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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).  
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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. 
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Resumo 

‘Tecnologia de Impressão a Jato de Tinta para Sensores de Pressão Flexíveis’ 

As tintas condutoras têm propriedades extraordinárias. A impressão de padrões com tintas 

condutoras na superfície de polímeros atribui-lhes novas propriedades e funcionalidades, 

tornando-os ideais para diversas áreas de aplicação. Estas tintas impressas em substratos 

poliméricos podem ser incorporados num sistema para realizar uma dada função, i.e., a sua 

resistividade elétrica muda em resposta à deformação exercida. 

O uso da eletrônica impressa na fabricação de sensores de pressão flexíveis tem particular 

interesse. A tecnologia de sensores de pressão flexíveis permite maior precisão de leitura e 

maiores áreas de contato graças à sua capacidade para dobrar/enrolar, quando comparados aos 

materiais tradicionalmente utilizados. No entanto, estes sensores continuam a ser incipientes e 

inacessíveis a população em geral. Desenvolver um sensor inteligente e eficiente, capaz de 

integrar ambientes complexos, com propriedades, de tamanho ainda mais reduzido, leves e 

robustos, deformáveis e com elasticidade, com rápida resposta, e que não sacrifique a liberdade de 

movimentos, economicamente atrativos e adequados para produção à escala industrial é essencial. 

A tecnologia de impressão a Jato de Tinta evoluiu de tal forma que deixou de ser conhecida 

apenas como uma ferramenta de produção na indústria do papel e de jornais e, tornou-se uma das 

tecnologias mais importantes na eletrônica flexível e na impressão de substratos poliméricos, bem 

como um tópico pesquisa científico. Nos últimos anos, esta tecnologia atraiu a atenção da 

comunidade industrial principalmente devido a uma série de características que a torna num 

argumento convincente como uma alternativa interessante as tecnologias convencionais para a 

eletrônica impressa.  

No entanto, são muitos os desafios do uso de impressão direta. A maioria dos polímeros são 

hidrofóbicos, apresentando uma baixa energia de superficial. Por esta razão são difíceis de aderir a 

outros materiais. Um novo tratamento da superfície foi desenvolvido para os substratos 

poliméricos, a fim de aumentar as suas energias de superfície. Na superfície do substrato de 

termoplástico poliuretano (TPU) com o novo tratamento de superfície, tintas condutoras foram 

impressas e melhorias significativas na capacidade de impressão foram observados. 

Ainda assim, a obtenção a geometria especial da estrutura impressa, condutividade elétrica, 

resolução de impressão e durabilidade, exigiu estudo, e dependendo dos materiais envolvidos, um 

know-how específico é necessário. Será um compromisso entre vários critérios de forma a 

selecionar o substrato e a tinta condutora ideal para obter a performance desejada do sensor 

(atingir as caraterísticas desejadas do sensor como a resolução e largura de banda).  
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O foco deste trabalho reside no desenvolvimento de uma nova geração de sensores de pressão 

flexíveis com bom desempenho e baixo custo. O estudo focou-se no ponto de vista da ciência dos 

materiais (aplicação seletiva de materiais comercialmente disponíveis e compatíveis, ou definir 

alternativas viáveis), utilizando uma impressora jato de tinta com sistema Drop-on-Demand com 

uma cabeça de impressão piezoelétrica para processar os materiais, e explorar o seu potencial para 

ser integrado em aplicações eletrônicas. 

Foram estudadas três tintas com características diferentes. Após a definição dos parâmetros de 

impressão a jacto de tinta de acordo com a tinta e o substrato, o sistema impresso foi caracterizado 

para uma avaliação da resolução de impressão, adesão da tinta ao substrato, e das propriedades 

eletromecânicas. 

O design, fabricação e resultados experimentais de um sensor de pressão flexível e sua 

interface eletrônica de leitura também foram aqui apresentados. O sensor de pressão flexível 

desenvolvido para monitorização do desequilíbrio postural consiste numa matriz de sensores 

capacitivos de pressão flexíveis, no intervalo milímetro, e, usa um processo de fabrico simples 

(permitindo uma densidade razoável de sensores na zona ativa). Assim, é possível conseguir bons 

resultados de desempenho (comparáveis às soluções existentes na indústria), com a 

particularidade de oferecer uma alternativa economicamente viável, permitindo o seu uso em 

atividades de reabilitação. Os primeiros resultados obtidos são muito promissores e encorajadores. 

A plataforma de pressão desenvolvida pode ser produzida com sucesso por impressão a jato de 

tinta e demonstrou ser totalmente funcional. 
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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]. 

 

Figure 1.2 - The market in 2013 for printed Flexible sensors 

(Adapted from: IDtechEx webseminar 2013). 

$ 
$1.000       $million      $billion 
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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 (OLEDs), 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 techniques (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:  

 With reading and resolution accuracy;  

 Capable of making field readings in real time; 

 Capable of static and dynamic measurement in the whole range of movement: 
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 Cost-effective: high performance with low cost. 

 

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: 

 Development of a printed pattern with transducer properties for use in the pressure 

sensor array. 

 Characterization and modelling of the response of the pressure sensor array to all 

pressure signals.  

 Demonstration of the sensor's ability to mobility monitoring. 

 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); 
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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. 
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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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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. 

Chapter 2 
Chapter 2.  
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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]. 

 

   

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. 

Substrate 

Ink 
Screen Mesh 

Squeegee 

Screen frame 
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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 µm [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.  

  

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]. 

 

 

 

a) b) c) 
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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 µm. 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]. 

 

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 µm 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 µm and 269±7 µm 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 µm.  

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 µm [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.  

 

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

µm 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 Identification (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 (µCP) [2.26], replica molding (REM), micro transference molding (µTM), 

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 (µTM), (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 µm [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 (µTM), (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. 

 

Figure 2.12 - Schematic of the LIFT process (Adapted from [2.39]). 

 

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, 

a) 
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polymers, adhesives or biomaterials) is placed into an atomizer, where it aerosolizes in liquid 

particles (between 20 nm and 5 µm 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. 

 

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 μm 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].  

  

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 A1 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].  
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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 Elmqvist 

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 CIJ 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 (CIJ) 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 (CIJ) Mode Technology 

In the CIJ system, the formation and ejection of the droplet is continuous in all nozzles of the 

printer. In the traditional CIJ, 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]. 

 

Figure 2.19 - IPT processing scheme. This system uses both the binary deflection and 

multiple deflection systems. Adapted from [2.69]. 

CIJ 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 µm, with a standard size of 150 µm 

[2.70]. 

However, in the manufacture of electronic products, the CIJ 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 CIJ. The DoD technology works with a Computer-aided-

design (CAD) image file, high speed, scalability and high frequency multiple nozzles. The 



Overview on Printing Technology for Printed Electronics 2 

 

33 

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]. 

 
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. 

 

Figure 2.21– DoD system – Electrostatic method. Adapted from [2.65]. 

Electrode 
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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. 

 

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

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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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 CIJ, 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]: 

 

𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=



√𝐷
     Equation 2.1 

where,  is the viscosity,  is the density and  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 =
𝑉𝐷


     Equation 2.2 
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𝑊𝑒 =
𝑉2𝐷


     Equation 2.3 

where, V is the fluid velocity. The inverse of Ohnesorge number: Z = Oh-1 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. 

 

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. 

a) 

b) 
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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. If the 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 

a) 

b) 

c) 

d) 

e) 
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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  

a. 

b. 

c. 

d. 

e. 

f. 
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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*1/2, 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*1/10 [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-2/5, depending on the roughness of the surface R ((roughness amplitude)/ D). Cossali 

reported [2.87] that splashing occurs if: 

K > 649 + 3:76R-0.63     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 (PI) [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 µm 3-60 µm 8 m/s 

Inkjet 1 μm or less* [2.120][2.121]  0.05-0.5 µm 2.5 m/s 

Flexography 20 µm 0.5-2 µm 5 m/s 

Gravure 15 µm 0.5-8 µm 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:  

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

 Conductive ink properties (chemical composition, rheological behaviour, the rate of 

solvent evaporation, etc.). 

 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. 

 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. 

 

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 90º indicates that the substrate is readily wetted by the test 

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

 

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

surface energy with a contact angle >90º. 

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 

a) b) 
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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 PI was treated with 

atmospheric plasma. The results revealed an increase in the strength of adhesion between the 

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

 

Figure 2.33 - Optical microscope photographs of PI film contact angle: a) without treatment. 

[contact angle: 46.2º]; b) after low pressure plasma treatment [contact angle: 14.5º] [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 mm2 to 1 cm2 [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).  

 

Figure 2.34 - Illustration of a capacitive pressure sensor based on the parallel arrangement. 

The capacitance is given by Equation 2.6: 

𝐶 =
𝜀0𝜀𝑟𝐴

𝑑
,    Equation 2.6 

where, 0 is the permittivity of the free space, r 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 PI, 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. Basiricó et al. [2.158] has propose a totally IPT flexible organic field effect transistors 

(OFETs) 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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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. 

Chapter 3

3 
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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 (PI) 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 Ω.cm at 200°C). It also has a good dimensional stability and chemical 

resistance. 

 

Figure 3.1 - Structure of poly-oxydiphenylene-pyromellitimide, "Kapton". 
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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 C10H8O4 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. 

 

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. 

 

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. 

 

 

a) b) 

http://en.wikipedia.org/wiki/File:Silicone-3D-vdW.png
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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]. 

 
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 ºC to 130 ºC 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 PI PET PDMS TPU 

Supplier DuPont DuPont Dow Corning® Huntsman 

Grade HN Kapton® Mylar® Sylgard® 184 Avalon 65AB 

Physical form Film Film Base+Cure 

agent 
Processed film 

Thickness (mm) 0.025 0.023 free* 1.5 

Density (g/cm3) 1.42 1.39 1.03 1.18 

Vol.Res.(.cm) 1.5x1017 1.0x1019 1.2x1014 3.0x1014 

Modulus (MPa) 2.5x103 4.1x103 1 7 

WorkTemp.(ºC) 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 Süd-

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. 

Name 
Average diameter 

of the primary 

particle size [µm] 

Average 

Agglomeration 

size [µm] 

Platelet 

thickness 

[nm] 

Bulk 

density 

[gl-1] 

Specific weight 

[g.cm-3] 
Intercalation 

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 (SiO2) particles detail technical specification. 

Name 

Average diameter 

of the primary 

particle size [nm] 

Average 

Agglomeration* 

size [nm] 

Specific surface 

area [m2g-1] 

Tapped density 

[gl-1] 

Behaviour 

toward water 

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 (OTFTs) [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]. 

 

     

          

 

                           

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.  

End group or 

second polymer 

chain 

End group or 

second polymer 

chain 

Side chain 
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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 H2O 

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 π-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 3,4-

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/cm3 

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 g/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].  

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 OrgaconTM IJ-1005 from Agfa is the trade name of the used PEDOT:PSS. Is a water 

(0.8% in H2O) 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.  

 

 

 

 

 

 

Figure 3.7 - Molecular structure of Poly (3,4-ethylenedioxythiophene)-poly 

(styrenesulfonate) [3.29]. 

http://www.sigmaaldrich.com/medium/structureimages/79/mfcd07371079.png
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Table 3.6 – OrgaconTM 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 H2O 

Electrical Resistivity(.m) 1x10-6 

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 400º 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 ºC and 148 ºC 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) ~0.5 to 34 mPa.s 

Particle size  < 100 nm 

Sintering temperature 130-300 ºC 

Surface Tension  28.5-34 mN/m 

Resistivity ~3.cm 

 

The Ag-IJ10 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 (100-150ºC) enable applications in printed electronics using low 

cost flexible polymer substrates. The small sizes of the nanoparticles and uniform dispersion 

in Ag-IJ10 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-IJ10 silver-based ink. 

Typical properties 

Particle Size 3-10 nm 

Resistivity 10-50 μΩ.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 25ºC with Brookfield VLDV-

II+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 80ºC for the generation of an elastomeric solid 

[3.59] (Figure 3.6). 
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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 190ºC. 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 (23ºC). All specimens 

were kept in a controlled temperature room (23ºC) for at least 3 weeks before performing 

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

 

Figure 3.9– Compression moulding procedure for TPU substrates fabrication. 

 

 

Piezoresistive 

measurements 
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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. 

 

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. 

 

 

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]. 
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Legend: 

1- Vacuum hose 

2- Ink supply syringe 

3- Ink inlet 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: 

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

 Surface Tension: 30 -35 mN/m; 

 Ultrasonic agitation  

 Filtering the fluids with a 0.45 µm 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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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 µm 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 µm [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). 

Legend: 

1- Motion Plate 

2- HOME position 

3- Zero position 
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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 (𝜇𝑚) =
25400

𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(𝑑𝑝𝑖)
   Equation 3.1  

Table 3.9 – Resolution setting according to rotation angle. 

Rotation Drop Spacing Resolution (DPI) 

0º 254 µm 100 DPI 

70º 84.67 µm 300 DPI 

80º 42.33 µm 600 DPI 

83º 28.22 µm 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:  
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- 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: 

 Fill the ink supply syringe fully with ink; 

 Open both the inlet and outlet valves and draw through about half the volume of ink 

in the ink supply syringe into the 2nd (clear) syringe; 

 Close the inlet and outlet valve and refill the 1st syringe; 

 Close the 1st syringe and press the purge button to purge the printhead; 

 Close the inlet valve and open the outlet valve and push ink back into the printhead to 

purge in the reverse direction; 

 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 2nd 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 

 

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 µL 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  (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 ºC to 700 ºC with a heating rate of 10 ºC.min-1.  

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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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=23ºC) using a rectangular cantilever (Model: TESP da Bruker) and a scan speed of 1,001 

Hz. The AFM images were processed with Nanoscope III 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 

10x10µm. 
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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:  

𝑅𝑎 =
1

𝐿
∫ |𝑍(𝑥)|𝑑𝑥

𝐿

0
     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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𝑅𝐴 =
(𝑅𝐴1+𝑅𝐴2)

2
  and  𝑅𝐵 =

(𝑅𝐵1+𝑅𝐵2)

2
 

Figure 3.19 - Schematic representation of a Van der Pauw configuration used in the 

measurements of the two characteristics resistance RA and RB. 

 

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

RA and RB, 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−𝑅𝐵/𝑅𝑆 = 1    Equation 3.3 

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

 

 = 𝑅𝑆. 𝑑     Equation 3.4 

where d is the thickness of the sample. 

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

 =
1


      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 (I23) 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 ½ 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 I12, I43, I23 and I14 (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 

a) 
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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 23ºC and 55% RH). All samples were clamped in 

pneumatic grips with a crosshead speed of 7.5 mm.min-1 (nominated strain rate of 3x10-1 s-1), 

with a load cell of 1 kN and a gage length of 25 mm.  

 

Figure 3.21 – Standard (according to ISO527- 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 ½ 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. 



3 Materials and Methods 

 

102 

  
Figure 3.22 - Piezo-resistive measurements setup: a) metal grip isolation; b) IC Capture 

2.0 interface. 

Matlab software 

Agilent 

PC -Instron 

a) 

b) 
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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 

 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 H2O 

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 A7). 

 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 

36.04ºC till 75ºC (with 37.15% of the total weight loss) and between 75ºC till 126ºC (with 

49.26% of the total weight loss). The 1st. 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 120ºC and 126ºC.The 2nd step is 

believed to be related to the conductive polymer itself. No expressive weight loss was 

register between 126ºC to 350ºC. From this evaluation, one can concluded that the ink 

annealing temperature should be between 75ºC and 126ºC. 
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Figure 4.1 – P3HT mass loss analysis for optimal annealing temperature evaluation. 

 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, ΔST, 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) ΔST(mN/m) 

PI 39.32 1.32 

PET 43.31 5.31 

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  (ST = -24.77 mN/m and -5.51 mN/m, respectively). Also, the surface energy of 

PI 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 µm 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 µm (100 DPI), 84.67 µm (300 DPI), 42.33 µm 

(600 DPI) and 28.22 µm (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.  

 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 1st. 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 
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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. 

 

a) b) 

5 mm 1 mm 



Inkjet printing of the P3HT ink 4 

 

115 

 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 120ºC (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. 

  

Figure 4.4 - SEM images the substrate with CP after 15 min at 120ºC: a) fracture surface of 

TPU with CP; b) PET surface with CP. 

a) b) 

b) a) 
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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. 

 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 deposition. 

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.  

Polymer 

SP 
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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 ºC (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 µm 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, PI and PET. No satisfactory 

adhesion of the SP was achieved. 

  

Figure 4.7 - SEM images of SP-TPU: a) Top substrate surface b) Fractured surface; c) 

detail of Figure 4.7 b). 

a) b 

c) 
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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. 

 

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

image size is 10 µm x10 µm. 

 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. 

a) b) 

a) b) 
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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 ºC 

Head speed  60 mm/s 

Drop spacing 28.22 µm 

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. 

5mm 5mm 

a) b) 
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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 ºC 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. 
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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; c) 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 µm to 4.76 µm, 

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 

a) b) 

c) d) 

e) 
f) 
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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). 

  

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

topographic image (image size is 10 µm x10 µm). 

 

 

 

a) b) 

a) b) 
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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. 

 
 

 

Figure 4.14 – OM images of the printed 

substrate after the Cross-cut Tape test: a) 

remaining ink on the substrate; b) detail of 

Figure 4.14 a); and c) image of the remaining 

ink on the adhesion tape. 

a) b) 

c) 
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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 2.01x106 Ω/sq to 1.65x105 Ω/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. 

 

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:  

 The achieved optimized parameters for the inkjet printing of the polymer conductive 

ink; 

 Morphological characterization of the printed ink; 

 Thermal characterization of the printed ink; 

 The adhesion characterization of the printed ink; and  

 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: 

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

 increasing on the critical surface tension of the substrate (by 31 %). 
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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 2.01x106 Ω/sq to 1.65x105 

Ω/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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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.  

 

Chapter 5 
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5.1. Inkjet printing of the polymer conductive ink 

5.1.1. Material’s properties 

 Conductive ink 

Table 5.1 presents the summarized physical properties of the commercial grade of the ink used 

(PEDOT:PSS OrgaconTM IJ-1005). 

Table 5.1 – OrgaconTM 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 H2O 

Electrical Resistivity (.m) 1x10-6 

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). 

 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 ºC till 104 ºC (with 84.03% of the total 

weight loss) and between 104 ºC till 126ºC (with 5.531% of the total weight lost). The 1st 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 2nd which its believed to be related 

to the conductive polymer. The degradation of the ink occurs between 104 ºC and 130 ºC. No 

expressive weight loss was registed between 130 ºC to 400 ºC. From this evaluation, one can 

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

 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, ΔST, is summarized in Table 5.2. 

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

Substrate ST (mN/m) ΔST (mN/m) 

PI 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 

(ST = -20.77 mN/m and 1.51 mN/m, respectively). The surface energy of PI 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 

µm 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 µm 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 µm (100 DPI), 84.67 µm (300 DPI), 42.33 µm (600 DPI) and 28.22 µm (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.  

 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). 

5 mm 
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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 3 mm 

Substrate Temperature ± 80 ºC* 

Printhead Temperature 23 ºC 

Head speed  60 mm/s 

Drop spacing 28.22 µm 

Maximum Jetting Frequency range 50 kHz 

*80ºC 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 ºC. 

After printing, the samples were annealed at 80 ºC 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.  

5mm 5mm 

a) b) 
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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 µm 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 

e) f) 

a) b) 

c) d) 
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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. 

 

Figure 5.7 - AFM topographic image of the printed SP-TPU surface with six layers of 

PEDOT. The image size is 10 µm x10 µm. 

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); c) 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 103 Ω/sq to 1 x 104 Ω/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. 

 

a) 
b) 

c) 
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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 wasn´t affected by the 

presence of the polymer conductive ink.  

 

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 . 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.  

 

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:  

𝐺𝐹 =
𝑅−𝑅𝑜

𝑅𝑜

𝜀
 ,    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 

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

∆R

Ro
= GF ∙ ε,    Equation 5. 2 

A linear relationship between R/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 R/Ro and  is non-linear, reflecting a varying GF with strain level. 

To determine the GF, the curve was divided in three regions. The 1st region was considered in 

the lower strain range (<15%), a 2nd region between 15% - 40%, and the 3rd 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+, with being the Poisson’s Ratio, i.e., 

R would increase due to the decrease of cross-section area and increase of length of the 

PEDOT:PSS film). On the 2nd 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. 

 

Figure 5.14 – Curve profile of the PEDOT:PSS measured resistance changes during tensile 

mechanical tested, with an initial resistance (R0) of ± 295.85 . 

 

 

 

GF1 GF2 GF3 
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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 

Ω/sq to1 x 104 Ω/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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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-IJ10, 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-IJ10 silver-based ink physical properties [6.1].  

Typical properties 

Solvent Organic 

Solid Content 45 wt% 

Electrical Resistivity 10-50 μΩ-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 25ºC with 

Brookfield VLDV-II+PRO/ULA viscometer. Note: The tabulated 

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

 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 30ºC to 45ºC. The mass of the silver-based ink starts to decrease 

significantly around 130.36 ºC. 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 ºC, 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.  

 

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 ºC.min-1. Figure 6.2 shows 

TGA measurements vs. surface resistivity. Until 80 ºC no electrical resistivity change was 

registered. The resistance shows a sharp decrease around 100 ºC, where the surface resistivity 

(s) of the printed line decreases drastically form 2.1x1011  to 750 . 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  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 (s). 

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 (100ºC, 

130ºC, 150ºC and 200ºC) and the surface electrical resistivity measured every 10 min for 

evaluation of temperature and time influence. At 100 ºC a decrease of the surface resistivity, from 

1011  to 103 , is observed but this value remains even for long periods of time, indicating that 

at 100 ºC, time is not the determining factor for conductivity achievement, even for longer periods 

of time. At higher temperatures (from 130 ºC to 200 ºC), 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 ºC and 200 ºC of sintering 

temperature are not significant, which leads to the conclusion that 130 ºC 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 ºC. 

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 ºC. 

 

 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, ΔST, 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) ΔST (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 (ST = -14.77 mN/m and 4.49mN/m, 

respectively). A surface treatment is required. The surface energies of PI and PET substrates are 

good indicators of good wetting and homogeneous dispersion of the ink. 

1 m 
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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 µm 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 µm (100 DPI), 84.67 µm (300 DPI), 42.33 µm (600 DPI) and 28.22 µm (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.  

 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 µm (100 DPI) revealed to be 

insufficient to achieve a complete printing line. Decreasing the drop spacing (between 84.67 

µm and 28.22 µm) also lead to unsatisfactory results. With only 84.67 µm (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 PI substrates. 

 

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

spacing of 28.22 μm (900 DPI)) on a clean PI substrate. 

4 mm 
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Figure 6.6 - OM images of the sintered silver-based ink printed on a PI 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 µm (100 DPI) revealed to be insufficient to achieve 

a complete printing line. Decreasing the drop spacing (between 84.67 µm and 28.22 µm) 

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 µm (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 μm 

(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 µm was tested and its results are presented next. 

1000 m 1000 m 

a) b) 
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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 µm (100 DPI); b) flooding of one layer of the silver-based ink (with drop 

spacing of 28.22 μm (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 µm (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 ºC 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 ºC 

Head velocity  60 mm/s 

Drop spacing 84.67 µm  

Maximum jetting frequency range 50 kHz 

4 mm 4 mm 

a) b) 
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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 µm 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 µm) 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 µm. 

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 130ºC 

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. 

a) b) 
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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. 

  

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. 

1 m 

a) b) 

3 mm 2 mm 

a) b) 
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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 μm x10 μm. 

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. 

  
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. 

1000 m 

a) b) 

1000 m 

a) b) 
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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. 

  

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 ºC 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 ºC). 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. 

1000 m 

a) b) 

1000 m 



Inkjet printing of the Silver-based ink 6 

 

163 

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), α, 

between the silver-based ink layer and the TPU substrate. The CTE of silver is of 20 ppm/ºC [6.9] 

and the typical CTE for TPU is 153 ppm/ºC [6.10]). Therefore, the ΔCTE is around 127 ppm/ºC. 

The glass CTE is of 8.5 ppm/ºC, so the ΔCTE between glass and silver is much lower (ΔCTE is 

around -11.5 ppm/ºC), 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 ºC. 

For 150 ºC 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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Figure 6.16 - SEM image of the TPU printed substrate after sintering at 150ºC: 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 ºC 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 

a) 
b) 
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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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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. 

Chapter 7 
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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 mm2 to 10 x 10 mm2 [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.g., 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) 

Cause of death All ages Under 1 1-14 15-24 25-44 45-74 75-84 
85 and 

over 

Not 

stated 

Accidents 

(unitentional 

injuries):Falls 

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

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: 



Ink-Jet Printed Pressure Sensing Platform for Postural Imbalance Monitoring 7 

 

171 

 Higher sensitivities and better linearity; 

 Reasonable density of sensors in the active zone; 

 With reading and resolution accuracy; 

 Capable of making field readings in real time; 

 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 cm2. 

 

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 d0 at pressure P0. 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 w0. 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): 

       4 4 4 3 3

0 0 01 4.20 1.58outP P Et a w t w t    , Equation 7.1 

where υ is the Poisson’s ratio, E is the Young´s Modulus and ΔP=Pout- P0 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: 

       0, cos 2 cos 2w x y w x a y a       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): 

  0 0r c cC w l d  ,    Equation 7.3 
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where 0 is the permittivity of free space (8.8546x10-12 F/m), r is the relative permittivity, wc 

and lc are, respectively, the width and length of the capacitor electrodes (in this case 2a), and d0 

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: 

  
2 2

0 0
0 0

,
a a

rC d 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 (P0) inside the dielectric will change (from the ideal gas law, i i f fPV 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) 1.5 mm 

d0 (gap) 0.195 mm 

E (TPU Young’s Modulus) 7.5 MPa 

υ (TPU Poisson’s ratio) 0.5 

P0 (dielectric initial pressure) 100 kPa 

Dynamic range (Pout) 100 – 180 kPa 

C0 (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 ORGACONTM IJ-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.  

 

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 c) 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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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 µm thick with copper on both sides (35 µm 

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. 

a) b) 
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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  

(Σ-Δ) modulator. This low-power IC, 100 μA, 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 I2C 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. 

  

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). 

 

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, 

including cross-coupling capacitances (Cc). 

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 

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. 

 

Figure 7.14 - Experimental results and comparison with analytical model. 



Ink-Jet Printed Pressure Sensing Platform for Postural Imbalance Monitoring 7 

 

183 

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). 

 

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  = 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. 

 

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. 

 

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/√Hz√Hz 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 et al.[7.7]  Lee et al.[7.38] 

Sensitivity 12.5 %/N 6.8 %/N 3x10-3 %/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 

measurement 

Plantar pressure 

measurement 

Artificial skin for robot 

 

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  

(10Hz 

Bandwidth) 

0.008N Continuous 

(analogue) 

Continuous 

(analogue) 

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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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: 

 With high reading and resolution accuracy; 

 Capable of making field readings in real time; 

 Capable of static and dynamic measurement in the whole range of movement. 

 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 IJP 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,  

 increase 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. 
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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. 

                  Ink  

Substrate 
P3HT PEDOT:PSS Silver based 

PDMS NW & NA NW & NA W&NA 

PET NW & NA NW & NA NW & NA 

PI 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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A1. 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 

process. 

 

Figure A1.1 –Spin coating process. 

 

Substrate 

Direction of 

rotation  

Fluid 
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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. 

 

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. 

 

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]. 

 

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 II (1995), each one having 64 nozzles [1]. 
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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]. 

 

Figure A2.4 – Squeeze mode Piezoelectric DoD InkJet printhead [1]. 
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A3. Inkjet Printer information 
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A4. Datasheet of the used printhead 
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A5. Datasheet of the substrates 

Kapton 
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PET 
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TPU  
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A6. Datasheet of the micro/nanosize particles 

Clay Particles 
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Silica Particles 
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A7. Datasheet of the inks 

P3HT 
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A8. Characterization Kit and Comparison Chart 
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A9. Adhesive datasheet 
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A10. Pressure Chamber accessories  
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