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Abstract

‘Inkjet Printing Technology for Flexible Pressure Sensors’

Conductive ink has extraordinary properties. The printing of patterns with conductive inks on
polymer surfaces gives them new properties and functionalities, making them ideal for several
diverse application areas. These printed polymeric materials can be embedded in a system to
perform a given function, e.g., to change their electrical resistivity as a response to an applied

deformation.

The use of printed electronics on the fabrication of flexible pressure sensors is of particular
interest. Flexible Pressure Sensor (FPS) technology provides more accurate reading and contact
area thanks to its ability to fold/roll, when compared to other traditionally used materials.
However, they remain unsatisfactory and inaccessible to the general population. Developing a
more intelligent and efficient sensor, capable of being integrated in complex environments, with
improved properties, lighter and more robust, elastically deformable with quick back response,
which does not sacrifice the freedom of motion, and equally important, economically attractive

and suitable for mass production, is essential.

Inkjet Printing Technology (IPT) has evolved in a way that ceased to be known only as a
manufacturing tool in the paper and newspapers industry and it became one of the most important
technologies in organic, flexible electronics and printing polymeric substrates, as well as a topic in
scientific research. This technology as attracted the attention of the industrial community over the
past due to a number of features, which makes a compelling argument for an interesting
alternative to the conventional Printed Electronics (PE) technologies.

But, there are many challenges in the use of direct printing. Most polymers are hydrophobic
showing a low surface energy. Therefore, they are difficult to adhere to other materials. A new
developed method for the surface treatment of polymeric substrates in order to increase their
surface energies is presented. This novel surface treatment of thermoplastic polymers was applied
to the inkjet printing of Thermoplastic Polyurethane (TPU) substrates with conductive inks, and
significant improvements on the printability were obtained.

Still, to reach the spatial geometry of the printed pattern, electrical conductivity, resolution and
durability, several studies were performed and depending on the material involved, a specific
know-how is required. A compromise between several criteria must be performed in order to
select the proper substrate and conductive ink to get the desired sensor performance (achieve the

desired sensor characteristics like resolution and bandwidth).
i



The focus of this thesis is the development of a new generation of good performance and lower
cost thin flexible pressure sensors. The applied research was focused from a materials science
point of view (selectively applying commercially available and compatible materials or defining
viable material alternatives), with resource to a Drop-on-Demand inkjet printer with a
piezoelectric printhead to process the materials, and exploring it’s potential to be integrated
into electronic applications.

Three different inks with different characteristics were studied. After inkjet printing parameters
definition and depending on the ink and substrate, the characterization of the printed system was
conducted for pattern resolution, adhesion of the ink to the substrate, and electromechanical

properties evaluation.

The design, fabrication and experimental results of a FPS system and its readout electronics
interface are also presented here. The developed sensing platform for postural imbalance
monitoring consists of an array of flexible capacitive pressure sensors, in the millimeter range and
uses a simple manufacturing process (enabling a reasonable density of sensors in the active zone).
Thus, it is possible to achieve good performance results (comparable to existing solutions in the
industry), with the particularity of offering an economically viable alternative, allowing its use in
rehabilitation activities. The results obtained are very promising and encouraging. The developed

pressure platform could be successfully inkjet printed and was fully functional.



Resumo

‘Tecnologia de Impressdo a Jato de Tinta para Sensores de Pressao Flexiveis’

As tintas condutoras tém propriedades extraordinérias. A impressdo de padrdes com tintas
condutoras na superficie de polimeros atribui-lhes novas propriedades e funcionalidades,
tornando-os ideais para diversas areas de aplicacdo. Estas tintas impressas em substratos
poliméricos podem ser incorporados num sistema para realizar uma dada funcdo, i.e., a sua

resistividade elétrica muda em resposta a deformac&o exercida.

O uso da eletronica impressa na fabricacdo de sensores de pressdo flexiveis tem particular
interesse. A tecnologia de sensores de pressdo flexiveis permite maior precisdo de leitura e
maiores areas de contato gracas a sua capacidade para dobrar/enrolar, quando comparados aos
materiais tradicionalmente utilizados. No entanto, estes sensores continuam a ser incipientes e
inacessiveis a populacdo em geral. Desenvolver um sensor inteligente e eficiente, capaz de
integrar ambientes complexos, com propriedades, de tamanho ainda mais reduzido, leves e
robustos, deforméaveis e com elasticidade, com rapida resposta, e que ndo sacrifique a liberdade de

movimentos, economicamente atrativos e adequados para producdo a escala industrial é essencial.

A tecnologia de impresséo a Jato de Tinta evoluiu de tal forma que deixou de ser conhecida
apenas como uma ferramenta de producdo na industria do papel e de jornais e, tornou-se uma das
tecnologias mais importantes na eletrénica flexivel e na impresséo de substratos poliméricos, bem
como um tdpico pesquisa cientifico. Nos ultimos anos, esta tecnologia atraiu a atencdo da
comunidade industrial principalmente devido a uma série de caracteristicas que a torna num
argumento convincente como uma alternativa interessante as tecnologias convencionais para a
eletronica impressa.

No entanto, sdo muitos os desafios do uso de impressdo direta. A maioria dos polimeros sdo
hidrofobicos, apresentando uma baixa energia de superficial. Por esta razdo séo dificeis de aderir a
outros materiais. Um novo tratamento da superficie foi desenvolvido para os substratos
poliméricos, a fim de aumentar as suas energias de superficie. Na superficie do substrato de
termoplastico poliuretano (TPU) com o novo tratamento de superficie, tintas condutoras foram
impressas e melhorias significativas na capacidade de impressao foram observados.

Ainda assim, a obtencdo a geometria especial da estrutura impressa, condutividade elétrica,
resolucdo de impresséo e durabilidade, exigiu estudo, e dependendo dos materiais envolvidos, um
know-how especifico é necessario. Sera um compromisso entre varios critérios de forma a
selecionar o substrato e a tinta condutora ideal para obter a performance desejada do sensor

(atingir as carateristicas desejadas do sensor como a resolucéo e largura de banda).
v



O foco deste trabalho reside no desenvolvimento de uma nova geragdo de sensores de pressdo
flexiveis com bom desempenho e baixo custo. O estudo focou-se no ponto de vista da ciéncia dos
materiais (aplicacdo seletiva de materiais comercialmente disponiveis e compativeis, ou definir
alternativas viaveis), utilizando uma impressora jato de tinta com sistema Drop-on-Demand com
uma cabega de impressdo piezoelétrica para processar 0s materiais, e explorar o seu potencial para
ser integrado em aplicacdes eletronicas.

Foram estudadas trés tintas com caracteristicas diferentes. Apos a definicdo dos parametros de
impresséo a jacto de tinta de acordo com a tinta e o substrato, o sistema impresso foi caracterizado
para uma avaliacdo da resolucdo de impressdo, adesdo da tinta ao substrato, e das propriedades

eletromecanicas.

O design, fabricacdo e resultados experimentais de um sensor de pressao flexivel e sua
interface eletrénica de leitura também foram aqui apresentados. O sensor de pressdo flexivel
desenvolvido para monitorizacdo do desequilibrio postural consiste numa matriz de sensores
capacitivos de pressao flexiveis, no intervalo milimetro, e, usa um processo de fabrico simples
(permitindo uma densidade razoavel de sensores na zona ativa). Assim, € possivel conseguir bons
resultados de desempenho (compardveis as solugBes existentes na industria), com a
particularidade de oferecer uma alternativa economicamente viavel, permitindo o seu uso em
atividades de reabilitacdo. Os primeiros resultados obtidos sdo muito promissores e encorajadores.
A plataforma de pressédo desenvolvida pode ser produzida com sucesso por impressdo a jato de

tinta e demonstrou ser totalmente funcional.

Vi
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Chapter

Introduction

In this chapter a general introduction about Printed Electronics is presented. The motivation for
developing this study as well as the proposed objectives and the specific tasks of this research
work are also presented. At the end of the chapter the approach followed in this thesis, the
outline and a flow chart illustration of the experimental sequence are presented for an overview

of the performed work.
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1.1. Context

Nowadays, humans are highly dependent on the use of sensors and, therefore, they can be found
in work and leisure application areas. The availability of good information processing
capabilities and sensors enable smarter sensing systems and find application in new areas, such
as physical monitoring. The interest on flexible pressure mapping systems for use on non-planar
surfaces grew tremendously in recent years [1.1, 1.2] in areas such as aerospace and automotive
[1.3], biomedical [1.4], robotics [1.5-1.7] and particularly in clinical applications for motion
analysis [1.8-1.10].

The exchange of knowledge and experiences between different fields of science has speed up
the evolution of sensors technology. An example of this, results from the combination of
different polymeric materials (as compared to traditional silicon based substrates) combined with
new coating and printing techniques. The use of flexible polymers has many advantages
compared to traditional hard circuits including: higher contact area, capability to fold/roll, among
others, and therefore, they start to have a key role in the development of new conductive circuits.
The printing of patterns on the surface of polymers, assigns them with new properties and

functionalities.
1.2. Printed Electronics (PE)

When an electrical device is created through a printing process, it is designated Printed
Electronics (PE). Over 20 years, the manufacturing industry has been using various printing
techniques to produce, e.g., antennas, sensors, membrane switches and keypads [1.11] (Figure
1.1). This list is continually increasing. Today’s users demands (for lower cost, flexible and
smarter products), is a decisive factor for the selection of PE fabrication technologies, and

therefore, PE is contributing to novel and better products.
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Figure 1.1-New applications for Printable Electronics (source Nikkei Electronics, March 2007)

What, in the past was part of a science fiction movie, today is translated from a science
project to an industrial process. In the next few years, thanks to better and flexible materials
combined with PE, commercial applications diversity will continue to emerge (Figure 1.2).
Latest reports manifest an encouraging progress of “Flexible Applications Based on Printed
Electronics Technologies 2013 [1.12]. In 2007, a market of $1.2 billion was estimated [1.13]

and the printed and flexible electronics market is expected to grow from $176 million in 2013 to

$950 million in 2020 [1.12].
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Figure 1.2 - The market in 2013 for printed Flexible sensors
(Adapted from: IDtechEx webseminar 2013).




Introduction | 1

For the fabrication of a PE device, many are the possible printing technologies and materials
to be employed in the manufacturing process. Over the years, printing technologies, e.g. Screen
Printing, Flexography, Gravure printing, Soft Lithography, and Inkjet Printing are the elected by
the electronic manufacturing industry. Mainly, these technologies consist in patterning of
structures, by depositing ink on a substrate. Each technology is selected according to the type of
electronic components or devices (small, thin, lightweight, flexible, inexpensive and disposable,
etc.), the production cost, and volume.

The essential aspects for the success of any type of printed electronic device is the
processability, performance and long-term reliability [1.11] of the materials used [1.14]. The
pastes, inks or coatings can be based both on organic and inorganic materials [1.14]. Inorganic
inks normally contain metallic (e.g. copper, gold, silver, aluminum) nano-particles dispersed in a
retaining matrix and they are used in the fabrication of passive components and transistor
electrodes [1.14]. Organic inks are based on organic materials, such as polymers (conductors,
semiconductors and dielectrics). The inks based on high conductive polymers are employed in
batteries, electromagnetic shields, capacitors, resistors and inductors, sensors, etc., while inks
based on organic semiconductors are employed as active layers of active devices such as,
Organic PhotoDiodes (OPDs), Organic Light Emitting Diodes (OLEDSs), Organic Field-Effect
Transistors (OFETS), organic solar cells, sensors, etc. [1.14]. Due to the wide range of printing
technologies, the materials must meet certain requirements depending on the type of printing

being performed and on the application. The PE technologies are divided in:

= contact technigues (e.g. screen printing, flexography, gravure printing and soft lithography),
in which the printing plate is in direct contact with the substrate;
= non-contact techniques (e.g. Laser direct writing, Aerosol printing, inkjet printing), where

only the inks gets in contact with the substrate.

In the next Chapter, the main features of some contact and non-contact printing techniques
and examples of PE applications are discussed, with greater prominence to Inkjet Printing
Technology.
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1.3. Motivation and Objectives

High resolution conductive flexible polymeric circuits are devices that use insulating polymers
as substrates. These conductive flexible polymers are a new class of materials that are prepared
for a wide range of applications, such as photovoltaic solar cells, transistors molecular devices,

and sensors.

Currently, the methods used for defining electrical circuits resort to using masks and
chemicals to attack specific areas, creating conductive regions on a substrate. These techniques
involve the use of expensive raw materials, generate large chemical pollutants and waste
materials. The use of large solvent quantities represents an important drawback for industries,
due to environmental and cost issues. Adding to this, the complexity of the fabrication process
prevents their automation to industrial level. The growing need for electrical circuits requires

simpler manufacturing and innovative techniques that can produce large-scale and low cost.

Inkjet printing technology (IPT) has attracted attention [1.15] as an alternative method to
traditional manufacturing techniques. This technology allows the direct and accurate deposition
of the fluid, without contact with the material to be printed. Compared to other deposition
methods, IPT enables the production with low waste and with the possibility to use various types
of substrates, reducing cost and production time. For these reasons, IPT is more directed to the
manufacture of devices with superior resolution. It is a competitive technology with a simple
method, relatively low cost and offers the required manufacturing versatility to allow

customization.

However, direct printing has its limitations. IPT is a technology that is yet to prove its
technological viability in the printed polymers industry. Substrates, printing ink, and drop
placement accuracy [1.16] are the main challenges for IPT. Most commercial available
conductive inks, even some equipment accessories, often do not meet all the needed

requirements.

This technology is new and shows great promise. However, there are still challenges that need
to be addressed in order to better understand and control IPT operation. There is still insufficient
data, methodologies or normative specifications documented, mentioning the most suitable
process parameters according to the IPT application. Before moving to the IPT process itself,
and the parameters of manufacture (equipment, process speed, amount of ink, resolution,
maintenance, etc.), it is of paramount importance a thorough investigation of the properties of

materials to be used, in particular, the physical-chemistry formulation of the inks, the surface
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properties of the substrate, etc., and the compatibility of both, to ensure that there is ink

absorption by the substrate.

IPT has become an important topic in scientific research and technology [1.17]. While some
researchers [1.18] explore the effect of solvents in paints and optimization of their adhesion and
spreading, as well as the performance, quality and electric properties of the printed layer, other
researchers [1.19] focus on understanding and optimization of the behaviour of the ink droplet in
different temperature conditions and substrates surface. The printing of different inks on
different substrates (the absorption from different substrates) are topics that need to be further
explored, since scarce information and studies are documented. Therefore, it is necessary to
explore and understand the interactions between ink/substrate on IPT in order to increase the
range of new end-use applications. The need for products and the lack of information and

knowledge in IPT justifies the intensive research of this technology.

The optimization of the printed pattern fabrication using IPT has a key role in the
development of new conductive circuits, and it is a major target of this study. Print resolution
and uniformity of the printed layer are key aspects and it requires identification and control of
the processing variables. The understanding and integration of this knowledge about IPT is a
scientific and technological challenge and a motivation for innovative solutions in printed
systems with enhanced electrical-mechanical properties. The work presented focus on materials
science (selectively applying commercially available and compatible materials or defining viable
material alternatives), materials processing using inkjet printing technology and exploring its

potential into electronic and instrumentation applications.

The need for increasingly intelligent and efficient sensors, with the ability to be integrated in
complex environments, encouraged the development of a flexible pressure sensor using the
direct print technology - Inkjet Printing Technology - for a simpler and low cost manufacture

method for large scale industrial production.

The final stage of work is the integration of the selected material on the development of a
pressure sensor resorting to IPT with a simpler structure design. Therefore, the goal of this work
is to develop an array of flexible pressure sensors built from a printed electrodes platform
(Figure 1.3) with specific characteristics (resolution and dynamic range) in order to give the

desired transducer functionalities and requirements:

e With reading and resolution accuracy;
e Capable of making field readings in real time;

e Capable of static and dynamic measurement in the whole range of movement:

7
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e Cost-effective: high performance with low cost.
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Figure 1.3 - Block diagram of the physiological computing approach.

Listed below are the key contributions of this work to pressure sensor array design and

fabrication, as well as key experiments demonstrating the capabilities of IPT:

e Development of a printed pattern with transducer properties for use in the pressure
sensor array.

e Characterization and modelling of the response of the pressure sensor array to all
pressure signals.

e Demonstration of the sensor's ability to mobility monitoring.

e Demonstration of the IPT as a viable technology for large scale manufacturing of these
sensors without the involvement of expensive raw materials, generation of large

chemical pollutants and waste materials, therefore, reducing the final cost.

1.4. Research approach

This section describes the research approach used to achieve the goals of this Thesis. The
research is initially concentrated on ink and substrate compatibility, their interactions, and on
processing the materials by inkjet printing. The applied research, focus on the development of a
sensing platform manufactured by IPT, on selectively applying commercially available and
compatible materials and/or defining viable material alternatives. Therefore, the requirements for
the fulfilment of the above objectives are listed as follows and a scheme representing the

research strategy is illustrated in Figure 1.4:

= Substrate & conductive ink selection for the fabrication of the flexible sensing cells

(compatibility between ink/substrate adhesion);

8
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Study of the Inkjet printer working principle for enhanced printing resolution and
uniformity of the printed layer;

Demonstrate the reliability of the flexible printed structure in terms of mechanical
performance and applicability of the selected materials to the application;

Pressure sensor operation requires a platform structure that is capable to mechanically
respond to applied stress while preserving the integrity of the printed structures.
Demonstration that the ink is capable of accompanying the flexibility and deformations
along with the substrate without breaking or losing adhesion;

Achievement of the desired electrical properties. Define an ink composition
compatible with the substrate and to define a printed layer thickness to impart the
desired conductivity. The type and amount of used ink is directly related to the electrical
performance;

Demonstration of piezo-resistive effect of the conductive printed material without the
disruption of the ink for sensing applications;

Design, development and test of a prototype of a flexible pressure sensor, meeting the
requirements of the envisaged application. Establish the limits of such conductive
material for such application. Demonstrate the applicability of the printed solution in an
array of sensors platform;

Demonstration of the applicability of the selected manufacturing technology and its

potential to meet the needs of the electronic industry.
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Figure 1.4 Schematic outline of the work presented in this thesis.

1.5. Thesis outline

This thesis is divided in eight Chapters. In order to have an overview of this research work,

hereafter the thesis outline is presented with a brief description:

Chapter 1 presents the context and a general overview on Printed electronics. The motivation

and objectives of the present work are given, as well as an outline of the thesis approach.

Chapter 2 focus on the description of the widely used printing techniques for sensor
manufacturing. Greater prominence is given to Inkjet Printing Technology to evidence the
importance of this technology as key-technology for the printed electronics industry. A
background and a review on prior work is presented along with materials used, developed
applications and potential of this technology. Finally, advantages and challenges are discussed.

The next chapter gives detailed information concerning the fabrication procedure followed in
this work. Thus, Chapter 3 gathers the description of the main physical and chemical properties
of the employed materials. A detailed description of the used IPT (printing technique and
equipment characteristics) is provided. Afterwards, a description of the experimental techniques

employed for the characterization of the printing patterns is given.

10
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Chapter 4, Chapter 5 and Chapter 6 correspond, each one, to the work performed with the
three different inks. Here, all the results concerning the fabrication and the characterization of

printed patterns are concentrated and a summary of the main results achieved is given.

The subsequent Chapter 7 is fully dedicated to the design and fabrication of the pressure
sensor array system. This chapter has three sections: The sensor design, the production and the
testing and validation of the functional prototype sensor.

Chapter 8 concludes the thesis, summarizes the present work and the performance attributes

of the pressure sensor array, and provides directions for future research.
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Chapter

Overview on Printing Technology for Printed Electronics

Printing polymers with conductive inks has been demonstrated to be highly efficient in the
generation of sensing applications. There are many possible techniques for printing polymers.
In this chapter, a briefly description of the most common techniques use at the industrial level
is given for an overall vision and, a better understanding and evaluation of its different features.
Greater prominence to Inkjet Printing Technology (IPT), their features and value is provided.
An overview of IPT is presented to evidence the importance of this technology as key-
technology for the printed electronics industry. The characteristics of printing technologies,
such as the basic printing principles of operation are outlined. A background and a review on
prior work is presented along with used materials, developed applications and potential of this
technology. At the end, the process requirements, the advantages and challenges are also

presented.
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2.1. Contact printing techniques

The contact printing techniques are the predominant printing processes in the current days.
However, the contact printing techniques involve limitations around the resolution and range
of the used materials (substrates, inks, solvents). Some of the contact printing techniques are
briefly described next.

2.1.1. Screen Printing

Screen Printing is a traditional printing technique used to graphical reproduce over any material
(epidermis [2.1], paper, glass, metal [2.2], ceramic [2.3], wood, textiles [2.1][2.4], plastic [2.1]
[2.5]). This technique is costly due to use of metal masks (stencil) and due to its high waste of
production material (including the ink), it is also a slow and non-automated process. The biggest
limitation is reflected in the level of resolution when compared with other methods. This
printing technique may be performed in a planar system (Figure 2.1) or in a roll-to-roll system
(Figure 2.2). The planar system uses the screen printing stencil, which is in direct contact with
the substrate; the blade moves and helps defining the ink layer to be deposited on the substrate,
the squeegee containing supports the blade [2.6]. The ink passes into the standard image in the

stencil to the substrate and defines the final image [2.7].

Squeegee
Screen frame Ink Screen Mesh

= I

Substrate

| . 0
— 1

Figure 2.1 - Schematic of Screen printing (at left) (Adapted from[2.8]). Flat-bed screen

printing of silver paste showing the squeegee during a printing cycle showing how the ink is
forced through (Reprinted from [2.9], Copyright (2012), with permission from Elsevier).

In the screen printing roll-to-roll process, the squeege is replaced by a roller, and the ink is
placed inside this roll [2.9]. The blade continues to exist, but inside the roll. This last one, forces
the ink through the mesh. The substrate is supported by a platen that allows the process to be

continuous, offering the most efficient production to the system.
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7~ Squeegee
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Figure 2.2 — Schematic of Rotary screen printing (left). A photograph of rotary screen

printing of conducting graphite ink onto a clear polyester foil (right) (Reprinted from [2.9],
Copyright (2012), with permission from Elsevier).

Screen printing is a technology that has been often used for pressure sensor manufacturing
[2.10 - 2.13]. Figure 2.3 shows some examples of pressure sensors manufactured by Screen
printing. Screen printing inks viscosity are between 0.1 to 10 Pa.s [2.6]. The printed ink film
thickness goes from 20 nm to 100 um [2.6]. Inks may dry through solvent evaporation or by
UV- or electron beam-cured. Screen printing limitations lies in its maximum resolution (usually
under 50 lines per centimeter) and its speed (is low in comparison to other conventional printing
processes) [2.6]. Figure 2.3 shows some examples of printed systems by screen-printing

technology.

& Pressure sensitive ink
q.—‘— Carbon contact
E——

=//////////// @k/‘//ﬂ -

Figure 2.3 - Screen-printing: a) Biosensor inks on the Left (Reprinted from [2.14] ); b) Flexible
electronic on the right (Reprinted from [2.15] with permission. Copyright line © 2008 IEEE);
c¢) Top view photograph of a pressure sensitive test device (not to scale). The force probe is
applied to the center of the printed disk [2.16].
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2.1.2. Flexography

The flexography printing is a R2R (Roll-to-Roll) direct printing technology, where final pattern
stands out from the ink transfer made through small depressions that retain the ink on the
printing plate cylinder (see 1 in Figure 2.4) [2.17]. This set is located around a late cylinder (2)
to ensure a continuous [2.17] high speed printing process (Figure 2.4). The ceramic anilox roller
(4) [2.17], covered with micro-cavities on its surface, allows the collection of ink, and then its
transfer to the printing plate cylinder (Figure 2.5). A closed chamber (5) supplies the ink to the
anilox roller (4) [2.6]. A doctor blade (6) removes excess ink from the cylinder and prevents
the output from the ink supplier chamber [2.6]. The rotation of the anilox cylinder, in direct
contact with the printing plate, continuously rotate in contact with the substrate [2.17].

The viscosities of flexographic inks vary from 0.01 to 0.1 Pa.s. Inks may be water-based,
solvent-based or UV-curing. The printed ink film thickness goes from 6 to 8 pum. However,
situations as Halo effect (patterns with excess ok ink) occur due to the compression between
the printing plate and the substrate, despite the low pressure applied. These leads to limitations
on image size stability and resolution [2.6].

This printing technique is commonly used for the fabrication of products, such as, on-label

battery testers, drug delivery patches, printed batteries and other e-label applications [2.18].

7-IMPRESSION CYLINDER
8-PRINTED PATTERN

3- SUBSTRATE

4- ANILOX ROLLER
1-pRINTING PLATE CYLINDER 5 INK SUPPLY

2-PLATE CYLINDER 6- DOCTOR BLADE

Figure 2.4 — Schematic of flexographic printing system. Adapted from [2.19].
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Figure 2.5- The anilox roller disengaged from the anilox showing the negative print of the
motif after ink pick out from the printing cylinder (left). The printing cylinder with the relief
carrying the ink (in this case a silver paste) during printing. The final printed pattern on the
web can be observed in the background (right). (Reprinted from [2.9], Copyright (2012),

with permission from Elsevier).

Flexography is a technique still under study for pressure sensors manufacturing. Julin
[2.20] has study the suitability of flexography printing and new electrode materials in the
manufacture of flexible piezoelectric pressure sensors. He has developed a flexo-printed
piezoelectric Polyvinylidene fluoride (PVDF) pressure sensor. Although fabricated samples
showed sensitivities, the sheet resistance presented high values and a lot of variance was
observed in his results. He reported a non-uniform structure and some difficulties on achieving

a uniform pressure sensor with flexo-printing.

2.1.3. Gravure printing

The gravure printing process is the reverse process to flexography where the image to be
printed is negative (Figure 2.6). The ink is transferred from the small engraved cavities on the
cylinder surface forming the pattern (resulting from chemical etching processes or, laser
engraving). The ink is received directly by the container or by an additional roller (often an
anilox roll) to the gravure plate, where the pattern image is located and where the ink is
temporarily stored in the cavities. A flexible metal blade removes the excess ink, leaving the

surface clean [2.21].
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Figure 2.6 — Gravure printing process. A adapted from [2.22].

Figure 2.7 shows a detail of Gravure Cylinder engraving and a comparison of printability of
200 um nominal line by using two different engraving approaches. Nano silver ink was able to
produce continuous lines with both types of engraving; however, the lines were different in
width (measured 248+6 um and 2697 um for type A and type B engraving, respectively). For
silver flake ink, engraving B resulted in very smooth line edge and line width of 263+5 pm.

This technique is suitable for printing with inks of low viscosity and high manufacturing
speeds (up to 15 m/s) can be achieved. This process normally uses water-based inks,
solvent-based inks or UV-curable inks with viscosities of 0.01-0.05 Pa.s [2.6]. The printed ink
film thickness goes from 8 to 12 um [2.6]. A careful optimization of the process and of the
materials is important because the final print quality is highly dependent on the properties of

the ink, namely, their rheological behavior, the solvent evaporation rate, viscosity, and curing.

Engraving Nanosilver Ink Silver Flake Ink

Figure 2.7 - Detail of gravure cylinder engraving and a comparison of printability of 200

pm nominal line by using two different engraving approaches. (Reprinted, with permission,
from [2.23], Copyright © 2011 IEEE).
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Widely used in magazine printing, gravure printing is also heavily employed for certain
electronics products such as medical Electrocardiography (ECG or EKG) pads and high-
volume Radio-Frequency ldentification (RFID) applications [2.18, 2.24] (Figure 2.8).
However this process is not viable to applications with flexible substrates. It presents two
limitations: The first lies in the high pressure required to print that deforms the substrate; the
second lies in the fact that the printing image is built from separate cells, when printing a

straight line, a jagged line is observed [2.6, 2.21].

Figure 2.8 - Gravure printed wireless power antenna. This could allow sensor networks
such as RFID tags, price tags, smart logos, signage, and sensors could be fully

interconnected and driven by DC power of less than 0.3 W [2.25].

2.1.4. Soft lithography

Soft lithography technology encompasses several printing techniques, such as microcontact
printing (ULCP) [2.26], replica molding (REM), micro transference molding (UTM),
micromolding in capillaries (MIMIC), and solvent assisted micromolding (SAMIM) [2.27]
(Figure 2.9 and Figure 2.10). These techniques allow the fabrication of micro-and
nanostructures of high quality. The key element of these techniques lies in the elastomeric
stamp or mold, which transfers the pattern to the substrate [2.27]. Usually the master is
prepared using either e-beam or photolithography. From this master, several stamps can be
molded. The stamp is made of elastomeric polymers, most commonly of poly
(dimethylsiloxane) (PDMS).The material of interest is deposited on the stamp and transferred
on the substrate.
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Figure 2.9 - Schematic illustration of the four major steps implied in soft lithography and is
four major techniques: (a) replica molding (REM), (b) microtransfer molding (UTM), (c)
micromolding in capillaries (MIMIC), and (d) solvent-assisted micromolding (SAMIM).
(Reprinted from [2.27] with permission. Copyright © 1998 WILEY-VCH Verlag GmbH).

Soft lithography provides a convenient, effective, and low-cost method for the formation
and manufacturing of micro- and nanostructures [2.28] systems. In this set of technologies, an
elastomeric stamp with patterned relief structures on its surface is used to generate patterns and
structures with feature sizes ranging from 30 nm to 100 um [2.27]. However, soft lithography
doesn’t offer better economic advantage when compared to the printing techniques described
before due to the rapid throughput of roll-to-roll printing techniques as flexography and gravure
printing [2.29].
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Figure 2.10 - Schematic illustration of the major steps in soft lithography technologies: (a)

replica molding (REM), (b) microtransfer molding (UTM), (c) micromolding in capillaries
(MIMIC), and (d) solvent-assisted micromolding (SAMIM) (Reprinted from [2.30]).

This technology has been used for the fabrication of pressure sensors [2.31 - 2.33]. Yang
et al. [2.31, 2.32] developed a capacitive tactile and shear —stress sensing array (Figure 2.11)
using this technology and using a flexible printed circuit board (FPCB). It should be noted
that although the proposed design reduces the complexity of the capacitor structure, the
fabrication included several manufacture steps, and with the involvement of photolithography

technology.

Figure 2.11 — Structure layers of a tactile sensing array manufactured by Lithography ©
[2010] IEEE. Reprinted, with permission, from [2.31].
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2.2. Non-contact printing techniques

Compared to the contact printing techniques, the non-contact printing techniques have the
advantage of the substrate only getting in contact with the ink. This lowers the risks of
contamination and damaging the substrate and the patterns alignment is more accurate. This

last one is an indispensable functionality to pattern multilayered devices.

The contact techniques also stumble upon some difficulties when completing multilayered
devices [2.34] are need. Non-Contact printing technologies require low processing temperature,
grant a green light to work with all kinds of substrates, such as, wood, glass, metals and most
interesting, rubbers, polymers, which have limited processing temperatures, risking to be
damaged and deformed when subjected to thermal stresses and high temperature processes.
There’s no need for physical master of the to-be-printed image. Non-contact techniques only
requires a digital image (gathering all need information in a digital form), simplifying the switch

process without no additional cost [2.35].

2.2.1. Laser Direct Writing (LDW)

Laser direct-writing techniques enable the realization of 1D to 3D structures by laser-induced
deposition of metals, semiconductors, polymers, ceramics, without using masks and without
physical contact between a tool or nozzle and the substrate material. Operated by a computer,
the laser pulses are manipulated to control the composition, structure, and properties of
individual three-dimensional volumes of materials, across length-scales, spanning six orders
of magnitude, from nanometers to millimeters [2.36]. The ability to process complex or
delicate material systems and achieved resolution, enables LDW to fabricate structures that
are not possible to generate using other fabrication techniques [2.36]. Within LDW, there are
three writing techniques: In the first, Laser Direct Write addition (LDW+) technique, the
material can be deposited from gaseous, liquid and solid precursors (e.g.: Laser Chemical
Vapor Deposition (LCVD)) or by transfer, by means of a laser beam, from an optically
transparent support onto a parallel substrate (e.g.; Laser-induced forward transfer (LIFT),
Figure 2.12 and Figure 2.13) [2.29]. These techniques entail high cost due to the use of
sophisticated equipment (e.g. reaction chamber associated with vacuum equipment), it is not
possible to deposit organic substrates, and it can only be printed on flat substrates, parallel to
the material of support. In the second, Laser Direct Write subtraction (LDW-) technique, the
material is removed by ablation (ex: photochemical, photothermal, or photophysical ablation

[2.37], laser scribing, cutting, drilling, or etching) [2.38]. An industrial application example is
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the high-resolution manufacturing and texturing of stents or other implantable biomaterials;
Finally, the third technique is Laser Direct Write Modification (LDWM), where the material
is modified (thermally or chemically) to produce a desired effect [2.36] (e.g.: Laser-Enhanced
Electroless Plating (LEEP)). The substrate is submerged in a chemical solution that contains
the metallic ions required for the deposition. A laser beam is responsible for local temperature
rise, decomposing the liquid and leading to the deposition of a metallic layer on the substrate

surface. This technique disadvantage relies in its disability to create 3D structures.

Transfer Laser

Transparent carrier

Th in source film —| u

Receiving substrate

Figure 2.12 - Schematic of the LIFT process (Adapted from [2.39]).
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Figure 2.13 - Optical microscopy images of the microarrays of LIFT spotted droplets
containing the human cDNAs (Reprinted from Publication [2.40] Copyright (2005), with
permission from Elsevier.) in a); SEM images of laser direct written silicon wires for field
effect transistor sensors in b). Boron-doped silicon wires are fabricated using laser direct
writing in combination with chemical vapor deposition (Reprinted form [2.41]. Copyright
[2013], with permission from AIP Publishing LLC).

2.2.2. Aerosol printing

Aerosol Jet Printing (also known as Maskless Mesoscale Materials Deposition or M3D) is
another material deposition technology for printed electronics developed by Optomec (Figure

2.14) [2.42]. The ink (solutions and nanoparticle suspensions based on metals, alloys, ceramics,
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polymers, adhesives or biomaterials) is placed into an atomizer, where it aerosolizes in liquid
particles (between 20 nm and 5 pm diameter depending on the ink viscosity). Then the ink is
transported into the deposition head by a nitrogen flow, the aerosol being focused by jet stream
onto the substrate. Complex design could be printed (e.g., displays, thin film transistors and
solar cells) [2.42]. Complex conformal surfaces (3D Printed Electronics) are also possible,

thanks to ability to control position in z-direction of the writing head over substrate.
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Figure 2.14 - At left is a schematic of aerosol jet printing process. Adapted from [2.42]. At right
is a printed silver structures into 500 um deep trenches through aerosol jet printing [2.43].

2.2.3. Inkjet printing Technology

In Inkjet Printing Technology (IPT), a content stored in a digital format is transferred by a direct
deposition of droplet fluid or powder (from small openings in printheads for each specific case),
under the gravity force and air resistance, to a specified position of the substrate to create
printing patterns (Figure 2.15). In the case of fluids, it dries through the evaporation of the
solvent, chemical changes (for example the cross-linking of polymers) or crystallization.
Eventually, a post-processing treatment is required, as thermal annealing or sintering (heating
to elevated temperatures) [2.44]. For greater accuracy and versatility in the production of
conductive circuits, the control of the printer is made by a computer. When compared to other
deposition methods, IPT enables the possibility of using various substrates (rigid or flexible,
smooth or rough surfaces) [2.45 - 2.47], with lower production time due to high processing
velocities, mass production with low consumption of raw materials [2.47, 2.48] and low levels
of waste. IPT works entirely without the use of masks and without contact between the
printhead and the substrate. Inkjet printing stands out for being an one-step process, with a
simple operating principle, with the possibility of using low cost raw materials, with a speed of

production overcoming some of the flaws of traditional patterning technologies and with a
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compact equipment, that represent a great advantage when compared to other deposition

methods and offering low cost fabrication technology [2.49].

Nozzle

Substrate
Figure 2.15 — At left a schematic of the Inkjet printing technology. At right a jet printed IPT
pattern on flexible polymer substrate with a polyaniline ink (Reprinted from [2.50]

Copyright (2013), with permission from Elsevier).

In recent years, the interest in this printing technology has increasing due to the great range
of applications. In the field of flexible pressure sensors it is just taking the first steps. Only a
few examples of IPT pressure sensors have been reported so far in the literature. Due to a
number of features, IPT potential makes a compelling argument for an interesting alternative to
the conventional PE technologies. For this reason, IPT was the technology selected for this
research work and a in-depth overview on IPT is given. The interested reader may find in the

Appendix Al further review of the printing techniques.

2.3. Historical overview on Inkjet Printing Technology

The first inkjet printing device (Figure 2.16), using electrostatic forces was invented by William
Thomson [2.51], and later developed by Lord Kelvin in 1858. It was used for automatic
recordings of telegraph messages and was patented in 1867 (UK Patent 2147/1867). A siphon
produces a continuous stream of ink on a moving paper and a driving signal moves the siphon
horizontally back and forward. Since then, the evolution of technology for ink printing never
stopped. The Belgian physicist Joseph Plateau and English physicist Lord Rayleigh are the
fathers of modern inkjet technology. The first publication on the constitution of jets of liquid
from circular orifices belongs to Plateau in 1856 [2.52]. Lord Rayleigh with a series of founding
papers used acoustic energy to form uniform drops. The groundwork for the description of the
role of surface tension forces was laid by Young in 1804 [2.53] and Laplace in 1805 [2.54].

28



Overview on Printing Technology for Printed Electronics | 2

Figure 2.16 — The Siphon recorder. The first practical continuous inkjet device [2.55].

Still, it took many decades before applications of the physical principles of drop formation
were used in commercial working devices. In 1951, the first practical continuous inkjet device
was patented (US Patent 2,566,433) based on the English physicist Lord Rayleigh by EImgvist
of the Siemens-Elema company [2.56]. In the early 1960s Sweet of Stanford University
patented a version of the printing process known as the Continuous Inkjet (CIJ) printing process
(US Patent 3,596,275), and launched the Inkjet Oscillograph as first C1J device. Videojet 9600
(1968) was the first commercial CIJ printing product [2.57]. New and more advanced

equipment continued to emerge.

In 1940s Hansell of the Radio Corporation of America invented the first drop-on-demand
(DoD) device where a piezoelectric disc, by means of pressure waves, causes a spray of ink
drops. A piezoelectric disc (5) generates pressure waves in the solid cone (1), which cause a
spray of ink drop from the nozzle (2) (Figure 2.17). No further developments into commercial
product occurred until 1960. The first piezoelectric printer to reach the market was the Siemens
PT-80, in 1977, which used the squeeze mode. The first companies to develop the first DoD

equipment based on the electrostatic system were Casio, the Teletype and Paillard [2.57].
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Figure 2.17 - Drawing of the first drop-on-demand piezoelectric inkjet device patented in 1950
(US Patent 2,512,743) [2.57].

The DoD system thermal printing was invented by Sperry Rand in the 60s, but only in the
70s Canon and HP used this technology. Canon launched its first printer in 1981 and HP
released the first low cost ink jet printer in 1984 [2.57].

In recent years, this technology has evolved so that it became the most important printing
technology in the world. The increase of the printing resolution leads to an increased number
of applications and to more complex circuits. A recent application of this technology is the
construction of conductive lines for the production of micro and nano-devices. IPT has been
selected for the production of several devices, such as, integrated circuits [2.58, 2.59],
transistors [2.60 - 2.62], conducting polymer devices [2.58], structural polymers and ceramics
[2.63], biomaterials, printed scaffolds for growth of living tissues [2.58, 2.64] and
MicroElectroMechanical System (MEMS) [2.63] sensors.

2.4. IPT mode technology systems

The IPT can operate in two different modes: Continuous InkJet (C1J) and Drop-On-Demand
(DoD) [2.47]. The method for controlling the droplet movement is quite different between the
two systems. Today, countless solutions in terms of equipment exist and several companies
(Microdrop, Microfab and Fujifilm) are known for high technology and resolution, other by
their commercial and simpler solutions (Epson, Hewlett-Packard and Canon). Figure 2.18

presents an overview of the two operation methods.
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Figure 2.18 — Printing Technologies respective methods and specialized companies. Adapted
from [2.56] and from [2.65].

2.4.1. Continuous Inkjet (C1J) Mode Technology

In the CIJ system, the formation and ejection of the droplet is continuous in all nozzles of the
printer. In the traditional C1J, a piezoelectric transducer is coupled to the print head to provide
a periodic excitation [2.66]. After leaving the nozzle, an electric field determines and controls

the trajectory of the droplet to the desired position on the substrate.

Within this technology, the droplets can be diverted by binary or multiple deflection systems.
On the binary system, the droplets are directed to a single pixel location on the substrate or to
the gutter, for later recycling or reuse of the ink. In the multiple deflection system, the droplets
are charged and deflected to the substrate at different levels, this way creating multiple pixels.
Hertz et al. [2.67] used the binary continuous ink jet and developed a method consisting in the
formation of a layer of irregularly droplets of ink size. In the Hertz method, the droplets are
dispersed in a straight line to a gutter so as to converge into the recirculation system. This
method also introduced a new procedure and methodology relatively to the use of volatile
solvents that allows a quick drying and adherence to the substrate materials. Figure 2.19 shows

the IPT processing scheme using both the binary deflection and multiple deflection systems.
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Compared to the DoD system, the CIJ system benefits from the ability to combine the
printing speed (on the order of 25 m/s) with the possibility of achieving extended distances and
the ability to divert droplets independent of gravity [2.68].

Character Data
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Charge
Electrode

Ink Supply

Figure 2.19 - IPT processing scheme. This system uses both the binary deflection and
multiple deflection systems. Adapted from [2.69].

CUJ technology is typically used for large industrial productions of bar codes and labels of
food products or medicines. This process can be comparatively fast, with the advantage of
circumscribing large printing areas with a single pass and its printing heads have a long
duration. The droplet size can reach values such as 20 um, with a standard size of 150 um
[2.70].

However, in the manufacture of electronic products, the C1J produces droplets of inadequate
resolution due to the long distance between print head and the substrate [2.6]. Other less positive
factors, reside in the high cost of initial investment in such equipment, the lower resolution
compared to some DoD systems, the need to use low viscosity electrolyte inks (with viscosity

in the range of 3-6 mPa.s), resulting in some final ink waste [2.71].

2.4.2. Drop-On-Demand (DoD) System

In the DoD technology, the printhead ejects a single droplet only when activated. The printer is
based on several injector nozzles in the printhead and the droplets are ejected in parallel to each
other producing an inkjet at each pulse. Characters are constructed from successive pulses,
which largely differentiate from CI1J. The DoD technology works with a Computer-aided-
design (CAD) image file, high speed, scalability and high frequency multiple nozzles. The
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method that is used to generate this impulse defines the subcategories of the primary DoD. They
are: the acoustic, the electrostatic, the thermal , the piezoelectric, and an additional method,
sometimes controversial, the MEMS [2.65] method. This last method is more related to the

fabrication process, since the drop generation is based on thermal or piezo printheads.

2.4.2.1. Acoustic method

In the acoustic method, a high frequency transducer positioned behind an acoustic lens is used
(Figure 2.20). To operate the system an acoustic wave is launched through the lens. When a
wave greater than the surface tension of the ink is created, the pressure expel the ink droplets
[2.72].
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Figure 2.20 — DoD system — Acoustic method (Adapted form [2.73]).

2.4.2.2. Electrostatic method

In the electrostatic method the ink drops are jetted by the influence of an electrostatic field. This
field, acting between an electrode and the orifice, attracts free charges within the ink (sometimes
described as a liquid toner) to the surface such that a droplet is produced when the electrostatic
pull exceeds the surface tension of the ink (Figure 2.21). Since this technique is based on the

attraction of free charges, the ink must be conductive.

JL

Electrode
T

Figure 2.21- DoD system — Electrostatic method. Adapted from [2.65].
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The electrostatic system allows printing a significantly concentrated formulation [2.65]. The
droplet size is defined by the voltage applied at the time of ejection, not by the size of the output
nozzle of the ejector [2.65]. The main limitations of this method is the requirement of

conductive inks and the high cost of implementing the printing system [2.65].

2.4.2.3. Thermal method

The thermal method uses an electric heater within the nozzle, which rapidly increases the
temperature of ink to create a vapor bubble which, in expansion, ejects an ink droplet through
the nozzle orifice [2.47] and places it precisely on a surface to form patterns or images (Figure
2.22). As advantages, this method includes the fact that it creates very small droplets, allowing
reduced nozzles size and therefore a more compact equipment with reduced costs. The main
disadvantages are related to the restriction of the fluid used. Water-based inks are usually
desirable [2.70], since the fluid has to be vaporized and has to sustain high temperatures. With
an inappropriate choice of the fluid, high temperatures can cause a hard coating and thus reduce
equipment efficiency and significantly reduce the lifetime of the print head, making it
impractical for electronic circuits printing. This method was developed for desktop printers,
designed to be cheap, silent and easy to use on flat surfaces that maintain a fixed orientation.

Heat generating
resistor

——

Ink Bubble

in-take
Ink-jet nozzle
Ink ejection l

Figure 2.22 - DoD system - Thermal Method. Adapted from [2.71].
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2.4.2.4. Piezoelectric method

In the piezoelectric method (Figure 2.23) a piezoelectric crystal expands in response to a stress
wave (electric current) creating a pressure within the ink vessel [2.47]. The volume of the ink

vessel is reduced and by mechanical pressure the droplet is ejected from the nozzle.
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Piezoelectric Ink supply

Figure 2.23 - Behind DoD system — Piezoelectric method (Reprinted from [2.9] Copyright
(2012), with permission from Elsevier).

The piezoelectric method offers major benefits for electronic circuits’ production. Regarding
the application of this technology, in the printing of conductive circuits, the method piezo-DoD
is preferable to C1J, primarily because DoD enables higher positioning accuracy of each ink
droplet. The piezoelectric heads can be grouped based on how the electric current deforms the
piezoelectric crystal, in other words: Shear mode, Bend mode, Push mode and Squeeze mode
[2.66]. The piezoelectric crystals are mostly made of Zirconate Titanate (PZT). The selected
technology for this study was DoD system - piezoelectric heads. The different DoD system -

piezoelectric heads are described in detail in Appendix A.2

2.4.2.5. Microelectromechanical Systems (MEMS) manufacturing method

MEMS is a technology where the devices are fabricated at micro scale and electrically operated.
This allows their integration into microscale systems. The print heads manufactured based on
this technology are used mainly in thermal and piezo printing (Figure 2.24). It’s possible to
manufacture printing heads increasingly small and identical to the conventional ones in terms
of performance or even more efficient. This efficiency is translated in higher speeds, lower heat
losses, and greater control over the size of the ink droplets, higher print quality and greater
stability through print heads life [2.74].
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Figure 2.24 — DoD system — MEMS printhead [2.75].

2.5. Process phenomena

2.5.1. Drop formation

Printing parameters, such as, the compatibility between the materials (ink-substrate), the
temperature of the printhead, and print speed can affect the printing process and, of course, the
quality and properties of the final printing. Several issues are to be considered, such as, the
physical-chemical characteristics of the ink (e.g., surface tension, viscosity, concentration, pH
(acidic or basic solutions), type of vehicle (solvent), evaporation rate, particle size, solids
content, etc.), which constitute the most crucial features of inkjet printing technology. The
shape of the drop, as it is jetted from the nozzle, straightly depends on the surface tension
(typically from 28 mN/m to 350 mN/m) and the viscosity of the ink (also temperature
dependent) [2.47].

Viscosity values lower than 20 mPa.s are recommended in order to allow droplet ejection
from the nozzle. The viscous forces to inertial and surface tension forces relation is expressed

by the dimensionless Ohnesorge number (Oh) [2.76]:

_VWe g .
Oh = Re ~ Jpbo Equation 2.1

where, ) is the viscosity, p is the density and o is the surface tension of the ink and D is a length
parameter, normally the nozzle diameter. The Ohnesorge number is related to the Reynolds
(Re) and Weber (We) numbers. Re number is the ratio of the inertial and the viscous forces and

the We number is the ratio of the inertial force to the surface tension [2.77]:

Re = ‘LUD Equation 2.2
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where, V is the fluid velocity. The inverse of Ohnesorge number: Z = Oh is also very common.
As predicted by Fromm [2.78], the drop formation occurs only for Z > 2. According to Reis
and Derby [2.79] the range is 1 < Z < 10, where for Z < 1 viscous dissipation in the fluid
prevents drop ejection, and for the upper limit unwanted satellite drops formation occurs [2.80,
2.82].

Between the polymer-based inks, the drop formation dynamics depends upon the
concentration and the molecular weight of the polymer. Even with a small amount of polymer
added to the ink, the ejection of a droplet involves the formation of a filament connecting the
ejected droplet to the nozzle of the printer (Figure 2.25). With an increasing of the molecular

weight of the polymer, the increase of viscoelastic forces also occur.

b) |

Figure 2.25 — Stroboscopic images of inkjet printing droplets: a) drop formation for a
Newtonian fluid; b) effect of addition to the ink of a small amount of high molecular weight

polymer [2.83].

With the increase of the concentration or molecular weight of polymer, the satellite drops
occurrence decreases. The satellite drops happens when a filament becomes a tail, breaking up
from the main drop along its axis to form a satellite drop (Figure 2.26). The higher the
concentration or molecular weight of polymer, the less droplets without satellites is formed. If
the concentration/molecular weight of polymer is higher than a certain value, the capillary force

is not able to break the filament, forcing the drop to retract to the nozzle.
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Figure 2.26 - Influence of polymer concentration and molecular weight on the drop formation
dynamics: a) glycerol/water; b) 0.3%100000 poly(ethylene oxide; c) 0.1%300000
poly(ethylene oxide); d) 0.05%1000000 poly(ethylene oxide); e) 0.043%5000000
poly(ethylene oxide) [2.84].

2.5.2. Drop impact phenomena

In order to optimize the printing performance, especially in electronic inkjet applications, where
high resolution of printed structures are desirable, the fluid impact phenomena’s of the drop on
a dry surface has enormous importance. As reported by Yarin [2.77] the variables involved are
numerous: the drop velocity, its direction with respect to the substrate, the drop size, the ink
properties, the wettability and the roughness of the substrate and the non isothermal effects (e.g.

solidification and evaporation of solvent) greatly affect the drop impact on the substrate.

Rioobo and Tropea. [2.85] reported six possible drop impact phenomena when a droplet
strikes a solid dry surface, namely, Deposition, Prompt splash, Corona Splash, Receding

break-up, Partial rebound and Complete rebound (Figure 2.27):

a. The Deposition is considered when the drop, during the impact, deforms without
breaking up in smaller drops, and stays attached to the substrate surface.

b. The Prompt splash occurs in rough surfaces. From the drop impact, in the beginning
of the spreading, new droplets are formed at the contact line.

c. The Corona splash occurs if the drop impact on a rough surface is very fast, forming
a corona during the spreading phase, eventually breaking into droplets.

d. Ifthe surface is non wettable the Receding break-up scenario occurs, in other words,
the drop after the impact breaks up into a number of fingers, each of them capable
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to further breakup. The droplets are left on the surface during the retraction of the
drop.

e. Finally, if the surface is super hydrophobic, the Partial rebound occurs when part
of the drop stays attached to the surface and,

f. The Complete rebound occurs when the entire drop lifts off the surface.

Figure 2.27 — Drop impact morphology on a dry surface [2.85].

In inkjet electronic applications, splashing is an unwanted effect because it could
compromise drop precision and resolution. According to Rioobo et al. [2.86] the diameter
spreading of a drop onto a substrate may develop in four different phases (Figure 2.28):

= The kinematic phase,
= the spreading phase,
= the relaxation phase,

= the wetting/equilibrium phase.

As shown in Figure 2.28, the axis t* represents the time after impact, calculated through the

drop velocity V and the spherical drop initial diameter D [2.86]:

D (t* = t(V/D)), Equation 2.4
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where d*, known as spreading factor, is the drop diameter, defined as the ratio between the
contact zone diameter and D, t* and d* are non-dimensional parameters. In the kinematic phase,
the spreading factor increases according to a power law d* ~ t*'2, being dependent only upon
the drop velocity and its initial diameter. The spreading phase is characterized by a constant
increase of d* with t*. At the beginning of this phase (t*~ 0.1) the viscosity of the fluid strongly
affects the spreading: the lower is the viscosity the larger is d*. At the beginning, the surface
tension has a moderate effect, whereas, at the end of the phase (t*~1), the surface tension begins
to affect the spreading, becoming crucial in the relaxation phase. Herein, the equilibrium contact
angle is determined by the wettability of the surface and the balance between the inertial and
viscous forces (Re number), thereby the drop continues to expand or retract. Finally, for t* >
10, in a well wetted surface by the liquid, the drop continues to spread according to the power
law t*1/19[2.45]. Splashing (Figure 2.27 b.), is an unwanted effect in IPT electronic applications
and is highly dependent on the high precision of the drop placement. The staring-point for
spreading on a dry surface can be expressed in terms of another dimensionless group
K=We.Oh?, depending on the roughness of the surface R ((roughness amplitude)/ D). Cossali
reported [2.87] that splashing occurs if:

K > 649 + 3:76R 05 Equation 2.5
Qualitatively, splashing is favored by large drops size, high velocity, low surface tension

and viscosity of the ink and high roughness of the substrate [2.45].

Figure 2.28 summarizes the temporal development of the spreading film diameter after the
instant of impact, i.e. shows the different phase of the drop spreading with time on a solid

surface.
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Figure 2.28 - Schematic representation of the spreading of a liquid drop with time. (d* is the
non-dimensional diameter of the drop, and t* the non-dimensional time after impact. The

labelling of the axes is approximate (Adapted from [2.86]).

2.6. Process variables

The control of ink drop, the printhead temperature, the sintering or cure of the ink, and the
printing control of each layer are key parameters to ensure the quality of a multilayer printed
structure. Furthermore, it is also important to evaluate the properties of the substrate, such as,
the work temperature, its barrier properties against humidity, electrical, optical, mechanical and
chemical properties. It is also important to consider the receptivity of the ink to the substrate or
with previously printed layers, in the case where a different ink has been used. The droplet size
can vary depending on the interactions between the ink and the substrate. The droplet size sets
the width of the printed line, establishing the pattern space and the electric design limits, and
defines the final specifications of the printed pattern and application system (e.g., resolution,
bandwidth in the case of a printed transducer). Thereby, during the manufacturing step, the
pattern characteristics are dependent on the materials and their interaction (i.e., the properties
of the ink must be chosen in advance to understand its behavior during or after the printing
process over a given substrate). Sintering and cure of conductive materials are essential because
it defines its chemical, electrical and physical performance and reliability of the printed layers

over the long term.
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2.7. Materials and potential applications

IPT is a relatively new technology with a grown interest from the scientific community [2.58]
and is considered to be in an early stage of development [2.88].

Additionally, IPT is adaptable for patterning on a high variety of substrates (glass, plastic
[2.89 - 2.91], paper [2.73, 2.92, 2.93], textile [2.66], etc.). In the IPT, a content stored in a digital
format is transferred by a direct deposition of ink droplets or powder, proteins and minerals
[2.58,2.64], conductive polymers [2.60,2.94-2.96] and nanoparticles [2.59,2.89,2.90, 2.97,2.98]
in soluble form, intended for a wide range of applications: transducers [2.60], transistors [2.62,
2.72,2.99], structural polymers and ceramics [2.58], biomimetic and biomedical materials
[2.64], and even printed scaffolds for growth of living tissues [2.58], as well as for building 3D
electric circuits [2.69], MEMS [2.97], and sensors [2.70, 2.90, 2.91].

Extensive studies searching for new flexible materials (substrates and inks), more economic
processes and greater freedom of design are delivering novel improvements in this field of
research, providing studies with increasingly intelligent sensors, able to be integrated in

complex systems and environments [2.90, 2.97].

Various types of polymers have been proposed as substrates (e.g.: Poly(dimethylsiloxane)
(PDMS) [2.100], Polyimide (P1) [2.101, 2.102], Polyethylene terephtalate (PET) [2.102, 2.16],
Polyethylene naphthalate (PEN)[2.103], Polyurethane (PU) [2.104], etc.. Due to their
mechanical properties (e.g., high elasticity and flexibility), the high processability of thin films,
their ability to withstand high processing temperatures and their low production cost, polymers
are a material with great potential for use as the flexible substrate in electronic applications.
Their major drawback lies on the low surface energy which requires a prior treatment of its
surface before printing. Polymers are great electrical "insulators” and the printing of conductive
patterns on their surface, assigns them with new properties and functionalities. Within the class
of polymers, the selection of the type of substrate suitable for each specific application, must
meet a series of requirements: physical, mechanical, chemical, thermal and optical (resistant,
bright and transparent, dimensional stability, chemical resistance), biocompatibility, flexibility,
and most important, the compatibility with the conductive inks.

Along with IPT, the conductive inks are gathering more and more attention over the past two
decades. They present excellent properties and tremendous potential. When properly
transferred to the substrate, they can revolutionize industry and consequently human’s life.
Conductive inks have been elected to incorporated several applications due to their suitability

for printing substrates, its processing simplicity and mechanical flexibility, but also due to its
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ability to assign new properties, capabilities and complex functionalities. After the experimental
evidence of conductive inks, the interest of the scientific community rose exponentially due to
their unparalleled application possibilities. These emerging inks are penetrating the market
enabling new applications based on their attributes of conductivity, inkjet printability and
flexibility, justifying the growing market, represented in $2.86 billion market in 2012 and
forecasted to rise to $3.36 billion in 2018 [2.105]. Compared to the more commonly used
materials (non-flexible inks containing metallic particles (e.g. copper, gold, silver, aluminum)
printed on rigid substrates; nano-particles dispersed in a retaining matrix) used in pressure

sensors they give the advantage to extend the application areas.

The most common types of inks are water, oil or solvents based inks. The general form of
the ink consist of a mixture of compounds (pigments or dyes, resins, solvents, fillers, humectant
and additives), in liquid or solid state (Figure 2.29). In the specific case of conductive inks,
what makes its electrical conductivity and distinguishes them from common ink [2.106] is the
fact that it contains in the composition conductive particles. The incorporation of conductive
polymers, carbon (C) [2.107, 2.108] or metallic particles are the most common selections. The
Poly (thiophene — 3 - [2 - (2 - methoxyethoxy) ethoxy] - 2,5 - diyl), sulfonated (P3HT) [2.107-
2.111], and the Poly (3,4 - ethylenedioxythiophene): poly (4 -styrenesulfonate) (PEDOT:PSS)
[2.95, 2.101] are two types of conductive polymers with a growing interest in printed electronics
due to its relatively low cost. However, when compared to inks with metallic particles (e.g.,
silver (Ag) [2.59, 2.98, 2.112, 2.113], copper (Cu) [2.105, 2.114], and gold (Au) [2.115]), these
conductive polymers don’t have such a high conductivity. Both types of ink are known to be
the most suitable for Inkjet Printing and the particle size should be of the nanometer scale, and
the interest of this inks to be used for inkjet printing applications has greatly increase in recent
years [2.115 - 2.118].
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Figure 2.29 — Typical ink formulation.

In this work, three different ink were studied according to their composition and potential
application use: i) two conductive polymer based inks (e.g. P3HT and PEDOT:PSS), ii) a silver
based ink. Information about the inks used is presented in Chapter 3.

2.8. Advantages and Challenges of IPT

Over the years, IPT has demonstrated added value compared to the traditional techniques that
are typically more complex and time consuming, requiring multiple step processes and
expensive facilities. The jetted patterns are controlled by the printer software. This technology
allows digital controlled deposition of ink droplets with less waste production that is harmful
to the environment [2.119, 2.46] and less ink lost, since it doesn't require the use of high
resolution masks, generally very expensive. Table 2.1 shows the main differences between

different printing techniques.

Table 2.1 — Main differences between printing techniques (Source: WMU CAPE).

Resolution Ink film thickness  Printing speed
Screen 50 um 3-60 pum 8 m/s
Inkjet 1 um or less* [2.120][2.121] 0.05-0.5 pm 2.5m/s
Flexography 20 pm 0.5-2 um 5m/s
Gravure 15 pm 0.5-8 um 15 m/s

* With optimization between ink & substrate.
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The main advantages of IPT are:

reduce number of manufacturing steps;

no special processing conditions are needed;

= without resorting to the use of masks;

= without production of large quantities of chemical waste;

= wide range of materials that can be deposited (ex.: print bioactive fluids, which
cannot tolerate exposure to photolithography and etching chemicals present in
conventional techniques [2.60]);

= wide range of possible substrates.

Compared to the screen printing paste, the inkjet ink has lower viscosity, contains smaller
conductive particles (e.g., in case of a conductive ink for sensor applications) and incorporates
additives to prevent their aggregation (in order to avoid blocking the printhead). Therefore, the
dispersion of particles in the inkjet ink matrix is of utmost importance.

IPT of conductive inks can provide faster, innovative fabrication, high quality and low cost
productions. For all the aforementioned advantages, the IPT is surely considered the most
promising technique in the non-contact techniques printed electronics technology, for
production of some of the electronic devices, namely, flexible displays, radio frequency
identification tags (RFID), sensors, OLEDs, batteries, and printed circuit boards (PCB).

However, like every kind of printing technique, IPT presents some limitations and critical
issues which have to be taken into consideration during the deposition process, in order to
achieve the best printing quality. The major challenge in IPT lies in the ink physical properties
with a suitable formulation, in particular its viscosity and superficial tension [2.47, 2.122]. The
inks are selected depending on the application, the type of the substrate, the type of technology,
equipment, and printhead technology. It is well understood that conductive ink is a key
parameter to enhance the conductivity properties, however its proper formulation is quite
difficult to attain. Figure 2.30 shows the main critical areas of the IPT processing variables and

used materials.
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Figure 2.30 — Challenge critical areas.

2.8.1 Ink properties

The ink formulation should be based on the limits imposed by the process, the adhesion to the
substrate and final application. Fast drying and stain resistant ink are elected, capable of passing
through the nozzle-jet ink without obstruction, and should allow fast cleaning of machine parts,
with minimal effort. The inks used in IPT have a particular set of physical specifications, where
the viscosity should lie between 0.002 and 0.1 Pa.s, the surface tension between 25 and 35
mN/m, and the amount of humectant between 10-20% [2.80].

However, not all commercially available conductive inks can be used to print polymeric
substrates. Few are the companies who have commercially available conducting inkjet inks
[2.88]. The existing inks on the market are still poorly developed for IPT and such physical-
chemical characteristics not only determine the ejection of the ink, but also the quality of the
printed patterns and final resolution. So, the optimization of the inks and interaction between
ink and the substrate strongly affects the final resolution and constitutes the main research
challenge in order to achieve repeatability of inkjet printed patterns and devices. There’s no
sufficient data, methodologies or documented normative specifications, reporting the most
suitable process variables for the various applications of the different materials. While some
researchers [2.123] explore the effect of solvents on the optimization of the inks (their adhesion

and spreading, as well as, performance, quality, and electric properties of the printed layer),
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other researchers [2.124] are focused on understanding and optimizing the behavior of the ink

droplet in different conditions of temperature and substrate surfaces.

Presently, in consequence of the poor variety of available commercial inks, in terms of
physical-chemical characteristics adjusted for inkjet printed and according to the final
application, the achievement of quality and repeatability of inkjet printed patterns and devices
forces to include a prior step before printing (specially when an automation for medium to high-
volume production batches is need) namely, an optimization of different types of conductive
inks for the different applications or by optimizing the IPT process variables (depending on the

used ink and final application).

2.8.2. Process control

Process parameters of IPT, responsible for the deformation of droplets in a uniform and
controlled way and absorption by different substrates are areas that still need to be further

explored, since few studies and information are documented.

Purge procedures are essential and necessary in order to avoid undesired nozzle clogging.
The cleaning frequency depends on the inks physical properties (such as density, viscosity,
volatility and shelf life). These actions may cause small material and time waste. The ink with
solvents with higher volatility, require higher cleaning frequency. But sometimes permanent

damage of nozzles is inevitable. These procedures are described in more detail in Chapter 3.

2.8.3. Ink compatibility

Another aspect that can pose a problem during printing is the incompatibility between different
inks used in multilayered structures or between layers of the same ink. An incompatibility
between layers can cause redissolution, resuspension, or remelting of each previously deposited
layer of ink in the new printed layer, depriving uniform and uncontaminated layers [2.80].
Equally relevant, are the different post-processing treatments as sintering, annealing or simply
drying in air required for each ink, which defines the final morphology and uniformity of the
printed pattern and the manufacturing time [2.60]. An optimized ink formulation, according to
equipment and target application, as well as the substrate treatment processes constitutes the
main successful factors to achieve high resolution and repeatability of the inkjet printed patterns

and devices.
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2.8.4. Compatibility between ink and substrate

Most polymers are hydrophobic with low surface energy. Therefore, they are difficult to adhere
to other materials.

The transfer and distribution of the ink on a substrate depends on the wettability and adhesion
capabilities, besides other factors of paramount importance which plays a relevant role at their
interface. The adhesion between two materials is the sum of a number of mechanical, physical,
and chemical forces between them. Such attractive forces at the interface depend on the
mechanism of adhesion involved, that include mainly:

e Substrate properties (chemical composition, surface porosity, wettability, etc.).

e Conductive ink properties (chemical composition, rheological behaviour, the rate of
solvent evaporation, etc.).

e The Superficial Tension (ST) of the ink, and the surface energy of the substrate that
will receive the ink; or better the difference between them.

e Functional groups and their intermolecular forces present in the ink/polymer system.

Surface wettability, spreadability and adhesion are the most important requirements in the
printing process, and both are directly dependent on the fluid contact angle (Figure 2.31). A
good surface wettability happens if the fluid spreads evenly over the surface without the
formation of droplets. When this happens, the surface is said to be wettable. When a droplet is
formed, the surface is said to be non-wettable, implying that cohesive forces associated with

the fluid are greater than the forces associated with the interaction of the fluid with the surface.

Low surface Medium surface High surface
tension tension tension
Ie— - —-
| |

Figure 2.31 — Ink behaviour on substrate.

To achieve a good ink adhesion to the substrate it is necessary to have compatible surface
energies between them. ST refers to the amount of cohesive forces between liquid molecules.
The surface energy describes the degree of energy with which the molecules of the surface of
a solid draw and allow adherence of the fluid. Often, ST and surface energy are interrelated,
since both measure the ability of molecules to attract and to adhere to each other. In IPT, the
spheroidal shape of the liquid emerging from the nozzle is defined by the ST of the liquid. The
adhesion between two surfaces (ink, substrate) occurs when these come into contact and

develop strength in order to maintain a stable interface. Adhesion between a solid and a liquid
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exists when the solid surface energy exceeds the liquid ST. The major challenge on the use of
polymers is their low surface energy. This represents a great challenge in terms of wettability,
spreadability and ink adhesion to the substrate.

A simple quantitative method for defining the relative degree of interaction of a liquid with
a solid surface is by measuring the contact angle of liquid droplet on the solid substrate (Figure
2.32). A contact angle less than 90° indicates that the substrate is readily wetted by the test

liquid, while an angle greater than 90° shows that the substrate will resist wetting.

a) b)
A/ e>= QOX :: l
— — [ ] ( ] [ — ]
Totally wetting Partially wetting Non wetting Totally non wetting

Figure 2.32 - Contact angle: a) High surface energy with a contact angle<90°C; b) Low

surface energy with a contact angle >90°.

A liquid with a surface tension lower than the surface energy of the substrate will spread
over its surface and there will be a strong adhesion between the substrate and the liquid film.
The unit of measurement which is used for ST is the surface millinewton per meter (mN/m)

(Typically, ST ranges from 28 mN/m to 350 mN/m).

2.8.5. Substrate surface treatment

In situations where the substrat is polymeric, surface treatments are normally required to
promote compatibility and to improve adhesion forces by increasing the surface tension of the
polymer, thus changing their hydrophilicity, increasing the surface contact area. Many
adhesion-enhancing techniques have been explored in the literature, such as chemical
roughening of the surface [2.125], resorting to the use of a primer (by dipping, brush or spray
the substrate that can chemically alter the surface ,e.g. silane coupling agents [2.126]), but
within the framework of printing polymer surface, corona discharge [2.127, 2.128], plasma

treatment [2.129 - 2.133], and flame treatment [2.127] are the most common methods.

Plasma treatments are used to change the surface energy, creation of functional groups,
induce mechanical rougheness on the surface and eliminate surface contaminants such as

silicone mold release, dirt, dust, grease, oils, and fingerprints. This contaminants also inhibit
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the shape of the drops, hence image quality [2.134] and the adhesion. Although, the surface
treatment is temporary, i.e., the surface treatment enhances the compatibility of the surface with
the ink, but the exposure to air induces hydrophobic recovery [2.135]. Therefore, it is
recommended to bond, coat, ink, or decorate the product as soon as possible after surface
treatment. In other words, it was found that the transformation to hydrophilic surface is
temporary. The plasma surface treatment increases the compatibility of the surface with the ink,

but subsequent exposure to air induces the hydrophobic recovery.

This adhesion improvement has been the subject of several studies: McDonald et al. [2.135]
published a study of PDMS atmospheric plasma treatment. It was showed that after the polymer
surface treatment, adhesion and wettability increased, but a continuous exposure to air (5 to 30
minutes depending on the substrate) resulted in recovery of their hydrophobic nature. Plasma
treatments performed on PET showed that different operational parameters such as energy,
time, pressure, and gas flow rate lead to different results [2.130]. Figure 2.33, shows the results
of the effect of plasma treatment with low pressure in the adhesion between PI and the liquid
[2.131]. A dramatic decrease of the contact angle was achieved when the Pl was treated with
atmospheric plasma. The results revealed an increase in the strength of adhesion between the

Pl and the coated layer with the increasing of the treatment time [2.136].

| b

Figure 2.33 - Optical microscope photographs of PI film contact angle: a) without treatment.
[contact angle: 46.2°]; b) after low pressure plasma treatment [contact angle: 14.5°] [2.131].

Copyright (2008), with permission from Elsevier).

An increment in the roughness of the polymer surface caused by a chemical treatment is
another option. These methods are preferred industrially over the plasma processes due to the
much lower cost. The chemical treatment changes the surface characteristics (physical and
chemical) in order to improve adhesion. In chemical treatment solutions, the adhesion is
achieved by increasing the total area of interface between both layers leading to structural
changes (by increasing the interface roughness) and interactions between the fluid molecules

and the substrate.
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Both on industrial and scientific studies polymer surface treatment has been used to promote
the polymer receptivity to the ink. The adoption of such a solution, in addition to the inclusion
of an extra step in the manufacturing process, increases the time and cost of production. Given
the hydrophobicity of the polymers, a surface treatment to improve its adhesion ST and the ink

is vital, but more economic solutions are required.

2.9. Flexible pressure sensors

Flexible Pressure Sensors (FPS) are transducers that measure pressure distribution on the
sensing element, with the particularity of being flexible. These sensors can be configured as an
array of sensors elements to force or pressure that are embedded in a substrate constituting a
pressure mapping system (FPMS). The force or pressure sensors are connected to electronic
circuits responsible for the signal acquisition from the transducers (several times per second)
and communication to a device (typically a computer). Specialized software enables reading of
data in real time providing 2D or 3D representation of the measured signals. Analysis tools
acquire the pressure peak, the center of pressure or force, the output signal with respect to time
and various statistical parameters, thus visualizing the magnitude and distribution of forces
applied to the pressure mapping systems.

Flexible polymer detection systems provide a better contact area and therefore more accurate
readings thanks to its ability to fold/roll compared to traditional hard circuits. In medical
applications a wide variety of configurations is needed and therefore it requires the pressure
sensors to be flexible (bendable to a few degrees). Also, the sensitive area should be as small
as possible. Depending on the spatial resolution required for the intended application, the
diameter for the sensitive area of the sensor can range from 1 mm? to 1 cm? [2.137]. A high
precision, reproducibility and selectivity are other essential requirements for the sensors.
Flexible sensors have the capacity to follow all the movements, capacity to stretch to some
degree (to measure correctly the applied forces) and have low thickness (thick sensors tend to
provide erroneous readings [2.137]. FPMS offers the possibility of obtaining pressure readings
measured in the contact surface, revealing information which is not readable to the naked eye.

FPMS have gained increasing importance in application areas such as intelligent
packaging/security [2.138], wearable applications [2.139], aerospace and automotive
engineering [2.140], in biomedical [2.100, 2.141], robotics [2.31, 2.142 - 2.144] and healthcare
[2.13 - 2.145].

The types of sensors available to measure pressure or force at the interface between two

objects, are divided by the working range and the characteristics: size, shape and construction
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materials. Currently, the most used transduction mechanisms for these pressure sensors are
piezo-resistive and capacitive. The capacitive sensors are sometimes preferred over piezo-
resistive because they have no significant internal wear or breakage under load. Due to the
typical low deviation, the frequency which the capacitive sensors must be calibrated is also
reduced. Generally, the capacitance changes are in the range of pico-Farads (pF) or even lower
values, making it crucial to use a highly sensitive, accurate, and stable [2.137] electronic reading

circuit.

Capacitive transduction in flexible pressure sensors is based on the capacitance variation
between two parallel plates, assembled on non-conductive flexible material or on an elastomer
with high dielectric constant, when a force or pressure is applied. When this pressure is applied,
the plates move closer to one another, and the capacitance value between them increases (Figure
2.34).

Pressure

l ~

(environment) k, £

Electnic (environment)
Area

Figure 2.34 - Illustration of a capacitive pressure sensor based on the parallel arrangement.
The capacitance is given by Equation 2.6:
C =——, Equation 2.6

where, g is the permittivity of the free space, & is the relative permittivity of the material
between the plates (dielectric), A is the area of the electrodes, and d is the distance between

electrodes.
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2.10. IPT of conductive inks on polymeric substrates for FPS manufacturing

Polymeric substrates have been reported in the literature addressing several application areas.
In the specific case of capacitive pressure sensor applications, polymeric substrates such as PET
[2.33], PI [2.13, 2.31, 2.32, 2.146, 2.147] and PDMS [2.31, 2.33, 2.100, 2.146 - 2.148] are the
most commonly used. Lee et al. [2.146] developed a flexible capacitive pressure sensor for
plantar pressure measurement, using a flexible printed circuit film as a sensor substrate and
PDMS as dielectric layer. Cheng et al. [2.31, 2.32] developed a tactile sensor with PDMS using
a highly reliable capacitive mechanism. Someya et al. [2.149, 2.150] developed a flexible
pressure sensor matrix with organic field-effect transistors for artificial skin applications.
However, the required manufacturing process to fabricate the standard sensor involves multiple
factoring steps and the use of several and different material layers (gold, PET, PEN and PDMS),
which consequently leads to high time consumption, large material waste and high
manufacturing costs. When the goal is large area sensing platforms, manufacture premium
prices constitute a problem for a faster wide spread of new products.

Currently, the most commonly used fabrication processes resort to complex processing, e.g.,
photolithography [2.31, 2.32, 2.146 - 2.148, 2.151], screen-printing [2.10], spin-coating [2.33,
2.148, 2.100]. These techniques involve the use of expensive raw materials, generate large
chemical pollutants, waste materials and have resolution limitations. Adding to this, the
complexity of the fabrication process most often prevents the process automation to an
industrial level.

In recent years, the interest for IPT to sensor fabrication has attracted attention [2.48][2.63]
[2.72][2.152] due to the great range of applications and a number of attributes that makes a
compelling argument for an interesting alternative to the conventional PE technologies. IPT of
an intrinsically conducting polymer [2.50] onto a flexible substrate for humidity and gas sensing
applications [2.153, 2.154], respectively, are two of many of the rapidly emerging IPT examples
that may be found in the literature. In the field of flexible pressure sensors, the first steps are
being taken. Only a few examples of IPT pressure sensors combining IPT polymer conductive
ink (PEDOT:PSS and P3HT) or Silver ink [2.139, 2.155], printed on polymer substrate (PET
and PlI, respectively) have been reported so far in the literature. Someya et al. [2.156, 2.157]
has developed a flexible pressure sensors using organic field-effect transistor FET active
matrices. Polyimide precursors and silver nanoparticles were patterned on a polyimide film by
using an ink-jet printing system and cured at 180 °C to form gate dielectric layers and electrodes
for organic FETS, respectively. In order to define the device dimensions, epoxy partitions were
prepared by a screen printing system. The designed structure presents some complexity and the
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fabrication step resorted to different manufacturing technologies. Polyimide precursors and
silver nanoparticles were patterned on a polyimide film by using an ink-jet printing system and
cured at 180 °C to form gate dielectric layers and electrodes for organic FETS, respectively. In
order to define the device dimensions, epoxy partitions were prepared by a screen printing
system. Basirico et al. [2.158] has propose a totally IPT flexible organic field effect transistors
(OFETSs) assembled on plastic films as sensors for mechanical (pressure and bending) variables
using a PEDOT:PSS as electrodes and a P3HT as a semiconductor. The results obtained are
promising despite the lower charge carrier mobility measured (believed to be strongly
correlated to the final deposited film morphology). An improvement, either by a proper
optimization of the polymeric ink and/or by an accurate optimization of deposition parameters

IS expected.

2.11. Summary

IPT is a new and promising manufacturing direct printing technique. The main advantages of
the proposed technology lie in its simplicity and low cost operating principle, on the low cost
of raw materials and on the speed of production, overcoming the flaws of traditional patterning
technologies. In spite of intensive work performed over the last years, IPT full potential has yet
not been achieved. The print quality is directly related to the quality, type and amount of used
ink. The inks surface tension and its viscosity determine the speed, the size and stability of the
ejected droplet and the form that the droplet reaches the substrate. The available ink
formulations are not developed according to the receiving substrate and desired application, but

still, the technological viability is evident for low-cost and high-volume manufacturing.

Application of a direct inkjet printing process, maintaining a good dispersion of the available
commercial ink, providing a promising adhesion of the ink on the hydrophobic polymeric
substrates and achieving the desired performance it’s still a subject of study. For the
development of an array of flexible pressure sensors to be built from printed electrodes an inkjet
printer with DoD system and piezoelectric head was selected in this work. Within the selected
printhead characteristic the drop-volume (10 pL), and firing frequency are fixed parameters.
The processing variables are: head speed; drop spacing; printhead temperature; height position.
Three distinct types of inks were selected according to their content nature (e.g., two different
conductive polymer ink, and silver nanoparticles based ink) and potential application use. For
the fabrication of the sensor, two polymeric inks, P3HT and PEDOT, and a silver-based ink
were tested. The properties and performance of the commercially available conductive inks

were evaluated in order to check their potential for untreated substrate surface printing. The
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inks were compared based on their adhesion to the substrate and electrical conductivity. Four
different flexible polymeric materials, namely, Polyimide (PI), Polyethylene terephthalate
(PET), Poly(dimethyl)siloxano (PDMS), and Thermoplastic polyurethane (TPU) were analyzed
with particular attention to the substrate mechanical (high elasticity and flexibility), chemical
and optical properties (resistant, brightness and transparency, dimensional stability) surface
porosity and processing temperatures. Special attention was given to its compatibility and
receptivity of the ink. The polymer with the greatest potential (according to above criteria) to
be used as substrate, was selected.
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Chapter

Materials and Methods

In this chapter, relevant information regarding material, characteristics of the equipment, the
experimental methods, and the characterizations techniques used is presented. In a first section,
some fundamentals on the main physical and chemical properties of the materials used, and
evaluated for the fabrication of the printed patterns, are reported; in a second section, information
about the printer employed and material preparation is presented. Finally, the last section reports
a brief description of the principal characterization techniques used and experimental conditions.
IPT technology requires a fundamental investigation of the properties of inks and of the
substrates, the compatibility between them, and exploration of differentiating solutions in order

to optimize the fabrication process.
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3.1. Material selection

Substrate & conductive ink selection methodology for fabrication of flexible sensors involves
two important topics: i) Selection of a flexible material with a combination of unique
properties (physical, mechanical, chemical) for the fabrication of a flexible support; and ii)
Study of different available inks based on the limits imposed by the printing process, resulting
on the selection of the appropriated physicochemical (the superficial tension, rate of solvent
evaporation and drying the particle size) ink formulation for IPT. This selection also depends
on the relation between ink/substrate adhesion, limit of the ink/substrate flexibility, the final
electrical properties while meeting the desired mechanical properties without the disruption
of the ink.

3.1.1. Substrates

Four different flexible polymeric materials, namely, Polyimide (PI), Polyethylene
terephthalate (PET), Poly(dimethyl) siloxano (PDMS), and Thermoplastic polyurethane
(TPU) were analyzed with particular attention to the substrate mechanical (high elasticity and
flexibility), chemical and optical properties (resistant, brightness and transparency,
dimensional stability), surface porosity and processing temperatures. Special attention was
given to its compatibility and receptivity of the ink. The polymer with the greatest potential
(according to above criteria) to be used as substrate, was selected. Their description and main

properties are presented next.
3.1.1.1. Poly (4,4' — oxydiphenylene - pyromellitimide)

Kapton, a poly(4,4'-oxydiphenylene-pyromellitimide) (Figure 3.1) is the brand name of a
polyimide (P1) film, first developed by DuPont [3.1]. The film of PI HN from Kapton® has a
unique combination of properties that make them ideal for applications in many different
industries. It has excellent physical and mechanical properties and electrical insulation at high
temperatures (1012 Q.cm at 200°C). It also has a good dimensional stability and chemical

resistance.

-

Figure 3.1 - Structure of poly-oxydiphenylene-pyromellitimide, "Kapton".

o
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3.1.1.2. Polyethylene terephtalate (PET)

PET is the most used thermoplastic polyester and consists of polymerized units of monomer
ethylene terephthalate, with repeating C10HsO4 units (Figure 3.2). In particular, the very thin
PET film Mylar® from DuPont is a biaxially oriented thermoplastic with a unique
combination of physical, chemical, thermal, optical (resistant, bright and transparent,
dimensional stability, chemical resistance) and mechanical properties ideal for a wide range

of electronic applications.

O O
\C C‘!:? CH
Va N o

i

Figure 3.2 - Chemical structure of polyethylene terephthalate.

3.1.1.3. Polydimethylsiloxane (PDMS)

Consists of fully dimethyl siloxane polymers containing repeating units of the formula
(CH3)2SiO[3.2] (Figure 3.3). PDMS Sylgard® 184 from Dow Corning® is an elastomer
resulting from the combination of a siloxane base and a curing agent. It is a homogeneous
material, isotropic, biocompatible, optically transparent, chemically inert, thermally stable,
with high elasticity and high flexibility [3.2]. The PDMS also allows great freedom of

design, which combined with the excellent properties, makes it a widely used polymer.

D CH Tﬂz
GHg—SIi— 0+ |Si— 0
CH; CHs

Figure 3.3 - The chemical formula of Polydimethylsiloxane. a) Chemical structure
combining both organic and inorganic groups; b) Structural representation of the shielding

of the main chain (Si-O groups) by the methyl groups.
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3.1.1.4. Thermoplastic polyurethane (TPU)

Thermoplastic polyurethane elastomer belongs to the class of thermoplastic elastomers that
combine the mechanical properties of vulcanized rubber with the processability of
thermoplastic polymers. They can be repeatedly melted and processed due to the absence of
the chemical networks that normally exist in rubber. TPU are linear segmented block
copolymers having hard segments (HS) and soft segments (SS) [3.3]. TPU are based on the
exothermic reaction of polyisocyanates with polyol molecules, containing hydroxyl groups.
Relatively few basic isocyanates and a range of polyols of different molecular weights and
functionalities are used to produce the whole spectrum of polyurethane materials. Two types
of diisocyanates are employed in polyurethane preparations, aromatic and aliphatic ones.
Most commonly used chemical structures are the aromatic diisocyanates; toluene
diisocyanate (TDI), and 4,4’-diphenylmethane diisocyanate (MDI) (Figure 3.4) [3.3].

CH, CH,
| X NCO OCN X NCO
= —
NCO
2.4-TDI isomer 2.6-TDI isomer
QOCN .. II I ~NCO
MDI

Figure 3.4 - Molecular structures of most common industrial isocyanates.

TPU are usually made from pure MDI which is reacted with a substantially linear
polyether or polyester diol [3.3] and with a chain-extending diol of a low molecular weight,
such as 1,4-butanediol, (BDO) in either a one-step or a two-step reaction process [3.4]. The
polyester diols are usually the condensation products of adipic acid and one or more simple
aliphatic diols ranging from ethylene glycol to 1,6- hexanediol. TPU are used in applications
where a product requires excellent tear strength, abrasion resistance, flexible fatigue
resistance and resistant to radiation exposure. Mechanical properties of the polyester TPU
are generally higher (E=7.5MPa). Service temperatures range from - 50 °C to 130 °C and all
have excellent adhesion properties. These materials generally offer better strength and
rigidity properties than conventional thermoset rubbers and their high elasticity confers

exceptional dynamic flex properties.
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The materials used here are commercial grades available in different physical forms. The

main features of each of the materials used are summarized in Table 3.1.

Table 3.1 - Substrates identification their main properties.

Substrate Pl PET PDMS TPU
Supplier DuPont DuPont Dow Corning® Huntsman
Grade HN Kapton€ Mylar® Sylgard® 184  Avalon 65AB
Physical form Film Film Base+Cure o occed film
agent
Thickness (mm) 0.025 0.023 free* 1.5
Density (g/cmq) 1.42 1.39 1.03 1.18
Vol.Res.(Q2.cm) 1.5x10% 1.0x10%° 1.2x10* 3.0x10%
Modulus (MPa) 2.5x10° 4.1x10° 1 7
WorkTemp.(°C) Up to 400 -50 -150 -45- 200 130

*Two colorless components in the liquid state (a silicone base and a curing agent) with
free final dimensions and geometry.
Note: The tabulated values are from the producer data sheet (Appendix A.5).

3.1.2. Micro and nanosized particles

Ink/substrate adhesion is a key performance characteristic for the fabrication of IPT systems.
During this work, some methods using nanosized particles were employed in order to

improve the ink/substrate adhesion.

3.1.2.1. Clay Particles (CP)

Nanofil 5 (distearyl-dimethyl-ammonium ion exchanged bentonite), supplied by Sud-
Chemie AG- Germany, is an organic modified nanodispersed layered silicate with platelet

structure [3.5]. Table 3.2 lists the main properties of Nanofil 5.

Table 3.2 - CP detail technical specification.

N Average diameter Average Platelet Bulk Specific weiaht
ame of the primary Agglomeration thickness  density P [9.cm] g Intercalation
particle size [um] size [um] [nm] [g1] 9.
Nanofil 5 8 ~8-12 1 150 ~1.8 Distearyldimethyl-

ammonium chloride

Note: The tabulated values are from the producer data sheet (Appendix A.6)
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3.1.2.2. Silica Particles (SP)

SP consists on spherical particles having an average diameter of the primary particle size of
12 nm and an average agglomeration size of 100 nm [3.6]. Chemically speaking, they are
made of silicon and oxygen atoms. AEROSIL 200 is highly dispersed, hydrophilic fumed
silica that is produced by high-temperature hydrolysis of silicon tetrachloride in an
oxyhydrogen gas flame. The primary particles are spherical and free of pores. AEROSIL
200 consists entirely of amorphous silicon dioxide. It starts to sinter and turn into glass above
1200°C. Crystallization only occurs after thermal treatment. One gram of AEROSIL 200
contains approximately 1 mol of silanol groups [3.7]. Table 3.3 lists main properties of
AEROSIL 200.

Table 3.3 —Silica (SiO») particles detail technical specification.

Average diameter Average - . .
Name of the primary  Agglomeration* Specific S;Jr_flace Tapped _(iiensny Behaviour
. . - area [m<g™] [al] toward water
particle size [nm] size [nm]
AEROSIL 200 12 ~100 200 £ 25 =50 Hydrophilic

Note: The tabulated values are from the producer data sheet (Appendix A.6). *Specific

surface according to BET.

3.1.3. Conductive inks for IP

Three different inks, P3HT, PEDOT and a silver-based ink have been study elements for
sensor fabrication (electrical paths and electrodes). The properties and performance of the
commercially available conductive inks were evaluated in order to check their potential for
untreated substrate surface printing. The inks were compared based on their adhesion to the
substrate and electrical conductivity. Their main properties and experimental evaluation
using IPT are discussed in Chapter 4, Chapter 5 and Chapter 6.

3.1.3.1. Poly (thiophene-3-[2-(2-methoxyethoxy) ethoxy]-2,5-diyl), sulfonated (P3HT)

Regioregular polythiophene has been widely used in organic electronics. Organic electronics
have a tremendous potential for applications in flexible electronics because of its low cost,
solubility (thanks to the 3-substituintes alkyl-chain in the polythiophene core [3.8];
exceptional spectroscopic and electronic properties, low-temperature process, highly
ordered structure, self-assembled, semi-crystallinity in its solid states [3.9], regioregular

compatibility to large-area fabrications and industrial mass production technologies. In the
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chemical structure of the regioregular polythiophenes, the backbone of the polymer is
formed by thiophene rings and a chemical side-chain group can be attached on each
thiophene ring along the polymer (Figure 3.5). An end-group or a secondary copolymer
chain can be added to each end of the polythiophene.

All this features make polymer semiconductors suitable for several printing technologies,
such as, spin coating [3.10, 3.11], screen printing [3.12] and inkjet printing [3.8, 3.13 - 3.15].
For this reason, various organic electronic devices have been proposed and implemented:
thin film diode [3.13]; organic thin film transistors (OTFTSs) [3.11, 3.14, 3.15], photodiodes,
Organic Field-Effect Transistor (OFETS) [3.16, 3.17], solar cells [3.18, 3.19], organic light-
emitting diodes (OLEDs) [3.10], and sensors [3.8, 3.20].

End group or n’ll \ ‘ End group or

second polymer E S n second polymer

Figure 3.5 - Schematic diagram of a regioregular polythiophene based polymers.

The regioselective polymerization techniques used for synthesizing P3HTs allow fine
control of the absolute structure of the polymeric materials, which support a variety of
functionalities, thus enabling a greatly expanded platform for polymer design [3.21]. For
example, Plextronics has developed an inherently doped sulfonated solution of
Poly(thiophene-3-[2-(2-methoxyethoxy) ethoxy]-2,5-diyl) [3.22].

The electronic grade Plexcore® OC RG-1100, Sulfonated polythiophene ink from
Plextronics (Aldrich Prod. No. 699799) (Figure 3.6) is the trade name of the P3HT (2% in
1,2-propanediol/isopropanol/water, 3:2:1) organic semiconductor polymer based ink used
for the experimental activities presented in this thesis. Plexcore® OC RG-1100 belongs to a
set of organic conductive inks originally designed for spin-coating applications, but may also
be applied to the ink printing technologies. The inks are ideal for integration into various

printed electronic applications. The physical properties of the ink are reported in Table 3.4.
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N
“NOCH,
Figure 3.6- Poly(thiophene-3-[2-(2- methoxyethoxy)ethoxy]-2,5- diyl), sulfonated

solution 2% in ethylene glycol monobutyl ether/water, 3:2, electronic grade [3.22].

Plexcore® OC offers [3.22]:

-A reduced acidity, preventing anode degradation and ensuring improved device lifetime;
-Tunable properties such as work function, resistivity, surface energy, and viscosity,
enabling researchers to optimize device performance;

-Compatible with multiple solvent systems and aqueous-based solutions, facilitating a

variety of processing techniques.

Table 3.4 - Plexcore® physical properties [3.23] .

Conductor component Conductive Polymer
Solid content (wt%) 2

Concentration 0.8% in H20
Electrical Resistivity (€.m) 0.25-2.5

pH 2.2-2.8

Viscosity (mPa.s) 7-13

Surface tension (mN/m) 35-38

Note: The tabulated values are from the producer data sheet (Appendix A.7).

3.1.3.2. Poly (3,4-ethylenedioxythiophene) - poly (styrenesulfonate) (PEDOT:PSS)

Conductive polymers are classified into two different categories: extrinsically or intrinsically
conductive polymers. The extrinsically conductive polymers normally involve a blend of
conductive and nonconductive polymers, as well as metallic particles suspended in the
polymer matrix [3.24]. Essentially, they consist of highly conductive additives incorporated

into polymer compounds, meaning that they are extrinsically enhanced to be conductive.
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Relatively to the intrinsically conductive polymers, also called “synthetic metals”, they
consist of a network of alternating single and double carbon bonds. It’s this alternation of
bonds that produces conjugated m-bonds, resulting in a intrinsically conductive material
[3.25].

The molecule at hand, PEDOT, was developed during the second half of the 1980s, by
scientists at the Bayer AG research laboratories in Germany [3.25, 3.26] as an intrinsically
conductive polymer. PEDOT, a polythiophene derivative based on 34-
ethylenedioxythiophene or EDOT monomer, is composed of an aromatic thiophene ring with
the carbon atoms in position 3 and 4, connected by means of a double ethereal bridge (Figure

3.7). Table 3.5 presents the main physical properties of the monomer.

Table 3.5 - Main physical Properties of EDOT monomer [3.25].

Viscosity (20°C) 11 mPa.s
Density (20°C) 1.34 g/cm?®
Melting point 10.5°C
Boiling point (1013 mbar) 225°C
Vapor pressure (20°C) 0.05 mbar
Vapor pressure (90°C) 10 mbar
Solubility in water (20°C) 2.1 9/l
Flash point 104°C
Ignition temperature 360°C

PEDOT stands out for its high transparency [3.27, 3.28] when deposited in thin, oxidized
films, high conductivity [3.27, 3.28], very high chemical stability in the oxidized state,
processability and simplicity of production [3.26]. Although, it was found to be an insoluble
and infusible polymer, limiting its employment in printed electronic techniques. This
problem was subsequently surrounded through the use of a water-soluble polyelectrolyte,
poly(styrene sulfonic acid) (PSS), as the charge-balancing dopant during polymerization to
yield PEDOT:PSS [3.26, 3.29]. This combination resulted in a water-soluble polyelectrolyte
system with high conductivity (ca. 10 S/cm), high visible light transmissivity, and excellent

stability [3.26, 3.29]. These unique properties make PEDOT an excellent material for various
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applications such as in electrochromics devices [3.30], sensors [3.31 - 3.33], biosensors
[3.34, 3.35], actuators [3.36], capacitors [3.36 - 3.38], and photovoltaic cells [3.36], etc.

All these features make polymer semiconductors suitable for several printing
technologies, such as, spin coating [3.39, 3.40], screen printing [3.41] and inkjet printing
[3.34, 3.42].

0=5=0 0=5=0
O OH
Figure 3.7 - Molecular structure of Poly (3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) [3.29].

Undoubtedly, PEDOT is the most widely used conductive polymer [3.43]. Chemical
variations of PEDOT often appears [3.44], by altering the main chain ring sequence, the nature
of the dioxy substituents, or the counterionic component [3.43, 3.44]. This new polymers
appear due to the need of higher conductivity, transparency, lower surface energy, higher

viscosity, and/or greater chemical homogeneity [3.45].

The Orgacon™ 1J-1005 from Agfa is the trade name of the used PEDOT:PSS. Is a water
(0.8% in H20) based electronic conductive polymer dispersion PEDOT/PSS. This ink has
been specifically prepared for Inkjet Printing, has already been used in printing equipment
type Microdrop, Dimatix and Galaxy and is recommended for rigid or flexible substrates. Its
appearance in terms of color is dark blue to very dark blue, and in terms of form is liquid. The

physical properties of the ink are reported in Table 3.6.
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Table 3.6 — Orgacon™ Physical Properties [3.29, 3.46].

Contains 1-5% Ethanol, 5-10% Diethylene glycol
Conductor component PEDOT

Solid content (wt%) 0.8

Concentration 0.8% in H20

Electrical Resistivity(Q.m) 1x10°

pH 1.5-2.5

Particle size (nm) 25-35

Viscosity (mPa.s) 7-12

Surface tension (mN/m) 31-34

Note: The tabulated values are from the producer data sheet (Appendix A.7).

3.1.3.3. Silver-based ink

Among metallic inks, silver (Ag) nanoparticles hold the highest electrical conductivity and
are resistant to oxidation [3.47], but are, also, one of the most expensive. The silver
nanoparticles can be produced through chemical reduction, electrochemical, laser ablation
or photochemical processes. The chemical reduction process consists in the reduction of
silver nitrate or silver acetate in presence of a stabilizer. The Ag nanoparticles are stabilized
in ink solutions by organic ligand shells, i.e., the nanoparticles are encapsulated with an
organic material, called a capping agent, to form a uniform and stable dispersion, preventing
particles agglomeration. This capping agent can be removed after printing through curing or
sintered to allow physical contact between nanoparticles, forming continuous connectivity,
i.e., a percolation path for electrical conductivity. Thus, sintering consist on welding the
particles to each other below their melting point [3.48], by exposure of the printed pattern
to: laser sintering [3.17], microwave radiation [3.49], by applying an electrical voltage
[3.50], by a chemical agent at room temperature (RT sintering) [3.51], or, the most
conventional approach, by heating (thermal sintering) [3.47, 3.52, 3.53]. In the case of
thermal sintering, the temperature (typically between 100 to 400° C) where the nanoparticles
form the percolation path must be below the softening temperature of the polymeric
substrate. The presence of a few nanometers organic layer between the silver particles is
enough to block the movement of electrons from one particle to the other [3.47], thus
reducing electrical conductivity. If this happens, the removal of this organic layer is required

at high temperatures. For this reason, the sintering temperature of the nanoparticle based
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inks has extreme importance in plastic electronic applications where materials such as
polyethylene terephthalate [3.52, 3.53] and polycarbonate [3.53] are widely used but, have
low (Tg) (98 °C and 148 °C respectively).

The lowest resistivity at the lowest temperature is another important property. The
conductivity of a printed Ag layer also depends on the shape and size of the Ag nanoparticles.
The amount of sintering temperature and time required depends upon how easy the organic
encapsulation breaks, particle size and on the thickness of the ink film. The smaller the
particle size (2 to 10 nm) the lower the temperature required to sinter the particles, the short
is the process and a higher conductivity is achieved. Typically, the nanoparticle loading inks
is higher than 20 wt%. All these features make silver based inks suitable for IPT on flexible
substrates [3.52, 3.54, 3.55]. Table 3.7 presents silver ink dispensing possibilities and
limitations for IPT.

Table 3.7 — Major ink requirements for IPT [3.56].

Percentage of silver filler 40-60%
Viscosity (unheated) ~0.5to 34 mPa.s
Particle size <100 nm
Sintering temperature 130-300 °C
Surface Tension 28.5-34 mN/m
Resistivity ~3puQ.cm

The Ag-1J10 from Applied Nanotech, Inc. is the trade name of the silver based ink is
designed for piezoelectric inkjet printing of conductive features on several substrates. This
nanoparticle ink can be thermally sintered to high conductivity at low temperature. The
nanoparticles do not require high melting temperatures like conventional materials. The
silver nanoparticles are stabilized in ink solutions by organic ligand shells, which can be
removed after printing through curing or sintered to highly conductive films at low
temperatures. Films surface area to volume ratio is very high, the bonds occur with low
energy consumption, improving resolution, and with good mechanical properties. The low
processing temperatures (100-150°C) enable applications in printed electronics using low
cost flexible polymer substrates. The small sizes of the nanoparticles and uniform dispersion
in Ag-1J10 make it suitable for printing using inkjet technologies [3.57]. A less positive
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factor for such inks is their tendency to sedimentation in the print heads and the necessity to

use dispersants [3.58].

Table 3.8 - Ag-1J10 silver-based ink.

Typical properties

Particle Size 3-10 nm
Resistivity 10-50 pQ.cm*
Solid Content 45 wt%
Viscosity 4-5 mPa.s**
Surface Tension 28-35 mN/m
Solvent Organic

* Dependent on sintering temperature and time- higher
temperature and longer sintering time results in lower
resistivity and better adhesion to the substrate.
**Measured at 100rpm and 25°C with Brookfield VLDV-
[1+PRO/ULA viscometer.

Note: The tabulated values are from the producer data
sheet (Appendix A.7).

3.2. Substrates preparation method

3.2.1. PDMS fabrication

The used PDMS included a base polymer (part A) called siloxano oligomer and a curing
agent (part B), the siloxane cross-linker. These two parts were mixed together with a
proportion of 10 (A):1 (B) weight ratio and placed in a vacuum chamber (at 760 mmHg) to
degas the mixture, in order to remove all of the air bubbles [3.59]. Subsequently, the liquid
mixture if carefully deposited into a mold of polymethylmethacrylate (PMMA) with a
defined geometry and heated in an oven at 80°C for the generation of an elastomeric solid
[3.59] (Figure 3.6).
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Liquid mixture

PMMA mould PDMS Substrate

Figure 3.8 - Fabrication process flow for the development of a flexible PDMS substrate.

3.2.2. TPU Compression moulding procedure

The TPU pellets were placed on a metallic mold spacer with area 210mm x 125 mm and
1.5mm thick and sandwiched between two stainless steel plates covered with Teflon foil (to
facilitate plates removal) at a pressure of 774 MPa for 5 min at 190°C. This time was selected
to ensure that the plates would be free of air bubbles and with a uniform 1.5 mm thickness.
Afterwards, the plates were quenched in water at room temperature (23°C). All specimens
were kept in a controlled temperature room (23°C) for at least 3 weeks before performing

any experimental tests according to ASTM 618 — 00 (Figure 3.7).

TPU pellets Compression Moulding

. c‘ ; -
l‘;v' '~;,'I
o) By 3 Casting (145x 106 x 0.7 mm)

190°C; 774 MPa; 5 min

Piezoresistive
measurements

TPU N TPU Plate

Substrate N

Figure 3.9— Compression moulding procedure for TPU substrates fabrication.
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3.2.3. Substrate cleaning

Previous cleaning of the substrate is a required step, as this affects the surface wettability
(see example in Figure 3.10). The objective of cleaning and deionization is to eliminate
surface contaminants such as silicone mold release, dirt, dust, grease, oils, and fingerprints
and inhibit new particles to stick on the surface of the substrate. The substrates are cleaned,
before placing them on the printer motion system plate, using the following procedure: baths
in acetone, isopropyl alcohol, then washed with deionized water and finally dried under dried
nitrogen flow. Thinner substrates are more flexible than the thicker ones, which constitute
an advantage in some applications where a higher flexibility is required, but they are more
difficult to hand during the cleaning process. In the case of PET and PI, it was difficult to
avoid scratches and pleats on the substrate surface caused by handling and cleaning of the
substrate (e.g., the use of tweezers and blown dried nitrogen flow). The substrate was fixed
to the plate motion system of the printer using adhesive tape. However, the use of tape

originates the contamination of the substrate with glue at its edge corners.

Glass substrate not cleaned Glass substrate cleaned

Figure 3.10 - Cleaning effect on the wettability. Cleaning the glass substrates results in a

better wetting with polar liquids [3.60].

3.3. Technology — Xennia Carnelian

The Inkjet printer used for the fabrication of the flexible substrates reported in the
experimental work is the Carnelian Printer, a piezoelectric Drop-on-Demand (DoD) printer
provided by Xennia Technology Ltd. The Xennia Carnelian inkjet incorporates industrial
printhead technology in a flexible, high precision printer, printhead evaluation and accurate
fluid dispensing [3.61]. In Figure 3.11 shows an image of the printer used while in Figure

3.12 a block diagram of the printer system is presented.
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Figure 3.11 — Xennia Carnelian Inkjet Printer.

Monitor

l SYSTEM CABINET

N P T Meniscus Printedhead
PSU Control control
Printhead HDC & electronics

Figure 3.12 - Schematic of the main components of the Carnelian system [3.62].

The printer includes three main parts:

* Printhead Mount: Is the physical suport for the ink supply syringe, a secondary syringe
on the outlet port of the printhead for anualm purge and wipe, the rotating printedhead,
an ink temperature control and the inspection camera which allows viewing with more

detail the final printed substrate. This part represents the core of the printer.

= Motion System: Consiste on a plate fuctioning as a base for substrates with a printable
area of 229 mm x 305 mm (9 in x 12 in). Adhesive tape was used for holding the substrate
on the plate during printing instead of a vacuum system. We found this method more

effective since vaccum would cause the bending of the film in the case of very thin films.
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Adhesive tape fits to all type of substrates: thin, thick, smooth, raised or flat. The plate
has no temperature control of the substrate.

= System cabinet: Here, all the electrical components and the controlling systems are
placed: The printhead and Dimatix Meniscus Control. The printing system is controlled

by a METEOR software provides by Xennia Technology Ltd.

Some of main functionalities and potentialities of this printer are briefly described in the
following subsections and can be easily found in the printer manual [3.62], others arose from

direct experiences.

3.3.1. Printhead Mount

The Printhead Mount is the heart of the printing system (Figure 3.13). It suportes the
printehead, the inspection and alignment camera system (is a very useful tool because allows
the nozzle alignment and also an evaluation of the achieved printed pattern quality).

To achieve reliable printing a suitable negative pressure needs to be applied to the ink
system to enable ink to feed the print head without flooding the face plate. The required
negative pressure is determined by the height of the meniscus level in the feed syringe,
relative to the print head nozzle plate. The system has been set up for ink to be at the level

marked on the syringe holder [3.62].

86



Materials and Methods | 3

Legend:
1- Vacuum hose

2- Ink supply syringe

3- Inkinlet valve

4- Print head

5- Ink outlet valves

6- Purge Syringe

7- Temperature controller

8- Printhead rotation
system

9- Inspection Camera

Figure 3.13 — Printhead mount: a) printhead; b) detail figure of the printhead rotation

system.

In order to unclog nozzles some cleaning actions may be required which may cause

material and time waste otherwise permanent damage of nozzles may occur.

The printhead Sapphire QS-256/10 AAA from Dimatix (Figure 3.14) features 256
independent channels (with two PZT modules, one driving the odd nozzles, one for the even
nozzles), arranged in a single row of nozzles at 100 dots-per-inch spacing. It was programed
to eject 10 pL normal drops size [3.63]. This is done at a nominal 8 m/s drop velocity when
jetting fluids in the 10 to 14 mPa.s range [3.63]. Print head operational temperature can be up
to 90° C, and has an integral temperature sensor [3.63]. However, the operational temperature
parameter must be defined according to the properties of operated ink, since higher
temperatures may case solvents (incorporated in the ink) volatilization and nozzle clogging.

For this reason, room temperature is recommended.
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Figure 3.14 - Digital foto of a Dimatix Sapphire QS-256/10 AAA print head [3.63].

The printhead supports UV-curable [3.63], either IMS (e.g., industrial mentholated
spirits/ethanol) or Isopropyl alcohol (IPA) cleaning solvents and aqueous-based inks [3.63].
The recommend producer fluid physical parameters for best printing performance are the

following:

e Fluid Viscosity range: 8 — 20 mPa.s (10 - 14 mPa.s recommend);

e Surface Tension: 30 -35 mN/m;

e Ultrasonic agitation

e Filtering the fluids with a 0.45 um pore size Glass microfiber filter before filing the

ink supply syringe.

3.3.2. Motion System

The machining head can move along 3 axes. These axes are defined as the X, Y and Z axes.
The print head movements are: Vertically direction (Z-Axis) moving toward the substrate,
thereby defining the distance between the nozzle and the substrate (depending on the substrate
thickness); Horizontal direction (X-Axis) above the substrate; the platen motion is responsible
for the horizontal shift (Y-Axis). Summarizing, the printing process results in horizontal scans
of the print head, and subsequent horizontal shifts of the substrate as schematized in Figure
3.15.
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Legend:

1- Motion Plate
2- HOME position
3- Zero position

Figure 3.15 - Print head and motion plate direction movements [3.62].

The quality of ink deposition on the substrate strongly depends on this printing procedure

and on the chosen printing parameters.

3.3.3. Drop-spacing and resolution

The drop -spacing is the distance between the center of two subsequent drops, both in X and
in Y direction. The drop size and line width are dependent on the interaction between the ink-
jetted droplets and the used substrate. The used model of piezo-driven jetting from Dimatix
has a nominal volume value (the effective volume of a jetted drop depends on the used firing
voltage and the jetting frequency). A 40 um size drop can be produced on a polymeric

substrate with a 10 pL drop.

According to an encoder signal and to the image resolution corresponding to the drop
spacing settled, the printer manages the ejection of a drop from the nozzle in the X direction.
In the Y direction, the distance between two subsequent drop is determined by the printhead
rotation angle (see Table 3.9), but also by the distance between two subsequent nozzles in the
nozzle plate, in this case, 254 um [0.010 in.] (100 DPI). This is set manually through the
rotation of the printhead system which allows the operator to rotate the printhead at the desired
angle by means of a graduated scale (Figure 3.13). As the mounting angle decreases, the print
resolution increases (Figure 3.16).
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Figure 3.16 — Pattern resolution in X-Axis and Y- Axis.

The mathematical equation used to determine the printhead rotation according to desired

drop spacing and resolution is reported in Equation 3.1.

Drop — spacing (um) = ﬁ:j(dm Equation 3.1
Table 3.9 — Resolution setting according to rotation angle.
Rotation Drop Spacing Resolution (DPI)
0° 254 um 100 DPI
70° 84.67 um 300 DPI
80° 42.33 um 600 DPI
83° 28.22 uym 900DPI

3.3.4. Jet controls

In order to achieve the best print quality it is crucial to control and monitor the ink droplets
ejection and nozzle maintenance. The control and monitoring operations are supported by
software (METEOR software and Xennia Xenjet 4000 application) of the printer:

90



Materials and Methods | 3

- Firing Voltage: It corresponds to the stress wave (electric current) applied to deform
the piezoelectric crystal for the droplet's ejection. The firing voltage affects drop-shape.
For different inks, different firing voltages are required in order to reach the optimal
jetting performances. A high firing voltage results in a short time of flight and produces
compact drops but with a long tail (These are highly undesirable for the quality of the
print). The droplets are required to have a certain speed, typically several m/s.
Conversely, reducing the firing voltage the tails length are reduced, also reducing the
drop velocity avoiding droplets scattering at the impact with the substrate (thereafter,
obtaining a better print quality). However, a low firing voltage may misdirect the jets
which increase dot position errors and the probability of clogging nozzles during

printing.

- Jetting Frequency: It's the frequency of ejected droplets from the nozzles. It affects the
print velocity, the print precision and it is strictly dependent on the particular pattern as
described afterwards.

-Number of Jetting Nozzles: As the jetting frequency, also the choice of the number of

nozzles used is strictly dependent on the specific pattern and precision required.

The maintenance is supported by hardware along with cleaning foam swabs, which has the
function of soaking up the excess ink that may be present in proximity of the nozzles. This
operation is important to perform before pattern printing in order to prevent puddle of ink
around the nozzles that may cause misdirection of the ink and, consequently, the presence of
satellite-drops around the printed pattern. Important operations are:

-Purging: After every ink supply syringe filling and before initial use of the printhead
(mandatory to achieve satisfactory printing performances), purging is a required
procedure to push air out of the ink path (air bubble may cause nozzle clogging). The
ink is pushed out of the nozzles (pump button with air pressure). During printing,
also during resting time, purging cycles are recommended in order to clear the
nozzles and to keep ink path surfaces wet.

-Meniscus Control: In order to prevent the ink from flowing out a low vacuum is

applied to the ink supply syringe.

Checking the filling of all nozzles just before printing is an important step to guaranty a
good jetting performance.
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3.3.5. Check of the printed pattern quality

The inspection camera is a tool consisting of a camera, mounted on the printhead mount,
able to frame selected parts of the substrate (7.680 mm x 5.760 mm with a resolution of 768
x 576 Pixel (0.44 Megapixel)). The operator can select three different light operation modes:
bright field, dark field; adjustable by the operator. The camera is used after printing, to check
the print quality. This inspection camera, do not allows the measurement of the size of single
drops or printed lines.

The camera does not have enough resolution to evaluate each drop individually, so the

evaluation of print quality was assessed according to the quality of the printed pattern.

3.3.6. Printhead working principle

The printhead goal is to fire billions of drops. Before a drop is fired, a lot of proceeding steps
must take place. Before each printing and during printing when required the following cycle

procedure was conducted in order to effectively fill the printhead:

e Fill the ink supply syringe fully with ink;

e Open both the inlet and outlet valves and draw through about half the volume of ink
in the ink supply syringe into the 2" (clear) syringe;

e Close the inlet and outlet valve and refill the 1% syringe;

e Close the 1% syringe and press the purge button to purge the printhead;

e Close the inlet valve and open the outlet valve and push ink back into the printhead to
purge in the reverse direction;

e Close the outlet valve and open the inlet valve and purge the system again.

This process is repeated (of forward and reverse purging) while taking care not to, at any
time, apply suction to the printhead from the 2" syringe until the printhead is full. Also ensure

that the 1st syringe is kept filled up with ink.

A study for identification and control of the best inkjet printing parameters for the
conductive ink was conducted. For enhanced printing resolution and uniformity of the printed
layer it is necessary to know the effect of all the process variables (e.g., DPI, printing
temperature, number of printed layers, etc.), on different substrates and how they affect the
print quality and the possible causes of surface defects. For improved performance it is
necessary to investigate the relationships between the fabrication variables and the final

achieved properties, e.g., the electrical conductivity.
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Figure 3.17 shows a flowchart of the steps followed for definition of the inkjet printing
parameters of the conductive ink. This optimization process consists of multiple iteration steps
of experiments to reach an optimized parameter. The timeline for the three different
conductive inks is not linear, so, the printing process had to be optimized for all the inks

separately.

Printing was undertaken in a non-standard laboratory environment with no temperature or
humidity control, non-particle filtered enclosure in order to determine the extent to which the
devices could be fabricated in a basic processing facility

-I Print test pattems * t 4
Increase resolution / Increase DECTE&TSE
number of ink layers resolution
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pattern quality Flooding
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|
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+ Yes o . - No
parameters the requitements?
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Figure 3.17 — Steps for testing the inkjet printing parameters.

3.4. Characterization Techniques

In the IP technique, a previous evaluation of the material fundamental properties as well as
the compatibility between them for printing quality control it is very important, in order to
meet the desired final properties. A proper characterization of the substrate enables an
evaluation of which envelop and dependent variables can dictated the possible limitations of
the process in order to anticipate problems and causes of defects and to optimize the
manufacturing process A previous study of the surface properties of the substrate can predict
its compatibility with the ink and ensure that during the jet printing, the ink absorption occurs
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through the substrate. A proper characterization of the materials, before and after superficial

treatments (when needed), to assess whether or not improvements were obtained is necessary.

3.4.1. Critical Substrate Superficial Tension (ST) measurements

The characterization of substrates is the starting point for the study in question, because
knowing the properties of these materials can help to predicted and/or understand the causes
or effects of the final properties. Substrate superficial tension (ST) was measured by contact
angle (using a Contact angle measurement equipment Dataphysics OCA15 plus to evaluate
the substrate with more receptive of the inks.

There is no direct method for measuring the surface energy of a solid substrate. Instead,
what is determined is the critical surface tension. The standard procedure for determination of
the critical surface tension of a solid substrate consists on the measurement the contact angles
between the substrate and a number of test liquids with various surface tensions (known from
literature, see Table 3.10), at room temperature, while the values of the contact angle are

directly measured.

A preliminary cleaning of the surface using isopropyl alcohol at room temperature must be
initially performed and subsequently washed with distilled water and dried with dried
nitrogen. A drop of the pattern liquid with 5 pL of volume is released on the substrate by a
micro syringe by "sensile drop” method and the contact angle between the substrates and the
liquid is measured. This procedure is repeated with the 3 different liquids (water, ethylene
glycol and diiodmethane). The measured results are plotted: contact angle vs. surface tension

coordinates. The procedure was repeated six times for each sample.

Table 3.10 - Surface energy components for the test liquids (Source:

DataPhysics Instruments GmbH, Filderstadt manual).

Liquid v (MN/m)
Water 72.8
Ethylene glycol 48.0
Diiodmethane 50.8
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3.4.2. Thermalgravimetric analysis (TGA) of the conductive inks

Investigation of the thermal properties of the inks was performed. The mass loss as a function
of the temperature was measured using TGA TA Instruments Q500 under nitrogen

atmosphere. The sample was heated from 20 °C to 700 °C with a heating rate of 10 °C.min™.

3.4.3. Detail characterization of the surface treated substrates and of the printed ink

The effect of the surface treatment of the substrates was analyzed by adhesion tests, SEM and
AFM. Defect-free printing pattern is obviously a prerequisite for any ideal printed substrate.
After IP a detailed characterization of the printed substrate, in terms of structure and behavior
was performed for pattern resolution, and electromechanical evaluation of the obtained
transducing properties. Adhesion between the substrate and ink was evaluated. The thickness
of the printed ink will be characterized by SEM and AFM. In order to evaluate the printing
quality of the printing method, samples were characterized in terms of microscopic analyze to

evaluate patterning quality (measurement of the width and spacing of the embedded lines).

3.4.3.1. Adhesion tests

The evaluation of the adhesion between substrate-ink was performed through the Cross-cut
Tape test (according to ASTM D3359). Classified as a destructive tests, as the name suggests,
allows analyzing compliance systems through damage [3.64]. For these adhesion tests an
appropriate tool for this purpose was used (See Appendix A.8). The multi-blades, consisting
of six cutting edges, are made of hardened steel alloy and are designed to maintain the tip of
the sharp cutting zone, this way reducing the frequency of replacement of the blade. With the
cutting tool shown in Figure 3.18, cuts were made on the longitudinal and transverse of the

sample.
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orac

Figure 3.18 - The TQC Cross Cut Adhesion Test KIT (CC2000) ate the left and

Cutting tool accessory ate right.

The cuts should be perpendicular to each other. Subsequently an adhesive tape was applied
over this zone and pulled from the surface. The qualitative evaluation (according to ASTM -
D3359, method B) of the results was performed through the visual analysis of remaining ink
on the substrate, on a scale of evaluation of adhesion (see Comparison Chart in Appendix
A.8). If the level of adhesion between the substrate and the coating is low, delamination occurs
[3.64].

The adhesion of the ink film to the substrate is rated on a 0 - 5 scale as follows:

Classification:

0 - None of the square is removed.

1 - Small squares of the coating are removed at the intersections, less than 5% the area is
affected.

2 - Small squares of the coating are removed at the intersections, the area affected is 5-15%
of the coating.

3 - Small squares of the coating are removed at the intersections, the area affected is 15-
35% of the coating.

4 - Small squares of the coating are removed at the intersections, the area affected is 35-
65% of the coating.

5- For removal of the coating more than 65% of the area.

There’s no defined value for the velocity of removal of the adhesive tape test adhesion ink-
substrate, being the test carried out by a quick and manual tug of the tape.One drawback of
this test, is dealing with different materials, such as substrate, the coating and tape, which
influence the result [3.64].
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3.4.3.2. Optical Microscopy (OM)

Optical Microscopy was used for a qualitative evaluation of the samples tested in order to
assess the adhesion between substrate-ink. For this purpose, micrographs of remaining ink on
the substrate and of the removed ink on the adhesion tape were acquired using an Olympus
stereomicroscope with a Leica DFC 280 Digital Camera and analyzed with the LAS V4.4

Image Analysis software.

3.4.3.3. Scanning electron microscopy (SEM)

Microscopy investigation was used to check the level of dispersion of micro/nanosized
particles on the polymeric substrate. Defect-free printing pattern is obviously a prerequisite
for any ideal printed substrate. SEM was also performed to determine inks thickness of the
printed layers. The final thickness of a printed conductive trace is determined by the printing
conditions, the ink properties, and the amount of ink solution being transferred to the printing
surface, the ink and surface affinities. The coating thickness and uniform distribution of the
ink can affect the properties of the printed layer as well as on end-user application of the
printed pattern. Thereby, evaluation of the surface morphology and pattern thicknesses of the
printed ink indicates if an improvement and optimization of the fabrication step is required. It
also helps to stabilize the thickness of embedded patterns and achieve precise and complex
electrical design. In order to evaluate the patterning quality of the printing method, SEM was
used to characterize the uniformity measuring the size and average spacing of the printed
pattern in terms of inks spreading precision. The SEM micrographs were acquired with a
NanoSEM - FEI Nova 200 (FEG/SEM). In order to avoid electrostatic charging the fractured

(in liquid nitrogen) surface specimens were previous coated with Gold - Palladium (Au-Pd).

3.4.3.4. Atomic force microscopy (AFM)

In contrast to SEM, the AFM allows to analyze the sample surface in the three directions x, y
and z. A Multimode da Digital Instruments AFM was used to analyze the topography of the
samples in tapping mode. The 1x1cm samples were recorded in ambient conditions (RH=50%,
T=23°C) using a rectangular cantilever (Model: TESP da Bruker) and a scan speed of 1,001
Hz. The AFM images were processed with Nanoscope Ill software and the roughness
parameters root mean square (RMS) roughness and mean roughness (Ra) were calculated
from the measured topography. The resolution in the x and y directions topographical was
10x10pm.
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The Ra is the arithmetic average of the absolute values of the roughness profile ordinates
[3.65, 3.66]. Ra is one of the most effective surface roughness measures and is commonly
adopted in general engineering practice. It gives a good general description of the height

variations in the surface:

R, = %fOL |Z(x)|dx Equation 3.2

Where Z(X) is the profile height function and L is the evaluation length.

The RMS roughness, also known as Rq, is the root mean square average of the roughness
profile ordinates:

AFM provided increased magnification and resolution in 3D [3.67, 3.68] and was used to
measure the roughness of the treated surface layer thickness and to study the changes in the

new surfaces with the printed layer deposition.

3.4.3.5. Electrical conductivity measurements

The electrical properties of a printed structure are affected by the homogeneity of the ink’s
chemical and physical properties, the structure geometry (thickness, edge definition, surface
morphology, etc.) and the interfacial properties between different materials. For the printed
substrate to effectively work as a sensing element, good electrical conductivity is required.
The pattern quality evaluation results were used to select the optimal materials and optimize
the processing steps and achieve precise and complex electrical design.

Printed substrates electrical conductivity measurements were performed based on the Van
der Pauw technique [3.69]. Specimens with square geometry were used and four very small
ohmic contacts were placed in the corners and, subsequently the resistance was measured as

illustrated in Figure 3.19.
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Figure 3.19 - Schematic representation of a VVan der Pauw configuration used in the

measurements of the two characteristics resistance Ra and Rg.

The Van der Pauw method output is the sheet resistance (Rs). According to Van der Pauw,

Ra and Rg, are two characteristic resistances associated with the corresponding terminals

shown in Figure 3.19 and are related to the sheet resistance Rs through the Van der Pauw

equation that can be solved numerically for Rs:

e_”RA/RS + e_ﬂ'RB/RS =1

Equation 3.3

The electrical resistivity (p) can be determined through the following equation,

,0=de

where d is the thickness of the sample.

Equation 3.4

The electrical conductivity (o) is defined as the inverse of resistivity and is given by:

Equation 3.5
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The two characteristic resistances are obtained during the tests, where two consecutive
measurements are performed, in which an applied dc current (I12) into contact 1 and out of
contact 2, allows determining the voltage V43 from the contact 4 to contact 3. Then, applying
the current (l23) into contact 2 and out of contact 3, the voltage V14 is obtained from the contact
1 to contact 4.

Electrical conductivity measurements were performed at ambient temperature. A total of 7
samples were tested using an Agilent 34410A 6 % Digit Multimeter/USB/GPIB Interface and
a programmable DC source. The MATLAB software was used to automatically switch the
polarity of the current in all Van der Pauw measurements, allowing obtaining the values of
the current l12, ls3, 123 and l14 (as illustrated in Figure 3.19) and to automatically record and

calculate the Rs, The experimental test setup is shown in Figure 3.20.

Figure 3.20 — Digital image of the experimental test setup. a) Sample assembly jig with

four ohmic contact proves from the resistivity measurement system.

3.4.3.6. Measurement of piezo-resistive effect of the printed ink

Minimization of resistance change under externally applied stress is one of the most important
factors for highly reliable and stable electrical operation. For the coated substrate to effectively
work as electrodes or sensing elements in the sensor system, good electrical conductivity is
naturally desired. So, electrical resistivity has to be characterized.

The piezo-resistive behavior (evaluation of the mechanical response and measuring the
electrical resistivity under tension loading conditions) is crucial. The piezo-resistive properties

of the flexible printed pattern (required for a sensor design and its response), is an important
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characteristic of the printed conductors. Understanding and characterization of the piezo-
resistive behavior can enhance future applications on flexible sensors.

From a printed substrate (1.5 mm of thickness), six tensile test specimens shape (Figure
3.21) were cut using a compression moulding plate and tested. The piezo-resistive tests of the
printed substrates were performed with a Universal type Instron 4505 mechanical materials
testing machine at room temperature (at 23°C and 55% RH). All samples were clamped in
pneumatic grips with a crosshead speed of 7.5 mm.min™* (nominated strain rate of 3x10* %),
with a load cell of 1 kN and a gage length of 25 mm.

. = -

Figure 3.21 — Standard (according to 1SO527- 2:1993) geometry shape (in mm) used for

the piezo-resistive tests.

The grips contact surface was covered with a dielectric tape (in order to insulate the metal
grips). A conductor wire was used to establish contact, at one end with the test sample and at
the other end to an Agilent 34410A 6 % Digit Multimeter/USB/GPIB Interface. This
multimeter (controlled by the Matlab code), in turn, establish a direct connection to the
computer and performs the measurement of resistivity during the test. The experimental test

setup is shown in Figure 3.22.
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Chapter

Inkjet Printing of Poly (thiophene-3-[2-(2-methoxyethoxy)
ethoxy]-2,5-diyl) sulfonated conductive ink (P3HT)

In this Chapter, special attention is placed on P3HT ink. Here, all the results concerning the
P3HT printing and the characterization of the fabricated printed patterns for use as electrodes
are presented. First, the results for printability on the substrate are presented, which is
followed by the results for adhesion of the ink and the electrical performance of the pattern

printed on the flexible substrates.
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4.1. Inkjet printing of polymer conductive ink
4.1.1. Material’s properties

e Conductive ink

Table 4.1 presents the summarized physical properties of the commercial grade of the used
P3HT.

Table 4.1 - Plexcore® OC RG-1100 physical properties [4.1].

Conductor component Conductive Polymer
Solid content (wt%) 2

Concentration 0.8% in H20
Electrical Resistivity (€2.m) 0.25-2.5

pH 2.2-2.8

Viscosity (mPa.s) 7-13

Surface tension (mN/m) 35-38

Note: The tabulated values are from the producer data sheet (Appendix A7).

e Determination of the annealing temperature of the P3HT conductive ink.

A 23.49 mg P3HT size sample was evaluated by thermal-gravimetric analyses (TGA) for
determination of the optimal annealing temperature. Figure 4.1 shows the weight loss
variation with temperature. The mass of the polymeric conductive ink starts to decrease at
36.04°C till 75°C (with 37.15% of the total weight loss) and between 75°C till 126°C (with
49.26% of the total weight loss). The 1% step of the TGA curve can be associated to the
initial temperature of weight loss of the solvents and little molecules or unstable side chains,
which degrade at lower temperature. This indicate no need for annealing at high temperate
after printing. The degradation of the ink occurs between 120°C and 126°C.The 2" step is
believed to be related to the conductive polymer itself. No expressive weight loss was
register between 126°C to 350°C. From this evaluation, one can concluded that the ink

annealing temperature should be between 75°C and 126°C.

111



4 | Inkjet printing of the P3HT conductive ink

100 - r 2.5

90 - —Weight loss (%)

20 Deriv. Weight loss(%/2C)
70 -
60 - - 1.5
50 - \

40 ~ -1
30 A
20 ~ - 05

Weight (%)
Deriv. Weight (%/°C)

10 - 15t 2nd

0 100 200 300 400
Temperature (°C)

Figure 4.1 — P3HT mass loss analysis for optimal annealing temperature evaluation.

e Substrate vs. Ink surface tensions

Before starting the printing, the critical surface tensions (ST) of the substrates were
measured in order to evaluate its receptivity to the ink. The ideal ST of a substrate should be
at least 7 to 12 mN/m higher than the ST of the liquid with which it will interact [4.2, 4.3].
According to the supplier, the ST of the P3HT Plexcore® ink is around 35-38 mN/m. The
ability of a liquid to spread on a surface was measured by the contact angle between the
liquid and the surface. The smaller the contact angle is, the greatest is the spreading of the
liquid on the surface and, therefore, higher is the surface energy of the substrate. The ST
measurements of the substrates and their difference with the ink ST, AST, are summarized in
Table 4.2.

Table 4.2— ST of the Substrates vs. ST of the ink (35-38 mN/m).

Substrate ST* (mN/m) AST(mN/m)
Pl 39.32 1.32
PET 43.31 531
PDMS 13.23 -24.77
TPU 32.49 -5.51

*according to OWRK [4.4, 4.5].
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This result allows predicting that the adhesion of the P3HT ink (35-38 mN/m),
particularly to a clean PDMS substrate (13.23 mN/m) and TPU (32.49 mN/m) will be very
difficult (AST = -24.77 mN/m and -5.51 mN/m, respectively). Also, the surface energy of
Pl and PET substrates isn’t high enough to promote good wetting and a homogeneous
dispersion of the ink. From these results it was concluded that surface treatment is required

to achieve good adhesion of the ink to the mentioned substrates.

4.1.2. Ink Preparation

Before printing, the P3HT ink underwent an ultrasonic vibration bath for 3 hours, in order to
minimize sedimentation and precipitation of ink solid particles (preventing the precipitation
in the nozzle and in the final printed pattern). Then, the inks were filtered by a 1 um pore
size glass fiber filter before filing the ink supply syringe of the inkjet printer. Filling

procedure of the ink supply syringe was conducted as described before in Chapter 3.

4.1.3. Preliminary Inkjet printing

Simple rectangular and circular patterns of various sizes were printed on the substrates
(Figure 4.2). At this stage, high resolution is not essential for large printed areas but high
conductivity is required for the electrode pattern. All the available 256 nozzles were used in
this printing study in order to get the highest possible throughput and overlapping from 1 to
10 ink-jetted layers at drop spacing of 254 um (100 DPI), 84.67 pm (300 DPI), 42.33 pm
(600 DPI) and 28.22 um (900 DPI) was tested. Other printhead settings were adjusted
according to the results of the iteration steps of experiments with this type of ink, and used

substrate.
e Printed patterns

After few seconds, still during printing, it was observed that the conductive ink starts to
form visible drops on the substrate, indicating a fast joint of the ink printed drops in large
drops (Figure 4.2). Unsuccessfully, several printing attempts were performed for increasing
temperature of the ink and temperature of the substrate in order to speed up the solvents
evaporation and improve the printing pattern quality. Similar results were achieved with the

different substrates. Figure 4.2 shows a clean PDMS after printing the 1% layer at 900 DPI.

The modification of the ink formulation could be a solution for this problem [4.6],
however, studding new ink formulations is entering in a new set of research fields. The
addition of solvents/additives will dilute the conducting polymer concentration and will affect

113



4 | Inkjet printing of the P3HT conductive ink

the conductivity properties. The printing ink did not have the expected dispersion, and this led
to the need of including an additional study. The most used solution for the lack of wettability

is substrate surface treatment.

Figure 4.2 — Printed substrates: a) Inspection camera image of a clean PDMS substrate with
flooding of the P3HT ink; b) Digital image of TPU with drop formation of the P3HT ink

(few seconds after printing).

Studies [4.7, 4.8] show that substrates can be plasma treated to change the surface energy
and eliminate surface contaminants. These contaminants also inhibit the shape of the drops,
worsening the image quality [4.9] and the adhesion. Although, the hydrophilic surface is
temporary, specialy when we are dealing with polymers, the exposure to air quickly induces
hydrophobic recovery [4.10]. Therefore, it is recommended to bond, coat, ink, or decorate
the product as soon as possible after pretreatment. However, this requirement, along with the
very small space inside the vacuum chamber used for plasma treatment, was automatically

restricting the size of the samples, forcing to work with small sized substrates.

For this reason, a different solution was pursued to allow the study to continue within the
available laboratory conditions. The surface roughness could be controlled in order to
increase or decrease surface energies. Therefore, the spread of clay or silica particles on
polymer surface was considered as a way to increase the surface roughness resulting in the
increase of the surface contact area.

4.1.3.1. Surface roughness control

Particles were spread manually on the substrate surface, and then heated below the polymer
melting temperature to sink the particles on the polymer surface, achieving a better particle-
polymer interaction at their interfacial region. This procedure was tested on TPU, PI and

PET substrates, with their respective softening temperature.
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e Clay Particles (CP)

Figure 4.4 shows the result of the CP Nanofil 5 mechanical dispersion on the TPU surface
after 15 minutes in the woven at 120°C (thermal treatment for thermal cross-linking at TPU
softening temperature) followed by careful rinsing with distilled water to clean loose
particles. The extent of the particles dispersion was evaluated through microscopy analysis.
Figure 4.3 shows the top substrate surface and the cross section obtained by cryogenic

fracture, respectively, of neat TPU (for comparison).

Figure 4.3 - SEM images of neat TPU: a) top substrate surface; b) cross section by cryogenic

fracture.

Figure 4.4 depicts some experiments with CP. Several loose CP particles of micron size
can be observed and the TPU and the PET surfaces area not completed covered. The SEM
pictures depict poor CP distribution, with no adhesion to the substrate PET surface. Also no
satisfactory adhesion of the CP was achieved by PI substrates. For PET substrates, reaching

the material softening temperature caused deformation.

1 SEM NC SE = NS

Figure 4.4 - SEM images the substrate with CP after 15 min at 120°C: a) fracture surface of
TPU with CP; b) PET surface with CP.
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The homogeneous deposition of CP on the polymer surface was further complicated by
factors such as the topography of the particle, the material nature (the higher inter-aggregate
attractive forces (Van der Waals forces) between nanoparticles) had greater tendency, when
compared to the SP, to aggregate creating a high secondary structure and increasing
agglomerate particles size. These results indicated that CP isn’t a suitable solution for surface

roughness modification.

e Silica Particles (SP)

As described for CP, AEROSIL 200 hydrophilic fumed SP particles were, also, manually
dispersed on the surface of the substrates, and then heated below the polymer melting
temperature for thermal cross-linking and SP sink-in on the polymer surface (to achieve a
higher particle-polymer interaction at their interfacial region). Figure 4.5 presents an

illustration of the expected particle-polymer interaction and final surface roughness.

Figure 4.5 - Result structure of the SP-polymer interaction created by mechanical depositior

The extent of the particles dispersion was evaluated through microscopic analysis. The
microstructure of the specimens is shown in Figure 4.6 and Figure 4.7. The Figure 4.6 depicts
the SP manually dispersed on the TPU surface without any thermal treatment, followed by
carful rinsing to clean the excess of particles. Many loose particles of micron size are present
and the TPU surface is not completed covered by the SP. This experiment was conducted with
both, clay and silica, to corroborate the importance of the thermal treatment to achieve the
sinking, the thermal cross-linking, and thus, the adherence of the particles to the TPU surface.
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Figure 4.6 - SEM images of the top surface of the SP-TPU substrate SP without thermal

treatment.

Figure 4.7 shows the SP manually dispersed on the TPU surface after 15 minutes in the
woven at 120 °C (TPU softening temperature), followed by carful rinsing with distilled water
(to clean loose particles). The TPU surface is well covered by the SP. Some particles
agglomerations with medium 5 pm size are detected, mainly because it is difficult to
homogeneously disperse material such as nanoparticles. Figure 4.7 b) shows a good
interaction between SP and the polymeric substrate (SP-TPU), resulting in a good adhesion
between them. Summarizing, the SEM images depict an acceptable SP distribution, taking
into account the preparation process used, and a fairly good adhesion of fillers to TPU

surface. Overall, to a certain level, a homogeneous roughness form was achieved.

The same procedure was tested with other substrates, Pl and PET. No satisfactory
adhesion of the SP was achieved.

| + NS n|i4

Figure 4.7 - SEM images of SP-TPU: a) Top substrate surface b) Fractured surface; c)
detail of Figure 4.7 b).
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The extent of the particles sink-in was evaluated through AFM analysis. The AFM
topographical images of the neat TPU surface before SP deposition and after SP deposition plus
thermal treatment are shown in Figure 4.8. According to the TPU roughness analysis (Figure
4.8 a)), the root-mean-square (RMS) roughness and the mean roughness (Ra) of the TPU
surface are 27.056 nm and 19.574 nm, respectively. These values are considerably smaller than
the RMS and Ra roughness of the SP-TPU (Figure 4.8 b)), 194.94 nm and 152.40 nm,
respectively. These percentage increase of 86.12% and 87.16%, respectively, are an indication

of the great increase of the TPU surface roughness induced by the propose method.

X 2.000 pm/div X 2.000 pm/div
Z 1500.000 nm/div Z 1500.000 nM/div

Figure 4.8 —~AFM topographical images of the TPU surface: a) neat TPU and b) SP-TPU. The

image size is 10 um x10 pm.

e [Effect of SP on the TPU surface tension

The effect of SP on the surface energy of the TPU was evaluated through the determination of
substrates surface tension (as described in Chapter 3). As shown in Table 4.2, TPU substrate
has a ST of 32.49 mN/m and the TPU with SP treatment resulted in a ST increase, to 47.11
mN/m (an increase of c.a. 31.07%). Figure 4.9 shows a drop of water on the TPU substrate,
before and after the treatment, where it is easily visible the effect of SP on the TPU

wettability.

Figure 4.9 — Drop of water on the: a) neat TPU substrate; b) SP-TPU substrate.
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4.1.4. Inkjet printing on modified substrate

After the analysis of the nanoparticles dispersion on the TPU surface roughness, the inks were
applied to the treated surface for the evaluation of the effect of SP on the ink dispersion. The
SP ensured a good surface wetting, has created bond interactions, increased the surface
roughness resulting in the increment of the surface contact area, and made an effective
transition interphase between the ink layer and the substrate. Table 4.3 reports the optimized
printhead main settings used with P3HT printing.

Table 4.3 - Main printhead settings used for P3HT ink.

Main settings

Drop size 10 pL
Printhead height 3mm
Substrate Temperature RT
Printhead Temperature 40°C
Head speed 60 mm/s
Drop spacing 28.22 pm

Maximum Jetting Frequency range 50 kHz

Figure 4.10 shows a digital image of the P3HT appearance, printed in the SP-TPU
substrate before and after annealing treatment. According to Figure 4.10 a) and to [4.11], the
appearance of the printed pattern suggests that the morphology of the drop impact on the dry
SP-TPU substrate surface is determined as Deposition with an effective deposition of the ink
drop on the substrate surface. Deposition is considered when the drop, during the impact,

deforms without breaking up in smaller drops, and stays attached to the substrate surface.

Figure 4.10 — Image of the P3HT printed in the SP-TPU substrate: a) before annealing; b)
after annealing.
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Between two subsequent prints, 3 minutes were needed to allow the drying of the ink
before printing the next printed layer. Since this process was too long, heated air flow was
used to accelerate the drying between layers and purging of the printhead was conducted
every 3 ink layers in order to avoid nozzle clogging as previously referred in Chapter 3.

After printing, the samples were annealed at 80 °C in oven for at least 8 h to allow
complete evaporation of the solvent. This temperature avoids the yellowing of the substrate
and its deformation. Obviously, a higher annealing temperature leads to faster drying of the

solvent and consequently to shorter time of manufacturing.

Figure 4.11 depicts the top SP-TPU substrate surface with different layers of inkjet printed
P3HT ink. The ink wasn’t homogenous dispersed since the achieved thickness isn’t
homogeneous along the printed pattern. This was expected, as the surface modification
treatment resulted in a roughness variation along the surface. Therefore, the ink thickness
variation is a consequence of the substrate roughness. On the first layers (1 to 5 layers) of ink,
the measurement of its thickness was difficult because, from SEM image contrast, it was
impossible to distinguish the ink from the substrate. However, from the top surface image is
possible to observe that the roughness aspect of the SP-TPU (before printing) decreases with

the increase of the ink layers, indicating an embedment of ink into the substrate.

120



Inkjet printing of the P3HT ink | 4

Figure 4.11 — SEM images of SP-TPU with inkjet printed P3HT ink: a) and b) Top and
fractured cross section substrate surface, respectively, with one layer of ink; ¢) and d) Top
and fractured cross section substrate surface, respectively, with four layers of ink; e) and f)
Top and fractured cross section substrate surface, respectively, with nine layers of ink.

Figure 4.12 shows the cross-section of SP-TPU with nine and ten layers of printed P3HT
ink. The ink film thickness increases with the number of layers, 3.76 um to 4.76 um,
respectively. These values are purely indicative, since with the roughness of the TPU the
thickness of the ink is not homogeneous along the printed area. Note that the ink doesn’t
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crack in its normal state, but the cracked ink on the above image is a result of the used

method (fractured surface by liquid nitrogen) for sample preparation for SEM analysis.

Figure 4.12 - SEM images of SP-TPU fractured surface with inkjet printed P3HT ink: a)

nine layers; b) ten layers.

The AFM topographical image in Figure 4.13 shows the surface morphology of the printed
SP-TPU. According to Figure 4.8 b)), the RMS and Ra roughness analysis of the SP-TPU
surface was, respectively, 194.94 nm and 152.40 nm. With the six layers of P3HT ink, the
measured RMS and Ra has changed to 240.69 nm and 182.38 nm, respectively, in the new

surface, indicating an increase of the surface roughness (23.5% and 19.7%, respectively).

T X 2.000 pm/div
3HT 6C Z 1500.000 nm/div

Figure 4.13 —Printed SP-TPU surface with six layers of P3HT: a) SEM image; b) AFM

topographic image (image size is 10 um x10 pm).
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4.2. Adhesion and electrical resistivity characterization of printed substrates
4.2.1. Adhesion tests
There are several variables that might affect the adhesion of the printed ink to the substrate:

a) surface energy between substrate and the ink,
b) annealing parameters, and in this specific case,

c) the possible chemical interaction with the SP.

Optical Microscopy (OM) was used for the qualitative evaluation of the samples tested, in
order to assess the substrate-ink adhesion. Figure 4.14 shows images of remaining ink on the
substrate and an image of the removed ink on the adhesion tape after the Cross-cut Tape test.
Through the visual analysis of the remaining ink on the substrate and according to the ASTM
- D3359, method B) qualitative evaluation scale (see Comparison Chart in Appendix 8), the
level of adhesion of the ink to the substrate is high. A visual evaluation doesn’t detect any
delamination; the cross-cut didn’t affect the ink layer, that present 0% of removed area. The
adhesion of the ink film to the substrate is rated in 0 on a 0-5 scale, where 0 is 0% of removed

area and 5 is more than 65% of the removed area.

a) b)
1000 pm
A 200 pm
c)~ 3 . Figure 4.14 — OM images of the printed
: x Vi substrate after the Cross-cut Tape test: a)
. wrgrys ( : ; . remaining ink on the substrate; b) detail of
s‘ 5 Figure 4.14 a); and c) image of the remaining
L & :
. G ink on the adhesion tape.
[ S 0N :r,;‘.x ey o S n
: R
¢ { 1000 m
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4.2.2. Electrical resistivity measurements

Figure 4.15 shows the variation of the sheet resistance measurement, through Van der Pauw
method, according to the number of P3HT layers. As expect, the sheet resistance decreases as
the number of printed layers increased, ranging from 2.01x10° Q/sq to 1.65x10° Q/sq for 1 to
10 layers, respectively. The amount of used ink is directly related to the electrical performance.
These values are much higher when compared to most conducting materials. Despite the low
conductivity, this ink could be used to fabricate electrodes for a capacitive sensing
configuration. However, this implies the use of several layers of ink, which results in a
substantial increase on the material resources, printing costs, and production time. The rather
low conductivity does not compromise the development of the printed polymer, but P3HT isn’t
the most suitable ink to be employed for conductive electrodes, and would certainly have

implications on the design, e.g. of the sensing application.

2 50E+06

2.00E+06 @

150E+06

1.00E+06 | L]

Sheet Resistance (/sq)

5.00E+05

0.00E+00

1 2 3 4 5 6 7 8 9 10
Layers of P3HT

Figure 4.15 —Sheet resistance measurement, through Van der Pauw method, according to the

number of P3HT layers.
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4.3. Summary

The Poly (thiophene — 3 - [2 - (2-methoxyethoxy) ethoxy] - 2,5 - diyl), P3HT,sulfonated ink
was inkjet printed on a polymeric substrate, and evaluated to be used as an electrode for
sensing applications. Achievement of the desired electrical properties through the selected
materials (conductive ink, substrate) and fabrication technology (IPT) was a target. Therefore,
multiple iterative steps of experiments were followed for definition of the inkjet printing

parameters for enhanced printing resolution and uniformity of the printed layer.

The work with this ink showed that it is an easy ink to work with: it has slow evaporation,
it passes through the IJP nozzle without obstruction, it is easy and fast to clean from machine

parts with minimal effort.

This Chapter covered, in five sections, the results obtained through experiments:
e The achieved optimized parameters for the inkjet printing of the polymer conductive
ink;
e Morphological characterization of the printed ink;
e Thermal characterization of the printed ink;
e The adhesion characterization of the printed ink; and

e The electrical characterization of the printed ink.

The wettability of the substrates was found to be a main obstacle for the ink receptivity.
For this reason, a surface treatment of the substrate was needed. A new method was
developed in order to increase the substrate surface energies. The method is environmental
friendly and low cost. So, in the proposed surface treatment method, micro/nanosized
particles (Clay or Silica particles) were spread over the substrate surface and then thermally
fixed. This latter step allowed the micro/nanosized particles sinking-in on the polymer
surface, resulting in a higher polymer-particle interaction at their interfacial region. The
addition of micro/nanosized particles onto the polymer surface increases surface roughness
and promotes intermolecular interactions. SP shows a high affinity with the TPU due to the
hydrogen-bond interactions between the silanol groups on the silica surface and the soft
segments of the TPU [4.12, 4.13]. This improves the intermolecular interactions between SP
and the TPU substrate, anticipating a good adhesion between them. Therefore, the developed

treatment was effective on:

e increasing the surface roughness of the substrate (by 86%),

e increasing on the critical surface tension of the substrate (by 31 %).

125



4 | Inkjet printing of the P3HT conductive ink

The SP treated surface ensured good surface wetting, creating hydrogen-bond interactions,
and making an adequate interphase between SP and the substrate. This novel surface
treatment of thermoplastic polymers was applied to the inkjet printing of TPU substrates with

conductive inks, and significant improvements on the printability were obtained.

What concerns the printed substrates characterization, the cross-cut OM images revealed
that the substrate surface changes didn’t affect the ink adhesion. No delamination of the ink
layers was detected, presenting less than 5% of removed area. The adhesion of the ink film to
the substrate is rated in 0 on a 0-5 scale (where 0 is 0% of removed area and 5 is more than
65% of the removed area). Regarding the electrical characterization, the sheet resistance
decreases as the number of printed layers increased, ranging from 2.01x10° Q/sq to 1.65x10°
Q/sq, for 1 to 10 layers, respectively. The achieved results raised a main concern about the
feasibility of P3HT ink to be used for electrodes fabrication on the sensing application. The
rather high measured resistivity may be strongly correlated to the final deposited film
morphology (no homogeneity of the ink thickness due to the surface roughness). This can be
improved either by an increase of the printed layers, using multiple print layers to overcome
the high surface roughness and the low electrical conductivity. However, this solution
represents a substantial increase of material resources, printing costs, and production time
with no increased additional benefit (since the sheet resistance difference between 6 and 10

layers is low).
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Chapter

Inkjet Printing of the Poly (3,4-ethylenedioxythiophene) - poly
(styrenesulfonate) (PEDOT:PSS) conductive ink

In this Chapter special attention is placed on the PEDOT:PSS ink. Here, all the results
concerning the PEDOT:PSS printing and the characterization of the fabricated printed pattern

for use as electrodes are presented.
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5.1. Inkjet printing of the polymer conductive ink
5.1.1. Material’s properties

e Conductive ink

Table 5.1 presents the summarized physical properties of the commercial grade of the ink used
(PEDOT:PSS Orgacon™ 1J-1005).

Table 5.1 — Orgacon™ Physical Properties [5.1, 5.2].

Contains 1-5% Ethanol, 5-10% Diethylene glycol
Conductor component PEDOT
Solid content (wt%) 0.8
Concentration 0.8% in H20

Electrical Resistivity (€.m) 1x10®

pH 1.5-25

Particle size (nm) 25-35
Viscosity (mPa.s) 7-12

Surface tension (mN/m) 31-34

Note: The tabulated values are from the producer data sheet (Appendix A.7).

e Determination of the annealing temperature of the PEDOT:PSS conductive ink

A 24.09 mg PEDOT:PSS sample was evaluated by TGA analyses for assessment of the optimal
annealing temperature. Figure 5.1 shows the weight loss variation with temperature. The mass of
the polymeric conductive ink starts to decrease at 62.07 °C till 104 °C (with 84.03% of the total
weight loss) and between 104 °C till 126°C (with 5.531% of the total weight lost). The 1% step of
the TGA curve can be associated with the initial temperature at which there are losses of the
solvents, little molecules or unstable side chains, that degrades, at lower temperature (indicating
no need for annealing at high temperate after printing), and the 2" which its believed to be related
to the conductive polymer. The degradation of the ink occurs between 104 °C and 130 °C. No
expressive weight loss was registed between 130 °C to 400 °C. From this evaluation, one can

concluded that the ink annealing temperature should be between 62.07 °C and 104°C.
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Figure 5.1 - PEDOT mass loss analysis for optimal annealing temperature evaluation.

e Substrate vs. Ink surface tension

The ideal critical ST of a substrate should be, at least, 7 to 12 mN/m higher than the ST of the
liquid with which it will interact [5.3, 5.4]. According to the suppliers, the ST of the PEDOT:PSS
ink is around 31-34 mN/m. The ST measurements of the substrates and the difference with the ink
ST, AST, is summarized in Table 5.2.

Table 5.2 — ST of the Substrates and of the PEDOT:PSS ink.

Substrate ST (mN/m) AST (mN/m)
Pl 39.32 5.32
PET 43.31 9.31
PDMS 13.23 -20.77
TPU 32.49 1.51

*according to OWRK [5.5, 5.6].

This result allows predicting that the adhesion of the PEDOT:PSS ink (31-34 mN/m), in
particularly to a clean PDMS substrate (13.23 mN/m) and TPU (32.49 mN/m) will be very difficult
(AST =-20.77 mN/m and 1.51 mN/m, respectively). The surface energy of Pl and PET substrates

are good indicators of good wetting and a homogeneous dispersion of this ink.
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5.1.2. Ink Preparation

For the same reasons described before for the P3HT ink experiments (Chapter 4), before printing,
the ink underwent an ultrasonic vibration bath for 3 hours. Then, the inks were filtered by a 0.45
pm pore size glass fiber before filing the ink supply syringe. The ink filtration generated a large
amount of foam. After the filtering operation, the ink in the ink supply syringe was kept in rest for
about 30 minutes for the complete dissolution of the foam. With the use of a 0.45 um pore size
filter longer nozzles lifetime was observed. Filling procedure of the ink supply syringe was

conducted as described in Chapter 3.

5.1.3. Preliminary Inkjet printing

Simple rectangular and circular patterns of various sizes were printed on the substrates (Figure
5.2). At this stage, high resolution is not essential for large areas but high conductivity is required
for the electrode pattern. All the available 256 nozzles were used in this printing study in order to
get the highest as possible throughput and overlapping from 5 to 8 ink-jetted layers at drop spacing
of 254 um (100 DPI), 84.67 um (300 DPI), 42.33 um (600 DPI) and 28.22 um (900 DPI) was
tested. Other printhead settings were adjusted according to the results of the iteration steps of

experiments with this type of ink, and used substrate.
o Printed patterns

Resembling what happened with P3HT ink, and regardless of the substrate, after few seconds (still
during printing), the PEDOT:PSS ink printed drops quickly started to join into larger drops (Figure
5.2). This indicates that all substrates have a poor wettability. Once again, several printing attempts
with, changes on the temperature of the substrate (in order to speed up the solvents evaporation
and improve the printing pattern quality) and the printing parameters were performed, but without

any success.

Figure 5.2 - Digital image of TPU with drop formation of the PEDOT:PSS ink (few seconds
after printing).
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5.1.4. Inkjet printing on the modified substrate

The PEDOT:PSS study proceeded with the SP-TPU substrate (to increase the surface roughness
resulting in the increase of the surface contact area) to ensured good surface wetting, and to
achieve an adequate transition interphase between the ink layer and the substrate. Table 5.3

reports the optimized printhead main settings used with PEDOT:PSS ink printing.

PEDOT:PSS ink revealed to be quite problematic in terms of jetting performances and
reproducibility. As described in Chapter 3, purging procedures are essential and necessary in
order to avoid undesired nozzle clogging. The cleaning frequency depends on the inks physical
properties (such as density, viscosity, surface tension, volatility and shelf life). These actions
cause some material and time waste. The ink with solvents with higher volatility, require higher

cleaning frequency. Despite all these cares, permanent damage of nozzles was inevitable.

Table 5.3 - Main printhead settings used for PEDOT:PSS ink.

Main settings

Drop size 10 pL
Printhead height 3mm
Substrate Temperature + 80 °C*
Printhead Temperature 23°C
Head speed 60 mm/s
Drop spacing 28.22 pm
Maximum Jetting Frequency range 50 kHz

*80°C was selected because is a temperature below the
softening temperature of the TPU, so that the substrate suffers
no physical or optical change.

Figure 5.3 shows a digital image of the PEDOT:PSS appearance, printed in the SP-TPU
substrate before and after annealing treatment. According to Figure 5.3 a) and to [5.7], the
appearance of the printed pattern suggests that the morphology of the drop impact on the dry SP-
TPU substrate surface is determined as Deposition with an effective deposition of the ink drop on
the substrate surface. Deposition is considered when the drop, during the impact, deforms without

breaking up in smaller drops, and stays attached to the substrate surface.
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Figure 5.3 - Digital images of the PEDOT:PSS ink printed in the SP-TPU substrate: a)

Before annealing; b) After annealing.

With respect to the reproducibility, whenever a new layer was deposited, the solvent slightly
affected the previous layer. In other words, incompatibility between layers of the same ink used in
multilayered structures was observed. An incompatibility between layers can cause re-dissolution
or re-suspension of the previously printed layer preventing uniform and uncontaminated layers
[5.8].

Between two subsequent printings, five minutes were required to allow ink drying before
printing the next layer. To avoid a long lasting process, heated air flow was used to accelerate the
drying between layers and the purging of the printhead was conducted every ink layer printing for
the same reason as referred to in the Chapter 4. Five to eight layers of ink were printed. At the
nozzles, PEDOT:PSS solvent evaporation revealed to be very quick, causing misdirected jets
risking the nozzle clogging. To achieve satisfactory performance, printing pauses between layers
were avoided. For the same reason, the temperature of the printhead was kept lower than 23 °C.

After printing, the samples were annealed at 80 °C in oven for at least 8 h in order to allow the

complete evaporation of the solvent and to avoid yellowing of the substrate and its deformation.

The use of SP increased the surface roughness and the surface contact area ensured good
surface wettability. Figure 5.4 depicts how the SP made an adequate interphase between the ink

layer and the substrate.
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Spum
1 SEMAT/UM TPU PEDQT 4G

Figure 5.4 - Detail of the interface between ink and modified substrate.

In Figure 5.6 different layers of PEDOT:PSS ink printed on the SP-TPU are observed. The ink
thickness increases with the number of layers, between £ 0.9 to 1.71 um for five to seven layers,
respectively. The mean roughness of the SP-TPU substrate (see Figure 5.5) clealry decreases with
the increase of printed layers. This indicates good dispersion and embedment of the ink on the
substrate.

Figure 5.5 - SEM images of SP-TPU top substrate surface.
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Figure 5.6 - SEM images of SP-TPU substrate with inkjet printed PEDOT:PSS ink: a) top
surface with five layers of ink; b) fractured cross section surface with five layers of ink; c) top
surface with six layers of ink; d) fractured cross section surface with six layers of ink; e) top

surface with seven layers of ink ;f) fractured cross section surface with seven layers of ink.

The AFM topographical image in Figure 5.7 shows the surface morphology of the printed SP-
TPU with PEDOT:PSS ink. As previously measured (Figure 4.8 b from Chapter 4) the RMS
roughness and mean Ra of the SP-TPU surface is 194.94 nm and 152.40 nm, respectively. With
six layers of PEDOT, the measured RMS and Ra changed to 49,519 nm and 40.466 nm,
respectively, in the new surface. These results indicate that the ink layers greatly contributed for
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the decreased of the surface roughness. These percentage reductions of 74.6% and 73.45%,
respectively, are an indication of the great decrease of the SP-TPU surface roughness with the

increase of ink layers.

X 2.000 pm/div
Z 1500.000 nm/div

Figure 5.7 - AFM topographic image of the printed SP-TPU surface with six layers of
PEDOT. The image size is 10 pm x10 pum.

52. Adhesion and electrical characterization of the printed substrates
5.2.1. Adhesion test

OM was used for the qualitative evaluation of the samples tested to assess the adhesion between
substrate and ink. Figure 5.8 shows the remaining ink on the substrate and the removed ink on the
adhesion tape after the Cross-cut Tape test. Through the visual analysis of remaining ink on the
substrate and according to ASTM - D3359, method B) qualitative evaluation scale (see
Comparison Chart in Appendix A.8), the level of adhesion of the ink to the substrate is high. A
visual evaluation doesn’t detect any delamination; the cross-cut didn’t affect significantly the ink
layer, presenting less than 5% of removed area. The adhesion of the ink film to the substrate is
rated in 1 on a 0-5 scale, where 0 is 0% of removed area and 5 is more than 65% of the removed

area.
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Figure 5.8 — OM images of the printed substrate
after the Cross-cut Tape test: a) remain ink on the
substrate; b) detail of Figure 5.8 a); ¢) remaining

ink on the adhesion tape.

5.2.2. Electrical resistivity measurements

The electrical performance of the printed TPU films was also evaluated. Figure 5.9 shows the
variation of the sheet resistance measurement, according to the number of PEDOT:PSS layers.
With the increase of ink layers no visible change was observed in the sheet resistance. The
measured sheet resistance ranges between 2x 10% Q/sq to 1 x 10* Q/sq for 5 to 8 layers,
respectively. In contrast to the P3HT results, the amount of used ink isn’t directly related to the
electrical performance. From these results one can conclude that the layer thickness has no effect
on electrical resistivity. Neverthless, the sheet resistance range measured on the printed
PEDOT:PSS ink proved to be a suitable ink to be used as conductive electrodes for sensing
applications without needing many layers of ink, saving material resources, printing costs, and

production time.
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Figure 5.9 - Sheet resistance measurement, according to the number of PEDOT:PSS layers.

5.2.3. Piezo-resistive measurements

A conductive ink layer on a substrate with a good flexibility and stretchability needs to be able to
respond mechanically to the applied stress while preserving the integrity of the printed structures,
as well as the respective mechanical and electrical properties (required for sensing application).
Therefore, it is of paramount importance to prove that the ink is able of following the flexibility
and deformations along with the substrate, without breaking or losing adhesion and its conductivity
properties. Also, if large conductivity variations occur for applied strain, it indicates that the pair
ink/substrate might be used for sensing applications using the piezo-resistive effect. Measurements
of the piezo-resistive effect on the printed flexible electrodes, checks whether the printed ink meets

the requirements of the envisaged application, establish their limits, and shows the potential of the

material to be used in sensing applications.

Figure 5.10 shows a typical SP-TPU tensile curve. The SP-TPU deformation till rupture is very
high, approximately 2500%. Figure 5.11 depicts the mechanical properties of the
SP-TPU substrate (for comparison) and SP-TPU inkjet printed substrate (with 6 layers of
PEDOT:PSS). These measurements were conducted in order to determine if the ink affects the

substrate mechanical properties.
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Figure 5.10 — Typical TPU Stress vs. Strain Curve.

Figure 5.11 depicts the stress-strain curves in the strain range where piezo-resistive
measurements were made. The experimental results indicate that the SP-TPU has a Young’s
Modulus and a Yield stress of 6.23 + 0.44 MPa and 8 + 0.2 MPa, respectively, and the printed
substrate have a Young’s Modulus and a Yield stress of 5.8 £ 0.55 MPa and 1.5 £ 0.05 MPa (the
rupture stress is considered at the moment the ink breaks), respectively. These results demonstrate
a linear behavior and that the mechanical performance of the substrate wasnt affected by the

presence of the polymer conductive ink.
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Figure 5.11 — Mechanical properties of the SP-TPU substrate (for comparison) and SP-TPU
substrate inkjet printed (with 6 layers of PEDOT:PSS).
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The results of the piezo-resistive measurements of SP-TPU substrate inkjet printed with 6 layers
of PEDOT:PSS are presented below. Figure 5.12 and Figure 5.13 present the variation of the
electrical resistance with the Homogeneous stress and Homogeneous Strain, respectively. The
initial electrical resistance is of + 295.85 Q. During the mechanical tests, it was possible to observe
that the PEDOT:PSS ink had good deformation properties, as it was able to follow the deformation
of the SPTPU substrate without visible rupture of the ink. No significant resistance change was
observed till ~0.5 MPa of the applied stress (around 11.7 % of deformation) showing great linear
behavior and confirming the high reliability and operation stability of the printed electrodes. After
0.5 MPa of the applied stress, the electrical resistance increases and presents a wide variation
between specimens, and the loss of electrical contact occurs around ~50.8% of deformation.
Despite the wide variation between specimens, the rate of resistance change is very similar
between samples, which is a good indication if one wants to use the measured piezo-resistive effect
for sensing applications. This observed variation of electrical resistance from specimens with the
same number of ink layers may be explained by a not homogeneous distribution of the conductive
polymer particles present in the conductive path. This heterogeneous distribution may have

occurred during the printing process or could be influenced by the adopted surface treatment.
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Figure 5.12 - Electrical resistance vs. Homogeneous Stress.
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Figure 5.13 - Electrical resistance vs. Homogeneous Strain.

The Gauge Factor (GF), an adimensional parameter, which is defined as the fractional change
in resistance per deformation unit, translates the resistance changes in the material as a function of

the deformation caused by the applied mechanical stress [5.9], and is given by:

R—-Ro

GF = B> | Equation 5.1

&

where Ro is the resistance of the material before deformation.

For the study of the piezo-resistive effect of the ink, the electrical resistance R of the
PEDOT:PSS was measured during the tensile tests. From the measured resistance (R) and strain

(¢), GF was determined by Equation 5.1. Rearranging this equation:

— = GF - ¢ Equation 5. 2
Ro

A linear relationship between AR/Ro and ¢ is obtained with slope GF.

Figure 5.14 presents the measured resistance difference vs. applied strain for specimen five

(with results close to the average behavior of all specimens).

The relationship between AR/Ro and ¢ is non-linear, reflecting a varying GF with strain level.
To determine the GF, the curve was divided in three regions. The 1% region was considered in
the lower strain range (<15%), a 2" region between 15% - 40%, and the 3™ region for a higher

strain range, between 40% - 60%. The GF was calculated by fitting the curve in each section,
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designate by GF1, GF2 and GF3, respectively, by Equation 5.2. In the lower strain range, the
PEDOT:PSS showed a GF of 5.21 indicating that the ink conductivity is changing with
deformation (if resistance changes in the material were just a function of the deformation caused
by the applied mechanical stress, the GF would be 1+2v, with v being the Poisson’s Ratio, i.¢.,
R would increase due to the decrease of cross-section area and increase of length of the
PEDOT:PSS film). On the 2" region (intermediate strain level) GF2 was ~88. In the high strain
range the determined GF3 was ~437. In all three regions a clear contribution of the intrinsic
piezo-resistive effect of the ink layer over the geometrical factor is observed. The huge GF
observed on the second and third region show that this material, and despite the non-linearity,
has high potential for sensing applications using the piezo-resistive effect. The high GF
achieved may be related to the surface treatment. With the increase of roughness, better
wettability is achieved, and since the final surface morphology is not uniform it may induce
large resistance variation with strain.

Due to some technical difficulties (sample sliding in the beginning of the test together with
high contact resistance) the piezo-resistive effect still needs to be better characterized. Also
extended tests are required to check reliability (repetition tests) and stability of the huge

piezoresistive effect observed.
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Figure 5.14 — Curve profile of the PEDOT:PSS measured resistance changes during tensile

mechanical tested, with an initial resistance (Ro) of + 295.85 Q).
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5.3. Summary

The Poly (3,4-ethylenedioxythiophene) - poly (styrenesulfonate) (PEDOT:PSS) conductive ink
was inkjet printed in a polymeric substrate, aiming its use in a flexible application. The challenge
was the development of a printed pattern with suitable electrical properties. This includes the
selection of appropriated materials (conductive inks, substrates) and fabrication technology (in this
case, IPT). Through multiple iterative steps of experiments, the inkjet printing parameters were
defined in order to achieve an enhanced printing resolution and uniformity of the printed layer.
Working with this ink was complicated, when compared to the P3HT, due to its fast evaporation,
increasing the risk of nozzle obstruction, and the need of a more cleaning effort.

The obtained experimental results are covered in six sections: achieved optimized parameters
for the inkjet printing, ink thermal characterization, determination of the level of adhesion of the
printed ink to the surface-treated substrate, electrical characterization of the printed ink and
piezo-resistive effect evaluation of the printed substrate.

Once again, the proposed substrates reveled to have poor wettability when working with
PEDOT:PSS ink. For this reason, a surface treatment of the substrate was needed. Good surface
wetting was achieved with the SP treated surface and an adequate transition interphase between
the PEDOT:PSS ink layer and the substrate was achieved.

What concerns the printed substrates characterization, the cross-cut tests revealed that
substrate surface changes didn’t affect the ink adhesion. No delamination of the ink layers was
detected, presenting less than 5% of removed area. The adhesion of the ink to the substrate is
rated in 1 on a 0-5 scale, according to ASTM - D3359, method B.

Regarding the electrical characterization, no effect on the number of layers was observed in
the sheet resistance. In contrast to the P3HT results, the amount of used ink isn’t directly related
to the electrical performance. Nevertheless, the sheet resistance range measured (between 2x 103
Q/sq tol x 10* Q/sq for 5 to 8 layers, respectively.) on the printed PEDOT:PSS ink makes this

material interesting for the sensing application.

Tensile test of the printed substrates were performed in order to characterize its mechanical
properties. PEDOT:PSS ink had good deformation properties, as it was able to follow the
deformation of the SP-TPU substrate without visible rupture of the ink, demonstrating a high
reliability and operation stability of the printed pattern. Comparatively to the P3HT, PEDOT has
a more difficult processability, but offers a best compromise between electrical conductivity and
stability. Also, the huge piezo-resistive effect measured reveals this material to have high

potential in sensing applications, acting as standard piezo-resistive gauge for example. The
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achieved pattern properties (electrical resistivity and low Young Modulus), resulting from the
combination of the high flexible material, a conducting polymer material, and the manufacturing
technique are the prominent factor for the design and development of a flexible sensor with high
strain capabilities.
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Chapter

Inkjet Printing of the Silver-based conductive ink

In this Chapter special attention is placed on the silver-based ink. Here, all the results concerning

the silver-based ink printing and the characterization of the fabricated conductive lines are

discussed.
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6.1. Inkjet printing of the silver-based inks

6.1.1. Material’s properties

. Conductive ink

Table 6.1 presents the summarized physical properties of the commercial grade of the used
Silver ink. Ag-1J10, from Applied Nanotech, Inc., is the trade name of the silver-based ink,

designed for piezoelectric inkjet printing of conductive features on several substrates.

Table 6.1 - Ag-1J10 silver-based ink physical properties [6.1].

Typical properties

Solvent Organic

Solid Content 45 wt%
Electrical Resistivity 10-50 uQ-cm*
Viscosity 4-5 mPa.s**
Surface Tension 28-35 mN/m

*Dependent on sintering temperature and time - higher temperature
and longer sintering time results in lower resistivity and better
adhesion to the substrate;** Measured at 100 rpm and 25°C with
Brookfield VLDV-11+PRO/ULA viscometer. Note: The tabulated

values are from the producer data sheet (Appendix A.7).

e Preliminary determination of the sintering temperature of the Silver-based ink

A 25.206 mg silver-based ink sample was evaluated by TGA for assessment of the optimal
sintering temperature. Figure 6.1 shows the weight loss variation with temperature. No expressive
weight loss was observed between 30°C to 45°C. The mass of the silver-based ink starts to decrease
significantly around 130.36 °C. The 17.79 % weight of material left is believed to be the remained
silver nanoparticles. The 82.21% of material loss reported by the TGA result is believed to be
related to additives, solvents, and the organic ligand shells, which the silver nanoparticles are
encapsulated, called a capping agent, to form a uniform and stable dispersion, preventing particles
agglomeration. This capping agent is removed after printing through curing or sintering to allow
physical contact between nanoparticles. Hereupon, it is understood that at 130.36 °C, the capping
agent present in the ink composition starts to degrade. Although, this temperature may not be

sufficient for consolidation of the printed pattern and welding the silver nanoparticles to each other,
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forming continuous connectivity, i.e., the percolation network that will assign the aspired

conductivity.
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Figure 6.1 — Silver-based ink mass loss analysis for optimal annealing temperature

evaluation.

The electrical resistance over a single layer inkjet printed line was measured, during heating
(on an oven), at the same heating rate as used for the TGA, i.e. 10 °C.min%. Figure 6.2 shows
TGA measurements vs. surface resistivity. Until 80 °C no electrical resistivity change was
registered. The resistance shows a sharp decrease around 100 °C, where the surface resistivity
(ps) of the printed line decreases drastically form 2.1x10' Q to 750 Q. This means that, for this
ink, it is possible to convert the organometallic silver ink into metallic silver (particles) at
relatively low temperatures, depending on the substrate. Upon further heating, the resistance
continues to decrease, but in a gradual way, until 0.3 Q2 at 200 -C, indicating the binding of the

silver ink particle’s agglomerates into larger clusters, forming denser silver networks.
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Figure 6.2 — TGA measurements vs. Surface Resistivity (0s).

Preliminary sintering tests (Temperature vs. Time), conductive measurements and morphological
analysis of the printed silver-based ink were performed. Figure 6.3 shows the temperature and time
influence on the sintering of the silver-based ink on a glass substrate. For this purpose, printed
silver ink on a cleaned glass substrate was sintered in a oven at different temperatures (100°C,
130°C, 150°C and 200°C) and the surface electrical resistivity measured every 10 min for
evaluation of temperature and time influence. At 100 °C a decrease of the surface resistivity, from
101 Q) to 10° Q) is observed but this value remains even for long periods of time, indicating that
at 100 °C, time is not the determining factor for conductivity achievement, even for longer periods
of time. At higher temperatures (from 130 °C to 200 °C), lower resistivity (with the capping agent
degradation and the welding of the silver nanoparticles) is achieved with shorter periods of time.
As expected, for higher temperatures, less sintering time is needed. As observed in Figure 6.3,
after 20 minutes of sintering, the variations of resistivity between 130 °C and 200 °C of sintering
temperature are not significant, which leads to the conclusion that 130 °C of sintering temperature
should be enough, leading to an acceptable conductivity. The detail SEM image shown in Figure
6.3, testify the silver network formation of the printed ink with 60 minutes of sintering at 130 °C.
Furthermore, the small voids observed in the SEM image, are believed to be formed by evaporation
of the solvent in the ink. In this image, one can clearly observe the welding of the silver

nanoparticles forming continuous connectivity, i.e., a percolation path.
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Figure 6.3 — Temperature and time influence on the sintering of the Silver-based ink on glass
substrate. Detail SEM image of the printed ink with 60 minutes of sintering at 130 °C.

e Substrate vs. Ink surface tension (ST)

According to the suppliers, the ST of the silver-based ink is around 28-35 mN/m. As mentioned
before, the ideal critical ST of a substrate should be at least 7 to 12 mN/m higher than the ST of
the liquid with which it will interact [6.2, 6.3]. The ST measurements of the substrates and their
difference with the ink ST, AST, are summarized in Table 6.2.

Table 6.2 - ST of the Substrates and of the silver-based ink (28-35 mN/m).

Substrate ST (mN/m) AST (mN/m)
KAPTON 39.32 11.32
PET 43.31 15.31
PDMS 13.23 -14.77
TPU 32.49 4.49

*according to OWRK [6.4, 6.5].

The adhesion of the silver-based ink (28-35 mN/m), particularly to a clean PDMS (13.23 mN/m)
and TPU (32.49 mN/m) substrate will be very difficult (AST = -14.77 mN/m and 4.49mN/m,
respectively). A surface treatment is required. The surface energies of Pl and PET substrates are

good indicators of good wetting and homogeneous dispersion of the ink.
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6.1.2. Ink Preparation

Before printing, the silver-based ink underwent an ultrasonic vibration bath for 3 hours. Then, the
ink was filtered by a 0.45 um pore size glass fiber filter before filing the ink supply syringe. After
the filtering operation, the ink in the syringe was kept in rest for about 30 minutes for the complete
dissolution of the foam eventually present in the ink because of the filtering process. Filling
procedure of the ink supply syringe was conducted as described in Chapter 3.

6.1.3. Preliminary Inkjet printing

Line patterns (for electrical path testing) with distinct thickness (Figure 6.4) and different distance
between them were printed on PI, PET, PDMS, and TPU substrates. For electrical connection
lines, high resolution and high conductivity are required. All the available print head 256 nozzles
were used in this printing study in order to get the highest possible throughput and overlapping at
drop spacing of 254 um (100 DPI), 84.67 um (300 DPI), 42.33 um (600 DPI) and 28.22 um (900
DPI) was tested. Other printhead settings were adjusted according to the results of the iteration

steps of experiments with the silver-based ink and to the used substrate.

o Printed patterns

Printing of silver channels lines is much more problematic since high resolutions are required.
Thinner lines require less space, giving more freedom for patterning. On the other hand, an
increased number of layers may be required to achieve enough conductivity for the electrical
connections, making it more difficult to obtain higher resolutions with printed overlays. Figure 6.4

shows a schematic of the printing pattern used to test the resolution of printed Ag lines.

Figure 6.4 — Schematic of the printing pattern to test the resolution for Ag lines printing.
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Multiple iterative steps of experiments were performed. Next, some results of these trials are

presented:

» Silver-based ink printed on the PDMS substrate had good print quality (in all drop spacing
range), although, as predicted by the ST measurements, the ink adhesion was notoriously
weak. During sample handling, the printed pattern was peeled off very easily. Adhesion tests
became an unnecessary test. PDMS material without an effective surface treatment is

unsuitable to be used as substrate.

> Silver-based ink printed on the PI substrate had a very poor printing quality (in all drop
spacing ranges). A printed layer with a drop spacing of 254 um (100 DPI) revealed to be
insufficient to achieve a complete printing line. Decreasing the drop spacing (between 84.67
pm and 28.22 um) also lead to unsatisfactory results. With only 84.67 um (300 DPI) flooding
was observed. Figure 6.5 shows a digital image of the printed pattern. Several attempts were
made to obtain thinner lines, but all failed. Fluctuations in the direction of the droplets induce
irregularities on the printed pattern, leading to the formation of short circuits between lines.
Enhancement of the ink drying by increasing the temperature of the ink was not an option
due to the high risk of nozzle clogging. The increase of the substrate temperature was not

effective.

Contrary to what the ST measurements indicated, the adhesion tests revealed a poor adhesion of
the ink to the PI substrate (Figure 6.6). The adhesion of the ink film to the substrate is rated as 5
on a 0-5 scale, where 0 is 0% of removed area and 5 is more than 65% of the removed area. An
increase of the surface energy using surface treatment is need, although, as explained in Chapter
4, the limitation of space inside of the available vacuum chamber for plasma treatment, restricting
the size of the sample, amoung other reasons, makes this a not possible solution, and therefore,

this study didn’t proceed with Pl substrates.

Figure 6.5 - Example of flooding of one layer of the printed silver-based ink (with drop

spacing of 28.22 um (900 DPI)) on a clean PI substrate.
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1000 pm

Figure 6.6 - OM images of the sintered silver-based ink printed on a Pl substrate after the

Cross-cut tape test: a) remain ink on the substrate; and b) image of the remaining ink on the

adhesion tape.

» Silver-based ink printed on the PET substrate had once again a very poor print quality. A
printed layer with a drop spacing of 254 um (100 DPI) revealed to be insufficient to achieve
a complete printing line. Decreasing the drop spacing (between 84.67 um and 28.22 pum)
also lead to unsatisfactory results. In this case, dropping was observed. The indicated
iterative steps from the flowchart (Chapter 3 Figure 3.15) were followed, but with no

success. For this reason, it was also impossible to proceed this study with the PET substrate.

» Silver-based ink printed on a clean TPU substrate showed good wettability. One printed
layer with a drop spacing of 254 um (100 DPI) revealed unsuitable, without full padding
achievement (Figure 6.7a)). Increasing the number of layers of silver ink didn’t guarantee a
complete printed pattern. One layer of the silver-based ink with drop spacing of 28.22 um
(900 DPI) resulted on the flooding of the ink. Several printing attempts were made changing
the temperature of the substrate (in order to speed up the solvents evaporation and improve
the printing pattern quality), but without success. Silver-based ink printed on a clean TPU

substrate with a drop spacing of 84.67 um was tested and its results are presented next.
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Figure 6.7 — Image of clean TPU substrate: a) one layer of printed silver-based ink lines with
drop spacing of 254 um (100 DPI); b) flooding of one layer of the silver-based ink (with drop
spacing of 28.22 um (900 DPI)).

6.1.4. Inkjet Printing on TPU substrates

Good surface wetting (an adequate transition interphase between the ink layer and the substrate)
was achieved with a drop spacing of 84.67 um (300 DPI) on a clean TPU substrate. This ink
revealed to be quite problematic in terms of filtering, jetting performances, and reproducibility due
to the high solid particle content (resulting on temporary clogging of the nozzle, also causing drop
deviations (Figure 6.8 b)). For this reason, the temperature of the printhead was kept lower than
23 °C and purging procedures were essential and necessary in order to avoid undesired nozzle
clogging. These actions caused some material and time wastes. Table 6.3 reports the main

optimized printhead settings used with silver-based ink printing.

Table 6.3 - Main printhead settings used for silver-based ink printing.

Main settings

Drop size 10 pL
Printhead height 3 mm
Substrate Temperature RT
Printhead Temperature 23°C
Head velocity 60 mm/s
Drop spacing 84.67 um

Maximum jetting frequency range 50 kHz
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Figure 6.8 shows an image of the Silver based ink appearance, printed in the TPU substrate.
Drops are observed outside the printed line. This appearance of the printed pattern suggests that
temporary clogging of the nozzle may cause a drop deviation or could be a morphology result
from the drop impact on the dry TPU substrate surface. According to the drop impact phenomena
[6.6 - 6.8], in the beginning or during the spreading phase, the drop may eventually be breaking
into smaller droplets. This splashing is characterized as Promp Splash or Corona Splash.

With respect to the resolution quality, and considering the new drop formation and the
impossibility of using thinner lines with more than one layer of ink (because flooding of the ink
occurs), the line with width of 400 um was selected for this study. For Thinner lines, a different
printhead where drop size is lower than 10 pL is need. In Figure 6.8 it is possible to observe that
the width along the line remained approximately the same.

Figure 6.8 - Printed silver-based ink (with a drop spacing of 84.67 um) in the TPU substrate
(before sintering): a) Image of the printed pattern of testing lines; b) SEM images with detail

of one layer line with width of ~400 pum.

Figure 6.9 shows a digital image of the Silver based ink appearance, printed in the SP-TPU
substrate before and after annealing treatment. After printing, the samples were sintered at 130°C
in an oven for 2 hours to allow complete evaporation of the solvent and capping agent degradation.
Yellowing of the substrate couldn’t be avoided once the sintering temperature was much higher
than TPU softening temperature. This yellowing of the TPU substrate may indicate some optical
and mechanical properties change. Figure 6.9 shows the printed TPU substrate before and after

sintering.
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1)

3 mm

Figure 6.9 — Image of a printed sample: a) Before sintering; b) After sintering.

Figure 6.10 shows the TPU substrate fracture cross section with one layer of Inkjet printed
silver-based ink, before and after sintering. Note that, after sintering, the ink layer thickness
slightly decreases form 200.7 nm to 178.6 nm, losing 11% of its initial thickness. Also, the initial
smooth printed layer has now a roughened surface, with the exposure of the silver particles. This
is due to the evaporation of the solvent and degradation of the capping agent.

HV det mode WD HFW 1pm

mag
100 000 x ‘ 10.0kV|TLD SE |54 mm 298 ym SEMAT/UM AG CS

Figure 6.10 — SEM images of the TPU substrate fracture cross section with one layer of

inkjet printed silver-based ink: a) before sintering; and b) after sintering.

The AFM topographical images in Figure 6.11 show the surface morphology of the printed
TPU substrate with one layer of silver-based ink. According to Figure 6.11 a), the root-mean-
square (RMS) roughness and mean roughness (Ra) analysis of the printed ink without sintering is,
respectively, 125.72 nm and 95.331 nm. With sintering, the measured RMS and Ra values are now
of 233.13 nm and 203.43 nm (a percentage increase of 85.44% and 113.4%, respectively). As
expected, with the evaporation of the solvent and degradation of the capping agent, the sintered

printed surface has a higher roughness consisting of a silver particles network.
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Figure 6.11- AFM topographic images of the printed TPU surface with one layer of silver-

based ink: a) without sintering; and b) with sintering. The image size is 10 um x10 pm.

6.2 Adhesion and electrical characterization of the printed substrates
6.2.1. Adhesion tests

OM was used for the qualitative evaluation of the samples tested in terms of the adhesion between
the TPU substrate and the silver-base ink. Figure 6.12 and Figure 6.13 show the images of the
remaining ink on the substrate and the removed ink on the adhesion tape after the cross-cut tape
test, before and after sintering. In relation to the test performed before sintering, the visual analysis
of remaining ink on the substrate and according to ASTM - D3359, method B) qualitative
evaluation scale (Comparison Chart in Appendix A.8), the level of adhesion of the ink to the
substrate is poor. A visual evaluation detects large delaminations affecting significantly the ink
layer, presenting more than 65% of removed area. The adhesion of the ink film to the substrate is
rated in 5 on a 0-5 scale, where 0 is 0% of removed area and 5 is more than 65% of the removed

area.

1000 pm 1000 pm

Figure 6.12 - OM images of the printed TPU substrate (before sintering) after the cross-cut

tape test: a) remain ink on the TPU substrate; and b) remaining ink on the adhesion tape.
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Relatively to the test performed after sintering, through the visual analysis of remain ink on the
TPU substrate and according to the Comparison Chart in Appendix A.8, the level of adhesion of
the ink to the substrate is high. A visual evaluation doesn’t detect any delamination; the cross-cut
didn’t affect significantly the ink layer, presenting less than 5% of removed area. The adhesion of
the ink film to the substrate is rated as 0 on a 0-5 scale, where 0 is 0% of removed area and 5 is

more than 65% of the removed area.

1000 pm 1000 pm

Figure 6.13- OM images of the printed TPU substrate (after sintering) after the cross-cut

tape test: a) remain ink on the TPU substrate; and b) remaining ink on the adhesion tape.

6.2.2. Electrical resistivity measurements

The electrical performance of the printed lines was evaluated. The preliminary sintering study in
6.1.2 indicated that 1h hour at 130 °C of temperature treatment was enough to an acceptable
conductivity. After the sintering on the TPU samples, none change on the electrical resistance was
achieved (for 130 °C). With the increase of temperature and sintering time, no improvements were

achieved either. Figure 6.14 shows the printed ink before sintering for comparison.

Figure 6.14 — SEM image of the printed ink, before sintering.
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Figure 6.15 and Figure 6.16 show the printed ink after sintering. Cracking of the ink layer upon
thermal treatment is observed, both for lower (Figure 6.15) or higher (Figure 6.16) temperatures.
This could explain the low electrical conductivity measured (due to the lack of a network path
formation of the metallic particles). Before thermal treatment, no cracking is observed. This
indicates that permanent microstructure changes occur during the sintering process. The ink
cracking may have its origin on the mismatch on the coefficient of thermal expansion (CTE), a,
between the silver-based ink layer and the TPU substrate. The CTE of silver is of 20 ppm/°C [6.9]
and the typical CTE for TPU is 153 ppm/°C [6.10]). Therefore, the ACTE is around 127 ppm/°C.
The glass CTE is of 8.5 ppm/°C, so the ACTE between glass and silver is much lower (ACTE is
around -11.5 ppm/°C), which could explain why cracking wasn’t observed in the ink printed on
glass substrates. As reported by Greer et al. [6.11], cracking of the silver ink occurs most likely
due to the inhomogeneous stress distribution throughout the film thickness and due to the materials
CTE mismatch.

Figure 6.15—- SEM images with a detail of the cracked Silver based ink on TPU substrate,
after sintering at 130 °C.

For 150 °C sintering temperature, small voids are observed (Figure 6.16 b)). A quick rise of the
temperature may force a quick evaporation of the solvent in the ink, contributing for voids
formation, and to large strain formation leading to the observed fractures. This leads immediately
to an increase in the ink's electrical resistivity.
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SEl

Figure 6.16 - SEM image of the TPU printed substrate after sintering at 150°C: a) with detail
of the cracked Silver-based ink; b) physical contact between nanoparticles forming a silver
network.

6.3. Summary

The silver-based ink was inkjet printed on a polymeric substrate, aiming its use as conductive
tracks on a flexible electronic application. The challenge was to develop the connecting lines with
suitable electrical properties on a flexible substrate. Through multiple iterative steps of
experiments, the inkjet printing parameters were defined in order to achieve enhanced printing
resolution and uniformity of the printed conductive lines. This silver-based ink was problematic
in terms of filtering and jetting performance, and reproducibility, due to the high solid particle

content (resulting partial and temporary clogging of the nozzle, also causing drop deviation).

Good surface wetting was achieved with the TPU substrate, as well as an adequate transition

interphase between the silver-based ink and the substrate.

What concerns the printed substrates characterization, the cross-cut tests revealed that, without
sintering, the ink presents very poor adhesion to the substrate surface, with more than 65% of
removed area. After sintering no delamination was detected, for TPU, presenting less than 5% of
removed area.

Preliminary study of the thermal treatment with a glass substrate indicated that 130 °C of
sintering temperature would be enough to reach an acceptable electrical conductivity. When
using TPU substrates these results weren’t reproduced, due to permanent microstructure changes
occurring during the sintering process. These results raise a main concern about the feasibility of
the selected silver-based ink for use as conductive lines on a flexible sensing application. In this

case, the careful selection of metallic inks with a low sintering or activation temperature wasn’t
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the most reliable factor for electrical conductive achievement. The limited structure elasticity of
the ink upon thermal treatment (due to the CTE difference) led to extensive cracking, thereby,
seriously affecting the electrical integrity, dictating the limitations of this silver-based ink for the
fabrication of conductive lines. IPT revealed a suitable technology for the fabrication of high
resolution conductive line, although, an alternative ink must be envisaged to overcome above

mentioned technical difficulty.
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Chapter

Ink-Jet Printed Pressure Sensing Platform for Postural
Imbalance Monitoring

In this Chapter, a low cost, printed pressure sensing platform is introduced. The sensing
platform consists of a flexible PCB (Printed Circuit Board) manufactured using conventional
technology (defining the electrical connections and the capacitors dimensions) together with
two flexible polymeric membranes made from a thermoplastic polyurethane (TPU) printed with
conductive ink (PEDOT:PSS) for definition of the electrodes. A Capacitance to Digital
Converter (CDC) was used to measure the capacitance of the sensors, and a graphical interface
in MATLAB allows real-time visualization of data. A prototype sensing platform was designed,
fabricated and tested in terms of noise, repeatability, etc., for validation, and also to demonstrate
the applicability of the selected manufacturing technology and the sensors potential for clinical

applications.
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7.1. Introduction

In the electronics industry, the manufacture of electronic circuits is an area in constant
development and expansion. During the last decade [7.1], the engineers has been inspired in the
sense to revolutionize the applications. Thanks to novel and flexible materials combined with
PE several commercial applications are being addressed, enabling a new generation of

stretchable, conformal and lightweight and lower cost sensors [7.2].

Flexible pressure mapping systems (FPMS) for non-planar surfaces is an example of
application for flexible, large deformation sensors. FPMS have gained increasing importance
in several application areas such medical and healthcare [7.3, 7.4] as reported in the literature
[7.5 - 7.9]. The need for conformability, ability to stretch and low thickness (thick sensors tend
to provide erroneous readings [7.10]) require the use of flexible pressure sensors [7.10].
Depending on the spatial resolution needed for the intended application, the sensitive area of
the sensors range from 1 x 1 mm?to 10 x 10 mm? [7.10].

Flexible pressure sensors (FPS) can be classified by working range, operating conditions,
size, shape, base materials and fabrication method. Several materials have been used and have
provided sensors increasingly intelligent, able to be integrated in complex environments [7.6,
7.8, 7.11]. New technologies that can be used to produced FPS in large-scale, with low cost,
are therefore required. Inkjet printing technology (IPT) has attracted great attention [7.12 -7.15]
due to a number of features that makes a compelling argument for an interesting alternative to
the conventional PE technologies, therefore, a competitive and appropriate technology for

production of low to medium volume sensors from small to large sensitive area.

PE technology enables savings up to 40% of the final product cost, space, and weight [7.16]
when compared to traditional devices. IPT is capable of covering electronic medical implants,
patches, stretchable, flexible, wide area, and low cost disposable electronics. Ink-jet print [7.17]
of intrinsically conducting polymers [7.18] onto flexible substrates for humidity and gas sensing
applications [7.19, 7.20] are two of many of the rapidly emerging IPT applications. However,
only a few examples of IPT pressure sensors combining IPT, polymer conductive ink printed

on polymer substrate have been reported so far in the literature.

The difficulties in posture control and balance treatment are an undeniable reality in physical
rehabilitation. A weakened balance is translated into a more serious problem, sometimes ending
in injury, disability and even death resulting from falls. The major causes of falls are related to
an incipience walking stability, also leading to decreased quality of life [7.21]. According to
health professionals, falls in the older adults are one of the biggest problems in health, with

significant medical and economic consequences [7.21]. Mobility assessments may help to
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identify who is at a high risk of falling during activities of daily living [7.22 - 7.25] providing a
more objective, accurate, and reliable clinical treatment of balance problems that occur during
walking [7.26 -7.28].

In 2010, according to the U.S. Department of Health & Human Services in a forthcoming
National Vital Statistics Report, after examining the population in more detail on leading causes
of death, concluded that, in a total of 180,811 deaths (classified as injury related) where, four
major mechanisms of injury e.qg., fall, motor vehicle traffic, or poisoning accounted for 74.7%
of all injury deaths. 26,009 persons died as the result of falls, 14.9% of all injury deaths (Table
7.1) and the majority (96.9%) was unintentional. The fall related deaths increases with the
increase of age [7.29] and with elderly population increase, the healthcare costs associated with

falls will increase as well.

Table 7.1- Number of deaths by Accidents (unintentional injuries) cause: fall (selected from
113 causes), by age: United States, 2010 [7.29].

Age group (years)

Causeofdeath  Allages Underi 1-14 15-24 25-44 4574 75.84 o0and  Not
over stated

Accidents

(unitentional 26,009 10 52 211 792 6282 7,249 11,402 1

injuries):Falls

Face to this reality, the intervention and assessment of balance is important, especially in the
elderly, since balance affects the ability of the individual to be mobile and functionally
independent [7.21], and is essential to put a brake to these increasing costs. Balance assessment
will provide a more objective, accurate, and reliable clinical treatment of balance problems that
occur during walking to counteract the elderly quality of life decrease and death by fall [7.26 -
7.28]. Mechanical stability of a body refers to the ‘‘forces opposing any position or motion
disturbing influence; static stability is concerned with the production of restoring forces, while
dynamic stability is concerned with the oscillations that are set up in the system as a result of
the restoring forces’’[7.30].

The movement coordination and balance control involves the center of mass on the support
base. The control of the center of mass is based on the assessment of the central plantar pressure
(CPP) [7.22]. Present proposal is to develop a platform composed of flexible pressure mapping
sensors capable of measuring the CPP. This sensing platform consists of an array of flexible
capacitive pressure sensors in the millimeter range and uses a simple manufacturing process.
The use of ink-jet printed electrodes over polymers results in highly deformable electrodes of

the pressure sensors enabling:
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e Higher sensitivities and better linearity;

e Reasonable density of sensors in the active zone;
e With reading and resolution accuracy;

e Capable of making field readings in real time;

e Cost-effective: high performance with low cost.

7.2. System Overview

In an initial phase, an intensive bibliographic review in physical rehabilitation was conducted in
order to identify and determinate the device specifications and requirements. After this, it was
done a market research to evaluate the existing devices, their operation range, their main
advantages and disadvantages.

These sensors to be developed consist of an array of pressure sensor elements that are
incorporated in the carrier substrate with the particularity of being flexible, providing good
reading accuracy, weightlessness, and with the ability to fold/roll. Since the sensory area must
be able to detect which areas are under pressure due to the balance of the user (front, back, left
and right) for both feet, sensory zone must have multiple pressure sensors. The targeted FPMS
have the form of a carpet with four equal sensing areas as shown in Figure 7.1. The sensing
zones are approximately 12 cm x 9 cm. The capacitive sensors are placed in these regions

having about 1 cm?,

9.5 cm
. B
momEE mEEm
@ EE EEEN =
@z mEER N
¥ EEEE HEHEEHR a
f EEEN EEEN
2 /AEEAN i mE
dK -
S\mmEm EEEE
Z EEEN EEEE
“ mEmEan HEEE
EEEN EEEN
B wEE EEEN
[ EEEN
M Sensing Cell (1 cm x 1 cm)

Figure 7.1- Sensorial platform scheme (the dimensions are in cm).
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The capacitive readout electronics is placed next to the carpet. Each sensor element consists
of a flexible Printed Circuit Board (PCB) for definition of the electrical connections and
capacitor dielectric dimensions and two flexible membranes with ink-jet printed electrodes.
This approach enables the fabrication of highly flexible electrodes (with low Young’s Modulus)
that enable pressure sensors with high sensitivity and improved linearity (achieved by the
pressure dependent dielectric due to large deformation of the electrodes). It can be integrated
in complex atmospheres, allowing the monitoring of the balance during physical therapy
sessions, indicating the regions of the foot that are exerting force. The key elements of the
sensing platform are the individual pressure sensors. A mathematical model for the flexible

pressure sensors is presented in the next section.

7.3. Sensor Modelling

The properties of the materials and inks defined in previous chapters were very important for
the definition of the final specifications of the system.

Capacitive pressure sensors are typically based on square-plate (diaphragm) electrodes
separated by a dielectric (frequently of air) of separation do at pressure Po. Changes on the
outside pressure (Pout) Will deform the square plate and consequently will generate a capacitive
change. Figure 7.2 shows a schematic of a square-plate (side length of 2a) pressure sensor. The
behavior of the sensor is defined by its electromechanical response. A cross section of the
generic square diaphragm is shown in Figure 7.3 (section cut B-B from Figure 7.2), considering
only the mechanical domain.

Figure 7.2 - 3D view of a square (side length = 2a) pressure sensor.
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Figure 7.3 - Cross section of a generic deflectable diaphragm.

The diaphragm has clamped edges, where 2a is the side length, thickness t and central
deflection wo. For a clamped diaphragm under an uniform load (such as pressure), the deflection
angle is equal to zero at the center and at the edge of the diaphragm and therefore, for these
defined boundary conditions, the deflection of an isotropic linear-elastic square diaphragm
under a pressure load can be modeled by [7.31] (considering both bending and stretching
effects):

P, —P :(Et4/(1—u4)a4)(4.20(wo /t)+1.58(W; /t3)), Equation 7.1

where v is the Poisson’s ratio, E is the Young's Modulus and AP=Pqu- Py is the pressure load.

While the deflection at the center of the diaphragm, for a given pressure load, is given by
equation (Equation 7.1), the deflection along the diaphragm length is required to model the
capacitive changes. The deflection of the whole diaphragm is usually described using trial
functions [7.32], due to the complexity of the mechanical deflection calculation. In this work,
the trial function presented in equation (Equation 7.2) has been used to model the diaphragm

deflection, satisfying the boundary conditions:

w(x, y)=w,| (cos(7x/2a))(cos(rry/2a))| Equation 7.2

Mechanical deflections generated by pressure originate changes of the capacitor response
(electrostatic domain). A capacitor is defined as being an electronic component with two
electrodes, separated by a dielectric. In the absence of any displacement and for the simple case

of a parallel plate capacitor, the capacitance is given by (neglecting fringe fields):

C =g, (Wclc/do) , Equation 7.3
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where & is the permittivity of free space (8.8546x1012 F/m), & is the relative permittivity, wc
and I are, respectively, the width and length of the capacitor electrodes (in this case 2a), and do
is the gap between the electrodes. The double-plate capacitive sensor described here uses
diaphragm electrodes with a complex bending profile. The calculation of the total capacitance

requires the integration over the effective area of the electrodes as:

C= joza joza Eoéy /[do —W(X, Y)]dXdy Equation 7.4

where w(x,y) is the distance between electrodes due to the diaphragm bending at position x, y.
The integration of (Equation 7.4) is solved here numerically, allowing the calculation of the

capacitance for a given pressure change.

Previous work on FPS using low Young’s Modulus diaphragms [7.33] demonstrated that the
large deformations of the diaphragm need to be taken into account in the electromechanical
model of the sensor response. Since small pressure changes in the outside (Pout) cause large
diaphragm deformations, and large deformations cause volume changes of the dielectric material

(air), the pressure (Po) inside the dielectric will change (from the ideal gas law, PV, =P,V,). In

order to capture this behavior the model previous presented was extended and an iterative model
using the flow chart presented in Figure 7.4 was implemented in Matlab and used for the pressure

sensors design.

Table 7.2 shows the final parameters of the individual pressure sensors. Incorporation of
pressure dependent dielectric due to bending of the electrodes is new and greatly improves
accuracy of the model as demonstrated by the comparison between experimental and model

results.

Table 7.2 — Main design parameters of the pressure sensor.

Parameter Value
2a (side length) 10 mm
t (diaphragma thickness) 1.5mm
do (gap) 0.195 mm
E (TPU Young’s Modulus) 7.5 MPa
v (TPU Poisson’s ratio) 0.5
Po (dielectric initial pressure) 100 kPa
Dynamic range (Pout) 100 — 180 kPa
Co (Rest capacitance) 4.8 pF
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Figure 7.4 - Iterative algorithm to compute the capacitive changes of flexible capacitive

pressure sensors.

7.4. Manufacturing Process

Technology selection is made according to the type of electronic component or device being
made (small, thin, lightweight, flexible, disposable, etc.) the production cost, the batch volume
and throughput. Essential to the success of any type of PE device is the processability,

performance and long-term reliability of the materials used [7.34, 7.35].

The proposed fabrication process for the flexible pressure sensing platform used three main
steps: (8.4.1.) fabrication of the flexible membranes with conductive ink; (8.4.2.) fabrication of
a flexible PCB; and (8.4.3.) an assembly step. An overview of the full process is presented in
Figure 7.5.

7.4.1. Flexible Membranes with Conductive Inks

The superficial treated Thermoplastic polyurethane (TPU), AVALON 65 AB grade, from
Huntsman, was selected for the flexible substrate. PEDOT:PSS ORGACON™ 1J-1005 grade
from Agfa was selected for the fabrication of the electrodes. Their quality adhesion along with
resistivity results of the printed inks makes them the preferable pair for the conductive
membranes. Moreover TPU is a material that offers the hyper-elasticity of rubber, but with
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improved mechanical properties: good flexibility, strength and durability, an impact resistance

superior to thermoplastics, excellent wear properties and elastic memory.

125 pm
/ - um = 2) == =
Polyimide Coppet

Electrode : b) "™\ TPU substrate
- e S ——— -
7_ ——— [ \
C) \

Capacitors (Active Zone) Electric Conductors
Figure 7.5 -Sensor elements manufacturing process in which: a) Flexible PCB (the geometry of
copper conductors and the capacitor dielectric were defined using a PCB flexible process); b)
Flexible substrate (the electrodes of the capacitors are inkjet printed on the TPU using
conductive ink) and ¢) Assembled prototype sensor where the two flexible substrates with
electrodes (one for the TOP and a second one for the BOTTOM (Figure 7.6), were assembled
using conductive glue to the flexible PCB, Figure 7.7).

A high-definition printer (Xennia Carnelian) was used for drop-on-demand printing and
definition of the electrodes of the capacitive sensors. Printing was undertaken in a non-standard
laboratory environment with no temperature or humidity control, non-particle filtered enclosure
in order to determine the extent to which the devices could be fabricated in a basic processing
facility. The conductive ink was printed in two TPU flexible membranes with superficial

treatment (Figure 7.6); a substrate for the TOP electrodes and another for the BOTTOM

electrodes.
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Bottom TOP|

a)

Figure 7.6- Conductive electrodes: a) Drawing pattern for electrodes definition; b) Inkjet

printed flexible substrates (with conductive inks electrodes on a 1.5mm thick TPU substrate).

7.4.2. Flexible PCB’s

Due to the technical difficulty described in Chapter 6, and due to time constrains, the flexible
PCBs with flexible conductive lines was designed and fabricated externally. These flexible
PCBs consist of a substrate of polyimide (PI), 125 um thick with copper on both sides (35 pm
thick). The copper was subsequently machined to define the conductive lines, and then the
substrate is open in certain regions to define the dielectric (air) of the capacitors. Each sensing
platform has 24 capacitive pressure sensors. Figure 7.7 shows an image of the flexible PI
substrate and respective conductive lines. The size of the capacitors was selected to reach a
nominal capacitance of 5 pF. In order to minimize connection lines on the flexible PCB, a
multiplexing strategy to read the individual sensors was adopted (synchronizing both the sensors
excitation and reading). The electrical connections for sensors excitation are placed on the TOP
side of the PCB, while the electrical connections for the sensors reading are placed in the
BOTTOM side. In order to reduce possible cross-coupling effect between sensors, only two
sensors share the same excitation, and simultaneously only two sensors share the same reading
channel (that have different excitations). Noteworthy, is the line next to the dielectrics for
electrical connection of the printed conductive electrodes. This line enables the electrical
connections to the capacitive electrodes during the assembly process. Also, while TOP
electrodes are horizontally oriented, the BOTTOM electrodes are vertically oriented. This design
compensates for some misalignments between TOP and BOTTOM electrodes and minimizes
parallel parasitic capacitances between the electrodes. The column offset pattern in the
BOTTOM electrodes has to do with the arrangement of the lines on the flexible PCB for

electrical connection.
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Figure 7.7 - The top side (on the left) and bottom side (on the right) of the flexible PI

substrate and the respective dielectric areas. The PCB size is 124 mm x 95 mm.

7.4.3. Prototype Sensor Assembly

Finally, the flexible TPU membranes were bonded with ELECOLIT 414 (a polyester-based,
electrically conductive adhesive) in zones of the substrate (delimiting each sensing cell) to the
flexible PCB in order to establish contact and manufacture the capacitive sensors. The process
was simple and can easily be automated for medium to high volume production batches.

7.5. Electronics Interface

The sensors’ readout interface was designed taken into account he modelling results and the
expected capacitive changes. The capacitive measurement is performed using a 12-bit
Capacitance to Digital Converter (CDC), AD7150, for each sensitive zone allowing direct
interface with the capacitive sensors. The converter consists of a second-order sigma-delta
(2-A) modulator. This low-power IC, 100 pA, has 2 input channels, with a conversion time of
approximately 10 ms and 1fF resolution, for a dynamic range of 4 pF. Since excitation channel
is shared by two sensors and reading channel is shared by two sensors, but with different
excitation, there is the need to multiplex the reading channel and demultiplex the excitation
channel, to correctly acquire all the sensors. The use of four (8-Channel) multiplexers enables
sequential reading of the 24 sensors for each sensitive area. Two were used as demultiplexers
to select the excitation of the sensors and were connected to the excitation channels of the
convertor. The other ones were used to select the sensors reading channels and were connected
to the input channels of the converter. A microcontroller controls the multiplexers, enabling the

synchronization between excitation and reading of the sensors.
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The reading of the corresponding digital capacity value for each sensor, as well as CDC
configuration was performed using I1°C communication between the converter and
microcontroller. The digitized data was transmitted to a computer via a serial interface. A
graphical interface implemented in MATLAB provided real time readings and allowed data

manipulation. An overview of the readout circuit is presented in Figure 7.8.

Sensor Array

Figure 7.8 - Schematic of the sensing-array system.

7.6. Experimental results and discussion

The individual response of a set of sensors was performed by placing the assembled prototype
and the readout electronic PCB (Figure 7.11) inside an in-house assembled pressure chamber
(Figure 7.9). Initially, positive pressures were applied (ranging between 100-180kPa) and the
pressure inside the pressure chamber was acquired using a reference pressure sensor (TECSIS
P3297). A control loop using a reference pressure sensor and an electronic valve maintains the

desired pressure with an uncertainty around 100 Pa.

Figure 7.9 - 3D illustration of the used pressure chamber to measure the capacitive changes

of the flexible pressure sensors.
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Three cycles of increasing/decreasing pressure were conducted to each sensor in order to
evaluate the hysteresis characteristic of the sensor. Sensors noise evaluation was performed by
acquiring the sensor response (at constant ambient pressure) with a sampling rate of 100 Hz
during a 64 hours period. The sensor repeatability was also verified, by performing a daily
measurement test (during 21 days) with and without a load (the same load was used during the

21 days period).

Figure 7.10 — Digital image of the test setup.

Figure 7.11 shows the assembled sensing platform prototype. The platform was successfully
bended for curvature radius below 1 cm without loss of performance (the middle sensors
saturate during bending, but completely recover their value when returning to the original
configuration). The stretching capabilities of the sensing platform are limited by the

stretchability of the flexible PCB that cannot stretch more than 0.5%.

Figure 7.11 - Assembled Prototype Sensors (left) and the reading system (right).
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Figure 7.12 shows the variation of the sensors’ capacity vs. pressure for 10 different sensors
within a sensing platform. The measured response was consistent with what one would expect,
i.e., the increase in pressure resulted in increased capacity of the sensors. The sensors showed
a fair linearity (in the tested range) and sensitivity around 40-50 fF/kPa. The observed
differences in the sensors response is probably due to the manual assembly of the sensors
(resulting in a distance variation between the electrodes), and due to the existing cross-coupling
capacitances between sensors (Figure 7.13).

45 T T
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o e — = Y — — —
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Figure 7.12 - Sensors response to pressure.

The multiplexing strategy was designed to minimize cross-coupling between capacitors, but
still, some cross-coupling between the sensors sharing the same excitation channel and between
the sensors that share the same reading channel was observed. The cross-coupling capacitances
are attributed to the capacitances between the connection lines. Tests performed using a fixed
load (0.2 kg) showed that the contribution of the sensor sharing the same excitation channel
(C3 in the example provided in Figure 7.13) was around 20% of the sensor variation (for
instance, while applying a load of 0.2 kg to C1 a capacitance change of 0.8pF was measured,
applying the same load to C3 a 0.16pF capacitance change is measured). The contribution of
the sensor sharing the same reading channel (C2 in the example provided in Figure 7.13) was

around 10% of the variation.
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Figure 7.13 - Layout and electrical schematic of the connections for sensor reading,

Figure 7.14 shows a comparison between the measured sensor response and the expected
capacitance change given by the analytical model presented. Since the nominal capacities of
the measured sensors were around 10 pF (5 pF more than the expected ones), a parallel
capacitance of 5 pF was added to the model for better comparison. The parallel capacitances on
the fabricated sensors were due to the wider electrodes used and capacitances introduced by the
connectors. For the 10 tested sensors the average nominal capacitances at zero pressure was 9.4

including cross-coupling capacitances (Cc).

pF with a standard deviation of 2.2 pF.

The agreement between the model and experimental results was very good (especially when
the cross-coupling was taken into-account on the model) and validates the assumption that the
pressure on the dielectric changes for large diaphragm deflection. It also shows that the

proposed model is a valid tool for flexible pressure sensors design that are based on low

Young’s Modulus electrodes, like the ones introduced here.
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Figure 7.14 - Experimental results and comparison with analytical model.
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Figure 7.15 shows the response of the sensors for increasing and decreasing pressures
(different cycles). The repeatability was excellent, both for the increasing and decreasing cycle.
After each cycle, the sensors capacity returns to the initial capacity value. A small hysteresis
(<5%FS) was observed and was mainly due to the CDC used (a dynamic feature of the converter
was used, CAPDAC, that automatically sets the dynamic range of the converter, introducing
the observed jumps).
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Figure 7.15 - Sensor response for increase/decrease pressure cycles.

Measurements were performed (Figure 7.16) during 64 hours to access the noise
characteristics of the sensors plus readout electronics. The CDC converter takes around 10 ms
(while integrates the signal) to do a conversion, and therefore only the frequencies lower than
100 Hz contribute to noise. Assuming a Gaussian noise distribution, the standard deviation of
the measurements gives the total noise of o = 12 fF. Since the CDC has a resolution of 1fF, the
measured noise is mainly due to the sensor and therefore, the total sensors noise is 1.2fF/\Hz.

0.1

Fs=100Hz

Noise = 1.2 fF/VHz

0.05

A¢ 1pF]
o

-0.05

L I
0 10 20 30 40 50 60 70
Time [hours]

Figure 7.16 - Noise measurement during 64 hours.
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The results of the repeatability/stability tests are presented in Figure 7.17. In terms of
repeatability, the sensor response, with or without load, was consistent and showed a repeatability
around 1.5%FS (Full Scale), for the range 100-180kPa.

Regarding the total system response time, tests results have demonstrated that the developed
reading system is capable to follow the expected physical movements (average response time of
0.3 seconds) during therapy sessions. Simple equilibrium exercises include maintaining a stable
position (standing with feet hip-width apart and with weight equally distributed on both legs for
instance, or standing on one leg only) during 30 seconds and therefore the system sampling

frequency of 3Hz is adequate for these equilibrium exercises.
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Figure 7.17 - Example of sensor repeatability with/without load.

7.7. Summary

The design, fabrication and experimental results of a flexible pressure mapping system and its
readout electronics interface were presented here. The proposed solution enables a large density
of capacitive flexible sensors with a simple and inexpensive process, capable to measure balance
during physical therapy. Especial attention was given to process simplicity and high throughput

in order to have a low-cost technology that can deliver good performance flexible sensors.

The capacitive sensors showed a sensitivity of 50 fF/kPa in the region of operation, a noise of
1.2 fF/vHzvHz and a stability greater than 1.5% FS. The proposed pressure sensor platform has

the potential to integrate multiple sensing parameters for ubiquitous environment monitoring.

A comparison of capacitive pressure sensors from the literature and the one developed is

presented in Table 7.3. Although this sensor has lower range (100-180 kPa), it has higher
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sensitivity and higher initial capacitance, making it suitable for CPP measurements. The
developed sensor was also compared with commercial sensors with similar sizes (Table 7.4). Our
sensor compares extremely well in terms of repeatability and hysteresis. Regarding resolution,
the commercial sensors do not include electronic circuit (just the sensing element) and
performance will be dependent on the electronic circuit used, but typically, being resistive
sensors, noise tends to be high.

Table 7.3 — Comparison of different pressure sensors

Developed Sensor Lei etal.[7.7] Lee et al.[7.38]
Sensitivity 12.5 %/N 6.8 %/N 3x10° %/N
Range 100-180 kPa 0-945 kPa 0-250 kPa
Initial value 10 pF 0.95 pF 0.18 pF
Dielectric material Air PDMS Air
Fabrication Inkjet Print Photolithography Molded/etching
Application Pressure Plantar pressure Artificial skin for robot

measurement measurement

Table 7.4 - Comparison with commercial sensors.

Our Sensor  A301[7.36]  FSR 400 [7.37]

Range 8N 4.4N 20N
Repeatability +0.75% +2% +2.5%
Hysteresis <5% <4.5% <10%
Resolution 0.008N Continuous Continuous
(10Hz (analogue) (analogue)
Bandwidth)

The proposed sensor model was able to accurately predict the sensor response and it proves
that the inclusion of an iterative algorithm to deal with the pressure changes in the dielectric is
key in modelling low Young’s Modulus diaphragms. Moreover, the pressure changes in the
dielectric greatly improve the linearity of the sensor, a major drawback on existing pressure
sensors. The sensor characterization showed that the flexible polymeric capacitive sensor presents
good repeatability (taken into account the manual procedures used for sensor fabrication). The
measured stability is also good and these sensors can be a suitable low-cost approach for flexible

pressure sensing platforms.

Nevertheless, there are some issues that must be improved in the future. The assembly of the

sensors still requires a better control and the connection between sensor platform and readout
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electronics needs improvement (some connections in the flexible PCB were broken in the contact
region). Also, the measured cross-coupling is still high and it can create false readings on the
sensors. Individual reading of the sensors can be a solution, at the expense of increased connection
lines density. Unevenly assembly of the sensing elements may be another way to mitigate the

cross-coupling.
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Chapter

Conclusions and Future Work

The summarized objectives, achievements, and the main conclusions of the work presented in
this thesis are addressed here. Some guidelines regarding the potential research and

development work that can be performed in the future are given at the end.
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8.1. Conclusions

In this thesis, the feasibility of IPT for flexible pressure sensors has been evaluated through
literature review and experimental work. The advantages of IPT compared with the
conventional printing methods were presented. The process parameters of IPT, the
homogeneous dispersion of the ink and absorption from different substrates, and the electrical
conductivity of the printed layer were studied. The work performed shows that the optimization
process has a key role in the development of printed sensors using polymer substrates.

The objective of this work was to develop a new generation of good performance and low
cost FPS. The applied research was focused from a materials science point of view (selectively
applying commercially available and compatible flexible materials, enabling the conformability
of the sensor to a complex contact surface, or defining viable material alternatives), processing
the materials with a simpler, lower cost and larger scale manufacturing technology and
exploring its potential to be integrated into electronic applications, in particular, for use in

monitoring applications related to health and rehabilitation.

To meet this objective it was necessary to develop an array of sensors built from printed

polymer substrates:

e With high reading and resolution accuracy;
e Capable of making field readings in real time;
e Capable of static and dynamic measurement in the whole range of movement.

e Cost-effective: high performance with low cost.

The morphology of printed pattern depended on several critical factors. The volume of the
ejected droplet determined by voltage and the firing frequency were fixed parameters once only
one printhead was available, therefore, this parameters were limited characteristics of the used
printhead used. The type of substrate, the substrate temperature, the type of ink, the printhead
temperature, the printhead height, the head speed, and the drop spacing were the variables of

this study.

Before moving on to the IP process itself, an investigation of the materials properties like
superficial tension, and compatibility between them to ensure the adhesion of ink to the
substrate was performed. A proper characterization allowed an evaluation of which surround
and dependent variables can dictated the possible limitations of the material/process in order to

anticipate problems and causes of defects and to optimize the manufacturing process.
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The main conclusions to be drawn from the work performed with the different inks and from
the overall work are presented next:

A major challenge tackled during the Ph.D. work was the dispersion and adhesion of
conductive inks onto polymeric substrates (known for their hydrophobic nature). A new surface
treatment of the substrate was developed, to the best of our knowledge never attempted before,
in order to increase the substrate surface energies. The method is environmental friendly and
low cost. So, in the proposed surface treatment method, micro/nanosized particles are spread
over the substrate surface and then thermally fixed. This latter step allowed the micro/nanosized
particles sinking-in on the polymer surface, resulting in a higher polymer-particle interaction at
their interfacial region. The addition of micro/nanosized particles onto the polymer surface
increases surface roughness and promotes intermolecular interactions. SP shows a high affinity
with the TPU due to the hydrogen-bond interactions between the silanol groups on the silica
surface and the soft segments of the TPU. This improves the intermolecular interactions
between SP and the TPU substrate, anticipating a good adhesion between them. The SP treated
surface ensured, therefore, good surface wetting, creating hydrogen-bond interactions, and
made an adequate interphase between SP and the substrate. This novel surface treatment of
thermoplastic polymers was applied to the inkjet printing of TPU substrates with conductive
inks, and significant improvements on the printability were obtained without affecting the ink
adhesion.

After inkjet printing parameters definition and depending on the ink and substrate, the
characterization of the printed system was conducted for pattern resolution, adhesion and

electromechanical properties evaluation.

The P3HT ink was easy to work with due to:

= slow evaporation,
= capability of passing through the 1JP nozzle without obstruction,

= fast and easy cleaning of machine parts with minimal effort.

What concerns the electrical characterization, the P3HT sheet resistance decreases as the
number of printed layers increase. The achieved resistivity level was high, and therefore, this
ink has limited applicability on sensing applications. The rather high measured resistivity may
be strongly correlated to the final deposited film morphology. The electrical properties of a
printed structure may be affected by the no- homogeneity of the ink thickness (due to the surface

roughness), edge definition, surface morphology and the interfacial properties at the interface
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between ink and the SP particles. An increase of the printed layers may overcome the high
surface roughness and the low electrical conductivity. However, this solution represents a
substantial increase of material resources, printing costs, and production time with no increased

additional benefit evidencing the unsuitability of the P3HT for electrodes fabrication.

Compared to the P3HT ink, PEDOT:PSS ink was more complicated to work with due to:

= fast evaporation,
= jncrease risk of nozzle obstruction,

= need for more cleaning effort.

The low measured resistivity (even for few layers of ink) makes this ink interesting for the
sensing application. PEDOT:PSS ink showed good deformation properties, as it was able to
follow the deformation of the SP-TPU substrate without visible rupture of the ink. Has
demonstrating a high reliability and operation stability of the printed pattern, and behaves as
standard piezo-resistive gauge with a huge gauge factor. The achieved pattern properties
(electrical resistivity and low Young Modulus), resulting from the combination of the high
flexible material, a conducting polymer material, and the manufacturing technique are the
prominent factor for the design and development of a flexible sensor with high strain

capabilities.

For the Silver based ink, good surface wetting was achieved with the neat TPU substrate as
well as an adequate transition interphase between the Silver based ink and the substrate. The
cross-cut tests revealed that, without sintering, the ink presents very poor adhesion to the
substrate surface, with more than 65% of removed area. After sintering no delamination was
detected presenting less than 5% of removed area. The sintering treatment for conductive
percolation wasn’t achieved on the printed TPU. These results raise a main concern about the
feasibility of the selected Silver based ink for its use as conductive lines for a flexible
application. The limited structure’s elasticity upon temperature treatment (due to the CTE) lead
to extensive cracking, thereby, seriously affecting the electrical integrity, dictating the
limitations of this Silver based ink for the conductive lines fabrication. IPT revealed a suitable
technology for the fabrication of high resolution conductive lines, although, an alternative ink

must be envisaged to overcome above mentioned technical difficulty.

Table 8.1 summarize the results. The work presented here demonstrates the suitability of
PEDOT:PSS/SP-TPU in terms of IPT appropriateness, and demonstrate the applicability of the

selected manufacturing technology and its potential to meet the needs of the electronic industry.

195



8 | Conclusions and Future Work

A compromise between several criteria was performed in order get the desired sensor
performance (to achieve the desired sensor characteristics like resolution and bandwidth). The
mechanical performance of the selected materials was demonstrated, ink adhesion to the

substrate, achieved electrical properties and large deformation.

Table 8.1 — Summary of the results.

PDMS NW & NA NW & NA W&NA
PET NW & NA NW & NA NW & NA

Pl NW & NA NW & NA W&NA
TPU NW & NA NW & NA W&A&NC
SPTPU W&A& LC W&A&GC W&A&NC

A- Adhesion; NA-No adhesion,
W-Wettability; NW-Non wettability;
GC-Good conductivity; LC-Low conductivity; NC-No conductivity.

Also, inkjet printing exhibited to be a simple and reliable printing procedure for obtaining
robust working devices. Direct printing of conductive ink in the manufacture of electronic
devices can greatly reduce the production cost. IPT is competitive and oriented for printing
both, small and large areas. The premium prices of large area sensing platforms available in the
market constitute a problem for a faster wide spread of new products. Given the growing interest
in pressure mapping systems technology, if the price is lowered down, new products such as
postural balance devices can become a volume product usable by almost anyone. This FPS have
numerous advantages over rigid pressure sensors, as, high compression, and contact area thanks

to its ability to fold/roll, lightness, thinner, can be transparent, so it has greater design freedom.

The recognition of tactile information is very important for humans use in daily life. The
design, fabrication and experimental results of a FPS system and its readout electronics
interface were presented here. The developed sensing platform to assess the patients balance
consists of an array of flexible capacitive pressure sensors, in the millimeter range and uses a
simple manufacturing process (enabling a reasonable density of sensors in the active zone).
Thus, it is possible to achieve good performance results (comparable to existing solutions in the
industry), with the particularity of offering an economically viable alternative, allowing its use
in rehabilitation activities. The proposed pressure sensor platform has the potential to integrate

multiple sensing parameters for ubiquitous environment monitoring. The first prototype results
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are very promising and encouraging. The sensor characterization showed that flexible
polymeric capacitive sensors present good sensor to sensor response (taken into account the
manual procedures used for sensor fabrication). The FPMS is capable of measuring and analyze
the medical process pattern, overcoming some of the difficulties found in today’s Physical
Rehabilitation. The measured stability is also good and these sensors can be a suitable low-cost
approach for FPMS.

This work features an effort to simplify the manufacturing process, using low cost flexible
materials, reduce materials waste and to improve the performance of flexible pressure sensors.
Finally, the collaboration between different fields of science and technology allowed achieving

the objectives of this dissertation.

8.2. Future work
Nevertheless, there are some issues that must be improved in the future.

= Material for IPT needs further development. Different formulations for conductive inks,

specifically applicable to the printer that was used in this work, should be studied.

= With regard to improving the adhesion between the ink and the substrate, and willing to
continue working with this type of substrates, in particular, it would be advisable to perform
another type of surface treatment (e.g., chemical treatments, corona treatment and plasma

treatment, etc.).

=  Work with printheads with different characteristic (e.g., different drop-size) to produce

more narrow and sharp-edged connections lines.

= The results achieved with the Silver based ink raise a main concern about the feasibility of
the select commercial ink for its use as conductive lines for the flexible application. The
limited structure’s elasticity upon temperature treatment lead to extensive cracking,
thereby, seriously affecting the electrical integrity. An alternative ink must be envisaged to
overcome the problem, or substitute the TPU substrate with a substrate with a CTE
compatible with the CTE of the ink.

= The assembly of the sensors still requires a better control and the connection between
sensor platform and readout electronics needs improvement (some connections in the

flexible PCB were broken in the contact region). Also, the measured cross-coupling is still
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high and it can create false readings on the sensors. Individual reading of the sensors can

be a solution, at the expense of increased connection lines density.

The inks undergo various processes and phases of use in their lifetime. At the end the
printed pattern must be resistant to handling. During all these phases, the ink composition
changes over time, therefore, it is critical that the ink must resist and keep its initial
properties. The same applies to the other materials involved in the sensor structure (e.g.,
substrate, etc). Therefore, a demonstration of the reliability and durability of the flexible
printed structure in terms of mechanical performance and applicability of the selected

materials to the application is still required.

The use of the develop platform in real clinical environments is also a very important task

that should be addressed in the near future and that should be strongly emphasized.

An experimental comparison with other existing pressure sensor systems should be

performed.

Potential new application may be manufactured with this materials and technology and be
the integrated into future systems such as temperature and gas sensors, etc. for biomedical

applications, biomechanics, robotics touch.

Development of manuals and study of the production process in large series.
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Al. Other fabrication techniques
Spin coating

Spin coating is a common manufacturing technique that consists of a uniform
application of thin films by depositing a few drops of fluid in the center of a flat
substrate and then the substrate is spin at high speed (typically around 3000 rpm). The
centrifugal force causes the liquid to spread, eventually, out of the edges of the substrate
leaving a thin layer on the surface, until the desired film thickness is achieved. Higher
the speed, the thinner is the film. The thickness and final properties depend on the
nature of the liquid (viscosity, volatilization rate of the solvent, surface tension, solids
percent, etc.) the parameters chosen for the centrifugation process, such as rotational
speed, acceleration. Is the combination of rotational speed and time which generally
defines the final thickness. One of the most important factors in spin coating is
reproducibility. Small variations in process parameters can result in drastic variations in
the final film. In general, longer times and higher speeds of rotation produce thinner

films. This step may take from 10 seconds to several minutes.

Sometimes an additional drying step is carried out without rotation to prevent
reducing the thickness. The substrate speed (rpm) affects the degree of applied
centrifugal force to the fluid as well as the characteristic velocity and turbulence of the
air immediately above it. The drying rate depends on the nature of the fluid (volatility of

the solvent system used) and the air around the substrate during the centrifugation

I Fluid

process.

Direction of
rotation

ﬂ Substrate

Figure A1.1 —Spin coating process.
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It is, therefore, important to minimize or at least control the airflow over the
substrate during the process. The drying rate also affects the viscosity of the fluid as the
fluid dries there is an increase in viscosity associated with drying until the force of the
centrifugation process can no longer move appreciably on the surface. Reached this
point, the film thickness will not suffer significant changes that increase the turnaround
time. Since about 50% of the common constituents of the ink fluid solvent is lost by
evaporation during the first few seconds of the process, it is important to accurately
control the acceleration. Therefore, plays an important role in the final properties of the
coating. Inks with low viscosity and low rates of incorporation of particles are the most

suitable for use in processes such as spin coating.

Film Thickness s
Film Thickness

Figure A1.2 — Process tendency.

These charts represent the general trends for the process parameters. For most materials
the final thickness is inversely proportional to the velocity and the rotation time.
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A2. Piezoelectric heads

The selected technology for this study was DoD system - piezoelectric heads. The

different DoD system -piezoelectric heads are described in detail in this subsection

A.2.1. Shear mode

The printhead of the Shear mode system uses an electric field perpendicular to the
polarization of the piezoelectric crystal, which differentiate them from the other types.
In this case the electric charge causes a cutting action on the distortion of the
piezoelectric elements against the ink, thereby ejecting ink droplets through nozzle
ejectors (Figure A2.1). There are many brands that have adopted this system in
particular, the Spectra, Xaar, Nu-Kote MIT, Brothers and Olympus.

Electrodes

PZT Piezo
Voltage )
9 Ceramic

el LD
Nozzle/_".:—:.

_w»d ¥ Nozzle
Substrate

Plate Droplets

Figure A2.1 — Shear mode Piezoelectric DoD InkJet printhead [1].

The Shear mode system has proven its performance with high reliability, robust
process capability, and a broad range of choice of inks with viscosity higher
(20-25 mPa.s) than what usually is used in piezoelectric heads. It’s possible to conduct
some alterations on the mode system to give specific properties depending on the
application [1]. You can also get these systems quite compact with small piezo crystals,

having a higher market price [1]. This type of piezoelectric head was used in this study.

A.2.2. Bend mode

The Bend mode system is based on the stimulation of the piezoelectric crystal plate that
expands to cause a pressure on the ink channel, forcing the ink moving to the nozzles of
the printer and leaving outwards in droplet form (Figure A2.2). The electric field
between the electrodes is in parallel to the polarization of the piezoelectric plate. The

plates are coupled to the transducer diaphragm printhead, and opposed to the nozzles.
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This system is used by Epson printers since 1997 in printers like Color Stylus, as the
P50. In our days Epson combines the old technology with a new microwave algorithm,
managing to eliminate the difference in banding for uniformity of ink droplets, greatly

improving the printing quality [1].

Its resolution is around 1440 Dots Per Inch (DPI) and has a great accuracy of circular
drops which gives high quality and speed printing at a low cost. The major drawbacks is
that the multi-layer piezo system is very sensitive can only support low viscosity inks
around 1.6 to 3 mPa.s [1].

PZT Piezo Voltage
Ceramic Diaphragm

Ink i VL_Ll <_/
~—»

Intake

Nozzle— > ¥— Nozzle

Plate Droplets

' Substrate

Figure A2.2 — Bend mode Piezoelectric DoD InkJet printhead [1].

A.2.2.3. Push mode

The Push mode system is similar to Bend mode in a way that the electric field between
the electrodes is parallel to the polarization of the piezo plates and is the piezoelectrical
crystal itself that pushes the transducer, which causes the sufficient pressure in the ink
to eject the droplets (Figure A2.3).

Initially, Dataproducts, Trident and Epson adopted this system. Although
improvements had to be made once its high-energy system form quite elongated drops.
It is distinguished by its robustness and can use inks with viscosities between
10-20 mPa.s, but nevertheless the obstacle of the possibility of satellite formation
[1].Epson used this system in the print heads of his first Sylus Color printers (1994) and
Stylus Il (1995), each one having 64 nozzles [1].
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Voltage

|||—

PZT Piezo
Ceramic ™

Transducer
Foot Diaphragm
Ink . Membrane

Intake I
N4 A0
Nozzle p&
Plate 4 ¥ Nozzle
Droplets ~a e Substrate

Figure A2.3 — Push mode Piezoelectric DoD InkJet printhead [1].

A.2.2.4. Squeeze mode

The Squeeze mode system refers to a technology developed in the company Clevite in
1972 and Siemens used it later in the printer PT-80 (1977). In this mode the application
of an electrical load causes the deformation of a piezoelectric tube, pressing the ink in
that tube, forcing it out through the nozzle end (Figure A2.4). Note that Siemens

successfully commercialized this system for conventional printing office equipment [2].

Ink Intake
Tube PZT PIE.ZO
Ceramic
Cylindrical
Transducer
Voltage
¥~ Nozzle
Droplets ° Substrate

Figure A2.4 — Squeeze mode Piezoelectric DoD InkJet printhead [1].
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novel conductive solution inks in continuous inkjet printing of 3-D electric
circuits,” Electron. Packag. Manuf. IEEE Trans., vol. 28, no. 3, pp. 265-273,
2005.
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A3. Inkjet Printer information

CARMINE

THE RANGE OF XENNIA DEVELOPMENT PRINTING SYSTEMS

Xennia Carnelian

Flexible inkjet development system

The Xennia Carnelian inkjet dispenser incorporates industrial printhead technology
in a flexible, high precision 3-axis printer for fluid & process development, printhead

evaluation and accurate fluid dispensing.

Ideal for fluid & process development

The Xennia CGarnelfan is the uitimate industrial fiuid development
and printhead evahation tool for printed dectronics,
biotechnology /pharmaceutical or other fuid development
applications, allowing developers to get to grips with industrial nlget
technology quickdy and cost effectively. The Camedan comes with a
choice of mdustrial piezo prntheads, and can even be fitted with
two different types of printhead to allow technology comparison.
The combined industrial and low volume syrnge ink system allows
vk of smal q s of fluid, while enabling saling toa
farger volune for extensive testing or pilot production

> PR

alscale process P made simple
The Xenna Garnelan is 2 smallscale dewelopment tool built around
ndustriak-acale printhead and fhud control technolog . meaning that
fiud develops cn be cc d using the Carnafan and then
ported onto a production printer wing the ame tachnology,
without the need for reformulation.

Powerful performance with flexible options

The Camedan uses a robust fuly programmable XY motion stage
with sub-micron resolution and repeatability of £5 pm over an A4
printable area. An optional programwmable Z axis allows print height
to be casiy adjusted for 3D substrates. The Carnelan s also
available with an optional integrated vacuum table top and alignment
camen system for advanced substrate landiing and positioning, and
with an opticnal integrated scamning UV amp for inine pinaing of
UV fuids.

Intuitive printing with detailed control

Poweriul Xenjet print software i integrated into the Camelan,
allowing sinple one diick operation of the printer, or engmeering
fevel access to the detalled openation of the system dthatis
required. The software can also print fully variable data and process
DXF/Gerber file formats with optional upgrades.

A oozl Ao g
L2 v {a

Xenna ofiers a full application development and support service,
including fuid formulation and process optiminition along with
inkjet training, to help customers successiully implement inliget
technology into their production process.

t
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Xennia Carnelian

Specifications

¥yide range of aqueous, sobvent and LY fluids

Up 1o 2

(most types of ndustral piezo printheads)

229 rmami = 305 mami (9 x| 2 )

025 o (X7 ),05 e [ Z)

+5 pm (X))

Lip to | 50 mamils (& n's)

Stepper miotors

Stepper motor (38 memi (1.5 n) trasel)

Combined ndustrial and bosr volume syringe system (most printheds)

Smal wolume recinulating ink mamgement system (recinoulating printheads)

Manml purge and wipe

¥enjet print software with ntegrated user nterfaoe

Yarable daa capability and DX R Gerber cpability avaikble 2z an option

12 mx 75 m = |& m (47 n x 30 n x &3 in) (approx)

1207230, S0-60Hz, snge phass

Integrated vaouumn @ble top
Alignment cumera sysbem
Integrated scanning UY amp
Prograrmmable 7 asds
Warable daa cpability

DX FiGarber file processing

Subjuct totachnical modicsion wighout notos

ennia Technology L

WS EETI N Com

TENCATE

nila Is part of R

whan. bencate.com
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uEye Camera Manual Version 3.90

Ul-112x/U1-512x

Sensor specification

Sensor lype CMOE

Shutter system -

Characteristic Logarithmic

Readoul mode Progressive scan, rolling readoul
Resolution class CCIR

Resolution TE8 x 5TE Pixel (0.44 Megapixel)
Aspect ratio 4.3

Bil deplh 14 bil &/D corvarler, 12 bil transfer
Ciptical sensor class 172 inch

|Exact sensitive area 7680 rmm x 5.760 mm

Exacl oplical sensor diagonal

9.60 mm {1/1.67 inch]

Pixel size

10.0 pm, square

Senaor name, moncchrome

MCS0E06-M

Special features . HDR sensor with lagarithmic characleristic
» The sensor does nol pessess an exposure time,
See also chaplers i
(MCS0806) and UI-112x/UI-512% application nofes
+ Sensor internal controls for gain (AGE)

Gain

Monochrome model (master gain)

Analkog gain boos

Camera timing

USB uEye (GigE uEye SE/RE

GigE uEye HE

Pixel clock range (allowedrecommended) MHz 5-31/10-15™ 8-311M0-15" 5.31/10-15 "
Fixel clock for optimal image quality |I'|.|'IHz 131 141 14
Max. pixel clock with subsampling/binning [MHz - N -
Frame rate {freerun moda) |f|:|a G 50.072 500
Frame rate (Irigger mode, 1 ms exposure] fps  4a0™ 480" ik
Exposurs time in frearun mode ms - - -
Exposure time in trigger mode ms - - -

Al

Mode -

Binning

Mode -

Subsampling

Mode -

207



Appendix

A4. Datasheet of the used printhead

Sepphire 05256/10 A0 e
Inkjet Printhead

The Parforma™ Sapphire G5-256,/10 AAA printhead
dalivers lnse-n-dampumgacmq combined wich
wersatile grayscale oparation. Ies lightweight, chin-profie
design and configurability plus support for a broad
range of ink formulations makes this pnnthead model
partculanly suited to scanning printer architeczures
and applications.

Dimatix continues bulldmg upon its long history of excellent dot

TN e vy
an uency, uctivity wi

Sapphire printhead family.

The Sapphire QS-256/10 AAA printhead features 256
independent channels, arranged in a single row of nozzles at 100
dots-per-inch spacing. Itlsde&gned to eject adjustable 10 to 30
mmmalpsmbmry jetting mode ora 1 liter

drop in grayscale mode. This is done at a nominal
8-meter per second drop velocity when jetting fluids in the 10to
14 centipoise range.

Dimatix” breakthrough VersaDrop™ jetting technology is
featured within the Sapphire QS-256/10 AAApnnthead 1t allows
unparalleled flexible modes of operation including adjustable

Features: binary drop size and grayscale capability at unprecedented
& 10 picoliter nominal drep iz throughput rates.
¥ 256 ndvidually addresseble, nlne nozzies The rugged, field proven material set selected for the Sapphire

) QS-256/10 AAA printhead deliver long service life and consistent
B [ncorporates VersaDrop™ binary and grayscale jetting output.

Using tailored waveforms and a durable, inert silicon nozzle plate

= Excallent channal-to-channal unfionmity to provide best-in-class drop placement a wide range of
= High T ink formulations are accommodated including UV-curable,
frequency Opardtion organic solvent and aqueous-based inks and associated
® Pracise algnment features fachtata drop-in maintenance fluids.
repkacement Precision registration points have been added to the printhead to
= | ightweight with thin profile provide absolute reference to the nozzles to within a few
microns. This makes it possible to nest printheads together for
W Integral tamparatura saner Shared physical features and identical interfaces as
m Duzkportad with minimal wettad surface area Q-ChsspmductsaﬂﬂwﬂresﬂpphlreQSZSG/IOAMtobe
intermingled with the same or complementary printhead models
B OEM accessibie non-wolztile memory area for tracking lou'ealeanmlmndeo(sngleandmulnplemi; configurations.
Each 256channel Sapphire printhead is offered with an integral
™ Easy to Intagrate temperature sensor and a configurable, dualported fluid

interface comprised of O-ring face mounts or barbed fittings to
facilitate fast flushing or recirculation of inks.

Printhead operational temperature can be up to 90° C. The driver
. - chip is double buffered to support the Sappﬂlre QS256/10 AAA
nm high-speed jetting capability.
FNALE

POEDED Few. D8 (BNSMD
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T M S —

Parameter Sapphire G5-256,/10 AAA

Number of addressable jets 256

Print width 64.77 mm [2550 in.]

Nozzle spacing 254 microns [0.010 in.] (100 dpi)

Typical jet straightness, 1 sigma* 1.5 mrad [0.085%]

Typical drop velocity variability, 1 sigma* .

Ink operating temperature range up to 8= C [194° F]

Fluid viscosity range {at jetting temperature) 8- 20 cP (10 - 14 cP recommended)

Compatible jetting fluids UV curable, Organic solvents, and aqueous inks

BINARY OPERATION:

Adjustment for drop size 10 - 30 picoliters

Froductivity Drop Size Mazimum Frequency
10 pl 50 kHz
20 pl 25 kHz
30 pl 16 kHz

GRAYSCALE OPERATION:

Number of levels up to 4

Fundamental drop size 10 picoliters

Productivity Largest Drop Size Mazimum Frequency
20 pl 25 kHz
30 pl 16 kH=

OEM accessible non-volatile memory “Two 256-bit pages, wrile once

"ait comstani freque
. ‘10pl Valocity ve. Frequancy
o .....".-.E-...."". o 1l — — "\_,_-f'"‘“____._,f

/D.EID— e Velooity B
12,86mm
35 Fifiem E o 105 il ] ———T— T T T T T T
BT nl 0 B 1 %6 20 3 M E 4 4 =
Fraquermy (bl

E3Tmm
0211 nd .
M 30pl Velocity ve. Frequancy
T = [ 16
i— ; =
Mormmbize] —

3 T Velmity B
. _ Sem@Snl ] i s
— EmmidSe -

C % Mo i s = - = E
det

Podird daia prosaniad abara 2 b gotiaing prpoms anly B @ein nd agheong et shg i odit, pbaes ks Timati Bovis! Sypont b dhe ypmpnisl Al b’ cmiaihg BVroist Secilbaing

FAFLM Diretin ke, FLUFILM Chinati, MMt e i B TTEERIEE  Ead: chindratin o
TNt hee 4 e fod FLLIFLM Carporeticr Fex +44 E70 167 428
Gorte Diorm, CA D] ke, N CVEE Miowr Wt 7.3, Mloke 3o Emit mrrileimatin com
= LEs Minso b, el 7.0
dar Korean Office:
Hmatihx WA EETE e EINAEID T O IET A T D0 DO END
AN = Fr WGESE! Fo B0 4420070 Fea: <01 JET71 11EG Far 450 2 ST AN

Emal nioddmainmm  Emal: nibldmeta oo E-mai: Fontambd@ifim mp Emait irenidimess com

www.dimatix.com

POEINED Fee 08 [BMSA0
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A5. Datasheet of the substrates

Kapton

DuPont™ Kapton® HN

polyimide film

Technical Data Sheet

CwPont™ Kapton® HM generslpurposs film has been used successfully im applicstions st tempera-
tures &8s low as -Z89°C (152°F) and a= high as 400°C (752°F). HN film can be lamingted, metal-
lizad, punched, formed or sdhasive costed. Kapton® HM is the recommended choics for applics-
tions that requirs an &lbpolyimids film with am excellent belance of proparties ower s wids rangs of
tEmMperatunss.

Applications

Mechanical parts
Electronic parts
Electrical Insulation
Pressure sensitive taps
Fiker optics cable
Insulstion blanksts
Insulstion tubing
Autormotive disphregms sensors and manifolds
Etching

Shims

Product Specifications

Kapton™ HM is manufectured, slit and packaged sccording to the product specifications listed in
H-38478, Bullstin G5-96-T

Certification

Kapton™ HM mests ASTRM D-5213 (type 1, item Al neguirsments.

The miracles of sciemce
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Table 1
Physical Properties of DuPont™ Kapton®™ HN at 23°C (73°F)
Property Unit 1 mil 2 mil 2 mil 5 mil Test Method
25pm S0pm T3pm 125pm
Uhimate Tensile Strength psi (MPa) | 33.600(231] 33, 600{231) 33,600{231) | 33.600{231) | ASTM D-882-81. Method A®
at 23°C, {73°F) 20,000 1:3:8) 20, 0004138} 20,000{ 138} 20,000{ 138}
at 200°C {382°F]
Ultimate Elongation % 72 B2 B2 B2 ASTM D-882-81, Method A
at 23°C, [73°F) 83 83 83 83
at 200°C (382°F]
Tensile Medulus psi {GPe] | 370,000 (2.6) | 370,000 (2.6] | 370,000 (28] | 370,000 {Z.6} | ASTM D-882-81, Method A
at 23°C, [73°F) 290,000 (2.0] | 280,000 {2.0] | 290,000 {200 | 220,000 (2.0
at 200°C (382°F)
Density qicc 1az 142 142 142 ASTM D-1606-90
MIT Folding oycles 286,000 BE, 000 E,000 5,000 ASTM D-2178-88
Endurance
Tear Strength-propagating oo7 0.21 0.38 0.68 ASTM D-1922-89
({Elmendorf), M [ibfl louoz) 0.0z} [ouoz) [ouoa)
Tear Strength, Initial 72 18.3 26.3 4E.8 ASTM D-1004-80
(Graves], N (bf (18] G [1.8] {1.8)
‘field Point &t 3%
at 23°C, [73°F) MPa (psil | &3 {10,000] &3 (10,000] &3 (10,000) &3 {10,000) ASTM D-82-81
at 200°C (382°F) 41 (8,000} 41 {8,000} 41 {8,000) 41 {8,000]
Stress to produce 5% elong.
at 23°C, [73°F) MPa (psil | 90 (13,000 90 (13,000] aD (13,000) a0 {13.000) ASTM D-882-82
at 200°C (382°F) &1 (8,000} &1 {B.000) 81 {B, 000} 81 {9,000]
mpect Strength Necmeift 78 (D.68) 7E D.68) 78 i0.68) 78 (0.68) DuPent Preumsatic Impact
at 23°C, [73°F) 1a3] Test
Coefficient of Friction, kinetic
{filrm-to-film) 048 0.48 .48 Q.48 ASTM D-1594-80
Coeflicient of Friction, static
{filrm-to-film) 063 0683 DE3 Q.83 ASTM D-1594-80
Refractive Index
{sodium D linel 170 1.70 1.7 1.7 ASTM D-Baz-p0
Poissons Ratio 0,34 034 034 0.34 Aug. three samples, elon-
gated at B, 7 109%
Lowe tempersture flax life pass pass pass pass PC-Th-850,
Method 2 6.18
LoGoaman S 75 ¥ 150 mim |18 in); @ sapsrsson 100 mim (4 inl, e spaads, Simmydmiem (2 nimin). Uimsis rafars to the innsiks soangth ond slongerion massunad ot
(=g 1
Table 2
Thermal Propertles of DuPont™ Kapton® HN Fllm
Thermal Property Typical Value Test Condition Test Method
Malting Point Maone Mone ASTHW E-TH4-85 (1589}
Tharmal Cosfficient of Linsar Expansion 20 ppmy~C -14 to 38°C AZTH D-826-21
{11 ppm~FI {7 to 100°F)
Cosfficient of Tharmal Conductivity, 012 296k ASTM FA33-77 (1987}
Wiimek
Ca 2.87 x10* 23 C
cmesac*"C
Specific Hest, Jig=K (calig="C) 1.08 {0281} Differential calorimstry
Haat Sealsbility not hest sealabls
Solder Float pass IPC-ThI-B50
Maethod 2.4.13A
Smoks Generation D =<1 NBES MFPA-258
smoke chamber
Shrinkags. % IPC-ThA-B50
30 min at 1580°C a7 Mathod 2.2.44;
120 min at 400°C 1.25 ASTM D-5214-91
Limiting Oxygen Indsx, % 37-45 ASTM D-22883-87
Glass Transition Temparaturs I_T‘::- A second order transition occurs in Kapton® betesan 380°C (BB0°F) and 410°C {770°F)
and iz assumed to ba the glass tramsition temperaturs. Differant measurement technigues
produce differamt results within the above temperature rangs.
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Table 3
Typlcal Electrical Propertles of DuPont™ Kapton™ HN Fllm at 23°C (73°F). 50% RH
Property Film Gage Typical Value Test Condition Test Method
Dislectric Strength Vim EVimm Oy 60 Hz ASTM D-148-91
25 pm (1 mil) 303 77001 14 in slectrodes
50 pm 2 mil) 240 18100) 00 Visec rise
75 pm (3 mil) 205 (5200
125 pm (5 mil) 154 3900
Diglectric Constant 1 kHz ASZTMW D-150-82
28 pm (1 mil) 34
50 pm (2 mil) 34
75 pm (3 mil) a5
125 pm {5 mil) 35
iz=ipati 1 kHz ASTM D-150-82
28 pm (1 mil) 0.0me
50 prm (2 mil) 0.0020
75 um (3 mil) 0.0020
125 pm {5 mil) 0.0028
Nolume Resistivity =cm ASTM D-257-81
25 pmi (1 mil) 15 x 107
50 pm (2 mil) 1.5 = 107
75 wmi i3 mil) 14 x 107
125 pm (5 mil) 1.0 107

Dimensional Stability

The dimensional stability of DuPont™ Kapton® polyimide film depends on two factors—the normal
coefficient of thermal expansion and the residual stresses placed in the film during manufacture.
The latter causes Kapton® to shrink on its first exposure to elevated temperatures as indicated in
the bar graph in Figure 1. Once the film has been exposed, the normal values of the thermal
coefficient of linear expansion as shown in Table 4 can be expected.

Figure 1. Residual Shrinkage vs. Exposure Temperature and Thickness, DuPont™ Kapton®™ HN and VM Films

20

15k - HN [150¢C)

&
Y - WM 300G}
.E — HH [400°C)
£ 0 .
ki
a
® 0sf
0.0

1 mil 2 mil 3 mil 5 mil
Film Thickness. pm (mill

Table 4
Thermal Coefficlent of Expanslon,
DuPont™ Kapton® HN Fllm, 256 pm {1 mil),
Thermally Exposed

Temperature Range, *C, (*F} ppm/*C
20-100 (28-212)
100-200 [212-282)
200-300 [392-572)
300400 [572-752}
30400 [BB-752)

=l

BlE|E|E
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PET

"B, DuPontTeijinFilms:

Mylar:

polyester film

Mylar® A 12 - 36pm

Product Description

MYLARE polyester film iz a flexdble. swone and dursile fibm with am mmsusl balance of properties making it suitsble for
mamy muhestrial applications. Type MYLAR® A is a tongh general parpose Shm which is mansparent in 12um troash
23pum and transhecent in hemar thickmess.

Type MYLAR® A is primanily used for release applicatons, office supplies, elecmcal inmulation :nd mdustrial lsnrinatons
with other fexdble materials, Type MYLARHR A is also available m S0um twouzh 500 o thickmess range.

Film Properties (fvpical values)

Type MYLARE A has a tensile cirength that averages 190 MMPa, has excellent resistance s modsiure and most chemicals and
can withstand tenmperahmre exremes fom -70°C to 150°C. Becmse it contains no plasticsers MYLARE A does not
become brittde with sze mder nommal conditions.

Property Test Method Value

Thickmess - micron | 12 1# 18 13 30 34

Tensile Strength (Alpa) ASTM D 882 MD 00 00 N0 21 330 230
D 20 230 2330 B0 G0 260

Modulus (Mpa) ASTM D 382 MD | 4200 4200 4200 4100 4100 4100
TD | 4200 4200 4300 4300 4300 4300

Elongation (%) ASTM D 882 MD 00 110 110 1530 120 130
1D 00 100 110 110 100 110

Shrinkage 150°C for 30 min {%0) ASTM D 1204 MD 15 13 13 13 25 2
1D 0 L] 1 1 LT 17

Shrinkage 200°C for 20 min {%0) ASTM D 1204 MD 45 4 4 4 8 7
D 15 1 3 3 7 6.5

Haze (%) ASTM D 1003 5 T 11 15 20 22

Gardner Hazemeter

Dielectric Stremgth ASTM D 149 25 27 3 4 48 3535

{minimum} (V)

lmm = 1 micron = (.001 mm approx 4 gange. MDD = Machine Direction, TD = Transverse Direction
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PDMS

Produto

Drescrigio

Caracteristicas

Encapsulantes de Silicone

Sylgard™ 160 Elastimero
de Silicone

Baixo custo; boa condutividade térmica

Sylgard™ 165 Elastimers
de Silicone

Cura répida; baixo custo; boa condutividade témica

Sylpard™ 170 Elastémero
de Silicone

Baixa Viscosidade

Sylpard™ 170 Elastimero de Silicme
de Cura Rapida

Cura ripida; baixa viscosidade

Diaw Coming™ Encapaulante
9082 ALB

Viscosidade baixizsima; retardador de chamas; ndo
demete; Auto-extinguivel; “pot-life” & extremamente
longo; ampla faiva de tempe s

Bicomponente; misturade 1:1; cura em temperatura
ambiente ou scelerada com calor; Contragio minima;
ndio libera calor durante a curs sem sol ventes ou
subprodutos de curs; repardvel, boas propriedades
dielétricas; cura em se¢So profundsa; el sstbmerns
flexdvel.

Sylgard™ 182 Elastimero
de Silioone

Transparente, “pot-life” longo; curm por calor

Syipard™ 184 Elastémero
de Silicone

Transparente; ¢ura em temperatura ambiente efow
acelerada com calor

Svlpard™ 186 Elastimero
de Silicone

Incoler;, cura em emperatura ambiente e'ou acelerada
com calor, alia resisiéncia ao rasgo

Dharwe Conming™ 36121
Elastémen Encapsulane

Dz mgee nihiy e temperaturas abaino de -65°C (-85°F);
Incoler; alta resisténgia a0 rasgo e tragho] Cura em
temperatura ambiente e'ou acelerada com calor; alio
indice de refragio

Bicomponente; misturaem 10:1; eontraghe minima;
nfo libera calor durante a cura, sem sol ventes ou sub
produtes da curs; cura em seg3o profunds; repardvel;
boas propriedades dieléiricas; elasidme o Nexivel

Encapsulantes de Silicone Sem Promer

Dharwe Coming™ 36642
Adesivo Termicamente Condutivo

Excelente condutividade témica; suto-aderente; liquido
de baixa viecoidade, elastomérico

Diorwe Coming™ 3-8264 Adesive
de Silicone Sem Primer

Excelene adesSo sem primer; cura por calor;
elsomérion

Darwe If:'i..u'.nu':r){'t 567 Encapsulante de
Silicone Sem Primer

Cura por calor, adesio sem primer; elasioménco

Bicomponemnte; mistrade 1:1, cura por calor;
contracio minima; ndoe libera calor durante & cura, sem
=0l ventes ou 2ub produtos; repardvel; boas
propriedades dieléricas.

Encapsulantes Bicomponentes com

Cum por Condensagiio em Tempaatum Ambiente

Darw Cowming B 255 Elastdmeno Sem
Primer

Cura répids em temperaiura ambiente e em se¢io
profunda; suto-aderente; boa adesio em temperatura
ambiente para & maioria dos substrates; adesio aumenta
O & Lm0,

Bicomponenie; misturade 10:1; nio cormosiva, boas
propriedades dielétricas, elastbmero flexivel, ndo
requer cura por calor, refrigerarn o agente de cura para
wma vida il mais longa; catalisador de estanho ndo
pode ser inibido possivel reversSoe com calor @ pressSo
em ambienies fechados.
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Produto Usos Potend ais | Métodos de Aplicagio Cura™®
Encapsulantes de Silicons
Sylpard” 160 Aplicagpies gendricas de protecio; fmtes de Fomecido em kit de dois compmentes lquides, | 24 horas 4 35°C (TT°F)
Elastfimeno de ENeTEia; coneciones; sensores, controles coniendo Parte APare B para serem misturados 10 minutos & 10°C (212°F)
Silicone industriaiz ransformadores; amplificadores; | em proporgio 101 (volume ou peso); permite 5 mimutos & 1505C (302°F)

Sylgard®™ 165
Elastiimern
de Silicone

Sylpard® 170
Elastiimernn
de Silicone

Sylpard® 170
Elastiimerno de
Silicone de Cura
Répida

midulos de resigtones de alia voltagem; relés.

mistura e wiilizagSo auiomatizads o'ou manual.

Fomecido em kit de dois componenies Hguides,
conends Parte APane B para serem misturados
em proporgio 1:1 (volume ou peso); permite
mistura e wiilizagSo auiomatizads o'ou manual.

§ mimitos 4 25°C (TT°F)

Fomecide em kit de dois compmentes lguides,
coniends Parte AParte B para serem misturados
em proporgio 101 (volume ou peso); permite
misiura e wiilizag 5o auiomatizada e'ou manual.

24 horas & 24°C (TI°F)

20 minutos 3 TPC {158°F)
15 minutos 4 85°C (1857F)
10 minuies & 100°C (212°F)

Fomecide em kit de dois compmentes lguides,
coniendo Parte APare B para serem misturados
em proporgio 1)1 (volume ou peso); permite
misturae wiilizagSo auiomatizada.

10 minutos & 255%C (TTF)

Dow Corming™
Encapsulante

As aplicagfes que requeiram profunda
impregnag 3o, possvel somente com wma

Fomecide em kit de dois compmenies liguidos,
coniendo Parte APare B para serem misturados

30 minutos & 150°C (300°F)

26082 AL B rezina de viscosidade muito baixa em proporgio 1:1 (volume ou peso); permite
miziura e utilizagSo aviomatizads o'ou manusl.
Sylpard™ 182 Aplicagies gendricas de proegho; fmtes de Fomecide em kit de dois compmentes lguides, | 435 minutos & 100°C (212°F)
Elastfmens energia; coneclones; sensores, controles conendo Base/Agente de cura paraserem 20 minuies & 125°C (257°F)
de Silicone industriaiz ransformadones; amplificadones; misirades em proporgSo 1001 (volume ow peso); 10 minutos & 150°C (302°F)
middulie de resigtores de alia voliagem; relés; | permite mistura e utilizacio automatizada efon
Syfgard” 184 adesivolencapsulanie para células solares. manual A8 horas em temperatura
Elastiimern ambiente
de Silicone 45 minutes & 100°C {212°F)
20 minutos & 125°C (297°F)
10 minuies & 150°C (300°F)
Sylgard” 186 4% horas em temperatura
Elastiimen ambiente
de Silicone 0 minutes & 100°C (212°F)

Dow Coming™
3-6121 Eladmen
Encapsulante

Aplicagies de encapsulamenio em baixas
emperaturas; aplicaghes Gpticas que
requerem wm alto indice de refragso

15 minutos 3 150°C (302°F)

~4f horas 4 tempe ratura
ambiente

20 minutos & 100°C (212°F)
10 minutos 3 150°C (302°F)

g Adesdio Sem Condutividade
- n - - E Primer, - . = g
E = g | 2£ Cisalhamento Térmica E'E - g; 5
B = b — = -]
= sE |<| 2| 25 ESE[E%E
E ;2 |E| 2| 2z e | o 255
£ 2| =3 & ¥ |lgs = TEE
3 =2 |2 2|18 E T |EEc|zEz,
c 22 | g | g . % ¥ |zaulSztEz
£ HIEIEAR L || | E |2EEZEaE
3 £ 28 5| 2 -4 - £ & 5 = E=z|E2s;
Produto - o - |8 | S| == E| = S = T |vE3i|F2z2E
Encapsulantes de Silicone
Sylgard® 160 — - ’ n -
Fjﬁizmande Silicone | 11 i 8775 gy | 1,57 | 30min | NA | NA | NA | 058 | taxi0” | 240 18
Sylgard® 165 oy ) .
Fjﬁr;.nm’dc Silicome | 11 Cinza SO00 | 52 | 1,57 | <2min | NA | NA MA 058 | Laxw® | 230 &
Climza
SJ,'J:II'HJ'.'..F 170 ESCUTD X _ i i
Elastbmero de Silicone | ! | para preto 2900 | 40 | 137 | Smin | NA | NA | Na 040 | 96x107 | 270 24
Sylpard® 170 Cinza
Elastdmero de Silicone | 1.1 e 2850 | 42 | 137 | <Smin [ NA | NA | NA | 040 | 96xi0” 1%
de Cura Ripida para preto
AP )
}ﬂ" é‘;’,ﬂ’;ﬁf 11 Preta L1060 | 31 | 121 | tddias | Ma | Na | wa | 030 | 720000 | 285 12
Splgard” 182 Tncolor =] ) _ )
Elastbmero de Silicone | 1241 3900 |50 [ 103 | | MA | NA | Na 008 | 43107 | 310 4
. )
Sigard” 184 10:1 | Tmeolor 3000 |0 |13 | 70 | ma | ma | wa | eas | 430 | 310 2
Elastéimens de Silicone Twas
Suleard® 186 Tranz-
Fﬁﬂmm‘; Silicene | 11 parente 65000 | 24 | 1,12 | 2homs | NA | NA NA 0,2 4, 8107 330 12
Dlaw Comming™ 3-6121 Trans-
Elastimern 101 parente 25000 | 30 | 1,13 | 2homas | NA | NA NA 018 | 432007 290 18
Encapaulanie
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_— Especificagies Rigider i
Certificagdes UL pL” 7 . E, . £
Militares Dielétrica =
-] -] E - =
= = s - =
[™ [™ = g. ;,.
2z o % % - = =
=2 E 3E ¥ 1 g = = = | 2
£ (=2, ¢ 3 ] - 2|2 sl 2 2. 58
= = = k] 5 - = . -
€2 |252:2| £ S. | E| g |E2|EZ| 25 | 22| 22
BE |28t g £2 | z | BE|E=|E=| 2L |52| £E=
=25 |SE5¢2 2 Eg | 5|z |E2|E2| 28 |52 22
Produte y = £ = E = = =0 = 2 S eS| 22 |2 | &=
Sylgerd” 160 Elstfamen 94 Vi) 105/105 MA NA 530 20,9 3,30 1,0k 10" 001
de Sihoane
il 165 Elaads 4
Syigard” 165 Elastimens a4 V0 106/105 MA MNA s | 209 | 330 | 320 | Lewe® | om
de Siheane
WIL-FRF- Tipo |
I F Tipol, s
Splgeend™ 170 Placiliouare 94 V) 1790¢170 SBaF Classe 11, aso | g9 | 307 | 308 | 3w’ <), (61
i Siflones {Girau B2) oPL
Sylgard” 170 Elstimend de 94V- 170/170 NA NA s30 | 209 | 297 | 290 | Lane® 0,001
Silone de Cura Rapala
o W
Dherwr Cooreing 060811 94 Vel 170/170 NA NA 19,7 | 304 | 302 | 95w™ | 00055 | <000
A & B Encapsulante
Syfygared™ 142 Elsitimen 94V-1 1300130 Tipe LI, se | 21,2 [ 265 | 265 | 120" | o005 | <0,0m
de Silicone oL
B rl .- &
Sylgend 154 Elestbosto a4 V-1 1300130 Tipo LOPL | sS40 | 21,2 | 265 | 265 | 1,20 ), (61
de Siheane
Splgnd ™ 186 Elestimera 94 Hi 14041400 NA MA a0 27 | 293 | 287 | Law™ | ooz | <nom
de Sihoane
Daw Corming™ 36121
e b MA MA MA MA a5 | 183 | 2@ | 2@ | 14xw0® | om | nom
Elbsitdmero Encapsulanie
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TPU

PRODUCT DATA
a I_O AVALON® 65 AB

Thermoplastic Polyurethane

INTRODUCTION HEALTH AND SAFETY ADVICE

AVALOM 85 AB is a general purpose polyester based Before undertaking any fnals with this product it is

thermoplastic polyurethane for injection moulding. essential that all personnel are aware of the necessary
precautions that must be taken_ These are detaled in the

AVALOM 85 AB is part of the AVALON Soft Range and relevant Safety Data Sheet that will be prowided by

affers a premium soling material for casual, sport and Hunt=man Polyurethanes.

protective footwear.

The features offered includa :

s Durability

n  Excellent surface definition

= Abrasion resistance

n  Slip resistance FPOLYMER SELECTION

m  Phthalate free Before selecting this product it is necessary that the user

ensures its perforrmance will meet all operational and end
use requirements. Having safisfied these requirements,
shoulkd changes be contemplated i method of
applicaion, materials, service conditons or any other
change that could affect the ulimate performance of the

. . ; end product, then further tests and tnals should be
- (1N ]
Takle 1: Typical Physical Properties ed out
Property Method Unit  Valve For assistance with particular problems and applications,
Density DM 53478 glem® 118 please contact the AVALON TPU Techmical Senvice
Deparment.
Hardness, Shore A DiIM 53505 A &7
Hardness, Shore D DIM 53505 (] -
Tensle Strength DM 53504 MPa i
Hlongation at Break DN 53504 % 700
PACHKAGING & STORAGE
100% Modulus DM 53504 MPa 25 AVALON TPU i ed in 25 kg moisture
300% Modulus. DIM 53504 MPa 5 sacks, 40 per pallet and shrink wrapped.
Tear Strength (Angle) DIN 53515 kM'm 40
Compression Set @ 27°C DiIM 53517 o i) AVALON Themoplastic Polyurethanes may be stored fior
24 months from the date of mamufacture, sealed in the
Abrasion Resistance DiIM 53516 mim < manufacturers criginal packaging.
Rioss Flex @@ -10°C BS 5131 keoydes 100
3 Test plates conditioned 30 howrs at 100°C before testing.
e — —
Issued on: 28-Nav-05 Page 1af 2 u 5
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A6. Datasheet of the micro/nanosize particles

Clay Particles

Datasheet SUD-CHEMIE

Craating Performance Technology ‘ﬂ“""'

Nanofi |'E' Active nanofillers for polymer
5 applications

Composition: organic modified nanodispers layered silicate
Chemical
functionality: long chain hydrocarbon
Typical i
technical data: Product form: powder
Colour: creme
Specific weight: approx. 1,8 gfcm?®
Bulk density: 150 g/l
Medium particle size: 8 pym

Primary particle size
after complete dispersion: 100 - 500 nm x 1nm

Moisture content: =3 %
Loss on ignition: approx. 35 %

AN Information given In this technical Information cannot be guarantesd. Varlations from the
Indlcatiens menflonsd above are possibla becauss of the partlcular production faciitiss.

Sdg-Chemie A0, Business Uinit Plastic Addiiwes 23003
Otenrisdersiraie 15, O-55355 Mooshury, Teiephone +45-8751-82-325, Telefaw +45-8761-82-335
emal: piashc-addthes Jeued-chemie.de
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Silica Particles

degussa.

creating essentials

Product Information

»AEROSIL" 200

Hydrophilic Fumed Silica
AEROSIL® 200 i5 a drophiic fumed silica with 0 specific surface areq of 200 maa.

Applications and Properties Physico-chemical Data
Frivperties Limit Typical Value
Applications Specific surface area (BET) mg 200+ 25
= Painis and coatings
+ Unsaturated polyestar resins, Average primary particle skze nim 12
laminating resins and gel coates Ta fopproe. winhe) arc. prox
* HTV- and RTV-2K-silicone rubber mmﬁm: 1 Aug. 1583 ¥ ap »
« Adhesiees and saalants Moistura *
"F"l'il'ltil'lg inks Zhours ot 105 1T wi% =13
» Cabie comipownds and cabal gets Ignition loss, 2 hours ot 1000 T, based | 4 o < 1.0
+ Plant protection o maierial dried for 2 houwrs ot 105 °C
» Food and cosmeti
and cosmetics r;-"-lm - 317-47
S0 -comtent
Properties . P , il wi =008
"R and thisotropy contral o it Tk B ol
of liquid systems, bindears, PR ——
palymers, etc.
» Used as anti-setifing, thickening and
anti-sagging agent

» Reinforcement of HTV- and
RTV-2K-silicone rubber

« Improwamient of free fiow
and anticaking characteristics
of poreedars

W
AEROSIL® 200 / Sapt 04 www_aarcsil com lmnl

I mwented o impeove
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A7. Datasheet of the inks
P3HT

SIGMA-ALDRICH

Product Information

Poly(thiophene-3-{2-{2-methoxyethoxy)ethoxy]-
2 5-diyl), sulfonated solutions

Catalog Mumbers 699799 and 699780
Store at Room Temperature
Technical Bulletin AL-251

L el fwerun B boz o8 Leda ks
[ E{ I N B PR | ST B RN I W1 L b
arral sl i Lo Gy sl i em

TECHNICAL BULLETIN

CAS RN 1003582-37-3
Synonyms: Plexcore® OC RG-1100 and OC RG-1200

Product Description
Poly(thiophene-3-{2-(2-methoxyethoxy jethoouy]-2, 5-diyl).
sulfonated solutions are organic conductive inks
designed for spin coating applications. However, they
have also been evaluated and may be used in
conjunciion with other film deposition technigques such
as ink jet printing, slot-die, and gravure.

The inks are typically used as a hole injection layer
(HIL) in organic light emitting diode (OLED) devices for
lightimg and display applications, and as the hole
transpaort layer (HTL) in organic photowodtaic (OPW)
devices. In addition, these inks can be used in other
devices, for example organic photo-detectors, smart
labels, and field effect transistors.

Two different solutions are offered (Catalog Mumbers
20700 and G99780) with the following properties:

Hole injection is the phemomenon of a positive charge
(hode) being transfermed from an electrode infto a
semiconducting layer within a device. The inks enable
hole injection between the electrode and the
neighboring semiconducting layer by reducing the
energy bamiers betweean the electrode and the
semiconducting layer.

Improved hole injection implies the capability to
modulate it depending on the requirement for charge
balance within the device. This impacts OLED
performance by improving the lifetime of the device. In
addition, the effective reduction of energetic bamiers. at
interfaces enables lower operating voltage of the
OLED.

The sulfonated polythiophene inks have lower acidity
compared to conventional hole injection layer (HIL)
materials and formn dried film which are less
hygroscopic than conventional HIL materials.

Figure 1.
Plexcore OC RG-1100 — Optical Transmission

Catalog Number | Catalog Mumber ;
Property 699799 £99780 (100 nm film thickness)
5 Plexcore Flexcore 100
yranyT OC RG-1100 OC RG-1200 e e T ———
7% in 7% in ethylens = 2
Solvent 1.2-propanedicl’ | ghycol monobutyl 0
isopropancliwater | ethenwater (3:2) 75
Resistivity 25-250 D-em 500-32,000 £-cm '! ;
i . T-13cP 4-10 cP 1]
ISC0Sity {Brockfield) {Brookfield) 55
=0
Assay Z08.898% (frace metal basis) 400 450 SO0 550 &0 &S0 YOO TS0 BOO
Work Waslengih nm|
Funch 1152 eV
pH 22-28
Density 0.85 g/mL (25 °C)
Surface
Tensi 35-38 dynesicm
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PEDOT

rﬂaCcn

ORGACON™ Transparent Conductive Inkjet Ink: U-1005

Orgacon inkjet inks are highly transparent conductive inks based on conductive palymer PEDOT/PSS.
1J-1005 was tested with different piezo inkjet platforms such as Microdrop, Dimatix DMP-2800, Spectra
Galaxy 30

Typical Applications
+ capacitive touch pads
* membrane switches
« smart packaging
= printed sensors
= OPY HIL
Physical Propertles
«  Solid comtent: 0.8 wth
= Viscosity: 7 -12 mPas
+ Surface tension: 31 - 34 mN/m
= pH: 15-25
= Surface Resistance: 800 Ohm/square, 967 VLT excl. substrate (Dimatix DMP-2831 test)
= Shelf Life: & moniths in storage conditions
Storage
+ Store the product between 5°C and 25 °C
Health and Safety
*  See Material Safety Data Sheet
Jetting Orgacon ink

+ Degassing ink sample before use

+ Filtering before use is not recommended due to possible air entrapment but can be performed with
a syringe filter (0.2 pm) or glass fiber filter (0.4 pm)

+ Contact us for more recommendations on a specific platform

AGFA ©
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Ag

Applied Nanotech, Inc.

A subsidiary qf APFLIED MAMOTECH HOLDINGE, THC.

3006 Lonacok BLvn, SurTe 107 Aisw, TR TR
PrciE (312) 335-5020+ Fax (512)335-5021 + wws aPFLIEDHANOTECH MET

Ag1J10

Nmnasilver Ink

AMI's Az N0 is a silver nanoparticle ink that can be thermally sintered to high conductivity
at low temperature. Additional photosinfering can further lower the resistivity. The low processing
temnperatures (100-150°C) allow for applications in printed electronies using low cost flexible
polymer substrates such as PET. The small sizes of the nanoparticles and uniform dispersion in
Ag-T10 make it suitable for printing using inkjet technologies.

Typical properties
Part number AglJ0
Particle Size 3-10 nm
Resistivity 10-50 pO-cm*
Solid Content 45 wilh
Viscosity 4-5 P+
Swurface Tension 28-35 mMNim
Solvent Organic

* Dependent on sintering temperatore and time- higher temperature and longer sintering time  results in lower resistivity

=nd better adhesion to the subsirate.
** Meacured at 100rpm and 25°%C with Brookfield VLDWV-IH+PROMTLA viscometes

I USA amvm Eumore +1 (512) 3305020 PracE InAma +81-3-5214-6144 rraomiE
+1(512) 3305021 Fax +B1-3-5214-6148 Fax
Al ESEIAPPLIEDRMANOTECH.NET MATT{EHIFTY.C0M
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Applied Nanotech, Inc.

A subsidiary qf APPLIED MAMDTECH HOLDINGS, THC.

3006 Lok BLvn, SurTe 107 AusTw, T 78758
PHOHE (512) 335-5020 Fax (512)335-5021 + Wws_AFFLIEDHANOTECH HET

Application Notes:
Ag-1J10 Nanesilver Ink
Description
ANI's Ag-IT10 is a silver nanoparticle mk suitshle P['Mgsg_]]_g Procedures
for drop on demand primting highly conductive lines Pre-procéssing
and patterns for spplications in the primed # The Ag-IT10 ink requires ultrasomic agitation
electronics indostry. Ap-ITI0 ink can be thermslly m]ﬁu‘gm_

Storage and Shelf Life
AzTIT10 ink should be stored in a tightly sealed
leak-proof contxiner st 3-10°C. Storage in fieezers is
not recommended Az-IT10 may be stored for up to 3
months,

Safety and Handling

« Wash hands thoroughly afier handling
« Epep the ink contsiner closed when not in use to

responsibility as to the acomacy of this information for
this prodoct for any wse or for any comsequence of s
e Users assume all risk of handing, whether or oot
in accordance with ay sttements of recommendation
af Applisd Nanotech, Inc.

« Afier somication, the ink should be filtered by
using a 045 micromeder pore size glass fiber

Pring

« Printing has been demonstrated using inkjet

and wire rod drawdosn. Conditions will vary
hased om techmique and substrate.

Drying

ePrinted imk cam be air doed = mom
temperature for 30 min, or doed at 100°C for
10 min in ambient smosphere

S
« Az ITI0 will reach the minimmm resistvity
after 30 min at 150°C
« Coring the printed sample in comvection oven
is recomemended

Claam-ugy

« Follow appropriate cleaming procedures for
equipment uwsed to dispense Ag-IT10 ink.
Excess ink can be removed with ethanol, IPA
Or acefone.

ITUSA avm Eumore +1 (512) 33050020 ProwE
+1(51) 330-5021 Fax

AL ESEAFPLIETRANOTECH.NET

InfAma +81-3-3214-6144 prowE
+B1-3-5214-6148 Fax
M4 TT{EHIFTY.O0M
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A8. Characterization Kit and Comparison Chart

TQC Cross Cut Adhesion Test - CC2000 Datasheet
SP1690, SP1691, SP1692, SP1699, SP1700

Product deacription = The TQC Cross Cut Adhesion Test KIT (CC2000) is used to test the adhesion of dry coats of panton
their substrate by means of a series of cuts through the coating. Two seres of paralel cuts cross angled
10 each other to oktain a pattem of 25 or 100 similar squares. The ruled area is evaluated by using a
table chart after a short treatment with a stiff beush, or adhesive tape for hard substrates.

Standards ISO/DIN 2409, ASTM D3359

Application area’s Coating/Pant ndustry, Galvanise, Automotive, Laboratory, Painters, Shipping Industry, Steel Protection,
Wood

Features Self-adjusting knife-holder ensures equal pressure on the cutling knife
Ergonomically shaped handle

Easy fo change cutting knife, mo extra key nesded

Wide range of knife sizes available for different coating thicknesses
and substrates and according to different standards.

Standard delivery Croas Cut Adhesion Teatsr acc. to DIN-ISO, 6 testh
SP1680 TQC Cross-cut adhesion tast kit CC2000, incl. blade 1mm
SP1621 TQC Cross-cut adhesion test kit CC2000, indl. blade 2 mm
SP1692 TQC Cross-cut adhesion test kit CC2000, incl. blade 3 mm.

Crosa cut Adhesion Teater acc. To ASTM, 11 testh
SP1699 TQC Cross-cut adhesion test kit CC2000, incl. blade 1 mm.
SP1700 TQC Cross-cut adhesion test kit CC2000, incl. blade 1,5 mm.

The test kit contains a soft grip handle, a hardened steel cutier (fype may vary, see above), 3 nyfon
brush, an iluminated magnifier and adhesive fape (adhesion to stee! 4 3N/om).

Optional itsma SP3007 Adhesion tape, snge rol, adhesion to stzel 4.3 Nlcm
SP3010 Adhesion tape, st of 3 rolls, adhesion 1o stee! £.3 Niem
SP3020 Adhesion tape, snge rol, adhesion to steel 7.6 Nlcm

SP1710 Nylon Brush for Cross Cut Adhesion Test
SP9700 Lighted Magnifier 2.5x
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SP1702 Teeth distance 1 mm
SP1703 Teeth distance 2 mm
SP1704 Teeth distance 3 mm

Spare TQC knife acc. to ASTM
SP1705 Testh distance: 1 mm
SP1708 Testh distance: 1,5 mm

Comparison Chart
Classi- Description Appearance of surfacs of
fication crosa-cuf area from which
flaking has occurad
{Example fior six parallel cuts)
0 The edges of the cuts are completely smooth; none of the

sguares of the [aftice is detached.

intersections of the cuts. A cross-cut area significantly greater
tham 5%, but not significantly greater then 15%, |5 affected.

1 Detachment of small flakes of the coafing at the intersections | - - - - -
of the cuts. A cross-cut area not significantly greater than 5% T
i5 affected. 1

2 The coafing has flaked along the edges andior at the ettty

b+ & &g
LK O
L

b s ]

SR .

3 The coafing has flaked along the edges of the cuts partly or
wholly in large ribbons, and'or it has flaked partly or wholly on
different parts of the squares. A cross-Cut area significantly
greater than 15%, but not significantly greater than 35%, is
affected.

rr: 1
F}’&
r L]
LR = 2

b FIEE )

4 The coafing has flaked along the edges of the cuts in large
ribbons andior same squares have detached parily or wholly.
A cross-cut area significantly greater than 35%, but not
significantly greater than 65%, is affected.

5 Any degres of flaking that cannot even be classified by
classification 4.

B
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A9. Adhesive datasheet

Eurohond

Registered J . ADHESIVES LIMITED
EXCLUSIVE DISTRIBUTORS OF Soaham Drtve, Eurdlink Ndustta Sstate
REINHARDT-TECHHIK Singboums, Kent, MED 3RY
M32nIn2s for the application of 3dnesives & sealants Tal 01705 437686 Fax 1735 470585
PANACOL ELOSOL Emall S3le5eyrotond-FNeslves, co Uk
Adheslve systems WWeb s surban-adhesives. oo uk

Technical Data - ELECOLIT 414

ELECOLIT 414 is a polyester - based, electrically conductive ink, coating and adhesive suitable for application
by stamping, screen printing, dipping and syringe dispensing.

ELECOLIT 414 is formulated to provide exceptional conductivity when cured at low temperatures.  Unlike
conventonal conductive matenals, this product is very resistant to flexing and creasing. Some applications for
ELECOLIT 414 include, but are not limited to, EMIYRFI shielding of polyimide flexible circuits, polymer thick film
circuitry, membrans switches, electrical attachments for surface mounted devices and anocde coatings for
tantalum capacitors.

TYPICAL CURED PROPERTIES

Consistency Smooth Pasts
Filler Silver

Percent Silver, Cured 87

Crease Resistance Excellent
Yolume Resistivity (ohm-cm) (T0°C) 0.00005

Sheet Resistivity(ohmisgimil) (70°C) 0.02

Solderable NOC

Hydrobytic Stability Excellent

Useful Temperature Range -B5C to + 200°C
Themial Stability Good to 325°C

SUGGESTED HANDLING AND CURING

ELECOLIT 414 is ready to use as supplied. Further thinning may be accomplished by adding amall amounts of
Buthyl Cellosolve Acetate. Prior to using, be certain to re-suspend silver by thorough mixing. Best properties for
most applications, result when cured for several minutes at 125°C to 150%C. Good properties are obtained on a
variety of substrates by dry and euring for 15 minutes at 70°C. End user iz advised to experimentally determine
temperature and time kest suited for individual applications.

STORAGE
Shelf Life: § menths at 25°C, or @ months at 5°C, or 12 months at -10°C

SAFETY AND HANDLING

Use with adequate ventilation. Keep away from sparks and open flames. Avoid prolonged contact with skin and
breathing of vapours. Wash with soap and water to remove from skin. 141298
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A10. Pressure Chamber accessories

Technalogies far Sersars |edicabers and Syslems Forre | Pressune | Temperaiure | Ewich tec@

Pressure sensors for industrial applications

Model P3297

Micn Bnsarky 0.6% {opdion 0.26%)

Eardard outpart 4__F) mA; Zomire

0...5 VIS, 3-wriins
0.9 VDT, 3-wire

or 0.6. 4.6 VDG; 3-wire

or 0.6.. 4.5 VDT ratlomebrio

Descriplion

Robu=iress ard ong-iem sty during operabion
are e sirengis of this compact pressare sensor
for peneral indusiial applications.

The maderial and fechnologies wsed make Fese
SEaOs Sullsble for appicabors Wit Sppersshe
media Wekdsd conmeciions Defwesn pressune ozl
and proCess conmechion reguiee no osealng
clements amd make the mexsuing  sysEm
pariculardy reskstant o mechanical shock and
vbradon. The compad design makes Fese
SEPESONS Interestng for mooen oritical appllcatons.

A wide voriefy of dedrical corredions and
pressure ports smplies he adaptaton io et
appdcaiions. The pressune sensor s ini=mationaly
cerified and resdy for giobal deployment.

The prEssune Sarsors comply with elsciromagnetic
compatbl By requirerments (EMC) as per EM S1338.

¢ 198

K Us

LISTED

Features

[ I T i T Y B Y

Meszsuring range from 0.1 B o 0. 600 bar
Measdum weted parts of stainless shes]

Higihi EMN-prodexchion acconding io EM &1 326
Compasct Instrument size

Mo Ink=mal sealng =ements

Higihly ressisianoe to shock and vibmton

For dyrasmic of Siatic meXsunements

Measuring range

Couge pressure 0.1 bar by 0._.8500 tar

-1...0barte-1...+24 bar

Applications

Hydraulcs and preurabcs
Fumps and Coepres sors

Buliding automation

Test stamd corestructon

Machine and apparaius consTuchon
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Technical Data

Migizes]

PRIET

TS e by

positve and regabve gaugs presours
absolul pressure on equest

- Measuring range [bar]

[O...1 bar o 0...500 bar
-1_0 bar by -1...+24 bar

- priemange Imik [oar] ¥z
- barst pressure [bar] 4=
Sencor shEmend plerresictiee o 0.6 bar, thim i as of 0,10 b
Uil shanal 4. 2 mA 2- wine
0.5 Wiz 2w
1...EVDE 2w
0. 90 VD 3- e
0.5 4.5 VD - mine
0.5 4.5 VDT ratiometric
on linearty ™ <« 5% of F.E_; opbonc 0.25% of F.3.
Accuracy © < 1)0% of F.5; optionc 0L8% of F.3.
Hyshenesis %= Li6% of F.&
ton repeatabilEy %« 1% of F.B
SablEy anresl 4 0.7% of F.E. by n=ference condibions)
Ao esriay
CasE sianiess sheel 6L
medum wefed pars staniess shesl FHEL (oo 0. 10 bar ned. 13-59H)
Fressune Conmection @ 1M acoonding io DM 3B52-E

3 14 acoonding bo EN B3T

@ 12 acoording fo EN B37

1id MPT

12 NPT

phher pressune oonnschion on eguest

Elecirical connecdon

cormeCior DN B4 17=301-803 Form A with junction box (P 65])
pormecior DIN B4 17=301-803 Form S wiilh Junchom box {IF B5)
cirtular phag-in connechor BH2xd (4-pin) (IF &7]

cabie outiet 2m (IP ET]

phher piscinical Connecion on rEguest
Fower sunply 1 oad
400 md B...30 VD Rla 108 & (W [W] — 540 OLO2A
0..1.5v B...3 VDT Bl = Sk
0..10W 14,30 VD B > 10K
05 __45% B_.. 30D . =& Skl
a. 4.5 ratiometric ENDE = 105 R, =& 5k
Reponse Hme 4 dms within 10% o 90 of F 5.
ROHE-Confomancs b=
Approval stconding 1o cULus
CECOmiormanceE M IEEWG merference emission and iniefeenos resisance o EN 61 326

Imterferenoe emission ImE dass B
STIZ3ED pressue Jaups oodes

Ekecirical prodecHons

polarEy, oveneoibage amd shor-cicul profesciion

Temperature imflusmoe

< 1% bp. < 2.5% maxn ramge 0_..BO0"C

swck (rechanical)
vibrabon (urder FESonance |

Temperalure Rnges
compansaled ranges 0..80°C
ot pi ] -20..80°C {Cption: -30..100°C)
meda 0. 207G [(Oplon: -30.. 100"
ambient 0.0 C (Opfon: -30.. 100"
Load capadty

ED0g acx. o IEC 60085-2-27
10g acc. o IEC 60065-2-6

iieight

approy. E0g

T pgeswvliing e 150 81382

“Viredueding font i feind By, mlerasis | fof i o beld WYy, v alcn of 2o ot aod Piske webon (B el o adie eossiding e |50 1302

B B oplisf arasiesy 005% e slgnal 0. 5V B ey 0 8%
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Appendix

Dimension (mm)
Case

connector acconding to DIM

connechor according to DI

EM 175301 - 802 Form A EM 175301 — B0 Form C
k. =

S T—

clTping meps

e

Pressure connections
G128

G14B
. . |
G| == — #itaz
L LT

i ’
" 5 ™ .
B 4B
G 1/4 A DIM 3852-E 2 NPT

L=
| -
Ll
gt YINPT | =
=
#1890 ™
i
R 3B R 14
n | m
|
y G
R34
Ban M m
e H
o £ -
-]

circular plug-n connechor
W 21

1t
3 A

1T

IBB

11

1788

nink.§

14 NPT

14T

Bt

_-|
ny

Tl
"ins

Cable outlet

f
|==ES

G 12 DIM 3852-E

r B

Tl

14

B 5
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Appendix

Electrical connector

Two-wire system
Connector according to DIN EM 175301-803 Form A with Connector according to DIN EN 175301-803 Form C
junction box with juniction boc
B 5+ m— N
oyt _.|";>
S  _ -=\I
)
1 5
ee ) &7
+ + T
@ J VIS @ _ /=
Circular plugHn connector Mi2xi Cable outlet
_é'_:]_l_ B/ 5= _E;j'l' LT S _—
WIS e
A= )]
\YAV S
Thiree-wire system
Connector according to DIN EM 175301-303 Form & with Connector aceonding to DN EN 175301-803 Form ©
junction box with junction box
F—8 — T} —E
£ £
L | L r/f"
5'- Tulm
_T@I |
r/
"{i’ _ _ Vs
Cable cutlet
+ | M prown

S+ biack

@i 0V e
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A.11. List of Publications

International Journals Publications

S. Cruz, L. A. Rocha, J. C. Viana, “Novel Surface Treatment for Polymeric Substrates”,

2015 (Submitted for publication).

S. Cruz, D. Dias, J. C. Viana, L. A. Rocha, “Ink-Jet Printed Pressure Sensing Platform
for Postural Imbalance Monitoring”, IEEE Sensors Journal Special Issue on “Printable

Sensors and Systems”(Submitted for publication, under review).

Proceedings of International Conferences with acceptance based on

full paper submission

S. Cruz, D. Dias, J. C. Viana, L. A. Rocha, “Real Time Sensing Device For Health
Monitoring”, IEEE MeMeA 2014 - International Symposium on Medical Measurements
and Applications, 11-12 June, 2014, Lisbon, Portugal.

S. Cruz, D. Dias, J. C. Viana and L. A. Rocha, “Flexible Pressure Mapping Platform for
Mobility Monitoring Applications”, PhyCS 2014 International conferences on
Physiological computing Systems, 7-9 January, 2014, Lisbon, Portugal.

S. Cruz, N. J. Vieira, J. C. Viana and L. A. Rocha, “Low Cost Pressure Mapping
Platform for Mobility”, 12MTC 2013 IEEE international Instrumentation and
Measurement Technology Conference, 6-9 May, 2013, Minneapolis, USA.

Posters

Cruz S, Viana JC, Rocha LA. Inkjet printing technologies for active polymeric
materials. IV Annual Meeting I3N, March 9-10, 2012, Quiaios, Portugal.
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