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Abstract 

The main focus of this thesis work was to develop mass manufacturing com-
patible fabrication processes for flexible electronic devices, using paper either 
as an active layer or as a substrate. Combining common printing techniques 
with low temperature sintering processes was the key to develop and optimize 
the production of such simple devices on flexible substrates, mainly paper. The 
use of paper as a flexible substrate has highly attractive characteristics, being 
its low cost, wide availability and environmental friendliness, some of the 
more appealing. Together, they make paper substrates exceptionally interest-
ing for printed electronics, when compared with more traditional substrates, 
such as polymers. Nevertheless, functional printing of simple components or 
complex devices on paper is extremely challenging, mainly due to the porosity 
of the substrate or low heat resistance. Aditionally, commercial inks are devel-
oped mainly for non-porous substrates, as polymers, and need a specific range 
of sintering time and temperatures, to be functional. That makes them im-
mensely defiant to use in porous substrates or be compatible with mass manu-
facturing processes, where cost and speed are main restrictions in the indus-
try. In this thesis work, inkjet printing and sintering optimization parameters 
have been tuned in order to obtain good conductivity on various commercial 
paper substrates. Multicoated paper Lumi silk from StoraEnso was chosen as 
the optimal substrate for printed electronics. This was mainly because of its 
smoothness, which promoted good line uniformity, non-disruptive and less 
ink penetration into the substrate, without the need for additional coatings. 
More, this substrate was able to endure slightly higher sintering temperatures 
than the other paper substrates, for the same period of sintering time.  
The use of photonic sintering methods reduces drastically the sintering time, 
allowing a more localized heating, for a very short, sometimes almost 
instantaneous, period of time. Infrared sintering was then the sintering 
method of choice, allowing fast sintering of silver layers, under 10 minutes. It 
is compatible with roll-to-roll fabrication, enabling low-cost mass 
manufacturing of devices. We demonstrate various devices fabricated by inkjet 
printing techniques: an OFF/ON switch with semiconducting active layer, a 
capacitive humidity sensor with a response time of about 5 minutes, and a 
paper microfluidic device with conductivity detection for protein analysis.   
 

Keywords: photonic sintering, paper substrate, switch, humidity sensor, interdigita-
ted electrode, isoelectric focusing, paper microfluidics 
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1. Introduction 

1.1 Background 

Printed intelligence or printed functionality potential is on adding new func-
tionalities to common, everyday mass-manufactured consumer products. The 
main goal is the development and production of low-cost autonomous elec-
tronic devices, such as printed batteries (Smolander, M. (2012), Mahalaksh-
mi, M. (2014)) or electrical gas sensors (De Rooij, N. (2012)), as few examples 
on flexible printed devices, using continuous production methods, roll-to-roll 
(R2R) mass manufacturing fabrication methods, enabling high throughput 
fabrication, freedom of design and embedding value to everyday consumer 
products. Together, printing of functional inks and the use of flexible sub-
strates (De Rooij, N. (2012), Viikari, L. (2008), De Rooij, N. (2011)) enables 
cost efficient mass manufacturing for consumer applications and disposable 
devices.  
The idea of low cost functional flexible systems, using sensors, wearables and 
smart packaging that can be mass-produced, is attractive for many markets, 
such as in packaging, giving product integrity and authenticity (Rentrop, C. 
(2014)), food (I. Vanttaja (2013)), cosmetics and wellbeing (Mahalakshmi, M. 
(2014)) and environmental (E. Garcia-Breijo (2013)) devices, just to highlight 
a few. 

1.2 Motivation 

Printed electronics is not a substitute for traditional microfabrication techni-
ques, silicon-based electronics. It is a complement, developing specific applica-
tions for specific markets, with low-cost and high volume mass-
manufacturing. Although it is still far from reaching the electronic performan-
ce and integration density of silicon electronics, it is a growing market, with 
many different applications and emerging companies. The use of new mate-
rials in functional inks (A. Chiolerio (2016)), together with high-resolution 
printing methods (discussed in more detail in section 2) for large-area mass 
manufacturing processes, the production of smart flexible devices for new ap-
plications is possible. Their main key features being mechanically robust and 
environmentally friendly electronics. The use of paper as a substrate is highly 
challenging. Despite the fact that it is a highly available and low-cost substrate, 
just to highlight a few of its interesting characteristics, paper, for instance, can 
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be processed and manufactured in different ways and the end-product has 
completely distinct characteristics, as magazine paper or journal paper and 
cardboard, for example, increasing in porosity, roughness and decreasing in 
processing steps and price, respectively. In addition to paper, polymer and 
fabrics can also be used as substrates, easily integrated in packages or weara-
bles.  

As real examples, an emerging company worldwide, Si-Cal Technologies Inc., 
specializes in printing functional printed electronics (PE) components, prima-
rily for the medical field. Thinfilm and Xerox have a joint partnership, in 
which Xerox will manufacture Thinfilm’s Memory labels. To produce the me-
mory labels, Xerox will modify a production line in one of its existing facilities. 
At a more local level, Enfucell Oy, a Finnish company, developed low-cost 
printed paper batteries. The batteries are thin, flexible and eco-friendly, with a 
shelf life of about 2 years. They can be easily integrated in different devices or 
wearables or used as a regular power source.   

Rentrop et al. (2014) described the manufacturing process employed to pro-
duce an electronic anti-tampering indicator, based on paper as a substrate for 
ultra-low cost applications in large volumes. The manufacturing process is 
outlined from device concept, printing in laboratory scale, upscalling to R2R 
fabrication, posterior integration of individual components on the circuitry 
and, finally, heat lamination to encapsulate the devices. A cost prediction has 
been made, to highlight the advantages of printing techniques. 

1.3 Scope and contents of the thesis 

This thesis contributes to inkjet printing of commercial metallic nanoparticles-
based inks and the development of printed devices on paper substrate. Related 
to that, a more efficient photonic sintering method, fully compatible with R2R 
manufacturing and novel printed devices is presented in this thesis. 
The photonic sintering method, using infrared (IR) and thermal energy com-
bined, allows: (i) short sintering times, increasing the conductivity of printed 
patterns in just minutes, (ii) temperature increase without damaging the sub-
strate due to its localized energy, being compatible sintering method for tem-
perature-sensitive substrates, (iii) compatible with R2R manufacturing 
equipment, (iv) energy efficiency, due to its fast sintering and (v) highly con-
ductive patterns, with demonstrated resistivity of about 40% over the bulk 
silver value after IR-sintering, on paper substrates. The sintering method is 
applicable to a wide range of different devices. 
R2R manufacturing is a commonly used process in graphic industry, for coa-
tings application, printing newspapers or magazines, or performing other pro-
cesses, which start with a roll of flexible material. It can be applied to printed 
electronics, using a roll of flexible plastic, paper or metal foil and functional 
inks. 
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In this work several devices were developed, as a proof-of-concept. A printed  
OFF/ON switch on flexible substrate is presented as an example of a low-cost, 
eco-friendly device. The schematic is presented in  Figure 1. It can be used in 
smart envelopes or smart packaging, which require a printed circuit to be acti-
vated (Paper 1), in order to verify if the package was opened. The breaking of 
the microcapsules will activate the printed circuit, which only works if it is un-
broken. 

 
 Figure 1.  

A printed humidity sensor is presented as another example of a disposable, 
low-cost and recyclable device, which can be printed directly on a package. 
(Paper 3). It can be used for monitoring the quality of food or check humidity 
changes during transport of humidity-sensitive products, such as pharmaceu-
ticals. 
An isoelectric focusing device (IEF) was inkjet-printed on macroporous paper, 
for quick and simple protein analysis (Paper 4). 
 

1.4 Structure of the thesis 

This Thesis starts with an Introduction to Printed Electronics and Printing of 
Functional Materials (Chapter 2), describing the different additive printing 
methods and the ink requirements, the theoretical background of ink rheology, 
different flexible substrates and different sintering techniques. The description 
of materials and methods is in Chapter 3. Thereafter, the scientific results and 
findings of the publications [Papers 1-4] will be summarized and critically 
evaluated in Chapter 4, along with the discussion of the technologies and ap-
plications. The conclusions and final remarks, including challenges and future 
ideas, will be presented in Chapter 5. 
In Paper 1 we demonstrated the proof-of-principle of the all-printed pres-
sure-sensitive conductive switch (see Figure 1). Inkjet-printing was used on 
flexible substrates, PET foil and P_e:smart paper substrate. Spin coating was 
also used as an additive technique to deposit the dedoped-PANI layer. The 
feasibility of an all-additive printed switch was demonstrated. Such a switch is 
easily up-scaled to R2R manufacturing. 
In Papers 2 and 3 we demonstrate excellent conductivity of inkjet printed 
lines by IR-sintering. In Paper 2, porosity and roughness were studied for 
several different paper substrates, as they are very important parameters, 
which influence the printing quality of the final structures. Also, an all-printed 
on sheet-to-sheet (S2S) production and mass manufacturing compatible ca-
pacitive humidity sensor was developed on paper substrate, it has comparable 
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sensitivity to the commercial sensor, as well as good linearity, high reproduci-
bility and fast response (Paper 3). It was also demonstrated that the use of 
IR-sintering as a sintering method, is highly compatible with different paper 
substrates and can be used in R2R machines, reducing drastically the required 
sintering time and costs, for printed electronics. 
In Paper 4, we demonstrate the development of paper microfluidic devices 
with integrated inkjet printed electrodes. The most challenging parameter in 
order to inkjet-print conductive structures was the paper porosity. Different 
parameters, such as drop spacing, substrate temperature and number of layers 
were tuned in order to print conductive enough electrodes. The obtained de-
vices are aimed for simple protein separation and analysis. 
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2. Printed electronics and printing of 
functional materials 

Printing electronics is a new emerging manufacturing method, for the devel-
opment of low-cost devices, using functional materials and mainly flexible, 
widely available, eco-friendly substrates. The combination results in a fascinat-
ing field of science, developing intelligent packaging, with several advantages 
and benefits. These new products can be of great interest for consumers, being 
functional, easy-to-use, low-cost, flexible and eco-friendly, as they are mainly 
printed directly on paper packages and use only non-harmful chemicals. 
Printed sensors, directly in the package, are designed to sense a change in 
packaged goods, either inside or outside the package material, and report to 
that change, with an optical (Ahmad, M. (2012), Papkovsky, D. (2013)), electrical 
(Zaccaria G. (2001), Rossi, D. (2000)), or other type of signal. Integrating sensors 
in packages has been studied and developed in the recent years and Ahmad et 
al. (2011) did an extensive review on sensors used for monitoring the food 
quality and safety for the consumers. 
Over decades research has been made in the development of chemical sensors 
and biosensors. They have been adapted into food packaging applications. 
Printed electronics with sensing is called smart or intelligent packaging. It can 
monitor food quality and safety, using radio frequency identification (RFID) 
(Wang, M. (2006), Ko, S. (2011)), time-temperature indicators (TTI) (Kout-
soumanis, K. (2009), Su, W. (2008)), leakage (Ahvenainen, R. (1997)), spoilage 
(Suppakul, P. (2010), Diamond, D. (2007)) or pathogen indicators (Kosel, J. 
(2013)) and gas sensors (Ko, S. (2012), Mallikarjunan, P. (2002), Vasanelli, L. 
(2000)), just to highlight a few. They allow real-time control by the consumer. 
Figure 2 shows some examples of printed devices developed at VTT. 

 
Figure 2. Printed intelligence application examples suitable for consumer products (Smolander, 
M. (2014) and Rentrop et al. (2014)). From left: inexpensive device for onsite water quality tes-
ting (Smolander, M. (2014)), paper based diagnostics for e.g. glucose sensing (Lehtinen, K. 
(2014)), cosmetic patch based on galvanic treatment, quality indicators with visual colour chan-
ge ( ) and hot embossed fluidic channels for microfluidic applications. 

In the EU-ROPAS Project (EC FP7 Grant Agreement nº 263078), we devel-
oped several applications and demonstrators. A functional security tag will 
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make it possible to determine whether or not a package has been opened. Dif-
ferent layers are assembled to form the final device. In Figure 3 the different 
layers are shown: 1 – paper substrate (top cover); 2 – polymeric separator; 3 – 
commercial printed battery and 4 – inkjet printed circuit on paper substrate 
(bottom cover). 

     
Figure 3. Image of printed security tag: a) different layers present in the security tag and b) 

functional security tag, assembled together with the commercial printed battery. 

A smart label will enable customers to verify radio frequency identification-
coded information easily for use in, for example, brand protection and privacy 
applications. Smart label can be equipped with a temperature and a humidity 
sensor, monitoring the history of a package (Papers III and V). Finally, a smart 
envelope has been successfully developed providing similar services to track-
ing and personal delivery of physical goods at a high security level, and at a 
lower cost (Rentrop, C. (2014)). 
Printed electronics allows the reduction of dimensions and the production of 
ultra-thin electrical circuit, printed on an inert flexible substrate. The substra-
tes used can be polymer or fibre-based substrate and different non-contact- or 
contact printing techniques, such as screen-, flexo- or inkjet-printing (Ahmad, 
M. (2011)), can be used. This will be discussed in the following Sections 2.1 and 
2.2. These methods are R2R compatible and widely used in the industry as 
well as in research. They satisfy the electronic requirements like resolution, 
low-cost efficiency, high-volume throughput and performance of the printed 
devices. Each of these printing methods has different operational conditions, 
such as ink viscosity or sintering time. Inks need to be formulated according to 
the different parameters, not only to meet the printing requirements, but, for 
instance, not to damage the printer. Viscosity of the ink is one of the crucial 
parameters. Each printing equipment has a range of optimal viscosity that can 
use. For example, low viscosity inks, typically below 50 cP, will flow through 
the mesh in a screen printing machine and it will be impossible to print, whe-
reas high viscosity inks, typically above 20-30 cP, if used in inkjet printers will 
clog the nozzles, irreversibly and it may damage the printing head. It is neces-
sary to take into account the substrate properties as well, such as the wetting of 
the surface, as it will directly affect the adhesion of the printed layer, the edge 
roughness of the printed line and the surface coverage uniformity of the prin-
ted layer.  
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Matching the requirements for inks and substrates will determine the func-
tionality of the final device, if it is electrically functional and mechanically fle-
xible. Sintering conditions need to be taken into account as they can also affect 
the final performance of the printed device. 

2.1 Substrates for printed electronics 

A  wide of variety of substrates, such as paper, polymer, fabrics, silicon or 
glass, have been used for printed electronics. Paper, polymer and cloth sub-
strates display flexibility and limited temperature range. Due to their availabi-
lity, they are considered low-cost substrates. Silicon or glass substrates are 
well known substrates used for microfabrication, which can handle high wor-
king temperatures, but are rigid. 

Paper substrates are very attractive due to their wide availability and 
environmental friendliness (Palma, A. (2014)). However, fibre-based 
substrates show some challenging characteristics, such as roughness, porosity 
and wettability. This may be an issue and some surface tailoring is needed to 
improve the printing output (Ahvenainen, R. (1997), Österbacka, R. (2011), 
Toivakka, M. (2009), Forster, M. (2009)). This adds complexity and the 
coatings will also affect the wicking and adsorption properties of the paper. 
Polymer substrates are more durable and have interesting optical properties, 
such as transparency, yet, they have some recyclability issues (Deri, F. (2013)). 
These substrates are less porous, with a smoother surface, which makes them 
ideal candidates for printed electronics. 

Ideally, the surface of the substrate used in printed electronics should be 
smooth and with closed porous. Hence, it is possible to avoid the printed ink 
layer to penetrate into the substrate and stay on top of the surface, retaining 
there the ink functionality. Consequently, the smoothness of the surface 
influences the printing quality. If a surface is too rough, the conductive printed 
line might not be continuous, reducing or even preventing the line to be 
functional. On the other hand, in microfluidic applications, the paper utilizes 
the hydrophilic nature of cellulose and the porous nature of paper is utilized 
for achieving wicking of liquids. The wicking process depends on the pore size 
and connectivity of the paper (Suppakul, P. (2010)).  

Recently, Whitesides et al. (2016) listed the five major limitations of current 
paper-based electrochemical systems. The common theme among the 
limitations is that the electrodes are commonly either printed only on the 
surface of the paper, which limits the effective area and prevents stacked 
designs, or alternatively the printed electrodes block the pores, that either 
prevents or significantly slows down the wicking. Paper 4 describes the 
optimization of inkjet printed Ag electrodes on macroporous paper for a 
paper-based isoelectric focusing device. Chromatographic paper is highly 
porous, but it was possible to tune and optimize the printing process to achieve 
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conductive structures. It was seen that the wicking was not affected by the 
printed structures. 

2.2 Contact printing methods for printed intelligence 

There are a wide variety of printing technologies. Figure 4 shows a schematic 
illustration of four common printing methods. The techniques can be categori-
zed as contact (a-c) and non-contact printing (d). 

 

 

 

Figure 4. Schematic illustration of four conventional printing methods. The techniques can be 

categorized as contact (a) Flexography, reproduced from Erho et al. (2010) with permission 

from American Chemical Society; b) Screen printing reproduced from Patterson et al. (2017) 

with permission from Journal of Membrane Science and c) Gravure reproduced from Sung et al. 

(2015) with permission from J. Micromech. Microeng.; or as non-contact printing methods (d) 

Inkjet printing reproduced from Zhou et al. (2016). 

2.2.1 Flexo printing 

Flexographic printing or flexography is a common printing method, used for 
newspapers and magazines. It utilizes cylinders, commonly named rolls and 
prints the ink on a wide variety of flexible substrates, such as paper, plastic, 
fabric or flexible metal foil, using a relief stamp, as seen in Figure 4a. The ani-
lox roller, with different cell or well sizes, determines the amount of ink to be 
transferred to the relief or printing plate and subsequently to the substrate 
surface. A doctor blade is used over the anilox roller, during the rotation mo-
vement to wipe off the excess of ink that will be dispensed onto the substrate 
surface, forming a thin film with controllable thickness. The ink is transferred 
combining rotary speed and applied pressure against the relief plate and sub-
strate, forming the pattern. 

Flexographic printing technique has advantages and disadvantages for printed 
electronics. One of the main advantages is the relaxed ink requirements. They 
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can be either water- or solvent-based, with low viscosity, allowing the printed 
layer to dry fast and as a result, can be used for printing on plastic or metal 
foil. The film thickness can be easily controlled, with good uniformity over 
large area substrates. The use of a rather soft stamp allows printing on comp-
ressible surfaces, such as cardboard, without reducing the printing quality.  

As a disadvantage of flexography, the dispensed ink can spread outside the 
image area, due to the printing plate deformation, as a consequence of the 
pressure applied between the relief plate and the substrate. The applied pres-
sure can then create a halo effect, resulting in limited resolution and high hete-
rogeneity of the printed layer (Karwa, A. (2006), A. Denneulin (2010)). 

Flexography can be used for printing on flexible packaging, such as cardboard 
or food packaging, envelopes, newspapers and more recently to print fluidic 
structures in paper substrates (Erho, T. (2010)) or RFID antennas (Nilsson, H. 
(2007)). It is compatible with R2R equipment, enabling mass manufacturing. 

2.2.2 Gravure printing 

Gravure printing (Figure 4b) is a high-speed printing method which uses low-
viscosity inks and can be considered the reverse of flexographic printing.  

The ink is collected directly from an ink reservoir and transferred to the gravu-
re plate. Gravure plate is metallic and the pattern needs to be etched by laser 
or photolithography, in order to be able to hold the ink in the grooves. Any 
excess ink is removed by doctor blade, controlling the amount of ink dispensed 
onto the substrate. The amount of ink dispensed and, therefore the thickness 
of the printed layer, are controlled by the size/depth of the grooves.  

One of the main advantages when using gravure is that the printing resolution 
is high, due to the fact that the pattern can be generated by photolithography, 
typically around 50 mm lines (Wiest, J. (2016)). One major disadvantage is 
that the substrate has to have a very smooth surface, otherwise there is insuffi-
cient contact between the engraved grooves and the substrate, and the ink is 
not dispensed properly. This can reduce the electrical performance or the 
mechanical properties of the printed pattern. The gravure plates are more ex-
pensive than the relief stamps for flexographic printing, but are more durable 
and can endure many solvents, such as alcohols, toluene or xylene.  

Gravure printing has been used for mass manufacturing the production of RF 
resonant tags (Ko, S. (2011)), performing paper coatings (Toivakka, M. 
(2009)), in order to smooth the paper surface and reduce the porosity of the 
substrate, enabling the printing of conductive structures, fully printed sensors, 
such as ammonia sensor (Stejskal, J. (2016)) or to print organic photovoltaic 
modules, towards large-scale manufacturing (Logothetidis, S. (2016)). 
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2.2.3 Screen printing

Screen printing is the most versatile printing method, very inexpensive and 
highly flexible for printed electronics. It requires a patterned metallic or poly-
meric mask, called mesh, in direct contact with the substrate surface, as can be 
seen in Figure 4c. The squeegee is pushed against the mesh surface, in a 45° 
angle, creating pressure against the substrate and forcing the ink to pass 
through the mesh. Screen printing typically requires higher viscosity inks, 
when compared with other printing methods, which create thick printed 
layers. Due to the localized paste, it consumes small amounts of material, re-
ducing the wasted ink. As a disadvantage, the use of thick inks results in low 
printed resolution and the line roughness can be significant.  

Screen printing has applications in environmental and chemical sensors (Gar-
cia-Breijo, E. (2013)), paper-based electrochemical devices (Grande, H. 
(2017)) and like flexographic printing, in RFID antennas (Nilsson, H. (2007)). 
It has also been used as a fabrication method for both microfluidics channels 
(Wang, M. (2006), Ko, S. (2011), Koutsoumanis, P. (2009)) and integrated 
electrodes (Su, W. (2008)). Generally it is a fast and low-cost printing method 
and it can be used in small-scale production or R2R manufacturing processes. 

2.2.4 Inkjet printing 

Inkjet printing is a digital, non-contact printing method. It dispenses ink on a 
surface as desired, according to a pre-defined pattern. It can be separated into 
two different operating principles, the Continuous Inkjet (CIJ) and the Drop-
on-Demand Inkjet (DOD), shown in the schematic in Figure 5.  

 

Figure 5. Schematic image of operating principle, of Continuous Inkjet (CIJ, on the left) and 

Drop-on-Demand Inkjet (DOD, on the right). 

CIJ ejects a droplet from the printhead in a continuous mode, whereas DOD 
only ejects droplets from the printhead when required. 

CIJ technology allows the droplets to be directed directly to the substrate sur-
face or to be recollected by the collector (in grey, in Figure 5, on the left), in 
order to be re-used. This technology is mainly used for labeling packages and 
products, as it uses inks with highly volatile solvents, which promotes the fast 
drying and promotes adhesion onto the surface. As for disadvantages, the 
printing resolution is low, it requires high maintenance and it can be conside-
red a not eco-friendly printing method, due to the use of large volumes of sol-
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vent-based inks. Another disadvantage is that it requires electrically chargea-
ble inks, in order to be able to recollect the ink in the collector. 

DOD immediate advantage is its reduced use of ink, as it dispenses ink onto 
the substrate surface only as required. There are two technologies for the drop-
let formation, thermal inkjet (TIJ) or piezo actuation, as seen in the schematic 
in Figure 6. 

  

Figure 6. Schematic of DOD activation and droplet formation, DOD – thermal inkjet (TIJ, on the 

left) and DOD – piezoelectric (on the right). 

Simply, the droplets are formed inside the printing head by creating a pressure 
pulse, either by thermal or piezoelectric actuation.  

In TIJ actuation, a heated resistive element is responsible for the droplet for-
mation and ejection. Inside the printer, there is a chamber, which contains the 
ink flowing through it. The upper part of the chamber heats up and forms a 
mass of hot air, which expands and forces the droplet down, being ejected 
through the nozzle. The ejected droplet leaves a void in the chamber, which is 
immediately refilled by more liquid and the process continues. This is the most 
used printing technology for consumer desktop printers. The simple principle 
of operation, requiring only a heated resistive element lowers the printhead 
costs significantly. It has the potential for small drop sizes and high nozzle 
density, increasing the printing resolution. As a disadvantage, there is a limita-
tion on the types of ink solvents that can be used. They need to be highly vola-
tile and withstand the high temperature of the heated resistive element, when 
the droplet formation occurs. The ink functionality is limited by the use of 
temperature, for example, biological inks or some polymers can only be used 
under special conditions.  

The majority of industrial printers use piezoelectric (piezo) actuation. A piezo 
crystal distorts mechanically under the application of an electric field and this 
distortion is used to create a pressure pulse in the ink reservoir, ejecting the 
droplet from the nozzle. The main advantage of piezo inkjet technology is that 
it can jet a wide range of different inks, with different solvents and functional 
materials, in a highly controllable way, very accurately and reliable. Printheads 
are very durable. Thus, the only disadvantage is the high cost of the print-
heads. As an advantage they allow high throughput in a S2S or R2R mass ma-
nufacturing. 
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Inkjet printing requires less viscous inks than other printing methods and the 
needed volumes are smaller. It is a fast, cost-efficient, localized printing met-
hod. It enables cost efficient mass manufacturing of functional devices, in dif-
ferent substrates, such as plastic (De Rooij, N. (2012), Viikari, L. (2008), Pal-
ma, A. (2014)), paper (Alves, N. (2012)), fabrics (Jachowicz, R. (2012)) or sili-
con (Chen-Hsun, D. (2009)). Inkjet printing allows the production of smaller 
devices, typically below 100x100 mm, allowing the fabrication of structures as 
small as 5 mm width and a layer thickness of about 100 – 200 nm since it is a 
high resolution printing technique. These parameters can only be achieved 
under certain conditions and are highly dependent on the ink properties and 
substrate characteristics and can be achieved by tuning the ink viscosity, nozz-
le size and the surface properties, for instance (Derby, B. (2005)). They can be 
manufactured in S2S substrates, highly densified due to their small area, inc-
reasing the production yield. 

Cost wise, Inkjet printing offers good economics to electronics manufacturing. 
Traditional microfabrication techniques are cheap only on the mass producti-
on scale, in contrast to digital printing, such as inkjet-printing, which offers 
flexible and cheap production for tailored small-volume products, in a S2S 
production. The distinctive difference between digital inkjet printed electro-
nics and microfabrication techniques is that printing is additive whereas ma-
nufacturing electronic circuitry using lithography requires subtractive proces-
ses, such as etching, in order to pattern the surface. Microfabrication methods 
require more manufacturing steps than inkjet printing, increasing the produc-
tion time and waste of materials.  

Inkjet printing is not restricted to the deposition of thin films but also the mul-
ti-layer deposition of different materials, changing the whole system of produ-
cing electronic devices, which include the design and manufacturing phases, 
material selection, and device structure and architecture.  

2.2.5 Wax printing 

Wax-printing (i.e., solid-ink technology) is a contact printing method, which 
utilizes solid ink sticks instead of the fluid ink or toner powder usually used in 
printers. The solid ink is loaded into the printer and it is melted, patterning the 
substrate with the desired image. This technique has been commonly used as a 
printing method for fabricating hydrophobic barriers for microfluidic paper-
based devices (Rossi, D. (2000), Ahmad, M. (2011)), for instance. It is a simple 
fabrication method, which uses a commercial office printer, with solid-wax 
cartridges. The pattern is generated with a common drawing software, but the 
resolution is inherently limited to hundreds of micrometers due to wax mel-
ting step required to fill the pores to form the barriers (Ahmad, M. (2012)). 
The high throughput in a S2S fabrication process ensures a fast, easy and low-
cost device production. 
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2.3 Functional materials printing issues 

Functional inks have in its composition a functional element, electrical, 
chemical, biological, optical or other. Silver nanoparticles (NPs) ink is an 
example of functional ink.  

To achieve the required functionality, some requirements need to be met in 
order to increase the yield of printed functional devices, for different types of 
substrates. Together, they enable mass production and maximization of the 
printing throughput. For example, there are some decisive production 
parameters that affect conductivity and mechanical properties, such as surface 
structure of the substrate material, cross section of the printed layer and 
curing parameters, like sintering time and temperature (Ruuskanen, P. 
(2009)). Also, the reliability of the printed structures is a crucial matter, such 
as the variation between electrodes width, gap and uniform layer thickness, for 
instance. This will influence and limit parameters such as nominal capacitance 
of the sensor or huge variation in capacitance changes with relative humidity, 
as well as response time, due to the sensing layer uniformity.  

When aiming for electrical functionality, NPs ink are often used, as they are 
widely available in the market and a small quantity can add the required 
conductivity to the printed pattern (Österbacka, R. (2011), Toivakka, M. 
(2009), Karwa, A. (2006), Erho, T. (2010), Chen-Hsun, D. (2009)). 
Nonetheless, due to the small size of the NPs and its low concentration in the 
ink, the conductivity can be affected by different characteristics, such as 
roughness of the substrate surface, porosity of the substrate, sintering process 
or geometrical issues. 

In Paper 2 we studied two important parameters for printing on flexible 
substrates. Roughness is a determinant parameter, in the sense that a smooth 
surface promotes a non-disruptive printed layer, allowing it to be conductive. 
Porosity is another parameter to take into account, as more porous substrates, 
such as paper, will soak a part of the deposited ink, being beneficial for the 
drying process. Porosity will also improve adhesion of the printed layer, 
whereas with polymer substrates, the ink will remain at the surface, slowing 
down the drying process and the adhesion will be worse, consequently. In the 
case of non-porous polymer substrates, as the substrate is not porous, the 
coffee ring will be more evident, being detrimental for the functionality of the 
printed layer. This effect is a phenomenon linked with the fast evaporation of 
the solvent at the edges of the printed line and slow evaporation in the middle. 
It might affect the functionality of the printed lines if the lines are too wide or 
too thick, where this effect can be more evident. 

We showed that one specific paper, Lumi silk, had the smoothest surface of the 
studied papers, when compared to the other studied paper substrates, which 
promoted a uniform, non-disruptive conductive line on the paper surface. This 
way, there was no need for a pre-treatment of the surface, such as a coating 
layer, which would be an additional manufacturing step. IR-sintering showed 



Printed electronics and printing of functional materials 

26 

the best results in terms of achieved conductivity of the printed lines when 
using short sintering time. The conductivity values of the inkjet-printed silver 
lines on Lumi silk substrate were below the bulk silver value after IR-sintering 
and with thermal-sintering this value only reached about half of the previous 
one. Thus, IR-sintering improves the sintering process, increasing the 
conductivity of the printed structures and at the same time reducing 
significantly the sintering time. In the case of Lumi silk substrate, high 
conductivity was observed after only few minutes of sintering time when IR-
oven was used. 

Paper 3 highlights geometric design issues. Different printed humidity 
sensors on flexible substrates are compared, after optimizing the linewidth and 
gap between lines for optimal conductivity, for the chosen substrate.  The 
inkjet printed sensor sensitivity in terms of relative humidity changes was 
calculated and it was satisfactory. The response time against different 
temperature steps pre-defined was fairly constant, in the minutes range and it 
was considered fast for the aimed application.  

In Paper 4, the printing process was tuned to match the high porosity of the 
chromatography paper, in order to be suitable for microfluidics. The printing 
of conductive ink was optimized in terms of resolution and number of printed 
layers, for achieving conducting silver electrodes on top of macroporous 
chromatography paper. Wicking experiments were performed, to ensure that 
the layers would not restrain or avoid the fluid flow.  

2.4 Functional inks 

Commercial Ag nanoparticles ink was used for printing the conductive struc-
tures for the different applications (Papers 1 – 4). In Paper 1 a conductive 
polymer-based ink was developed and it was used to promote the switch, al-
ternating between non-conductive and conductive state.  
The formulation of NPs functional inks has in their composition, binders 
which help the particles in suspension to be stable, while preventing aggrega-
tion over time. A solvent is needed in order to dissolve or suspend the particles 
in solution. Additives influence the solvent evaporation process, either slowing 
or speeding the evaporation rate of the ink.  
When formulating functional inks certain parameters have to been taken into 
account. Viscosity, surface tension and density are parameters that change for 
each printing technique and are crucial for an optimal printing output. 
Viscosity (η) is a property of a fluid that describes its resistance to flow, or its 
ability to adhere to a surface. Each printing technique has a range of viscosi-
ties, according to different working parameters for different printing equip-
ments. The physical unit in cgs units is the poise (P). It is equivalent to the 
pascal second (Pa.s), or (N.s).m-2, or kg/(m.s). Typically, as an example, vis-
cosity needs to be between 10 – 20 cP, for inkjet printing (Schubert, S. (2012)). 
For values outside this interval, the printing will be compromised or not hap-
pen at all. The used Ag ink has 16.6 cP as measured by the manufacturer. 
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Surface tension (σ) predicts how a droplet will wet a surface or if it will spread 
over it or retracts when touching it. It is expressed as force per unit of width, 
dynes/cm or mN/m. Water has surface tension of about 73 mN/m, at 20° and 
Ag nanoparticle ink has a measured surface tension of 37mN/m (Paper 2). 
Density (ρ) of ink substance is its mass per unit volume, expressed in kg.m-3. 
Thus, the density of functional inks affects the droplet formation, due to its 
rheology.  
The Reynolds (Re) and Weber (We) numbers are the parameters used to de-
scribe the droplet formation.  

                                                                                                                    (1) 

                                                                                                                 (2) 
where ρ, v, L, η are density, fluid speed, length and viscosity, respectively and 
σ is surface tension. Re is a non-dimensional parameter, defined by the ratio 
between inertial and viscous forces. We is the ratio between inertial and the 
surface tension force. 
Equation 3 describes the inverse Ohnesorge (Z) number, which is based on the 
Re and We numbers and is an essential parameter for inkjet printing: 

                                                                                                  (3) 

where da is the jet size measured from the drop diameter (Ohnesorge, W. 
(1936)) 1.  
Figure 7 displays the printability characteristics of a fluid. In the case that Z > 2 
the drops can form in a DoD system (Fromm, J. (1984)) (printable fluid). If 1 < 
Z < 10, printing is successful. Z < 1, represents the lower limit, limited by vis-
cosity and meaning that a highly viscous fluid is formed, not suitable for inkjet 
printing. If Z > 10, it surpasses the upper limit, forming satellite droplets 
(Derby, B. (2005)), resulting in a bad printing quality.  

  
Figure 7. Inverse Ohnesorge number as a function of Weber and Reynolds numbers, illustrat-

ing the regime of fluid properties for DOD inkjet printing (Derby, B. (2011)), image reproduced 

with permission from Journal of the European Ceramic Society). 

 

These equations provide theoretical background for inkjet printing techniques. 
The focus of this thesis work is the production of functional devices. For this 
reason, ink formulation was limited. 
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Viscosity is temperature dependent. The temperature can affect the ink func-
tionality and even degrade the ink over time. Either commercial or manufac-
tured in the laboratory, the inks used for printed electronics need to be stable 
in dispersion, under temperature changes, while printing and during storage.  
Parameters such as nozzle temperature need to be tuned during inkjet print-
ing. The heating of the printing head modifies the ink viscosity to a certain 
extent, affecting the printing quality. When increasing the nozzle temperature, 
viscosity decreases and droplets can be ejected. At the same time, when tem-
perature increases, the existing coating or shell of stable nanoparticles in sus-
pension is affected.  
This use of high temperature can be a disadvantage, not in terms of viscosity, 
but as it promotes the solvent evaporation process, it starts the nanoparticle 
shell degradation, allowing the nanoparticles to aggregate, at the nozzle level. 
Hence, this results in nozzle clogging, even while the ink viscosity is reduced.  

2.5 Sintering 

Sintering can be described as the densification of particulate matter. It forms a 
solid mass of material, due to heating it below the melting point (Schubert, U. 
(2008)). The temperature at which sintering occurs allows for all the organic 
material to be burned off and then the particles coalesce, forming a continuous 
path (Schubert, U. (2008)), as can be seen in Figure 8.  

 

Figure 8. Schematic diagram of the two-particle sintering models [adapted from Derby et al. 

(2009), image reproduced with permission from Chemical Engineering Science]. 

During the sintering process, the solvent in the ink evaporates and several 
defects can appear in the printed lines, such as coffee ring effect or cracks. This 
effect is due to the somewhat rapid evaporation of the solvents in the ink, and 
the particle movements in the fluid lead them towards the edge of the droplet, 
forming a depression in the middle, called coffee-ring effect. As the solvents 
evaporate, the printed dots start to coalesce and get in contact with each other, 
forming a continuous percolation path, which is temperature dependent. The 
percolation paths are formed first where the sintering starts, which is located 
at the edge of the printed line. Reduction of coffee ring effect might increase 
the probability of formation of percolation paths and therefore, the 
functionality of the printed line increases.  
Another defect that might appear are cracks in the printed lines, due to high 
temperature and the associated fast solvent evaporation. They appear very 
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frequently on polymer-based substrates, because of high temperature and 
shrinkage of the material, due to thermally induced stress, called 
microcracking (Ho, P. (2006)). The substrate choice is therefore limited by the 
glass transition temperature (Tg). According to the manufacturer (DuPont), 
PEN films exhibit a Tg of 120 °C, 42 °C higher than that of PET films. PEN has 
excellent dimensional stability, chemical resistance, and mechanical 
properties, being an ideal alternative to both PET and PI films. Nevertheless, 
adhesion to PEN surface is lower the to PET films and this is why the latter 
substrate was chosen.  
Depending on the surface treatment, thickness and type of paper, fibre size 
and orientation, the paper substrates can handle different working 
temperatures, when reaching a compromise between time and temperature.  

2.5.1 Thermal sintering 

Thermal sintering (De Rooij, N. (2012), Palma, A. (2014), Denneulin, A. 
(2010), Erho, T. (2010), Ghione, G. (2012)) is the most common sintering 
method and usually it requires only an oven. It is an inexpensive and easy 
system, compatible with R2R equipment. The temperature used can be tuned 
for each type of substrate, allowing the use of rigid, flexible, transparent or 
opaque substrates. Most of conductive NP inks require long sintering periods, 
at about 150 °C. This might promote defects and these defects can be avoided 
or even eliminated, by reducing the sintering temperature and increasing the 
sintering time. Another alternative, reducing significantly the sintering time, is 
using localized heating, with photonic sintering methods. 

2.5.2 Photonic sintering 

 
Photonic sintering methods can be used as an alternative to thermal sintering. 
Methods such as IR (Österbacka, R. (2012)), UV (Siclovan, O. (2006)), flash 
(Choy, S. (2010)) or laser (Poulikakos, D. (2004)) are of easy operation, 
inexpensive and fast. The majority of these sintering methods can use pulsed 
light from a flash-lamp and they are highly applicable to low temperature 
processing substrates, such as polymer or paper substrates. These substrates, 
which usually withstand temperatures lower than the melting points of the 
metallic thin films, are not affected by the localized sintering process.  
Localized photonic sintering methods can work particularly well with the 
paper substrates, since these substrates are low-thermal conductive and 
thermally stable, allowing the functional deposited material to be sintered 
much faster than with conventional thermal sintering. Hence, the sintering 
times can be reduced to minutes (Schubert, U. (2006)) or even microseconds 
(Grigoropoulos, C. (2003)). Österbacka et al. (2010) investigated the use of 
IR-sintering on paper substrates, in order to sinter two different 
nanoparticles-based inks. Their results showed that IR-sintering was suitable 
for sintering these functional inks on coated paper substrates. High values of 
conductivity were achieved, while reducing significantly the sintering time.  
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Paper 2 demonstrates that the use of IR-sintering on commercially available 
non-coated paper substrates reduces significantly the sintering time without 
affecting the conductivity of the printed structures.  
With roll-to-roll (R2R) manufacturing processes in mind, it is important to 
reduce sintering times, and that can be achieved using localized photonic 
sintering methods (Schubert, U. (2012)). 

2.6 Printing requirements for electronic devices 

Printing requirements vary depending on the printing technique, inks used 
and chosen substrates.  Nevertheless, some common factors need to be taken 
into account. These include material compatibility, linewidth, layer thickness, 
line-edge roughness (LER), throughput and layer-to-layer registration. Un-
derstanding these factors is essential for high yield of printed electronics. Tab-
le 1 shows key parameters for different printing techniques 

Table 1. Typical parameters for different printing techniques (Caglar, U. (2009)). 

Printing technique Screen Gravure Flexo Inkjet 

Printing method Contact Non-contact 

Substrates 

 
All Flexible All 

Ink viscosity [cP] 50 – 5000 100 – 1000 50 – 500 10 – 20 

Linewidth [mm] 30 – 50 10 – 50 20 – 50 30 – 50 

Layer thickness [mm] 5 – 100 ~ 1 0.5 – 2 < 1 

Resolution [lines/cm] 50 250 60 60 – 250 

Printing speed [m/min] ~ 500 ~ 1000 ~ 5 ~ 60 

Throughput [m2/sec] < 10 60 10 0.01 – 0.1 

The linewidth often determines the performance of the printed device. Besides 
aesthetic reasons, it can impair the conductivity of a line, if it is too small, in 
thickness and width. Paper 2 aim was the optimization of line width in such a 
way that conductivity would be enough to prevent the need of extra printed 
layers. Narrow lines, typically below 50 μm width, require more printed layers 
in order to show some conductivity. On the other hand, in Paper 4 at least 
three printed layers were needed, as the substrate was too porous. Therefore, 
depending on the printed functionality, the dimensions of the printed layer 
plays an important role, such as determining the resistivity of a printed struc-
ture. As in Paper 3, it was important to have as small dimensions of the inter-
digitated electrodes configuration as possible, in order to maximize the res-
ponsivity of the printed humidity sensor, hence, inkjet printing was chosen as 
a printing method. 

As an example from the literature of the importance of the characteristics of 
the printed patterns, if the printed lines are not conductive enough they detri-
ment the switching speed if used as a transistor gate (Hong, Y. (2016)). 
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In the case of inkjet printed humidity sensors, using an interdigitated electro-
des configuration, the optimal linewidth is crucial for achieving a good con-
ductivity, in order to be a functional device (Paper 3).  

When transferring the optimized printing process to R2R manufacturing, the 
throughput is a factor that needs to meet the manufacturing requirements and 
cost for a specific application.  

Also important in R2R manufacturing is the layer-to-layer registration accura-
cy, as misalignment and parasitic capacitance elements can be introduced in a 
printed circuit when there is overlap between printed layers. We have presen-
ted a few parameters ((Rentrop, C. (2014))), regarding the importance of R2R 
layer-to-layer registration accuracy in the manufacturing process, which was 
employed to produce an electronic anti-tampering indicator, based on paper as 
a substrate for ultra-low cost devices. The hole registration provided rather 
poor reference for registration in the printing pilot facility, which can be easily 
solved by upgrading the MAXI pilot printing machine with a registration ca-
mera on the back side of the web. 
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3. Materials and methods 

In this section we describe the different flexible substrates and inks used for 
fabricating devices. In Papers 1-4 the printed devices comprise various mate-
rials, with distinct characteristics, such as different electrical properties, ther-
mal properties, smoothness and porosity. The conductive silver ink used was 
commercial ink. It was chosen due to its stability, high print resolution and 
high conductivity needed for the printed devices. The switch requirements 
were based on the compatibility of the ink after sintering, no leakage and/or 
contamination to the other materials. The humidity sensor required high 
printing resolution and stable conductivity of the printed fingers. Microfluidics 
on paper required good electrical performance of the printed electrodes on 
highly porous substrate. Table 2 highlights a few of those requirements for the 
different printed devices. 

Table 2. Requirements for the printed devices. 

 Switch Humidity sensor IEF 

Layered structure 

Compatibility between 

layers    

Printing resolution       
(< 200 mm) 

Porosity 
       

    

 
Sintering temperatures low low low 

Conductivity require-

ment        

Response time       
Disposable    
Recyclable 

  
Dependent on 

the essay 

Applications 
- Smart label 

- Smart packag-

ing 

- Wearables 

- Animated 

posters 

- Smart label 

- Environmental 

applications 

- Food, cosmetic or Pharma-

ceutical 

packaging 

- Wearables

- Clinical 

applications 

- Diagnostics 
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3.1 Inkjet-Printing 

All the inkjet-printing work for this thesis was carried out using a Dimatix 
DMP-2831 printer (see Figure 9) with piezoelectric multi-nozzle printhead (16 
nozzles, with 254 μm spacing between them), from Fujifilm Corp., wich uses 
10 pL cartridges (DMC-11610), with a maximum volume of 1.5 mL. 
 

 
Figure 9. Photo of the Dimatix DMP-2831 printer used in this thesis work. The stage or sub-

strate holder moves from front to back, while the cartridge moves sideways, from left to right 

(reproduced with permission from Fujifilm Corporation). 

 
For ANP ink, the jetting frequency used was the default frequency of 5 kHz 
(Papers 1-3), but it was also used with 1 kHz jetting frequency, which is the 
lowest possible with this printer (Paper 4). The driving voltage in this thesis 
work was always in between 15 – 28 V and the pulse width around 4 – 10 μs. 
The print height was kept in the default value of 1 mm. The stage temperature 
was set to a temperature of 45 °C – 60 °C. The drop spacing varied from 20 – 
40 μm, tuned to increase the resolution of the final print and, at the same time, 
ensuring a uniform, non-disruptive line surface coverage. 

3.1.1 Substrates 

Flexible substrates were used for the printed devices reported in this thesis. 
Different commercial flexible substrates were used: Polyethylene terephthalate 
(PET), Melinex 238, obtained from DuPont Teijin Films (Paper 1); Hello 
FatMatt, (120 g/m2) obtained from Condat, P_e:smart (200 g/m2), obtained 
from Felix Schoeller Group, Polyimide (PI) (Paper 2) and Lumi silk (130 
g/m2), obtained from Stora Enso (Paper 2,3); Whatman no. 1 chromato-
graphy paper, obtained from VWR International Oy, Helsinki, Finland (Paper 
4) – for the chromatographic paper, the surface roughness was not deter-
mined. The root mean square (RMS) surface roughness of the different flexible 
substrates was determined and it was around 1.7 – 3.2 μm, for paper substra-
tes, while for Polyimide (PI) substrate it was determined elsewhere (Kwon, H. 
(2007)) with the value of 0.5 μm, (Paper 2). 

The polymer-based substrates described in Papers 1, 2 were cleaned before 
using, with de-ionized water, acetone and isopropanol and then dried with 
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nitrogen (N2) air gun. The fibre-based substrates described in Papers 2-4, 
were used without any surface cleaning or treatment. 

3.1.2 Functional inks and chemicals 

A commercially available silver (Ag) nanoparticle colloidal ink, obtained from 
Advanced Nano Products Co., Ltd. was used in this thesis, without being filte-
red. According to the manufacturer, DGP 40LT-15C is a metallic Ag nanoparti-
cle-based ink in a polar solvent, containing around 30 wt.% Ag particles, with a 
particle diameter of around 5 nm to 10 nm, a viscosity of 10 – 12 mPas and a 
measured surface tension of 37mN/m (see Papers 1-4). Other inks with pro-
perties outside this range were printed, after tuning the jetting parameters.  

Panipol-w (PANI ink) used in Paper 1 was obtained from Panipol. Dedoped 
PANI ink was prepared by mixing 1 mL of 2 wt% NaOH water solution and 5 
mL of Panipol-w and applied on PET foil on top of the inkjet-printed silver 
electrodes by spin-coating (500 rpm, for 20 s). The coated film was dried on a 
hot plate at 100 °C for 15 minutes (Paper 1).  PANI is a conductive polymer 
that can be found in three oxidation states (Epaillard, F. (2003), Meijer, E. 
(1996)). The neutral state, often referred to as the emeraldine base, is non-
conductive. If the material is doped by acid, then the resulting emeraldine salt 
form of PANI is electrically conductive (Shi, G. (2007)). Actuation of the 
switch is based on the use of microcapsules that release acid upon mechanical 
activation. Release of the acid is followed by a change in conductivity, owing to 
the doping of PANI. 

Printed microcapsules were produced using an experimental setup, which con-
sisted, shortly, on a heated printhead with a 50 mm diameter nozzle. Three 
different core fluids were used: citric acid in deionized water (CAc), citric acid 
and calcium chloride in deionized water (CAc/CC), and pure DIW as reference. 
The shell material, consisting of a mixture of carnauba wax (25 wt%) and stea-
ric acid (75 wt%), was processed at 105 °C and at a flow rate of 120 ml min-1 to 
produce a thin liquid film. Core fluids were inkjet printed at 40 °C, at a flow 
rate of 0.7 ml min-1 and a frequency of 20 kHz, producing core droplets of 104 
mm that were impacted on the liquid film of shell material (Paper 1). 

A 10 w% solution of polyvinyl-pyrrolidone (PVP) in ethanol was prepared from 
PVP and ethanol (<99.5% v/v) purchased from Sigma-Aldrich (Paper 2). 

3.1.3 Print patterns 

The patterns were drawn using the printer’s software. While printing, the 
layout can be adjusted, in terms of dimensions, according to the wetting of the 
substrate surface, in order to control the ink spreading. During this work, it 
was observed that, in most of the polymer substrates, the ink spreading was 
about 5% and in paper it would depend on the fibres distribution. When dra-
wing the pattern, those characteristics were taken into account. 
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A drop spacing of 30 or 40 μm was used for inkjet-printing the Interdigitated 
electrodes on PET substrate. The ink spreading was controlled and reduced by 
keeping the substrate temperature at 50-60 °C during the printing process, in 
order to increase the solvent evaporation (Paper 1-4).  

Figure 10 shows the schematic of the interdigital electrodes structure used in 
Paper 1. The electrode fingers are 9 mm long and 1 mm wide with a gap bet-
ween two adjacent fingers of 450 μm (Paper 1). 

 

Figure 10. Schematic of the inkjet-printed electrodes on PET and substrate used for the printed 

switch (Paper 1) (figure not drawn to scale). 

A drop spacing of 20 and 30 μm was used for inkjet-printing the Interdigitated 
electrodes on paper substrates (Papers 2, 3 and 4, respectively). The layout 
of the studied pattern in Paper 2 is shown in Figure 11, it is a 9 mm length 
and 200 μm width structure, with two contact pads in the extremities. 

  

Figure 11. Schematic of the inkjet-printed pattern for resisitivity measurements. The zoom area 

represents the 30 mm droplet space simulation (Paper 2) (figure not drawn to scale). 

The layout of the used interdigital electrode structure in Paper 3 is shown in 
Figure 12. The interdigitated electrodes configuration was designed with 40 
fingers, with line width of 200 μm, 100 μm gap and 9 mm length, occupying a 
total surface area of 1 cm x 2 cm. 

  

Figure 12. Schematic image of an inkjet-printed IDE sensor with 40 fingers, on flexible substra-

te (scale bar represents 500 mm) for humidity sensing (Paper 3). 
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The electrodes inkjet-printed on Paper 4 are shown in Figure 13. These inkjet 
printed test patterns have fixed 7 mm length and 3 and 0.5 mm width, for B3 
and B05 pattern, respectively, with larger and thicker contact pads on the side. 

 

Figure 13. Inkjet-printed electrodes on microfluidics paper substrate, for IEF. a) Device with 0.5 

mm nominal width of the electrode. b) Device with 3 mm nominal width of the electrode (Paper 
4). 

3.1.4 Surface coating using flexo printing 

A PVP coating was used in Paper 2. A 10 w% solution of PVP was flexo print-
ed, using a Flexiproof 100 printer, adjusting pressure and speed parameters 
and using an 18 mL/m2 anilox. One layer was printed on PI, P_e:smart and 
Hello Fat Matt substrates, in order  to ensure the full and uniform coverage of 
the surface 

3.1.5 Sintering 

Different sintering methods were used in this thesis work, according to the 
substrate characteristics. Thermal sintering was used for polymer-based sub-
strates, in a traditional thermal oven Horo Dr. Ing. A. Hofman GmbH, at 150 
°C, for 60 minutes, as recommended by the ink manufacturer to sinter the ink 
(Paper 1). IR-sintering was used for paper-based substrates, using an IR-oven 
Infrared IC heater T-962, Puhui Electric Technology Co., Ltd., with 800 W 
output power. The substrates were sintered at different temperatures, set bet-
ween 150 °C and 210 °C, for less than 10 min (Paper 2), or at a fixed tempera-
ture of 160 °C, for 7 minutes (Paper 3, 4).  

3.1.6 Substrates characterization 

Standard tests commonly used in the paper industry were made in this thesis 
work, in order to characterize and evaluate the printability of the conductive 
structures on different paper substrates (Paper 2, 3).  
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Porosity of the substrates was determined by measuring the oil absorption 
speed on the paper surface, correlating the oil absorption speed with the ink 
drying speed. A nozzle applicator device was used, working like a Bristow 
wheel2. During measurement low viscosity oil is applied to the sample surface 
through a nozzle without external pressure and the amount of transferred oil is 
measured. Oil absorption is measured within short absorption times (from 
0.01 to 0.07 s).  

The surface roughness was measured using an optical profilometer Veeco, 
equipped with a Wyko NT9100 detector, as to determine the surface smooth-
ness of each substrate. The deposited ink on the paper surface might not be 
enough to form a continuous printed line, due to the irregularities present in 
the surface (Paper 2-4). 

Optical characterization of the inkjet-printed patterns was made using an opti-
cal microscope Olympus BX60, equipped with Olympus SC30 camera, to visu-
ally inspect the quality of the printed line (Paper 1-3). Optical interferometer 
Weeco, equipped with a Wyko NT9100 detector was used to measure the phy-
sical parameters of the printed structures, such as width and length of the 
printed fingers and acquire a topography image on a 5x5 mm area, with 5x 
magnification (Paper 2, 3). The silver patterns printed in paper substrate and 
silicon, were inspected by Scanning Electron Microscopy (SEM) (TM-1000, 
Hitachi, Japan) (Paper 4).  

Wetting of substrate surfaces was measured using contact angle measurement. 
In Paper 2 an Optical Contact Angle Metre CAM200 device was used. Three 
liquids were used: distilled water, di-iodomethane (DIM) and formamide. 

3.2 Electrical characterization 

Electrical characterization of the sintered electrode structures was performed 
at room temperature, in ambient air at a relative humidity of about 20 – 30 %. 
Different measurement equipments were used, according to the printed struc-
ture.  A digital multimeter Wavemek, Meterman 23XT was used to measure 
the resistance of the printed pattern (Paper 4), in order to ensure that the 
printed structures were conductive and to calculate the surface resistivity (Pa-
per 2). The electrical resistance was monitored over time, using a Keithley 
3706, 3700 Series System Switch Multimeter, using clamps attached to the 
pads of the pattern (see Figure 10 and Figure 12). The data was collected in a 
10 second intervals (Paper 2) and 5 seconds (Paper 1) and the plotted. In 
Paper 1 the measurement started with the switch in the insulating state, acti-
vating the switch by breaking approximately 10 mg of the microcapsules with a 
finger. The core liquid was released from the microcapsules onto the PANI 
layer, doping it and making the transition to conductive state. Resistance was 
measured for 10 min from the switch activation. 

Capacitive humidity measurements were performed in an humidity chamber, 
SH-221, from ESQEC Corp., with a wet and dry airflow control, at different 
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humidity steps, for a fixed period of 20 minutes each (to allow the diffusion of 
water vapour molecules to be adsorbed into the substrate and stabilize, 
reaching the equilibrium with the environment). The changes in capacitance 
were measured using an HP 4192A LF impedance analyzer (5 Hz – 13 MHz), at 
a fixed frequency of 100 kHz, every 10 seconds (the choice of frequency was 
due to its compatibility with wireless read-out). A commercial sensor Tiny Tag 
Plus 2, TGP-4500, from Kimrock Oy was used to register and control the exact 
temperature and humidity levels inside the humidity chamber, every 10 se-
conds. Different measurements were the made at different humidity steps, in 
the range of 40 – 100 RH% and temperatures, in the range of 30 to 85 °C. The 
data was collected and recorded through a PC, using in-built software (Paper 
3). 
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4. Results and discussion 

4.1 Paper substrates characterization 

Different substrates were studied and they are listed in Table 3. The aim was 
to choose the best commercial paper for inkjet printing, using polymer sub-
strate and silicon as a reference material. Parameters used in paper industry, 
such as oil absorption speed were determined to compare their suitability as a 
substrate for conductive patterns. When using functional inks, in particular in 
R2R equipment, it is wanted that the solvents are able to dry fast. Thus, on the 
other hand, the high porosity and substrate absorption that derives from it, is 
most of the time detrimental for the functionality of the ink. 

Table 3 summarizes the physical properties of the studied flexible substrates.  

Table 3. Physical properties of the different flexible substrates. 

Substrate 
type 

Commercial 

substrate 

name 

Weight 
(g/m2) 

Thickness 
(μm) 

Oil ab-
sorption 

coefficient 

(ml/m2/s0.5) 

Pore 
Size 

(μm) 

Roughness 

Ra (µm) 

Publication 

number 

Polymer 

PI 

n.d. 
150 - 

n.d. 
0.548 1-2 

PET 125 - n.d. 1 

Paper 

Hello Fat 

Matt 120 125 
3.2 ± 1.5 

n.d. 2.55 ± 0.09 2 

P_e:smart 200 175 10.8 ± 2.5 0.015 1.78 ± 0.04 1-2 

Lumi silk 
130 110 4.3 ± 0.8 

n.d. 

1.35 ± 0.11 2 

90 78 
n.d. n.d. 

 
3 

Whatman 

no. 1 
87 180 

n.d. 
11 n.d 4 
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P_e:smart substrate has the highest oil absorption speed, seen from the ab-
sorption coefficient of about 11 ml/m2/s0.5. As oil absorption speed depicts the 
porosity of the substrate or the coating, being a result of more small pores on 
the surface, P_e:smart shows to be the most porous substrate. Hello Fat Matt 
and Lumi silk are less porous. Therefore, the porosity affects the conductivity 
of the printed patterns. The ink is absorbed by the substrate fibers and the 
metallic nanoparticles are deposited on the fibres. They are not able to move 
or coalesce and cannot form a conductive path. This can be reduced or avoided 
if substrate surfaces are coated. The coating layer will fill in the pores and the 
ink will stay only at the surface. The coating material has to be compatible with 
the ink curing temperature, as to avoid any mixing. We tested a polyvinylpyr-
rolidinone (PVP) as a coating layer on three different flexible substrates, flexo-
printed, as a filling layer and Ag ink was deposited after and cured, to check 
the affect of the coating, as shown and discussed in 4.1.1.  

The oil absorption speed value can be used, indirectly, as an indicator for a 
more efficient sintering process. When the ink is absorbed fast onto the paper, 
the sintering process can be improved, reducing the time needed for the ink 
components to dry. According to the manufacturer (Felix-SchoellerGmbH) the 
P_e:smart paper has hydrophilic nanoporous surface coating that is specifical-
ly designed for printed electronics, in order to reduce the paper porosity and at 
the same time absorb and dry faster the ink right at the surface (Paper 2). 
That relation will be addressed in section 4.1.2. 

According to the average roughness parameter (Ra), PI substrate has a low 
measured surface roughness of 0.548 μm, determined by Kwon et al. (2007). 
Hello Fat Matt substrate shows an average roughness of 2.55 μm, P_e:smart 
1.78 μm and Lumi silk 1.35 μm.  P_e:smart and Lumi silk are about 3× rougher 
than PI substrate and Hello Fat Matt is almost 5× rougher. This indicates that 
P_e:smart and Lumi silk are the best choice of substrate, suitable for printing, 
with low surface roughness, making them good candidates for inkjet-printing 
conductive patterns (Paper 2, 3). 
Another important parameter is the contact-angle. It predicts how well the ink 
can adhere to the substrate surface. A less hydrophobic surface improves the 
outcome of the inkjet printing, since these surfaces tend to be polar and prefer 
polar solvents to improve the adherence between the ink and substrate. Whe-
reas more hydrophobic surfaces tend to be non-polar, repelling water thus 
preferring neutral or non-polar solvents and reducing the adherence of polar 
inks to the substrate surface. This lack of adherence affects the printed quality 
of the structures, as the printed line cracks and peels-off.  

Table 4 shows the contact-angle measurements made with distilled water, Di-
iodomethane (DIM) and formamide, for the different paper substrates. 
 
 
 
 



Results and discussion 

43 

Table 4. Contact angles and calculated surface energy values at 0.5 s. 

Paper substrates 
Contact-angle (°) Surface energy 

(mJ/m2) Water DIM Formamide 

Hello Fat Matt 92.7 ± 1.5 25.4 ± 0.7 70.7 ± 0.5 41.9 

P_e:smart    97.1 ± 1.8 64.1 ± 1.0 91.0 ± 0.5 23.0 

Lumi silk     90.9 ± 2.2 62.1 ± 2.2 92.3 ± 1.6 23.5 

 
Water is a carrier of many commercial inks and DIM and formamide 
illustrates the wetting ability of nonpolar solvent, predicting oil absorption 
ability of the surface, thus describing the surface porosity.  
According to the contact angle results, in Table 3, Lumi silk paper was the cho-
sen substrate of sustaining the printed structure on its surface without peeling-
off, with a measured contact-angle with water of about 91° (Paper 2).  

The surface energy was calculated according to Fowkes from 0.5 seconds 
contact angle values from distilled water, DIM and formamide. P_e:smart and 
Lumi silk show similar surface energy, 23 and 23.5 mJ/m2, respectively. They 
show low surface energy, thus substrates show relatively low polarity, which is 
beneficial for improved adherence. The surface tension of Ag nanoparticle ink 
is 37 mN/m (measured with Krüss Tensiometer K9), hence all the substrate 
materials and ink are compatible with each other.  

4.1.1 Optical inspection of inkjet printed structures 

Optical characterization of the inkjet-printed structures is an immediate and 
fast method to see the printing quality, we can also infer about the conductivity 
of the printed structures. It is important to get continuous lines so we can have 
conductivity on the lines, smooth surface with no disruptions, such as holes 
and cracks. Schubert et al. (2008) and Subramanian et al. (2008) discussed 
the inkjet printed uniformity of Ag lines.  They determined the optimal drop 
space and highlighted the temperature effect on the curvature of the sintered 
lines, the so-called coffee ring effect.  

It is important to optimize the drop space in such a way no bulging or separa-
tion of droplets occurs. The optimized parameter results in more continuous 
or uniform line, as well as a smoother edge and top surface.  

The substrate temperature is another important parameter to control, as it 
defines the line topography, having a direct impact in reducing the coffee ring 
effect. The heating of the substrate leads to a more efficient solvent evaporati-
on at the line edges. Raised substrate temperature reduces the nanoparticles 
movement in the liquid, preventing them to agglomerate at the edges and form 
a depression zone in the middle of the sintered line, thus reducing the coffee 
ring effect. 

Line edge roughness (LER) is an important effect, often mentioned in tradi-
tional microfabrication techniques, as the smaller the details, the more pro-
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nounced are the edge effects on the structure (Franssila, S. (2010)). For prin-
ted electronics it only becomes an issue when the printed patterns are really 
small, below a few micrometers in size. Tuning the printing parameters, such 
as drop space or distance between droplets, can surpass LER but it is depen-
dent on the substrate characteristics as well (see Figure 14). Elevated substrate 
temperature can help with line definition, as well as the printing direction, 
reducing the LER outcome. In Papers 1-4, the substrate temperature was set 
up to to 45 – 60 °C, in order to help with the LER definition, as it would pre-
vent the ink spreading at the edge of the line.  

  

Figure 14. Schematic of drop space (left) in inkjet printing of Ag and correspondent LER 

(right).(Gaspar unpublished data.) 

An example of different drop spaces is shown in Figure 15, where 30 mm in 
diameter silver droplets were printed on a silicon wafer, with drop space bet-
ween 70 and 100 mm. 

 

Figure 15. Printed individual droplets on silicon with 30 mm diameter and a drop-space of a) 

100 mm, b) 80 mm and c) 70 mm3.  

In Paper 1 the optical characterization was performed after the spin-coating 
of the dedoped-PANI layer and the printing of Ag lines. This was made in or-
der to check if the printed structures were continuous, checking the printing 
quality of the lines. Figure 16 shows the high print resolution of Ag lines on 
PET substrate, with a uniform coverage, without any holes, indicative of possi-
ble conductivity. We achieved line quality on PET substrate similar to those 
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reported in the literature (Cho, G. (2010), Maaninen, A. (2011), Hübler, A. 
(2011), Jørgensen, M. (2010)), with well defined line edges and no visible 
cracks or holes in the lines. PET substrate has low porosity and smooth surfa-
ce, hence the line quality.   

In summary, it is seen from Figure 16 the good quality of the printed lines. 
Although no further characterization was performed, line edge is well defined, 
uniform and continuous, with a good resolution and no visible holes or cracks. 

 

Figure 16. Optical picture of the inkjet printed electrodes on PET substrate, with PANI coated 

on top of the Ag IDE and magnified microscope image of the Ag lines and dimensions. 

In Paper 2 the optical microscope characterization of IR-sintered lines on 
different paper substrates was done. The goal was to choose the best commer-
cial paper substrate to use for printed electronics, by comparing the conducti-
vity of the printed lines and to optimize IR-sintering process. Figure 18 shows 
well-defined, uniform and continuous lines on all studied paper substrates. 
There is no evidence of the coffee ring effect in any of the substrates. It is a 
very common effect in sintered lines, but more pronounced on polymer-based 
substrates. This is reported by Österbacka et al. (2012) and our results are in 
line with the ones obtained in his work. 

The coffee ring effect can be minimized using a lower organic solvent to nano-
particles volume ratio, meaning that less solvent is beneficial to promote sol-
vent evaporation, in such a way that there is less fluid for the nanoparticles to 
move around. The reducing of the sintering temperature allows for the solvent 
evaporation to be slower, while over time the NP move slowly in the fluid. 
When the NP movement is slow, the coffee ring effect is less pronounced as 
they don’t tend to move towards the edge of the line. Another reason for the 
absence of coffee ring effect is the use of paper substrates, which due to its 
porosity, will absorb a part of the solvent in the ink, depositing the nanoparti-
cles on the fibres, preventing them from circulating on the surface. This is ob-
served by others, too, and described in the literature (Stejskal, J. (2016), Ös-
terbacka, R. (2012)).  

In order to prevent and reduce the coffee-ring effect, cracks and reduce the 
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porosity, a coating layer was studied, using PVP as a coating material. Figure 17 
shows the effect of a printed coating layer on different flexible substrates. The 
PVP was used due to its properties, such as price, availability and high glass 
transition temperature of 150 – 180 °C, according to its molecular weight, 
compatible with the Ag sintering temperature (≤ 150 °C). One layer of 10 wt% 
PVP flexo-printed before printed Ag lines. This way, the porous substrates 
would have similar surfaces, in terms of roughness. 

Figure 17. Top view optical images of flexo-printed Ag lines on PVP coated flexible substra-

tes.(Gaspar unpublished data.) 

PVP is a good material to be used as coating or an additive to a coating mate-
rial, due to its polarity, as PVP binds to polar molecules easily, readily forming 
hydrophilic films. A PVP layer is easy to print, it is thermally cured and the 
final result is a uniform barrier on top of the paper substrate. 

After printing and sintering, optical inspection the PVP layer was performed. 
In all substrates, it is clear that the coating layer is not beneficial for a non-
disruptive or smooth line (see Figure 17). On PI there is no absorption of ink by 
the substrate and it shows a smooth layer, though it is full of holes. The effect 
of the PVP coating layer is worse in P_e:smart substrate; there is not a regular 
spreading of the ink and there are visible holes and a depression in the middle 
of the line, indicative of coffee-ring effect. Holes or cracks are not visible in 
Hello Fat Matt substrate, thus the line appears to be full of wrinkles, not 
smooth. A PVP coating would be an additional printing step, with extra costs 
and for the more porous paper substrates it would not improve the printing 
results. For this reason, we chose less porous substrates for the remaining 
work, without additional coating steps. 

In Paper 2 a commercial Ag ink was used, with a fixed organic solvent to na-
noparticles volume ratio. A low substrate temperature of 60 °C was used while 
printing in order to improve the line definition, promoting, as expected, the 
solvent evaporation whilst the slow nanoparticles movement reduced the cof-
fee ring effect.  
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Figure 18. Optical microscope images (5x magnification) of the inkjet printed silver line on diffe-

rent paper substrates. 

Figure 18 shows surface images of inkjet printed lines on three different paper 
substrates, used as is, with no additional coating  layer. Our obtained lines are 
of good quality when compared to the literature (Stejskal, J. (2016), Öster-
backa, R. (2012)). 

In summary, all the inkjet printed lines have no visible holes or discontinui-
ties, which means that probably they are conductive. Hello Fat Mat shows a 
bulging surface, explained in more detail by Subramanian et al. (2008). That 
can be fixed by changing the inkjet printing parameters, such as drop space. 
P_e:smart shows poor resolution of the printed line, which is most probably 
due to the printing parameters, such as firing voltage and drop space. Lumi 
silk appears to be the best substrate for inkjet-printing (Paper 2).  

Lumi silk was then the substrate of choice for developing the humidity printed 
sensors. Two printing techniques were studied and Figure 19 shows the inkjet- 
and flexo-printed Interdigitated Electrodes (IDE) and a magnification of the 
obtained printed lines on Lumi silk paper substrate (Paper 3).  

 

Figure 19. Array of inkjet printed (on the left) and flexo printed (on the right) Ag interdigitated 

finger electrodes structure and the magnified view of one device and the electrodes, on Lumi 

silk. 

As expected, the lines exhibited a uniform surface, without disruptions, no 
coffee-ring effect or visible cracks. As reported (Österbacka, R. (2012)) when 
using photonic sintering methods, the coffee-ring effect is almost non-existent. 
The explanation is simple, as the energy of the photonic radiation is more loca-
lized and efficient, meaning that the solvent evaporation and the coalescence 
of the nanoparticles occurs almost at the same rate, not allowing the nanopar-
ticles to move towards the edges of the printed lines. The IR-sintering was stu-
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died as discussed in Paper 2, as an efficient method of photonic sintering to 
be used as an alternative to thermal sintering. 

There was no visible difference between the two printing techniques, inkjet 
and flexo printing, as observed in Figure 19. They are both R2R compatible and 
any of the two can be combined with photonic sintering equipment, such as 
IR. 

In summary, although P_e:smart paper absorbs and dries fast, Lumi silk has 
the smoothest surface, as stated by the manufacturer and from roughness 
measurements (Table 2), therefore the printed structures showed the most 
uniform and continuous surface, making it the most suitable substrate for 
printed electronics. Lumi silk was therefore the substrate chosen for develo-
ping the humidity sensor on paper substrate, reported in Paper 3. 

Macroporous substrates represent a challenge for printing conductive pat-
terns, as the ink penetrates fast and deep into the paper, soaking the fibres and 
not allowing the nanoparticles to form conductive paths. In Paper 4 a com-
bination of optimized drop spacing and substrate temperature were used. The 
use of three printed layers and optimized sintering time and temperature 
translated into continuous, conductive lines, despite the paper porosity.  

Surface and cross-sections SEM micrographs of the inkjet printed lines are 
shown in Figure 20, to determine the quality of the printed lines. 

 

Figure 20. SEM micrographs of inkjet-printed Ag lines on chromatography paper. 
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The cross-section images in Figure 20 show clearly that the ink penetration 
increases with the number of layers, ensuring the paper-pore filling and surfa-
ce uniformity of the line. This translates in a homogeneous surface, with 
complete filling of the pores and total coverage of the paper fibres.  

 

A combination of parameters was tested to assure conductive lines needed for 
the IEF device. Line resistance was measured (in Ω) in 0.5 mm Ag lines and 
the values are 393.3 Ω ± 64.0 Ω for one printed layer, 70.9 Ω ± 5.3 Ω for two 
printed layers and 5.8 Ω ± 0.4 Ω for three printed layers. It is clear that less 
than three layers would not meet the IEF specifications in terms of conductivi-
ty.  

The drop space was set 20 μm, as an optimized value and it was the minimum 
possible drop space to ensure any conductivity on the printed lines, without 
short-circuiting the lines. At the same time, the substrate temperature was set 
to 60 °C, in order to promote the solvent evaporation. This was especially im-
portant for the 1st printed layer, as it would ensure less ink penetration onto 
the substrate, while curing the ink simultaneously. The 1st printed layer acted 
as an ink penetration barrier for the following layers.  

Figure 5 shows the results of wicking experiments that were performed in or-
der to confirm that the inkjet printed Ag lines on macroporous paper would 
not affect capillary wicking. Wicking is the absorption of liquid by capillary 
action, measuring the distance with time. 

 

Figure 21. Effect of printed Ag lines on the wicking behaviour. The locations and width of the 

inkjet printed electrodes are marked with grey. The dashed line shows the best fit to the blank 

sample (The data represent means ± SD (n = 3)). 

A successful wicking was crucial in terms of the performance of the IEF device 
as a microfluidic device. The tests were performed with samples that had a 
total of four alternating 3 mm and 0.5 mm wide silver lines, 1 cm apart, as in-
dicated in Figure 21. The results show that water was able to reliably wick ac-
ross the Ag lines although the printed patterns did slightly slow down the 
wicking rate. The observed slowdown is likely due to decreased pore size and 
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possibly altered contact angle. The wicking rates followed closely the Wash-
burn4 relation. The wicking rates were calculated by best fit into x2 = kt, where 
x is the distance, t is the time and k is the wicking rate, and they were 5.71 
mm2/s for the unmodified blank paper, 5.04 mm2/s for a single printed Ag 
layer and 4.63 mm2/s for three printed layers. As the wicking rates showed no 
significant difference, three printed layers were used on the IEF device in or-
der to ensure conductivity (Paper 4). 

4.1.2 Electrical characterization 

Paper 2 demonstrates the use of IR-sintering method is an efficient and fast 
way to sinter conductive tracks on paper substrates, without damaging either 
the printed lines or the flexible substrates. It has been reported before55 the 
use of photonic sintering methods, such as IR-sintering being suitable for NPs-
based inks and paper substrates, but not for polymer-based, due to their ther-
mal properties. Fibre-based substrates have low thermal conductivity (k ≈ 0.01 
– 1 W/km) (Österbacka, R. (2012)) and consequently high thermal stability, 
which explains the efficiency of IR-sintering on the majority of those sub-
strates. They are able to withstand high temperatures of about 200 °C, without 
degradation of the substrate, such as ageing of the fibres, if exposed for a very 
short period of time, such as microseconds (Österbacka, R. (2012)), although a 
slightly yellowing of the fibres might occur without affecting the line conduc-
tivity. Likewise, polymer-based substrates, such as PI, can handle high sinter-
ing temperatures, between 150–300 °C5, but the photonic sintering is not so 
efficient. Polymer substrates have higher thermal conductivity and less ther-
mal stability, as they have a glass transition temperature, Tg. If the sintering 
process is performed at this temperature, some thermal expansion on the pol-
ymer substrate occurs and upon cooling, cracks appear on the printed layers. 
In paper substrates, the thermal expansion seldom exists and all the energy 
from the photonic sintering process goes into the NPs printed layers, increas-
ing the heat locally and boosting the coalescence process of the NPs and the 
number of percolation paths increase, in order to achieve higher conductivity. 
Despite the advantages, some paper-based substrates may not be suitable for 
IR-sintering process, because they can have organic coatings not compatible 
with the high temperatures involved in the sintering process. Substrates for 
printed electronics usually have a specific coating to either improve printabil-
ity, promote sintering or both. P_e:smart has a nanoporous coating to improve 
the sintering process (Paper 2). Usually, the coating is organic, in order to 
allow a good wettability for printing inks and a degree of porosity to improve 
the sintering process (Kim, D. (2010)). Organic coatings, are usually limited to 
150 °C. 
In R2R equipments, tipically exists a setup of 6 to 8 IR lamps, that give tem-
peratures in the order of 700 °C (Toivakka, M. (2013)), which paper substrates 
can endure if exposed for short periods of time, curing the ink almost instan-
taneously. 
As recommended by the ink manufacturer, thermal sintering was performed at 
150 °C for 60 minutes and IR-sintering was performed at the same tempera-
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ture, for 10 min. It is clear from the results that for the majority of the used 
substrates, IR-sintering improved the final conductivity of the printed lines, 
when comparing with thermal sintering. Figure 22 shows the calculated resis-
tivity (μΩcm), after thermal and IR-sintering, at a fixed temperature of 150 °C, 
for 60 min and 10 min, respectively. 

 
Figure 22. Resistivity (µΩcm) of Ag NP ink conductive lines on different substrates, after 60 

minutes of thermal sintering (represented in dark grey) and 10 minutes of IR-sintering (repre-

sented in light), both at 150 °C. 

 
The lowest resistivity values were obtained with Lumi Silk substrate, where the 
resistivity values of the inkjet printed silver lines were about 2.5x of the bulk 
silver, whereas with thermal sintering this value was about 5x the bulk silver 
value. It is clear that the IR-sintering process is beneficial for the conductivity 
of the printed lines. Compared to thermal sintering, the resistivity is reduced 
to half with IR sintering and the sintering time is reduced by 80%. 
Hello Fat Matt shows higher values of resistivity when using IR sintering, 
when compared to thermal sintering, which is the opposite behavior of the 
remaining substrates. It can be due to the paper fillers, but that is only specu-
lative. One of the most used fillers in the paper industry is Calcium Carbonate 
(CC) and Zhao et al. (2013) studied the formation of crystalline calcium car-
bonate upon sintering calcium carbonate, under compressive stress (20 MPa) 
at relatively low temperatures (120–400 °C), induced by pulsed direct cur-
rents. They observed that at temperatures of 120–350 °C, the nanoparticles of 
CC transformed into crystallites of mainly aragonite. The formation of crystal-
lite structures will definitely affect the conductivity of the printed Ag line. 
When using IR sintering, more energy is delivered to the printed pattern, for a 
very short period and the local temperature is higher than with thermal sinter-
ing, that might induce a faster growth of the crystallites. Further studies are 
needed to assess and understand the influence of IR sintering upon the paper 
fillers that was not the scope of this thesis and might be done in the future. 
PI and P_e:smart substrates are in agreement, as P_e:smart has a polymeric 
coating, so it is expected to have a similar behaviour as PI, a polymer sub-
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strate. The variation of resistivity on P_e:smart and PI substrates is smaller, 
for both sintering methods, than for paper substrates.  
As a disadvantage, a secondary effect of long-time exposure to high tempera-
tures was observed in paper substrates. Using IR-sintering the cellulose fibres 
started to turn yellow and darker. The yellowing of fibres weakens the cellulose 
fibres and might detriment the quality of the printed lines affecting their con-
ductivity. One possible way to reduce that effect is to limit the exposure to 
heat, decreasing the sintering temperature or reducing the sintering time. 
Figure 23 shows the measured resistance (Ω) after thermal and IR-sintering, 
as a function of exposure time and temperature. 

 
Figure 23. On-line monitoring of resistance (Ω) of inkjet-printed lines on PI and Lumi silk sub-

strates, during IR-sintering from 150 °C to 210 °C. 

 
Lumi silk was the elected substrate for studying the effect of different sintering 
temperatures on conductivity and ageing of the fibres, against PI, a polymer-
based substrate used as reference for a higher sintering temperature. As can be 
seen in Figure 23, at the beginning of the measurements, the inkjet printed 
lines showed no conductivity. There is a clear difference in resistance drop, 
from 170 °C to 190 °C for Lumi silk substrate. The resistivity of the printed 
lines reduces more rapidly at higher than at lower temperatures and it is com-
parable with the resistivity obtained for PI substrate at a higher sintering tem-
perature, in a shorter period of time (Paper 2). 
In paper 1 an all-printed switch was developed on PET substrate. It was char-
acterized as an OFF-ON switch, starting from a non-conductive state, with a 
resistance value over 100 MΩ, and after the breaking of the microcapsules it 
would go to a conductive state, around 1-10 kΩ, instantaneously. Two different 
types of microcapsules were used as received from TNO and similar results 
were observed. Upon breaking the microcapsules, containing acidic fluid, 
dedoped PANI is doped by the acid and becomes conductive. In more detail, 
that occurs when the emeraldine base, which is neutral, is doped (protonated) 
by an acid and it is then called emeraldine salt and it is conductive. The print-
ed Ag electrodes would form an electrical circuit, after doping of the PANI. The 
doping phenomena is visible by naked eye and a clear colour change from dark 
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blue to yellowish green was observable in the PANI layer with both microcap-
sule types, in agreement with the electrical change, as seen in Figure 24.  

 
Figure 24. Optical picture of the inkjet printed Ag electrodes on PET substrate, with PANI coat-

ed on top of the Ag IDE; the blue colour is the dedoped-PANI layer and the yellowish green 

colour is the doped-PANI, after breaking the microcapsules.

 
Switch resistance with the citric acid and calcium chloride in DI water 
(CAc/CC) microcapsules was slightly higher than with the citric acid in DI wa-
ter (CAc) capsules, as calcium chloride (CaCl2) reduces the doping effect of 
citric acid, as shown in  
Table 5. 
 
Table 5. Resistance values, measured 100 seconds after breaking the microcapsules (the data 

represent mean ± standard deviation (n = 3)) 

Microcapsules Resistance (kΩ) 

CAc 2 ± 0

CAc/CC 5 ± 2 

 
The obtained switch resistance in the ON state is relatively high but some im-
provement can be made. Optimizing the electrode geometry and the thickness 
of the printed layers, PANI and Ag layers can minimize the resistance value in 
the ON state. Improving the IDE geometry in terms of adding more fingers 
and reducing the gap between them will increase the current flow from the 
doping of the PANI layer when breaking the microcapsules. Adding thicker Ag 
and PANI layers can also increase the conductivity of the printed layer, as re-
sistance decreases with thickness. Optimization can be done in the microcap-
sules, increasing the citric acid concentration, hence the doping concentration. 
In the future, studies could be made to study the maximum acid concentration 
to be used to dope a PANI layer. 
The switch was also tested on paper substrate, where the layers were printed 
with the same parameters and the same amount of microcapsules was used. 
However, the switch performance could not be determined because at the 
break of the microcapsules the paper started to “boil” (see Figure 25).  
 
 



Results and discussion 

54 

 
Figure 25. Optical image of bubbling of citric acid (transparent) deposited on top of an Ag layer, 

inkjet printed on Lumi silk substrate. The bubbles are formed immediately when deposited and 

appear to boil. 

 
This phenomenon is due to the formation of calcium citrate and the release of 
carbon dioxide, upon the reaction of citric acid and calcium carbonate (Ca-
CO3), which appears to boil, see equation (4).  

 
2C6H8O7 + 3CaCO3 ⇒ Ca3(C6H5O7)2 + 3CO2 + 3H2O                          (4) 

Lumi silk has a high content of CaCO3 (Paper 2) as a coating layer, to pro-
mote the surface smoothness. This reaction damaged the Ag lines and conduc-
tivity was drastically reduced. 
Paper 3 shows an all-printed capacitive humidity sensor fabricated on paper 
substrate, which uses the substrate as a sensing layer. Figure 26 shows a 
schematic of the adsorption and desorption process for an IDE sensor, when 
exposed to different relative humidity levels. 

 
Figure 26. Schematic image, illustrating relative humidity process, using an IDE configuration. 

 
When the relative humidity is low (around 40 RH%), the paper fibres adsorb 
the water vapour molecules and they usually swell in a fast way, about 1 mi-
nute. When the relative humidity starts to increase to higher levels (around 90 
RH%), the paper fibres will swell more, adding more water vapour molecules 
adsorbed to the previous ones and that slows the de-swelling process, to about 
3 minutes. When the relative humidity is reduced again to the initial level 
(about 40 RH%).  
The transition between the swell and de-swell steps, depends on how fast the 
paper fibres can adsorb and desorb the water vapour molecules and the ability 
to reach equilibrium, resulting in a absorption process relatively fast, whereas 
the desorption can be slower, due to the added soaking of the paper fibres. The 
fibre orientation is also important for the response time. IDE was printed in a 
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perpendicular orientation to Lumi silk’s paper fibres, in order to maximize the 
response time. If the fibres are parallel to the IDE, the response time is slower.  
Capacitance measurements were performed in a humidity chamber, using dif-
ferent humidity steps, at different temperatures. Performance of the printed 
sensor was compared to a Si-based commercial sensor (see Figure 27). 

 
Figure 27. Dynamic response of an Interdigitated electrodes configuration printed sensor (in 

blue) against a commercial sensor (in red), at a fixed frequency of 100 kHz. 

 
The inkjet printed sensor showed an almost linear response against humidity. 
It translated into a small hysteresis, meaning that the response was very simi-
lar in different relative humidity levels. The printed sensor showed good re-
producibility over time. The response time of the IDE printed sensor was 
around 80 seconds and the recovery time 170 seconds. 
At high humidity, over 60 RH%, the printed sensor response approached the 
commercial sensor response. As for low humidity, between 40 RH% and 60 
RH%, the printed sensor response did not match the commercial sensor. This 
was probably due to saturation of the sensing material – paper substrate, after 
the swelling. It probably needs more time, at low humidity levels, in order for 
the equilibrium state to be reached, so it can desorb all the water content 
trapped in the fibres. Possible solutions would be to either increase the meas-
urement time, in order to stabilize at the different humidity levels, or use a 
thinner substrate, the substrate used in Paper 3 was Lumi silk 90 g/m2.  
De Rooij et al. (2012) showed the proof-of-concept of printed humidity sensors 
on flexible polymer-based substrates, using capacitive reading. Pleteršek et al. 
(2014) developed a screen-printed humidity sensor on different paper-based 
substrates, based on capacitive response, with 1×1 cm comb type sensor. Mey-
yappan et al. (2012) developed a resistive type humidity sensor fabricated on 
different cellulose-based papers, with a simple structure, low fabrication cost 
and simple read-out circuitry. Their sensors were fabricated with single-wall 
carbon nanotubes, functionalized with carboxylic acid and deposited on the 
paper substrates. They showed 6 % sensitivity in the linear regime and a re-
sponse time of only 6 seconds, whereas our sensor is less sensitive and it has a 
slower response time of around 4 to 5 minutes. That is due to the use of func-
tionalized carbon nanotubes (CNT). The cellulose fibres have hydroxyl groups 
that form hydrogen bonds. These hydroxyl groups connect to the surface of the 
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CNTs by hydrogen bonding, resulting in an increase of the percolation path 
and, therefore, faster response and higher sensitivity. Alves et al. (2015) stud-
ied the effects of humidity on the electrical properties of inkjet-printed films of 
copper tetrasulfonated phthalocyanine on paper substrates. For instance, it 
was observed that the resistance values were strongly dependent on the num-
ber of printed layers. Our sensor only has one printed layer, which is an ad-
vantage when up-scalling the manufacturing of the sensors. De Rooij et al. 
(2011) used paper as an active layer on IDE configuration inkjet-printed hu-
midity and temperature sensors. They exhibited an exponential response to 
different humidity steps. Although they achieved better results when the paper 
was passivated, the sensor showed a very long response time (not mentioned 
qualitatively) to the humidity changes, independently of the parylene coating. 
Our sensor does not need extra passivation steps and, although it has slow 
response, the response time is only 4 to 5 minutes, suitable for different appli-
cations, such as pharmaceutical paper packaging, to monitor the humidity 
changes over transport or integration in building materials, such as wall-
paper, for in-house air-quality monitoring. 
Table 6. Summary of the inkjet-printed humidity sensor performance compared to the sensor 

performance of commercial and literature sensors. 

Parame-
ter 

Si-based 
commer-
cial sensor 

Pa-
per 
Inkjet-
printed 

sensor 

Pol-
ymer 
Inkjet-
printed 

sensor 
(Fisch

er, W. 

(2011)) 

Inkjet-
printed 
sensor 
on paper 

(Pleterš

ek, A. 

(2014)) 

CNTs/Pap
er-based 
resistive 
sensor 

(Meyyap-

pan, M. 

2012) 

CuTsPc/Pap
er-based re-
sistive sensor 

(Alves, N. 

(2015)) 
 

Nominal 

capaci-

tance 

(pF) @ 

room 

tempera-

ture 

300 

(55 RH%) 

10 

(55 

RH%) 

5 

 
23 n.d. n.d. 

Sensitivi-

ty 

(pF / 

RH%) 

0.6 pF 
~ 2 

pF 
n.d n.d. 

6 % (linear 

regime) 
n.d. 

Re-

sponse 

time 

Fast (se-

conds) 

Slow 

(4-5 

minutes

) 

n.d. 
Very 

long 
6 s 8 min 

De Rooij et al. (2011) developed an IDE humidity sensor on paper, with simi-
lar dimensions to the sensor described in this work. The main difference is 
that it uses a separate sensing material responsive to humidity variations and 
the paper acts only as a support. A differential method was used to eliminate 
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the substrate effects when exposed to humidity. Their sensors showed slight 
hysteresis, with a very long response time, without reporting the exact time. 
Another issue was when exposed to high levels of humidity the sensors bent 
irreversibly. They required paper and electrode passivation in order to over-
come that phenomenon. Our sensors performed with no mechanical issues, at 
low and high humidity levels. Between 40 – 100 RH% our sensors showed an 
almost linear behaviour and response time of less than 5 minutes, which is 
faster than most of the sensors reported in the literature (Pleteršek, A. (2014), 
Alves, N. (2015)). 
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5. Conclusions, challenges and future 
ideas 

The use of paper as a substrate has many advantages over traditional mate-
rials, such as glass and silicon. The first advantage is its flexibility, allowing the 
development of flexible devices, fully integrated with other materials. Followed 
by its availability and sustainability, as a renewable source of material and it 
can be recycled, making paper electronics environmental friendly. At the same 
time, working with fibre-based substrates can be highly challenging. It is im-
portant to compare and understand the different paper limitations and its use 
as a substrate. One of the main problems is the porosity and absorption ability 
of the paper, which does not exist in glass or silicon. It can be a very interes-
ting property for microfluidics on paper, but it can be a disadvantage when 
depositing functional ink. For example, conductive ink penetrates through the 
pores of the paper and the metal NP stays trapped in the paper fibres, unable 
to form percolation paths and as a consequence the conductivity decreases. An 
easy way to overcome that, besides tailoring ink viscosity and tuning printing 
parameters, is using an organic coating, for example. The coating will fill in the 
holes and smooth the surface, making it an ideal substrate for printing. For 
this reason, it would be interesting to study different coatings in the future, as 
a way to reduce porosity and improve smoothness of the paper surface. Using 
cellulose derivatives, such as ethyl cellulose or carboxilmetilcellulose would be 
a interesting way to start studying the different coating materials, as they are 
cellulose-based and would not change the main paper properties, neither inc-
rease the production costs or affect its recyclability. 

The working temperatures of materials, such as substrates or inks, can be 
another problem to overcome. When combining different printing techniques 
and layers of different materials, the most critical manufacturing step is the 
curing. The time and temperature used in the curing step needs to be adequate 
to activate the ink but not to damage the printed layers and not to destroy the 
flexible substrate. Long time exposure to high temperatures might degrade the 
layers (like yellowing the paper fibres). That can be solved using IR sintering 
or increasing the web speed of the R2R equipment, reducing the curing time. 

As a final development step, integrating a printed component, such as a humi-
dity sensor directly in consumer products, in a package label, can be a major 
challenge. Printing the sensor at laboratory scale is not an issue as it allows 
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fine-tuning at any step of the printing process, but all the process needs to be 
optimized when up-scaling to pilot and industrial scale. That has been consi-
dered but is yet to be done, in order for the humidity sensor to be integrated 
directly in the tag in one step. Among other advantages, printing and curing 
the sensor in one step reduces drastically the production costs of the tag or 
label. In our case, the target application was a Smart label, which communica-
tes information stored into the tag or is measured by an integrated sensor wit-
hout the need for a specialized reader. That was successfully developed and a 
functional Smart label was produced in R2R, at a pilot scale facility. Some is-
sues with response time of the humidity sensor are yet to be improved, mainly 
because of the paper itself. One way to improve the response time is to use a 
thinner paper and with more oriented fibres, which will increase the sensor 
sensitivity and the response time will be faster, for the current sensor configu-
ration. Physical parameters, such as the geometry of the sensor can also be 
improved as to increase the production yield of the printing process.  

For the future, integrating printed devices with existing materials, such as 
construction materials, packaging or clothes and wireless technologies or 
cellphone apps, will allow the development and the appearance of smart devi-
ces and applications, such as real-time diagnostics, real-time logistics, interac-
tive food packaging or pharmaceutical, wearables, among many others. In the 
long term, we will be able to have smart food packaging, giving real-time in-
formation regarding the product, shelf-life, storage conditions and quality in 
general as well as smart textiles that can wash themselves or give real-time 
information about weather conditions or even diagnose health status. These 
new variety of functional and smart devices is only possible if new materials 
are developed and integrated in functional inks. As a future work it would be 
interesting to functionalize paper fibres with nanomaterials, such as com-
posites of gold and silver nanoparticles, for example, in order to increase con-
ductivity and work as a biosensor, as gold nanoparticles are well known and 
studied in the field of biosensors (Raghavarao, K. (2017), El-Khamisy, S. 
(2017)). As another example, developing a nanocellulose-based ink with enzy-
mes (Persaud, K. (2013), Persaud, K. (2013)) can be used for different applica-
tions, such as sensors, diagnostics, microfluidics on paper, among others. The-
se disposable biosensors would then be flexible, ecofriendly and accessible to 
all, as they could be manufactured anywhere, requiring only the functional ink, 
an operator and a printer. On another area, it would also be interesting to im-
prove existent applications, which can be flexible, such as printed solar batte-
ries and integrate them in clothes and use them for energy harvesting, acting 
as just aesthetic devices or functional ones. 

For these reasons, in the future, research needs to meet the industry require-
ments, so the mass manufacturing of printed electronics can be a reality. In-
teraction between researchers and industry partners needs to increase and has 
valuable output for printed electronics. Knowledge transfer from both fields, 
will result in more efficient development and production of functional devices 
and the consumer will have a more wide variety of high-end quality products 
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to chose from. The development of prototypes and demonstrators needs to be 
a reality for the research scientist. Internet of Things (IoT) will allow the data 
transfer and collection and smart products will be able to learn and solve prob-
lems. The printed humidity sensor can be integrated in a smart tag, printed 
directly in a pharmaceutical or food packaging and give real-time information 
of humidity conditions of the product.  

Using inkjet printing as an alternative production technique has many ad-
vantages over the traditional microfabrication methods. One of the main ad-
vantages is that it is an additive technique, producing less waste and involving 
fewer manufacturing steps. Also allowing the production of a wide range of 
components, devices and applications, combining metallic NP-based inks with 
polymeric, semi-conducting and insulating inks, for instance. There are no 
limitations for what can be developed or improved, in a more conscious and 
sustainable way, meeting at the same time the consumer requirements and the 
manufacturing capabilities. Printing intelligence is already a reality, growing 
in challenges and applications every day. 
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