 Silver-based vitrimer ink characterization

Figure 33a depicts the relationship between sheet resistance and silver flake
loading. The studies were carried out on screen-printed samples on a TPU substrate
before and after 30 minutes of sintering at 160 degrees. The sheet resistance decreased

94 Chapter 6: Recyclable electrically conductive vitrimer-based inks for strain sensor



significantly as the loading of silver flakes (AgF) increased, and a severe decrease after
sintering is visible in the sample with a higher content of conductive filler. Clearly,
sintering causes conductive filler densification through the conductive network. When
the conductive filler loading is raised from 20 vol% to 28 vol%, there is a six-order-
of-magnitude decrease in the sheet resistance value. As a result, the electrical
percolation threshold is within this range of nanofiller concentration. As shown in
Figure 333, the sheet resistance, measured with four point probe, decreased to around
7.96 Ohm/sq before sintering at 36 vol% AgF and 0.18+5.5x10® Ohm/sq after
sintering, maintaining a similar value at higher loading. After monitoring the sheet
resistance for a month, it was evident that there had been no change in the values for
the high conductive filler content; consequently, the silver flake would not oxidize
after sintering. At the same time, the sample containing 28 vol% conductive filler
started to lose its properties after two hours. Such an effect can be explained by
analyzing the electrical conductivity behavior as a function of filler content.

Adding electrically conductive particulate fillers, such as metal nanoparticles, to
electrically insulating polymeric matrices is generally a fascinating alternative method
of giving the material long-lasting good electrical properties*®. When polymeric
matrices are given a specific quantity of conductive particulate (referred to as the
electrical percolation threshold content). Physical contact between the electrically
conductive particles creates electron-conductive paths within the polymer networks,
enabling electronic flow and an increase in the polymer's electrical conductivity of
many orders of magnitude (Figure 33b). Tunnelling between conductive particles that
are sufficiently close to one another (less than 10 nm) can also cause the charge flow
inside polymer networks. When a power law current-voltage (I-V) relationship is seen
for the material, the tunnelling effect may be taken into account as the dominant
electron-conduction mechanism. On the other hand, when a linear I-V relationship is
confirmed, the electronic conductivity is significantly influenced by the direct contact

between the filler particles®®,
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Figure 33. a) Measuring the sheet resistance versus different silver flakes loading for screen printed
samples on TPU substrate before and after sintering up to one month. b) Characteristic graph of
electrical conductivity as a function of filler content for conductive networks.

The percolation mechanism in polymeric matrix with conductive fillers has been
studied extensively. The nature of the percolating state and the zone of percolation,
however, remain uncertain, and they are dependent on the aspect ratio and the nature
of the conductive fillers. Understanding the relaxation and conductivity behaviour in
the composite clarifies the role of fillers and the percolation mechanism?*®>%7, Indeed,
three relaxation processes induced by the filler, polymer matrix, and interfaces
between the filler and the polymeric matrix govern conductive channels®®®. The
conductivity behaviour with different silver flakes loadings suggested that charge
tunnelling between AgF-AgF and AgF-vitrimer matrix should induce the transition
from an insulating to a conducting state. By forming conductive channels near the
percolation threshold, this unique physical mechanism for the sample containing 28
vol% silver flakes was realized, as it is clear in Figure 33b. To gain a better
understanding of our hypothesis that relaxation in the polymeric matrix could
influence the unstable electrical properties of the sample containing 28 vol% silver
flakes, DMTA for the relaxation dependence of vitrimer at various temperatures and

frequencies must be performed.

Through morphological properties, as-printed Ag-filled patterns using two types
of inks strike a clear stance, where the microstructures varied in dispensation and
degree of contact. Figure 34a and Figure 34b conduct images from the surface of the

sample with 28 vol% silver flakes. As can be seen, an irregular spread of silver flakes
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on the surface, consisting of small and large areas of silver flake aggregation
(highlighted with orange circles), exhibited an uneven surface morphology that
consequently made a disturbance in the pathway for the transportation of electrons. In
contrast, as seen in Figure 34C and Figure 34d, coating layers containing 36 vol%
conductive particulates before and after sintering were relatively smooth and uniform
on the TPU substrate, and adjacent particles connected to network structures. Indeed,
the slight trace of the screen mesh on the surface is noticeable in this sample which
confirms the suitable viscosity of the ink for this method. Densely packed Ag flakes
are evidenced in the high-magnification images in the cross-section view for the
sample containing 36 vol% conductive filler before and after sintering, as shown in
Figure 34e and Figure 34f, respectively. Furthermore, cracks are absent on the surface;
confirming that thermal sintering did not cause any damage to the coating layer.
Moreover, the appearance of voids in both Ag printed layers was caused primarily by
the rapid evaporation of low boiling point solvents in Ag ink following the annealing
process®®40 The cross-sectional thickness of Ag-printed on the TPU substrate was

around 6.5-8 um. The estimated thickness was later utilized to calculate the bulk

resistivity?%°,

Figure 34. SEM images of Ag patterns printed on TPU substrate containing: 28 vol% silver flakes a)
before sintering, b) after sintering, and 36 vol% silver flakes c) before sintering, d) after sintering. FIB
cross-sectional images of Ag- patterns on TPU substrate containing 36 vol% silver flakes e) before
sintering, f) after sintering.

The filler content, which must be as low as possible while still allowing it to
fulfil its electrical requirements, is extremely crucial in the production of conductive
inks*1?; otherwise, the mixing process would become challenging, the mechanical
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properties also seem to be poor, and the final price is high. Under such a perspective,

all measurements are based on a sample containing 36 vol% silver flakes.

To ensure both the sensor system's effectiveness and the screen-printed film's
reliability, a quantitative assessment of the adhesion properties of thin films is
necessary. Scratch tests were performed in this regard to identify the critical loads and
damage mechanism of the screen-printed ink layer. The four-point probe technique is
used to measure the difference in sheet resistance after scratch tests with various
loading forces, as shown in Figure 35a. The critical load, 3000 mN, is nearly 150 times
higher than that determined for the commercial ink, which is 20 mN*!*, For the loading
higher than 3000mN, the sheet resistance started to rise dramatically. Therefore, as
reported by Zych et al'®, differences in adhesion between commercial and prepared
inks may also be related to the unique chemical nature of the vitrimer binder with
dynamic crosslinks in these inks. However, a variety of other factors, such as surface
energy, the polarity of the joined surfaces, solvent residues in the inks, or solvent
absorption into substrate surfaces, may also have an impact on adhesion**2. According
to the optical images in Figure 35b and Figure 35c, a further increase in applied load
eventually results in breaking the conductive layer through cracking along its
thickness.

Since a sintered sample with a denser microstructure would increase the free
path of electrons and produce a higher conductivity, the observed higher load-bearing
capability in the sintered sample was expected. This indicates that enhanced
densification in the sintering process is essential to achieving ideal electrical

properties.
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Figure 35. a) Assessment of sheet resistance after scratching under different loads. Optical images of
scratch tracks for Ag patterns: b) before sintering at 20 N, c) after sintering at 20N.
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Since strain sensors are intended to monitor repetitive motions, fabricated
sensors with 36 vol% AgF screen-printed on TPU substrates were subjected to cyclic
strains. The functionality of the strain sensors were tested with simultaneous electrical
resistance measurements under applied cyclic strain. The effect of cyclic deformation
on the resistance was studied through ZwickRoell coupled with the Keithley source
meter. Figure 36 illustrates the results of measuring the resistance by stretching the
sensor 500 times up to 10% strain at various speeds ranging from 1 mm/sec to 10
mm/sec and then keeping it under constant 0% strain until the resistance values
saturated. For the not sintered sensor, the normalized resistance as a function of time
Is shown in Figure 36a. It is anticipated that the delamination and breaking of the
connections in the 3D network will be the main factors contributing to the increase in
resistance for the non-sintered sensor. When the strain rate reaches a value of 10
mm/sec, in the case of the not sintered sensor, the resistance increases exponentially
as a function of the strain rate. The increase in inter-particle distance and the breaking
of the contacts between silver flakes in the case of the sintered sensor (Figure 36b) can
be used to explain the increase in resistance with a high stretching rate. The breaking
of the 3D network formed by the conductive fillers, loss of contact between different
particles, an increase in the inter-filler distance, delamination of particles, reorientation
of particles, and a decrease in the volume fraction of filler material as the material
extends are just a few of the phenomena that can explain how tensile strain affects

conductivity*13414,

The results in Figure 36¢ show that resistance increases during cyclic stretch but
also recovers, which is time-dependent. Resistance values were significantly lower
than those initially measured in cyclic strain tests when sensors were allowed to relax
after each cycle (Figure 36¢, black curve), indicating that these test results are highly
dependent on the timeframe in which resistances were measured. An enlarged 200 first
seconds of the outcomes from Figure 36¢ with different relaxation times is presented in
Figure 36d. As can be seen, bond exchange within the vitrimer, which enables the
rearrangement of the network and causes a decrease in resistance concurrent with the
tension of the sample, outweighs the resistance increase phenomenon, which is ruled

by the detachment of the conductive nanoparticles due to strain.

The sensor's resistance was also more than recovered after being stretched back
to its original length and given 90 seconds to relax, in contrast to the resistances of
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sensors with a relaxation time of 0-30—60 seconds, which showed a residual increase
compared to their initial values. The reorganization of the conductive networks within
the coating is responsible for the decrease in (R-R0/R0), which can be explained by a
stretched exponential for relaxation in disordered systems. In addition, the structural

characteristics of TPU probably contributed to the time-dependent recovery*®.

a) —— 1mmisec b)
2.5mm/sec 10
|
=
=]
g &
= s 1 —1 mmis
[ o —2.5mm/s
L c 5mm/s
I}
0.1
Sintered 36% AgF sensor
] 500 1000 1500 2000 2500 3000 3500 0'01(} 500 1000 1500 2000 2500 3000 3500
Time(s) Time (s)
c) d) 30sec relaxation
0-30 60sec relaxation
10 0-60
=) o
7 €
g g’
© 0 Sec 0 Sec é
01
0/30/60/90 Sec L—‘
0.01
0 2000 4000 6000 8000 10000 12000 0 50 100 150 200
Time (s) Time (s)

Figure 36. Evolution of the relative resistance over the 500 cycles up to 10% strain at various speeds a)
Non-sinter 36 vol% AgF screen-printed ink, b) Sinter 36 vol% AgF screen-printed ink. ¢) Normalized
resistances as a function of relaxation time. d) Magnified graph c¢ from 0 second to 200 seconds.

The recyclability test procedure followed the same method used for recycling the
carbon-based vitrimer ink (Figure 32d). 1-Hexanol was replaced instead of ethanol
since the ink was formulated with this solvent. The remaining solution is then filtered
using three cellulose filter papers of grade 2.5 stacked on top of each other in the
following day after the sensor has been immersed in the solvents and all of the coating
has separated from its substrate. As shown in Figure 37a, the solution required several
consecutive filtration cycles to achieve an acceptable transparent-like colour. The
recycled elements of the sensor after the complete solvent evaporation, were then
analysed with the scanning electron microscope obtaining the images in Figure 37b and
Figure 37c after and before recycling, respectively. To examine if there is any residue

from the vitrimer inside the recycled silver flakes, EDS analyses were performed on

100 Chapter 6: Recyclable electrically conductive vitrimer-based inks for strain sensor



the recycled element; the results confirm the recycling process was successfully done,
and the peaks are the same for the silver flakes after and before recycling as shown in
Figure 37d. Interestingly, despite the fact that the silver flakes are sintered at 160°C, we

can counter the hypothesis that silver flakes oxidize.

Ag Lo — Recycled silver flakes|
‘|Ag Lp2
!
AglLa —— Silver flakes
[’|Ag Lp2
Aot L S .
0 10 20
Energy(KeV)

Figure 37. a) Separated silver flakes and filtered solvents after recyclability test. SEM images of the
silver flakes powder b) after the recyclability test, c) before the recyclability test. d) Energy dispersive
spectroscopy (EDS) spectra of recycled and original silver flakes.

This chapter describes the development of environmentally friendly strain
sensors based on a novel class of biopolymer called vitrimer that is filled with various
conductive particulates. From the selection of materials to the manufacturing
procedure, the conductive coating was created by combining the electrical insulation
vitrimer ESOA-DBEDT with green solvents diluted with water. Ink's variable
viscosity made it possible to create strain sensors by using various coating techniques.
Regarding repeatability and stability, all of the sensors demonstrated excellent
recovery abilities following the relaxation of the strain and displayed good stability
throughout the entire cyclic strain test. The sensor's recyclability has also been

investigated and tested, with outstanding outcomes in both formulation techniques.
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Chapter 7:  Conclusions

In the twenty-first century, there has been an exponential increase in the
production and usage of electrical and electronic equipment (EEE), which has occurred
concurrently with an increase in environmental warnings about the negative effects of
anthropogenic activities. This prompted the need to relate these two phenomena better,
and it is now understood that EEE are both parts of the environmental cure and the
environmental disease: while the increasing consumption and disposal of EEE have
serious repercussions for the planet*!, the use of EEE can aid in saving energy and
natural resources!®. The functional classification of environmentally friendly
electronics has increased significantly over the past few decades as a result of
environmental legislation becoming increasingly stringent and an increase in
environmentally friendly devices, which required business models to adjust in order to

participate in this new market share*"418,

In the electronics industry, printed, flexible, and wearable electronics and large
area conductive coatings play a crucial role. Recently, the demand for innovative
materials in such sectors has increased. This necessitates the development of novel
materials utilizing a straightforward method to facilitate the fabrication of wearable
devices with superior electronic properties. In printed electronics, conductive inks play
a significant role. Even though there are numerous types of conductive inks on the
market, certain obstacles persist and must be overcome. Toxic chemicals, low
throughput, and complicated fabrication processes are a few of the limitations that
make broader applications of conductive inks less economically viable.

Green flexible electronics are a promising technology that can enable sustainable
future electronics. Sustainability and green electronics are at the centre of the
investigation presented in this thesis, which tries to develop materials with the
satisfying performance needed in flexible and wearable electronics which at the same

time are bio-based and recyclable.

Under such a perspective, for the fabrication of flexible, stretchable, and
wearable printed electronic devices, several conductive inks comprised of carbon and
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metallic conductive filler mixed with bio-based polymers were found to be suitable

options.

Our material selection is motivated by the desire to address environment-related
aspects and the circular economy. Emulsion-based conductive ink made with PLA as
a binder and GNPs as a conductive filler has also shown promising results for flexible
strain sensors, providing good mechanical properties and electrical conductivity.
Making ink with GNPs offers many advantages that make it a desirable material for
use in electronic applications, particularly in the development of green and sustainable
electronics. The high electrical and mechanical properties of GNPs, combined with
their low toxicity and environmental sustainability, make them an attractive alternative
to traditional electronic materials. Furthermore, using PLA as a binder reduces the
amount of non-renewable resources needed for sensor production and reduces the
amount of waste generated at the end of the sensor’s life. Additionally, the use of green
solvents, which are derived from renewable resources, can further reduce the
environmental impact of the manufacturing process. Nevertheless, emulsions are much
more eco-friendly, and emulsifying ensures that a significant portion of the solvent is
replaced with water. This means less solvent cost and fewer toxic solvent emissions if

the solvent is not biodegradable.

The immiscible blend of PUDs with PLA has emerged as a promising approach
to improving the mechanical properties and biodegradability of PLA. The
incorporation of PUDs into PLA can create a composite material that exhibits
enhanced toughness and ductility. The WPU phase acts as a toughening agent by
absorbing and dissipating energy during deformation, reducing stress concentrations
in the PLA matrix, and resulting in improved mechanical properties. Moreover, the
blend of PUDs with PLA can improve the biodegradability of PLA by increasing its
surface area and hydrophilicity and exhibiting synergistic effects.

To provide economical and environmental benefits, two strategies are followed

for making conductive inks with silver flakes:

1. Combination of silver flakes with carbon nanotubes (CNTSs): By combining
silver flakes with CNTs in the conductive ink, the amount of silver required can be
reduced, which can help reduce the cost of the ink. Additionally, CNTs can improve
the conductivity of the ink, which can lead to better performance in electronic devices.
When CNTs are added to ink made with silver flakes, they can accelerate electron
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transfer by acting as a bridge between the silver flakes. Silver flakes have a larger
particle size compared to CNTs, which can result in poor electrical conductivity in the
ink matrix. The addition of CNTSs to the ink can provide a more efficient pathway for
electron transfer between the silver flakes, resulting in a more conductive ink. The
CNTs also provide additional benefits such as improved mechanical strength and
flexibility, as well as increased thermal stability. This makes the ink suitable for use in

flexible and stretchable electronic applications.

2. Recyclable vitrimer and silver flakes ink: To tackle environmental issues and
follow green chemistry principles, vitrimer, as dynamic material with low glass
transition, is used as a binder in conductive ink formulation. Such inks can be recycled
by hydrolysis in water and green solvents, which allows the silver flakes to be
recovered and reused. This approach can provide both economic benefits through the

reuse of silver flakes and environmental benefits through waste reduction.

These inks are designed can be fabricated using printing and deposition
techniques such as screen printing, spray coating, and rod coating. These methods
provide advantages such as high throughput, precise thickness control, and wide
material compatibility, making them suitable for low-cost and sustainable
manufacturing processes. The suitability of each of the three inks for different printing
and coating methods depends on various features of the ink, including its viscosity,
solvents, and mechanical properties. For screen printing, an ink with higher viscosity
and good adhesion and mechanical properties is preferred, while for spray coating, an
ink with lower viscosity and good surface tension and wetting properties is required.
For rod coating, an ink with medium viscosity and good mechanical properties is
typically preferred. These factors play a crucial role in the printability and final quality
of the ink, and it is essential to carefully consider these features when selecting an ink

for a specific printing or coating application.

Furthermore, various post-printing techniques for enhancing performance were
investigated extensively. In addition, different stretchable and flexible substrates were

used to analyse the adhesion properties of inks for wearable electronic applications.

Green flexible electronics have the potential to revolutionize the electronics
industry, enabling the development of sustainable and eco-friendly devices. By
continuing to innovate and optimize the fabrication process, these technologies can
contribute to a more sustainable future. It is worth noting that while neither of these
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strategies for making conductive inks is currently in widespread use, ongoing research
in this area suggests that they may have the potential for use in the future. By
developing more sustainable and resource-efficient approaches to producing
conductive inks, we can help create a more sustainable future for the electronics
industry.
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Appendices

Appendix A

synthesizing cross-linker DBEDT (diboronic ester dithiol)

REACTION:

HO 0 o)
HO_ OH SH N ). SH
B 8 + — B S
HO OH HO HS o 0

Molecular Weight: 165.75 Molecular Weight: 108.16 Molecular Weight: 310.00

MOL
SUBSTRATE MOLAR MASS | QUANTITY | MOL | e ryalenT
Benzene—l,ﬂ-dlbor‘onlc 165.75 20 g 120 mmol 10
acid
Thioglycerol 108.16 25969 | 240 mmol 2.0

Reaction procedure:

Benzene-1,4-diboronic acid (20.00 g, 120 mmol) and thioglycerol
(25.96 g, 240 mmol) were dissolved in ethanol (500 mL). After 24 hours
at room temperature, the solution was filtered and concentrated under

reduced pressure to obtain the target compound as a white solid.
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