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Abstract
This thesis investigates how printing methods can be used to fabricate components for optics and
electronics applications. Three different components were chosen, in order to demonstrate the
technology’s versatility: a microlens array, a memristor and a double-sided capacitive sensor.
While the work focused on design and fabrication aspects, the components’ functionality was also
verified through appropriate methods.
Polymer microlens arrays were fabricated by inkjet printing on both polyethylene terephthalate
and glass substrates, and their physical characteristics were inspected. After additional
investigation, the lens array fabricated on a glass substrate was determined to have imaging quality
equal to the commercial glass reference, thus becoming a viable cost-effective alternative to an
expensive glass lens array.
The memristors were fabricated solely through inkjet printing. The fabricated structure had a
TiOx layer printed between two silver electrodes. The physical and electrical properties of the
fabricated samples were characterized. The memristivity of the component was proven functional,
making the memristor one of the first fully inkjet printed ones.
The third component was a screen-printed double-sided capacitive sensor. It was fabricated on
an air filter to monitor the filter’s dirtiness level. One side of the sensor reacted to the particle
accumulation, and the other side acted as a reference to provide better selectivity. By measuring
the capacitance difference between the two sides, the dirtiness level could be determined case-bycase. The sensor concept was evaluated with a simple lint-placement test, and with a vacuum
cleaner to achieve proper air flow through the filter. The experiments complemented each other,
as an increase in the capacitance difference was observed in both tests.
The obtained results and implemented components exemplify the great potential and variety of
printed intelligence in many fields of research, and their eventual impact on our everyday life.

Keywords: capacitive sensor, inkjet printing, memristor, microlens array, printed
intelligence, screen printing
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Tiivistelmä
Tässä väitöskirjassa tutkitaan, kuinka painomenetelmillä voidaan valmistaa komponentteja optiikan ja elektroniikan sovelluksiin. Tutkimukseen valittiin kolme erilaista komponenttia osoittamaan painomenetelmien monipuolisuutta: mikrolinssimatriisi, memristori ja kaksipuolinen
kapasitiivinen anturi. Suunnittelu ja valmistus pidettiin työn painopisteenä, mutta myös komponenttien toimivuus varmistettiin asianmukaisin menetelmin.
Polymeerimikrolinssit valmistettiin mustesuihkutulostuksella sekä polyetyleenitereftalaattiettä lasisubstraatille, ja niiden fyysisiä ominaisuuksia tutkittiin. Lasisubstraatille valmistetun
linssimatriisin kuvantamisominaisuuksia tutkittaessa todettiin niiden olevan samantasoisia kuin
kaupallisella lasilinssimatriisilla. Huomattavasti matalampien valmistuskustannuksien vuoksi
polymeerilinssit ovat kustannustehokas vaihtoehto kalliille lasilinsseille.
Memristorien valmistukseen käytettiin pelkästään mustesuihkutulostusta. Memristorin kerrosrakenteessa on kahden hopeakerroksen välissä ohut TiOx-kerros. Valmistettujen näytteiden
fyysisiä ja sähköisiä ominaisuuksia tutkittiin. Komponentti todettiin memristiiviseksi, ja oli näin
ollen yksi ensimmäisistä täysin mustesuihkutulostuksella valmistetuista.
Kolmas komponentti oli silkkipainolla valmistettu kaksipuolinen kapasitiivinen anturi, joka
painettiin ilmansuodattimen pintaan havainnoimaan suodattimen likaisuutta. Anturin toinen puoli reagoi hiukkasten kertymiseen suodattimen pintaan ja toinen puoli toimii referenssinä selektiivisyyden parantamiseksi. Mittaamalla kapasitanssiero puolien välillä, likaisuus voidaan määrittää tapauskohtaisesti. Konseptia testattiin yksinkertaisella nukkatestillä ja pölynimurilla, jolla
saatiin ilmavirta suodattimen läpi. Testit täydensivät toisiaan, sillä kapasitanssieron kasvu
havaittiin molemmissa testeissä.
Työn tulokset ja toteutetut komponentit havainnollistavat painettavan älykkyyden loistavia
mahdollisuuksia ja monipuolisuutta niin tieteen eri aloilla kuin ihmisten arkipäivän elämässä.

Asiasanat: kapasitiivinen anturi, memristori, mikrolinssimatriisi, mustesuihkutulostus,
painettu älykkyys, silkkipaino
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1

Introduction

1.1

Motivation of the work

Printed intelligence is a growing industry field, which is integrating and utilizing
the latest knowledge of multiple disciplines, in particular chemistry, material
science and engineering. It is a technology enabler for diverse fields of economy,
including industries such as automotive, construction, transportation, healthcare
and well-being, where different kind of sensors, indicators, displays, memories and
power sources are needed. Due to these reasons, this work investigates, how
printing techniques can be utilized to fabricate novel and inexpensive structures for
sensing and imaging-based application.
Generally, printed intelligence is considered an approach that utilizes printingbased deposition techniques to fabricate functional structures and devices on
various type of substrates. The term “printed intelligence” is an extension of the more
commonly used term “printed electronics”, yet, although ambiguously defined, it does
not focus only on electronics fabrication. Instead, it “extends the functions of printed
matter” [1] beyond electronics, thus being defined more by the fabrication technique
than the field of application. Printed intelligence is a broader branch of technology [2],
[3] which also includes parts of optics and chemistry, for example. In this context,
printing is considered a solution-based process and is classified as an additive
manufacturing technology. In additive fabrication, functional structures are formed
by layering the needed materials through deposition methods, such as screen-,
flexography-, gravure- or inkjet printing. These methods can be used alone, or they
can be combined according to need. Printed intelligence products are typically thin
and large area products (two-dimensional (2D)), differentiating them from 3Dprinting based products.
The requirements for printed intelligence materials (inks, substrates,
encapsulants) vary depending on the desired functionality of the component, and
the employed fabrication methods and conditions. Inks must have certain
rheological properties to be printable, and maintain proper wettability on the
surface [4]–[6]. In addition, inks must be chemically compatible with the substrate
and other layers. Depending on the printing techniques and inks used, the
substrate’s topology must be considered. Usually, smooth surfaces are preferred to
achieve repeatable and uniform printing quality with high resolution. In other cases,
the substrate aspect is not critical, allowing for the use of coarse ones. Flexibility
17

[7]–[9] is the one key-differentiating aspect of printed intelligence, thus requiring
certain mechanical properties for inks and substrate materials used in fabrication.
As the definition of printed intelligence is ambiguous, the definition of the
printing techniques is not straightforward either. Ink deposition techniques,
including screen-, flexo-, gravure- and offset printing, are used and reported but
this thesis focuses on two methods, namely inkjet [10] and screen printing [11].
Inkjet printing can be categorized as a digital fabrication method, which is
controlled and monitored through a computer. This work partially focuses on inkjet
printing technology since digital additive manufacturing methods are expected to
be one of the key enabling technologies in the megatrend called digitization. The
second deposition method used within this study is screen printing, representing
the more traditional side of printing methods. Even though its operating principle
dates back for hundreds of years, it is highly practical, especially with patterns of
larger dimensions. A great advantage of both methods is the possibility to combine
them with roll-to-roll (R2R) machinery [12]–[14], where different fabrication
techniques and other necessary post-treatment units, such as heating, can be added
in the same production line. R2R enhances the production speed and diminishes
costs thanks to non-stop production.
The work presented in this thesis is accomplished in separate externally-funded
projects, reflecting the broad diversity of the fabricated components and utilized
fabrication methods.
1.2

Scope and objectives of the study

Due to the characteristics of printed intelligence technology, the requirements
defined by the printed device’s application must be taken into consideration already
during the device’s design phase. This thesis presents examples of three different
kinds of printed intelligence products (microlens arrays (MLA) for objective free
microscopy, a memristor based memory element and a capacitive environmental
sensor), covering the complete chain from product design and fabrication, to
verification of performance in specific applications.
As described in the previous section, inkjet printing is a versatile fabrication
technique, which can easily be controlled with a computer, enabling the deposition
of structures with very little material loss. With highly sophisticated devices, even
features smaller than 1 µm [15] in lateral dimensions can be achieved, making it an
interesting tool for implementing new types of structures and components needed
in sensing and imaging applications. Such applications are necessary in converting
18

and digitalizing the data for the Internet of Things (IoT), big data, virtual reality,
and more. While inkjet printing enables the replication of small features, screen
printing works better for larger features. Although screen printing has greater
material loss than inkjet printing, the loss is marginal compared with
photolithography. Due to the operating principle of screen printing, even rough
materials can be used as substrates. These two methods complement each other
well from the perspective of printed intelligence fabrication.
This thesis focuses on the development of the design and fabrication processes,
while the application specific systems were implemented mainly for verifying the
functionality of the fabricated components. The study aims to simplify the
fabrication process, and to provide advantageous components for specific
applications. The following more specific questions were considered during the
research:
–
–
–

Can printing be used to fabricate high-quality, low-cost microlenses for
disposable optics?
Is it possible to make fully printed functional memristors?
Can screen printing be used to fabricate a sensor element embedded within a
filter, to observe its dirtiness level?

The components chosen for the fabrication study are all interesting as individual
elements, and they also have a variety of applications in different fields of science
and industry. A brief introduction of these elements is given in the following
sections.
1.2.1 Microlens arrays for photonics applications
MLAs are multifunctional components that can be used widely in the field of optics.
They can be applied to various systems and devices, such as 3D imaging and
displays, microscopy and solar cells [16]–[19]. MLAs have good light collection
efficiencies and can therefore be used in objective-free microscopes, for instance.
For this application, disposability is a useful aspect, as studying different objects
can lead to cross contamination. Hence, the research focuses on cost-effectiveness
in addition to quality.
There is a variety of fabrication methods presented for MLAs. Hot embossing
[20], UV-imprinting [21], thermal imprinting [22], grey-scale lithography [23],
lithography with reflow [24], and laser micromachining [25] are some of the most
common ones to be mentioned. Although the optical quality of such MLAs is
19

typically good, the previously mentioned techniques have their disadvantages. The
high temperature needed for hot embossing and thermal imprinting limits the
number of suitable materials, while photolithography consumes large amounts of
material in the process, and micromachining requires complex and expensive
equipment. With printing methods, these shortcomings can potentially be bypassed
without sacrificing the final product’s optical quality.
Glass is a stable and well-suited material for optics applications, being widely
used in lenses and MLAs. High quality glass is nonetheless a relatively expensive
material, and its processing requires sophisticated tools, for instance moulding
techniques, increasing the fabrication costs of MLAs even more. Therefore,
polymer based raw material for MLA was chosen in this thesis. Polymers are much
cheaper, are suitable for printing, and they can also have high quality optical
properties, including transparency, as that of cyclic olefin polymers [26].
MLA fabrication is based on exploiting the surface tension in liquid processing,
which enables the formation of a ‘perfect lens’ with minimal effort. Due to the
nature of surface tension, droplets create smooth and curved surfaces that act as
lenses. Such results are achieved with inkjet printed liquid polymers as well. This
eliminates the problems of conventional fabrication methods, such as moulding
techniques, where the surface smoothness requires highly sophisticated machinery.
Evidently, the smoothness of a lens surface is a critical factor because it defines the
imaging quality of the optics. In addition, drop-on-demand inkjet printers have
negligible material loss, decreasing the cost even further.
The purpose of this work is to investigate if additive fabrication based on liquid
processing can result in cost-effective microlenses with optical performance
comparable with conventionally manufactured MLAs.
1.2.2 Memristor as a memory element
A memristor is ‘one of the four basic components of electronics’, along with the
resistor, coil and capacitor [reference to. It is a non-linear circuit element that links
magnetic flux and charge, and it completes the symmetry of the other passive twoterminal elements. While a normal linear resistor does not benefit from memory of past
current-voltage conditions, memristors have such capabilities. The memristor has
gathered increasing interest since it was first experimentally demonstrated in 2008
by Strukov et al. [27], showing a route for the implementation of a small and
efficient memory element with low power consumption. Despite the late discovery
of an approach to implementation, the existence of the memristor was predicted
20

already in 1971 [28]. The key advantageous property of the memristor, the low
power consumption, is due to the fact that it does not require applied current to
keep its memory state. Energy is needed only to change its state. This is the main
advantage for future applications, specifically in artificial intelligence studies, since
it affords memristors neuron-like behaviour [29], [30]. For example, Pavlov’s dog
experiment was demonstrated using only one memristor [31]. Other possible
applications for this type of component are, for example, non-volatile memories
[32] and logic operations [33].
Considerable memristor fabrication research has been done based on
nanoimprint lithography (NIL) [34], [35]. In addition, printing techniques are used,
such as an electrohydrodynamic (EHD) inkjet printing system. In the work of
Duraisamy et al. [36], a bottom Cu electrode and a top Ag electrode were fabricated
on a silicon substrate through EHD printing, and EHD atomization was used to
spray the TiO2 layer between the electrodes. Choi et al. [37] also used EHD printing
to fabricate silver electrodes, however the active ZnO layer was applied by spin
coating, making their high-volume production challenging. Those trials were not
utilizing the full potential of printing, since only certain parts of the memristor were
produced in such manner. In addition, most of the published memristors are made
on non-flexible substrates like silicon, limiting their applications. Even though
metals are usually used as the contact material, an all-carbon memristor has been
presented [38].
The use of inkjet printing in memristor fabrication opens the possibility to
deposit all the needed materials with one piece of equipment and with minimum
material loss. The aim of this thesis is to implement the first fully printed functional
memristors on a flexible substrate. It is worth mentioning that after the work was
completed for this thesis, Ali et al. [39] presented an all-printed memristor based
on graphene quantum dots and polyvinylpyrrolidone composite.
1.2.3 Environmental sensor for air filters
As breathing air is getting more and more polluted [40], proper air filtration has
become vital in everyday life. The filters themselves are the most critical part of
the system, as they prevent unwanted particles from passing through. To provide
good efficiency and functionality to an automation system, it is important to replace
the filters regularly. This applies to all applications that require air filtering,
including air ventilation systems, breathing masks and vacuum cleaners, for
example. This results in the availability of a large range of filters, their critical
21

parameter being their efficiency rate, which describes what proportion of particles is
filtered. The most efficient ones are ULPA and HEPA filters, with efficiency rates
of 99.999995% and 99.995%, respectively [41].
Although filters have developed during the last years, the monitoring process
of the filter’s purity level has not showed significant progress. The actual need for
replacement depends strongly on the environment, but there are usually only
general guidelines given to customers, who cannot know for sure if the guidelines
are suitable for them. There are some indirect ways to observe the filter’s condition,
one being to measure the pressure drop of the air flow over the filter [42]–[44].
These methods are not filter specific and can be affected by other factors. Therefore,
there is a need for embedded sensors for air filter monitoring.
For environmental sensors, an interdigitated electrode (IDE) pattern is
commonly used when fabrication is done through printing methods. IDE [45]–[49]
is made of two electrodes with interlocked digits. An electric field is formed
between the electrodes, and is passed through a medium to be monitored. The
interaction of the medium with the electric field causes a change in the capacitance
between the electrodes. From there, the medium properties can be concluded, and
variables of the surrounding medium, such as temperature or moisture, can be
determined. This study applied the IDE structure on an air filter to sense the amount
of dirt accumulated to it. The property of interest is the permittivity of the medium,
which changes according to dirt accumulation. The directly measurable parameter
is the capacitance, based on which the measurement system is build.
In this thesis, the aim is to show that by embedding capacitive sensors screen
printed on both sides of the filter, the particle accumulation on the filter can be
detected. Previously, screen printing has been used to fabricate environmental
sensors on different substrates but were not double-sided, and were not specific to
filtering applications [50], [51].
1.3

Thesis outline

Chapter 2 presents the main fabrication and characterization methods used in the
research. Chapter 3 covers the results, including the fabrication process of each of
the components along with proposed applications. In Chapter 4, conclusions are
made from the obtained results and the need for continuous development of printed
intelligence is discussed. In addition, the implication of the work and suggestions
for further study are stated.
22

2

Printing as fabrication method

A brief introduction to the fabrication methods used in this study is provided in this
chapter. A detailed description of the used materials, the developed fabrication
processes and the used characterization tools is provided in Chapter 3.
2.1

Inkjet printing

Inkjet printers can be categorized into two groups: 1) continuous jetting and
2) drop-on-demand. Since the inkjet printer used in this research was a drop-ondemand type, this section focuses on printers belonging to that group. The drop-ondemand type of devices have slightly different droplet formation mechanisms,
depending on the device manufacturer. Traditional drop-on-demand inkjet printers
are typically based on either piezoelectric or thermal jetting (Fig. 1). In the case of
piezoelectric ones, the droplet is pushed out of the ink reservoir by the movement
of a piezoelectric element. In thermal jetting, the heating element heats the ink until
a bubble is formed inside the reservoir, which then pushes the droplet out. The
Dimatix material printer used in this thesis is a piezoelectric-type printer.
Additionally, EHD-effect based inkjet printers are available, and they differ from
the traditional ones, so that all EHD configurations include a counter electrode and
a nozzle, where droplets are formed when a high voltage is applied [52].
Generally, applicable ink materials are limited by their particle size and
viscosity, since the ink must be able to pass through the nozzle. In practice, the ink
properties (density, surface tension and viscosity) must be tuned appropriately. The
diameter of the nozzle has an influence on the formed droplet volume, and for the
used Dimatix material printer, cartridges with the volumes of 1 and 10 pl are
available. The evaporation rate of the ink solvents is also an important factor
because too rapid drying can potentially lead to nozzle clogging. On the other hand,
if the evaporation is too slow, the printed pattern’s post processing might require
added effort.

23

Fig. 1. Inkjet printing. The piezoelectric principle: a piezoelectric element bends
according to the applied voltage, thus filling and emptying the nozzle. The thermal
principle: a thermal element heats and cools according to the applied voltage. While
heating, an air bubble is formed, which pushes the ink out of the nozzle. While cooling,
the bubble becomes smaller and the nozzle reservoir is filled.

Ink droplet jetting is a complex rheological phenomenon that is being addressed
herein cursorily. A more detailed description can be found in the literature [53]–[56].
Nallan et al. [55] proposed a jettability window in Ca-We parameter space, which
is based on the works of Fromm [57] and Derby [58]. The jettability window
combines the Reynolds (Re) number, Weber (We) number and capillary (Ca)
number. Re, We and Ca are all dimensionless numbers of fluid mechanics. Re
relates to turbulence in the fluid, We relates the inertia forces to the force resulting
from surface tension, and Ca represents the relative effect of viscous forces versus
surface tension between two immiscible phases of liquids. With these numbers, an
area of jettability can be traced. An example of the jettability window is depicted
in Fig. 2. The shaded area defines the parameter space where the jettability can be
expected to be satisfactory. In addition, relating Z values were determined and
presented in Fig. 2. The Z value is a reciprocal of the Ohnesorge number, which
relates the viscous forces to inertial and surface tension forces. The dimensionless
Z value is expressed by equation
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𝑍

,

(1)

where variables η, γ, ρ and dn are the ink viscosity, surface tension, density and
nozzle diameter, respectively [54]. The range of Z value has varying reports in
literature, but the jettability window by Nallan et al. has a larger range, which
covers other reports [54], [59]–[61].

Fig. 2. Jettability window in a Ca-We space. The shaded area in the graph produces
jettable ink in an inkjet printer. The dashed lines represent different Z values (Modified
from [55]).

Once the ink’s desired jettability properties are known and its rheological
characteristics are formulated accordingly, the next step is to optimize the jetting
waveform, which controls the piezo element in the printer nozzle. Even the easiest
printable ink can clog the nozzle if the waveform is not properly adjusted. In the
used Dimatix printer, the waveform controls the movement of the piezo, which will
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first bend away from the nozzle reservoir to fill it with ink, and then bend inwards
to empty the reservoir through the nozzle, as presented in Fig. 1. The piezo will
then recover to the neutral state, which is usually done in two steps to avoid air
bubbles entering the nozzle or the reservoir. Some control over the droplet size is
possible with the waveform and the driving voltage but it is mainly defined by the
physical dimensions of the nozzle and the rheology of the ink.
Once the printer settings and ink properties are adjusted properly, the effect can
be observed on the droplet formation. If the settings are not correct, small additional
droplets called satellites may appear. These satellite droplets can fall far from the
main droplet, thus compromising the desired pattern. If the jetted ink forms clean
droplets without any satellites, and they fall straight down, good printing quality
can be expected. If the possible small fluid tail or satellite drops are reabsorbed into
the main drop within 1.3 mm of the nozzle tip, which is a typical working distance
[55], it should not affect the printing quality.
The limitations of substrate materials are compatibility with the printed
material and coarseness. Specifically, when thin films are printed with high
resolution, the smoothness of the substrate becomes particularly important in order
to maintain the desired uniformity and repeatability. In addition, the printing device
usually limits the physical dimensions of the sample. For example, the lateral
dimension of a printable area is usually in the range of tens of centimetres.
Because the printing is computer-controlled, it can be completed without a
mask. However, the physical size of the droplet and the accuracy of ink deposition
define the resolution of a printed pattern. If we assume that 1 pl droplets are created
by the printer, the diameter of a spherical droplet is 12.4 µm, which would be the
limitation for the smallest printable linewidth in this case. The most advanced
devices, with sophisticated droplet formation technology, can produce features as
small as 1 µm [15].
2.2

Screen printing

Screen printing is a technique that produces thin material layers on a flat substrate,
although multiple layer structures are possible to build by repeating the printing
process. In this thesis, screen printing is used to fabricate the environmental sensors
on the air filter.
Essentially, a screen made of nylon or metal threads is used to define the
desired pattern, by covering undesired areas of the screen with a light sensitive
26

emulsion. A paste is then forced through the pattern opening with a squeegee. The
key phases of the screen-printing process are depicted in Fig. 3.

Fig. 3. Screen printing process and a side profile of a patterned web.

In addition to the flat bed screen printing shown in Fig. 3, a rotary screen printing
method exists, where the stencil is in a cylindrical form and the squeegee is inside
the cylinder. This has increased compatibility with R2R systems, since the substrate
can run between the stencil cylinder and a supporting cylinder, and thus a repeating
pattern can be printed on a long substrate. The printing resolution depends on many
properties, such as wire thickness, mesh opening, resist thickness and paste
viscosity. Resolution up to 30–50 µm can be achieved [62].
The main defining factor for the printed layer’s thickness is the thickness of
the emulsion layer. The wet thickness of the printed pattern is defined by the
theoretical paste volume of the screen (Vscreen), which is the volume between the
threads and the thickness of the emulsion. Vscreen is measured in the volume of ink
per area of open screen (cm3/m2). The final dry film layer thickness (d) can be
estimated with equation
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where kp (pick-out ratio) describes how much of the material Vscreen is deposited, c
is the concentration of the solid material in the ink and ρf is the density of the
material in the final film. Optimally, the printed ink volume is the theoretical Vscreen,
however not all the ink on the screen transfers onto the substrate. In addition, the
force and speed of the squeegee, the snap-off distance, the viscosity of the ink, and
the coarseness of the substrate influence the final layer’s thickness [63].
The printing material must be a thick paste (viscosity > 1000 mPas [11]), which
can be pushed through the screen, but must not spread significantly on the substrate
after the screen is removed. Because of the screen’s structure, large particle sizes
can be used. Utilising inks with different properties (conductive, insulating, etc.),
quite complex structures and functionalities can be achieved. A wide variety of
materials can be used as a substrate; the only limiting factor is that the materials
must be compatible with the used paste.
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3

Materials and methods

3.1

Materials

The following table (Table 1) includes all the main raw materials used in the
research and their purposes.
Table 1. A list of materials used in the thesis.
Material

Purpose

Photoresist, InkEpo

lens material for MLA and borders in a

Used in
Article(s)
I, II, III

memristor structure
Photoresist, SU8-3005

substrate patterning for MLA

I, II

Polyethylene terephthalate

substrate for MLAs and memristors

I, III

Glass, AF32ECO (Schott)

substrate for MLAs

II

Silver nanoparticle ink (Sigma-Aldrich)

conductive material in memristor structure

III

TiOx (self-synthesised)

active material in memristor structure [64]

III

Silver paste, LS-411AW

electrode material for capacitive sensors

IV, V

Air filter (Lydall Performance Materials)

substrate for capacitive sensor

IV, V

3.2

Printing and patterning methods

Inkjet printing was performed with a PC-controlled Dimatix DMP-2800 series
materials printer, which has an xyz-stage with a heating option. A substrate up to
210 mm x 315 mm in vertical size can be used. The printer uses piezo-driven
cartridges, which have 10 nozzles with 254 µm spacing in a single row. Cartridges
with a droplet volume of 1 pl and 10 pl are available. The 10 pl cartridge was used
for this research.
Screen printing was performed without computer aided devices. The stencil
with metal wires had a mesh opening of 165 µm, a wire diameter of 0.05 µm and
an emulsion thickness of 25 µm. The paste was hand-pressed through the stencil
with a squeegee.
In this work, the photolithography technique was used to pattern the substrate
for the lenses, before ink material deposition by the inkjet printer. The substrate
pre-patterning was used to investigate its potential impact on the uniformity of
fabricated lens matrices, in contrast to lenses printed directly on a substrate. The
used lithography device was Heidelberg 101 at a wavelength of 375 nm. Heidelberg
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fabricates the pattern based on a digital mask, by driving a small UV-light beam
along the substrate, only exposing specific areas. After exposure, depending on the
photoresist, post treatment is usually needed; this is done by heating the sample.
Finally, the sample is immersed in a suitable developer, which dissolves all
unwanted parts of the photoresist.
3.3

Characterization methods

The following characterization methods were used to investigate the functionality
of the fabricated components. This section also briefly presents the devices’
operating principles. Detailed parameters can be found in Chapter 4.
3.3.1 Profile measurements
The surface profile of the fabricated microlenses was examined to assess the
sample’s quality and uniformity. A Veeco Dektak 8 stylus profilometer was used.
The stylus moves over the sample, lightly touching the surface, and measures the
surface electromechanically. It is connected to a high precision gantry, which is
mechanically coupled to a Linear Variable Differential Transformer (LVDT). The
LVDT transforms the position of the gantry to an analogue signal. This signal is
transformed to a digital signal and stored. Vertical resolution of the device is 1 Å.
3.3.2 Optical microscopy
The physical appearance of MLAs was investigated with an Eclipse LV100DA-U
optical microscope from Nikon. Optical microscopy uses light and an objective to
achieve the desired magnification. The sample is placed at the focal point of the
objective. The theoretical magnification is limited by the diffraction limit. In
practice, the lowest resolution with a conventional lens is approximately 200 nm
but with special optics, the resolution can be below 100 nm [65]. Feature sizes
below this point were observed with scanning electron microscopy.
3.3.3 Scanning electron microscopy with a focused ion beam
Scanning electron microscopy (SEM) and focused ion beam (FIB) were used to
investigate the structure of the memristor. SEM is a subclass of an electron
microscopy, which uses a beam of accelerated electrons as a source of illumination.
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The electron beam is focused onto the specimen’s surface, where it scatters through
different mechanisms. Based on the collected and analysed scattered electrons and
their properties, a structural image is formed. The beam scans a rectangular area of
the specimen to form the image. With SEM, a resolution below 1 nm is achieved.
Unlike optical microscopy, the spatial resolution depends on the size of the electron
spot, not being limited by the classical diffraction limit. The used SEM was included
in FEI Helios DualBeam, which has other features attached, such as FIB, which
was used to obtain a cross sectional cut from the memristor structure.
In FIB, the device sputters atoms from the target material (made of gallium)
and bombards the specimen. If the energy is high enough, the gallium atoms
remove material from the specimen’s surface. This is called milling. If the energy
is lower than the binding energy of the specimen atoms, the scattered electrons are
collected with a detector, and they can be used for imaging the sample [66].
3.3.4 I-V characterization
A Keithley 4200 semiconductor analyser was used for the memristors’ electrical
I-V characterization. Both an in-house built multiplexer board, which was based on
an ECIO 28P microcontroller, and direct probing were used for the measurements.
With the multiplexer board, a memristor is selected and measured from a substrate
consisting of 14 memristors.
3.3.5 Capacitance measurements
A Hewlet Packard 4285A Precision LCR meter was used for capacitance
measurements of the environmental sensors. The four-point measurement principle
was used for reliable results, as it separates current-carrying and voltage-sensing
electrodes for more accurate results. It eliminates the resistance of wires and
contacts, thus improving the measurement accuracy for low values.
A portable data logger was built to measure capacitance during the cleaning
cycles of the vacuum cleaner. It was based on an Arduino Uno microcontroller, to
which an Arduino Ethernet shield was attached to store the measurement data on a
microSD card. In addition, a custom-made extension board was built with
connections for the samples to be measured. All three boards were stacked together.

31

32

4

Results

Each of the main sections in this chapter presents the fabrication of one of the
proposed components. The importance of the results is discussed in Chapter 5.
4.1

Fabrication of microlens arrays

A lens array fabrication process on a flexible polyethylene terephthalate (PET) and
a rigid glass substrate was presented in Article I and Article II respectively. The
shape and uniformity of the fabricated samples was investigated in order to
understand how the surface patterning influences the yield and uniformity of the
inkjet printing based production.
4.1.1 Microlens fabrication on a PET substrate
On a clean piece of PET substrate, a thin layer of negative tone photoresist
(SU-8 3005) was spin coated. An array of circles was then exposed onto the surface
with a laser lithography device (Heidelberg 101). After the development of the
photoresist, there was an array of shallow reservoirs, with diameter of 100 µm and
spacing of 50 µm. The pools were then over-filled with a transparent UV-curable
photoresist (InkEpo) by using an inkjet printer (Dimatix DMP-2800) with a 10 pl
cartridge. Due to the surface tension, the printed material stays in the form of a
convex lens. When the required height for the lenses was achieved, the material
was cured by heat and UV-treatment, after which the microlens array was
completed. The lenses’ height was controlled by depositing a certain number of
droplets in each reservoir on the substrate.
The visual appearance and the profile of the patterned substrate and the printed
lenses were investigated in Article I. With a stylus profilometer, a scan though a
line of empty reservoirs on the substrate was acquired. The representative profile
of the reservoirs is shown in Fig. 4. The depth is 4.5 µm for each reservoir,
indicating that the spin-coated layer of photoresist was uniformly thick across the
sample. The lower image in Fig. 4 shows the profile in the middle of the pattern,
where there is some photoresist residue left, making the bottom of the reservoir
uneven. The walls were also observed to be thicker than designed, thus reducing
the volumetric space for the lenses.

33

Fig. 4. A profile of the patterned substrate on a PET substrate. The depth of the reservoir
is uniformly 4.5 µm. The irregularities in the lower graph are due to some photoresist
residue in the fabricated pattern (Reprinted, with permission, from Article I © 2013 SPIE).

The microscopy images in Fig. 5 show the patterned substrate and the lenses printed
into the patterning. In both images, the shape is sharp and round. In the empty
patterning, some resist residue remains in the middle of the reservoir due to the
imperfect lithography process. The printed lenses cover completely the area created
for them and do not overflow. Small unevenness in the lens’ shapes is visible,
probably due to surface energy variation over the sample surface. Optimization of
the surface's pre-printing treatment may eliminate this phenomenon. Nonetheless,
this possibility was not explored in the thesis since the used lithography method
was employed solely for the purpose of mimicking more efficient large-area surface
patterning methods, such as hot embossing, which were not available.

34

Fig. 5. Microscopy images of the empty reservoirs (a) and filled ones (b) (Reprinted, with
permission, from Article I © 2013 SPIE).

In order to acquire more quantitative data, the lens shape was measured with a
profilometer (Dektak 8). Even though the reservoirs were filled with an equal
amount of ink (35 drops per pool), the height varies to some extent, as shown in
Fig. 6. The figure also shows an uneven surface in the substrate, which is due to
heating during fabrication. The printed area of the lenses was 6 mm by 8 mm, so it
was not technically possible to level the substrate perfectly for the profile
measurement system used in the research. The lens height variation is due to the
stated residue in the middle of the pattern. Therefore, the samples’ area was divided
into two sections, and the standard deviations of the heights of the lenses at the
edge of the pattern and in the middle of the pattern were calculated separately. The
average height for the inner lenses was 4.12 µm with a standard deviation of
0.45 µm, and for the outer lenses, the average height was 1.75 µm with a standard
deviation of 0.20 µm. The relative height deviation of those areas is rather similar
when considering the unevenness of the substrate.
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Fig. 6. Profile of the inkjet printed lenses on a flexible PET substrate (Reprinted, with
permission, from Article I © 2013 SPIE).

4.1.2 Microlens fabrication on a glass substrate
The lenses in Article II, which used the glass substrate, were fabricated with a
similar process as described in the previous section, however the substrate pattern
had reservoirs defined at 200 µm in diameter. These lenses were examined using a
profilometer as well.
With the profilometer, a 3D-image was made of four areas of 1x1 mm2, one of
which is shown in Fig. 7(a). In Fig. 7(b) the vertical and horizontal profiles are
presented together. Based on these images, the lenses appear to be uniform across
the entire area. 3D-images displayed a total of 36 lenses, of which the average
height was measured at 12.4 µm, with standard deviation of 0.06 µm. The average
diameter measured 222 µm with a standard deviation of 4.61 µm. There are small
inconsistencies in the profiles of Fig. 7(b). These are due to Dektak’s feature of
mathematically extrapolating the values between the actual measurement points.
The difference in the pitch of the profiles in the same figure emerged at the
lithography phase, as the resolution of the device was not fully compatible with the
pattern file. By matching the resolutions, this can be avoided.
The lenses were designed and fabricated at this specific height in order to allow for
the lenses’ focal point to be adjusted at the correct distance from the MLA, thus being
compatible with the imaging system presented in the next section. The focal length for
a simplified plano-convex lens was calculated by lensmaker’s equation
𝑛

36

1

,

(3)

where f, nlens and R are the focal length, the refractive index of the lens and the
radius of curvature, respectively. From Equation 3, the focal length was calculated
to be
𝑓

µm
.

1032.854 µm

1 mm.

(4)

Fig. 7. Graphs of the microlens array fabricated on a glass substrate. (a) 3D-profile of
the printed lens arrays. (b) 2D-profiles of the vertical and horizontal directions of the
lens array. The average height and diameter of the lenses is 12.4 µm with standard
deviation of 0.06 µm and 222 µm with standard deviation of 4.61 µm, respectively (Under
CC BY 4.0 license from Article II © 2015 The Authors).

4.1.3 Microlens array for direct microscopy imaging
In Article II, the imaging properties of the glass substrate MLA were tested by
direct imaging and using a USAF resolution target (Edmund Optics,
R209441-11069). These targets were originally designed by the US Air Force and
became a standard for defining resolution. Direct imaging is a modified light field
imaging technique that can be used for capturing images of semi microscopic
targets [67]. The imaging concept is presented in Fig. 8. The system includes a
camera sensor, an MLA, a sample holder and a light source with an aperture. The
MLA is placed on top of the sensor, where the lenses image the light source without
an overlap. The position of the sample is adjusted between the MLA and light
source to obtain sharp images.
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Fig. 8. A conceptual image of the setup for the direct microscopy imaging. The imaging
setup consists of a camera sensor, a microlens array, a sample holder and a light source
with an aperture (Under CC BY 4.0 license from Article II © 2015 The Authors).

Raw images are obtained first. In practise, those images resemble the focused light
field camera data [68] but they have much lower resolution. There are two options
for the actual data reconstruction: 1) patch mosaicking or 2) reparametrized backprojection [69]. Comparing this MLA based approach with conventional
microscopy, there are two clear advantages: the system’s simplicity, and the easy
scalability of the imaging area. The resolution, however, is limited by the sensor’s
pixel size and the Nyquist sampling theory. It can still be used, for example, for the
detection of stained tumour cells or certain parasitic worms [70]. To minimize the
possibility of vignetting and other undesirable features, the lighting is normalized
by dividing the image data with an image of the light source aperture.
With the USAF resolution target, the maximum obtainable resolution is
128 line pairs per millimetre or 3.9 µm line width, which was achieved with the
fabricated MLA. Fig. 9(a) shows the obtained images. Previously, a commercial
glass MLA was tested with the target, and the same level was reached [67].
In addition to the resolution target, a roundworm (Ascaris) transverse section
was imaged and reconstructed. The reconstructed image is seen in Fig. 9(b). The
two other images are references, one made with a hot embossed polymer MLA and
the other made with a commercial glass MLA. The image quality of the printed
MLA shows a clear improvement compared with the hot embossed MLA.
Comparing with the glass MLA, the overall image quality is at the same level, even
though some variation in light intensity is observed with the printed MLA.
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Fig. 9. (a) A raw image of a USAF resolution target made with the inkjet printed lenses.
The magnified green area demonstrates the limiting resolution of 128 line pairs per
millimetre. (b) Microlens array comparison. The same object is imaged with three
different lens arrays: glass lenses (on left), hot embossed polycarbonate lenses and the
proposed inkjet printed lenses (on right). The image quality of the inkjet printed lenses
is comparable with the glass lenses. The hot embossed lenses provide the lowest
quality (Under CC BY 4.0 license from Article II © 2015 The Authors)

4.2

Memristors

The fabrication of a fully inkjet printed memristor was presented in Article III. A
basic structure of a memristor is a thin layer of dielectric material sandwiched
between two conductive electrodes. The memristive switching occurs due to the
transport of oxygen vacancies and ions in the active layer of the memristive element
[32]. Appling an electric current to the component increases the resistance of the
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dielectric layer and, when the current is reversed, the resistance decreases. The
active layer of the memristor must be in the range of nanometers to work properly.
Due to the thinness of the layer, printing quality requirements become high, which
is also an explanation as to why it took more than 30 years to fabricate the first
memristor, after its operating principle was discovered in the early 70s.
4.2.1 Memristor fabrication process
The memristive layer for the memristors is made of a TiOx–based material, for
which the synthesis procedure is presented in an article by Nelo et al. [64]. The
fabrication process of the memristor itself is based on inkjet printing and is
described in detail in Article III. Three different materials were used, and were all
deposited with a Dimatix DMP-2800 materials printer, with a 10 pl cartridge. A
basic sandwich structure of Ag/TiOx/Ag was used, in which the electrodes were
made of silver nanoparticle ink (with a particle size below 150 nm). Fig. 10(a)
shows an illustration of the printed structure from the top and a cross-section. The
device was fabricated on a PET substrate, which was pre-shrank in an oven at
150 ℃. This was done in order to achieve better substrate temperature stability
throughout the fabrication process.
The printing was started from the bottom electrode, and after drying it, a
photoresist barrier was printed on top of the electrode, to define a rounded
rectangle-shaped area of approximately 60 µm by 60 µm. This is the active area of
the memristor. The photoresist was hardened with heat and UV-light. The holes
formed by the photoresist were then filled with the memristive material (TiOx).
After printing, the sample was hydrolysed into the desired TiOx at room
temperature for 1 hour. To end the hydrolysis reactions, the sample was heated in
an oven in a nitrogen atmosphere for 15 min at 150 ℃. On top of the TiOx layer,
the top electrode was printed. In Fig. 10(b), the hole formed by the photoresist and
the final device are presented.

40

Fig. 10. (a) An illustration of the memristive structure. (b) An image of the photoresist
pattern printed on top of the bottom silver electrode, and a microscope image of the
final device (Reprinted, with permission, from Article III © 2016 IOP Publishing Ltd).

4.2.2 I-V characterization
With the I-V characterization setup described in the “Materials and methods”
chapter, the memristors were characterized in terms of their functionality. Direct
probing was used, and it was concluded that the setup’s multiplexer board does not
add any significant error to the measurements. It only adds 4 Ω series resistance,
but no other affect was detected.
The characterization was done by pulsing the samples with a triangular pulse
sequence illustrated in Fig. 11. The sequence consists of consecutive rising and
falling pulses, of which on-time and off-time were kept at 5 ms and 100 ms,
respectively. Each step of the sequence increased or decreased the amplitude by
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0.1 V. The amplitude was increased or decreased until a change of resistance was
observed. The measurement was taken before the falling edge of the writing pulse.
During the rising pulses, the resistance suddenly dropped from a high
resistance state to a low resistance state, indicating clear memristive behaviour. The
amplitudes of the negative pulses were then increased for the already written
memristor, leading to re-writing to the high resistance state to be observed.

Fig. 11. The pulse sequence for memristors I-V characterization (Reprinted, with
permission, from Article III © 2016 IOP Publishing Ltd).

Fig. 12 presents the I-V (a) and R-V (b) curves of a functional memristor. Fig. 12(a)
shows the memristive shift from a low conductance state to a high conductance
state at an amplitude of 1.5 V. The back-writing occurs symmetrically at an
amplitude of -1.5 V. Fig. 12(b) describes the resistance dependence from the pulse
amplitude. The resistance shift occurs between 75 kΩ and 150 Ω for almost three
writing cycles. The first two cycles have quite similar profiles, with a fast shift from
one state to another. The third cycle is not complete; while it changes the state from
high to low resistance, it cannot recover to high resistance. Even the first shift of
the cycle requires four steps, starting at a voltage of 1 V.
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Fig. 12. The (a) I-V and (b) R-V behaviour of a functional memristor. The sweeping
direction is pointed by the arrows (Reprinted, with permission, from Article III © 2016
IOP Publishing Ltd).

4.2.3 Physical characterization
When considering the structure of the memristor, the thickness of the active layer
is the most significant detail, as it defines the memristor’s operational
characteristics. Dimensions of the active area were measured from 25 memristors
before the active layer was printed. As an average, it was measured 61.87 µm by
59.96 µm in size, with a standard deviation of 4.21 µm and 4.67 µm, respectively.
After the sample was proven functional by the I-V characterization
measurements, FIB (FEI Helios DualBeam FIB) was used for a cross-section cut
from the middle of the structure, in order to find out the layers’ thicknesses. The
cut surface was then examined with a SEM, and each layer’s thickness was
determined from the SEM images. In Fig. 13, the cut surface is seen, and the layers
of the memristor are clearly visible. The layers from bottom to top are: PET
substrate, bottom silver electrode, TiOx and top silver electrode. The thickness of
the TiOx layer is fluctuating across the sample, being at its thickest at about 160 nm,
and its thinnest approximately 10 nm. For optimal functionality, uniform layer
thickness may be required. Most likely the current flows through the thinnest part
of the layer, which means that the active area is not as large as defined in fabrication.
It was also noted that there is a visible difference between the electrodes, which is
due to the fabrication steps. The bottom electrode was sintered for a longer time
than the top electrode, thus their microstructure and conductivity are different. As
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the samples were not encapsulated and no barrier layer was fabricated between the
Ag and TiOx layers, a compatibility problem arose. After examining a functional
memristor with FIB and SEM four weeks after the measurements, the active layer
was not found (Fig. 14). The TiOx layer seems to diffuse into Ag over time.
Obviously, this is the main limitation for the component’s lifetime at this moment.

Fig. 13. SEM image of a FIB-cut cross-section of the memristor. Thickness of the TiOx
layer changes from approximately 10 nm to 160 nm (Reprinted, with permission, from
Article III © 2016 IOP Publishing Ltd).
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Fig. 14. SEM image of a FIB-cut cross-section of the memristor taken four weeks after
the measurements. The TiOx was no longer present due to diffusion into silver.

Based on these results, it can be observed that the functional and non-functional
memristors have different initial resistances. The high resistance state seems to be
higher with the functional samples, whereas the lower initial resistance indicates a
thinner TiOx, making the memristor more vulnerable to an electrical breakthrough.
In addition, as the measurement systems’ test current limit is 0.1 A, too small initial
resistance might lead to a saturation after a shift from a high to a low resistance.
Considering the physical structure of the sample, the varying thickness of the TiOx
layer might be one possible reason for the early-stage breakdown. The considerably
thin areas (10 nm) are directed with very high electric field. The applied 1.5 V
generates an electric field of 75 V/µm, which is already close to the dielectric
breakdown strength of a high quality SiO2 film and above what is presented for
amorphous doped TiOx capacitor films [71].
4.3

Capacitive sensors for high-efficient particulate air filter

Article IV presented a double-sided capacitive sensor screen printed onto a HEPA
filter. The sensor reacts to particle accumulation on it, enabling the measurement
of the filter’s dirtiness level.
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A schematic representation of the concept is presented in Fig. 15. On a HEPA
filter, a capacitive sensor is printed on both sides. As air flows through, particles
start to accumulate onto the surface of the first sensor, hence changing the
permittivity around that sensor. This changes the measured capacitance. The
permittivity of the filter’s backside does not change significantly, therefore the
sensor on that side can be used as a reference. By measuring the capacitances of
the sensors separately, environmental differences can be detected, providing
information regarding dust accumulation on the sensor element.

Fig. 15. A presentation of the sensing filter concept. Sensors are added onto both sides
of an air filter to detect the purity of the filter. As the air flows through the filter, the
sensor on the dirty air side will change its capacitance, while the backside sensor acts
as a reference, keeping its initial value (Reprinted, with permission, from Article IV ©
2020 IEEE).

The purpose of the backside sensor is to act as a reference and to compensate the
effect of temperature and humidity. With only one sensor, a change in temperature
or humidity would be added to the capacitance measurement because the sensor
reacts to them as well. By measuring the capacitance difference between the two
sensors, which can be assumed to react in a similar manner to temperature and
humidity, the effect of particle accumulation can be separated.
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4.3.1 Sensor fabrication
A capacitive finger structure was screen printed with a silver paste (LS-422AW,
from Asahi) onto a HEPA filter (AX6700HS from Lydall Performance Materials).
The printing stencil had specifications of: mesh opening of 165 µm, wire diameter
of 0.05 µm and emulsion thickness of 25 µm. A simple interdigitated sensor pattern,
with the dimensions shown in Fig. 16, was used to demonstrate the concept. The
pattern was printed on both sides of the filter substrate, so that the overlapping parts
are aligned as depicted in Fig. 16. To ease the measurement probe attachment, the
contacts were printed on opposite sides.

Fig. 16. An illustration of the sensor dimensions and the alignment between the sensors.
Blue colour presents the sensor on the front side and grey area presents the backside
sensor. On the grey dash areas, the sensor patterns are overlapping (Reprinted, with
permission, from Article IV © 2020 IEEE).

The sensor pattern is first printed on one side of the filter, after which the sample is
dried in an oven for 20 minutes at 150 °C. The same pattern is then aligned onto
the other side of the filter with the help of a light table, and the same curing
procedure is repeated. A picture of the final sensor element is shown in Fig. 17.
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Fig. 17. A picture of a finished screen-printed sensor fabricated on a HEPA filter with
silver paste (Reprinted, with permission, from Article IV © 2020 IEEE).

4.3.2 Characterization
Initial capacitance of the samples was measured from both sides, for reference
values needed in the sensor calibration. The second measurement is taken after one
side of the sample was covered with a layer of lint (approximately 1 mm thick). In
the first experiment, lint was residue from a dryer after drying textiles. The
measurements were done with a Hewlett Packard 4285A Precision LCR-meter,
with a four-point measurements principle. The measurement frequency and voltage
were 100 kHz and 1 V, respectively.
For each sample, the following measurement procedure was performed: the
sample is measured from both sides, the lint is pressed onto the front side of the
sample by hand, the sample is measured from both sides, the lint is removed
without detaching the sample from the LCR-meter, the new lint-free value is
measured from both sides. These measurement steps were performed for seven
sensor samples and the results are presented in Table 2.
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Table 2. The measured and calculated results of the capacitive filter sensor (Reprinted,
with permission, from Article IV © 2020 IEEE).
Back

Front

Difference

Change in

Sample no:

State

(CB)

(CF)

(D)

difference (DC)

[pF]

[pF]

[%]

[%]

1

no lint:

6.19

6.81

10.0

0.0

lint:

6.25

7.20

15.2

34.7
0.0

2

3

4

5

6

7

lint off:

6.20

6.82

10.0

no lint:

5.94

6.73

13.3

0.0

lint:

5.98

7.05

17.9

26.2
-1.3

lint off:

5.95

6.73

13.1

no lint:

5.66

6.68

18.0

0.0

lint:

5.70

6.99

22.6

20.9
0.0

lint off:

5.66

6.68

18.0

no lint:

5.65

6.72

18.9

0.0

lint:

5.69

7.03

23.6

20.2
0.0

lint off:

5.66

6.73

18.9

no lint:

5.01

6.71

33.9

0.0

lint:

5.01

6.99

39.5

14.1
0.6

lint off:

5.00

6.71

34.2

no lint:

6.02

6.58

9.3

0.0

lint:

6.06

6.88

13.5

31.7
0.0

lint off:

6.03

6.59

9.3

no lint:

6.13

6.46

5.4

0.0

lint:

6.17

6.77

9.7

45.0

lint off:

6.14

6.47

5.4

0.0

In addition, the table includes calculated values derived from the aforementioned
measurements. The most significant information is placed in the last column; it
reveals how much the difference between capacitances change when lint is placed
on the sensor. Considerable change is observed between the initial state and the
lint-state. When the lint is removed, the capacitance values on both sides return to
the initial values. A small increase is also observed in the backside capacitance,
while the front side capacitance rises. This is because the capacitors are so close to
each other, that they are naturally coupled together.
The following calculations were used for the results in Table 2. The capacitance
difference CD and change in capacitance difference for different states Cc (in farads)
were calculated by equations
𝐶

𝐶

𝐶

(5)
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and
𝐶

𝐶

𝐶

,

(6)

where CF is the capacitance of the front side sensor, CB is the capacitance of the
backside sensor, CD is the absolute difference between CF and CB, CC(state) is the
change in the difference between the reference state (no lint) and the state (no lint,
lint or lint off) specified in the subscript. The corresponding changes in percentages
were calculated by equations
𝐷

100

(7)

100,

(8)

and
𝐷

where D is the difference between CF and CB in percentage, and DC is the change
in the difference in percentage. Without a specific subscript, the values in a formula
are from the same state.
As mentioned, the relative change of capacitance is relevant to the analysis,
therefore the differences between the capacitances initial values are negligible from
the analysis point of view. The results presented in the table clearly indicate that
the sensor element is sensitive to the added lint, being an indicator that the dirtiness
of the filter can be monitored with the proposed sensor concept. As the
demonstration does not fully imitate real-life conditions, the calculated magnitude
of percentage is indicative, hence additional evaluation is needed for the sensor’s
sensitivity.
It is seen that the capacitances’ initial values differ between sides and samples,
despite that the same fabrication process is used for all of them. Several possible
reasons can be identified. The texture of the filter substrate differs between the sides
and, because of this, the printing result is different (by topology, thickness). As the
printing result differs between a filter’s sides, the surface area and permittivity are
most likely affected, hence changing the capacitance. This, on the other hand, does
not explain the capacitance difference between the samples. A possible explanation
is the fact that the samples were printed manually, to achieve the proper alignment,
causing some variance to the printing repeatability. One sample is especially different
from the rest, namely sample 5, which registers an initial value for the backside sensor
that is 0.79 pF below the observed average. Based on a visual inspection, the surface
texture seems coarser than others, which might be the reason behind the difference.
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4.3.3 Capacitive sensor for cleaning appliances
One of the potential uses for the presented sensing filter is a vacuum cleaner, which
was chosen as the demonstrating appliance for the sensor element in Article V. The
aim of this experiment was to build a complete sensing setup, which included the
required reading electronics, and to demonstrate its performance in a real
environment.
A filter with sensors fabricated on top was added to a robot vacuum cleaner
(Xiaomi, Roborock 2) to filter the out-going air. The patterning on the filter was
printed as described earlier, on a HEPA filter (AX4459HS from Lydall
Performance). The sensor pattern was the same, but additional wiring was added
according to Fig. 18, to have a connection to the electronics on top of the vacuum
cleaner. The description of the used measurement system was given in Section 3.3.4.
The detailed material description of the filter frame was not previously given
because it was fabricated by a co-author.

Fig. 18. The capacitive sensor pattern for the vacuum cleaner test. The blue colour
presents the reacting sensor pattern, and the grey colour presents the reference sensor
pattern on the backside. The dashed areas are overlapping (Reprinted, with permission,
from Article V © 2021 Authors).

For the filter to stay rigid and stationary, it was inserted into a 3D-printed frame.
The frame had two parts that were made of different plastics; PLA and more robust
ABS. The ABS-part was latched inside the PLA-part. The fabrication was done
with a 3D-printer utilizing fused filament fabrication. As the vacuum cleaner had
sensors preventing its use if the original filter was not inserted, the dust bin had to
be removed and the original filter was taped in its place, onto which the new filter
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was taped with the frame. In spite of the setup’s appearance, the filter with sensors
was the first to be exposed to the dirt and the out-going air. The fabricated filter
with the frame is shown in Fig. 19.

Fig. 19. A picture of the screen-printed sensor inserted into the 3D-printed frame. Wiring
was already attached and was hidden inside the cardboard at the top of the picture. The
presented side is the one to be exposed to the dirt (Reprinted, with permission, from
Article V © 2021 Authors).

As shown in Fig. 20, the vacuum cleaner was not modified, and the electronics
were attached on top of the cleaner to ensure its normal functionality after the tests.
Wires, attached to the sensor, come from inside the dust compartment and are
connected to the measurement unit, which is battery-powered. The test
environment was set up in a laboratory to have control over it. A frame was built,
with a size of 113 cm x 130 cm, into which approximately the same amount of dirt
per volume was spread for each cleaning cycle. The dirt consisted mostly of
sawdust, with some amount of dust and miscellaneous dirt from the laboratory floor.
The vacuum cleaner was switched on and it cleaned the area as long as it needed,
after which it turned off automatically. The dirt was applied in the cleaning area
and the vacuum cleaner was restarted for the next cycle. The halt-phases between
the cycles took approximately 30 seconds and the cleaning cycles had varying
lengths. During the test period, the sampling rate was 1 Hz. For each measurement,
a 5 V signal was applied to the sensor element. At the same time, the voltage of the
capacitor was measured with a 10-bit analogue-to-digital converter (ADC). The
capacitances Ci (i=1 for reacting and i=2 for reference) were calculated by equation
𝐶

,

,

(9)

where the vADC is the value of the ADC and vADC,max is the maximum value of the
ADC. Cstray is the stray capacitance formed by the Arduino Uno microcontroller
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board and the wires. It is used for calibrating the measurement and was identified
to be approximately 33 pF.

Fig. 20. A picture of the measurement setup. The filter is placed in the dust compartment
with the original filter. The wires are connected to the electronics on top of the vacuum
cleaner. The measurement unit is powered by a battery (Reprinted, with permission,
from Article V © 2021 Authors).

The obtained measurement results are shown in Fig. 21. The upper graph shows the
values of the reference capacitance and the reacting capacitance. The lower graph
shows the difference of the mentioned capacitances over the test period. As
expected, the reference capacitance stays constant while the reacting capacitance is
increasing. The graph shows three cleaning cycles, of which the first two have a
clear step up in the capacitance value, while the third one has only a minimal change.
It is clearly seen that the two cycles have one larger step at the beginning of the
cycle, and the rest of the time is quite constant. This is due to the fact that most of
the dirt is collected in the beginning of the cycle.
The second notable phenomenon is the clear separation of the cleaning cycles
from the halt-phases, which are marked with vertical lines in the figure. The logical
explanation is that, due to the air flow, the dirt spins inside the chamber, thus
brushing the sensor and changing the capacitance. For the halt-phases, the
capacitance values are more constant.
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Even though the reference sensor is not exposed to the dirt, there is still some
variation in its capacitance values, especially during the cleaning cycles. This was
noted also in the previous chapter with the lint tests; the proximity of the sensors
naturally couples them together.

Fig. 21. Measurement results of the vacuum cleaner tests. The upper graph shows the
capacitance values of the sensors for three cleaning cycles and the halt-phases. The
lower graph shows the difference of the capacitance values over the same test period.
The vertical lines separate the halt-phases from the cleaning phases (Reprinted, with
permission, from Article V © 2021 Authors).
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5

Discussion

Component fabrication process development is an important part of accelerating
the exploitation of printed intelligence technology. It is necessary that process
development is done concomitantly with material development. Novel materials can
incorporate both new features as well as functionalities that have existed with
traditional components, and their efficient fabrication can lead to successfully
achieving a wide variety of application specific requirements. Applications utilizing
all-printed components can benefit not only from innovative functionalities of new
materials but also from other aspects enabled by printing techniques, such as
flexibility and thin structures.
5.1

Printed lenses as an optical element

5.1.1 Aspects of microlens fabrication through printing
Articles I and III utilized PET as a substrate for the fabricated components. The
flexible PET substrate is compatible with the R2R printing process, which is
capable for extremely rapid and cost-efficient manufacturing of printed intelligence
products. Although the flexible substrate may not be required in some real-life
applications, the fabrication in R2R is more efficient than individually fabricating
components in batches. In addition, the main advantage of MLAs is that a polymer
substrate makes the component less fragile and lighter compared with a thin glass.
When MLA is used in microscopy, an attachment piece holder keeps the lens array
flat (if needed). Therefore, flexibility usually becomes a less relevant issue,
providing though a great advantage for fabrication because in R2R the substrate
patterning could be done with hot embossing, and combined with inkjet printing
for the lenses. Glass with limited flexibility does exist [72], but the material’s cost
is significantly higher, and the patterning would become more difficult to execute,
since the patterning tool options are considerably limited.
When inkjet printing is applied to MLA manufacturing, the fabrication process
is simplified, and the material consumption is reduced, making it an attractive and
low-cost fabrication method. The simplest way of using inkjet printing in MLA
fabrication is to print single droplets onto a substrate. With high enough surface
energy, the liquid forms a smooth plano-convex lens, which is then cured according
to the respective material’s requirements. A uniform lens array is, however,
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challenging to achieve. The placement of a droplet is not perfectly accurate because
there are always some marginal printing inaccuracies in inkjet printers, hence the
droplet rarely falls precisely in the intended location. Droplet placement becomes
even more challenging in cases where lenses are required to be larger than one drop.
Surface tension allows the liquid to hold a hemisphere shape until a certain point,
after which it will spread unevenly, losing its predictable plano-convex lens
behaviour. In this case, substrate pre-patterning proved invaluable.
Photolithography is one option, which can be used to control the location of each
lens. The lens material can be printed into the pre-patterned reservoirs, where it
spreads across the bottom of the reservoir and eventually rises above the photoresist
level, forming a convex surface, a lens. Pre-patterning adds additional
manufacturing process steps, although it improves the fabrication yield and product
quality, by minimizing the effect of printing errors. This approach also allows more
freedom for designing and controlling the lens diameter and shape. Functional
property changes can be obtained by tuning the lens shape. For example, a
hexagonal lens shape improves the filling factor compared with a round shape and
hence improves the light collection efficiency.
Further development should focus on the uniformity of the substrate patterning;
hydrophobic/hydrophilic patterning [73]–[75] could be more suitable than
lithography. It would minimize the need for materials, both for patterning and lens,
and it would eliminate the noted residue in the lithography patterning. Another
interesting approach for imaging applications is the fabrication of lenses with
colours (red, green, blue), enabling optical filtering of a signal, relevant in many
imaging-based applications. Exploitation of MLAs in hyperspectral imaging could
be an interesting example of such an application [76]–[78].
Depending on the application where an MLA would be used, the acceptable
quality and price vary, leading to the need of a large variety of fabrication methods.
For a disposable component, a nominal price is essential. For the presented glass
substrate MLA, the approximate cost of materials rounded up to 4 €, in laboratory
facilities. A formal production line would use materials more efficiently, thus
decreasing the cost further. For a consumer, an adequate MLA made of glass costs
approximately 300 €. It is worth mentioning that printing does not appear to
sacrifice the optical properties of a lens as it can be seen in Fig. 9, being a strong
indicator that this type of lenses will be used on a larger, wider scale in the future.
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5.1.2 Applications for microlenses
Promising applications of printed lenses, presented in Article II, are in disposable
diagnostics, where the fabricated lens array serves, in combination with a
microscope, as a substitute for an objective. This results in a smaller and lighter
microscope, hence easily portable. The images captured with the lens array were
compared with those recorded with commercial glass lenses, and the quality was
found to be equal. The main differentiating aspect is that the fabricated polymer
lenses are significantly cheaper than commercial glass lenses. MLA components’
low fabrications costs allows for their usage as disposable instruments. This is
especially relevant in the case of infectious disease diagnostics, where MLA
components can help overcome issues in point-of-care testing (POCT). POCT refers to
medical testing at or near the patient’s location.
In urbanising, developing countries, parasitic infections cause major health
problems [79], [80]. For diagnostics, microscopes are needed, however
conventional devices are expensive and difficult to use as the samples need to be
taken to the laboratory for analysis. This results in increased costs and extended
processing and diagnostic times. Robust and easy-to-use tools [81] are
consequently needed for medical diagnostics. The proposed objective-free
microscope fulfils all requirements, and it can be especially valuable in developing
countries, where healthcare infrastructure is underdeveloped and the need for this
type of diagnostics is most prominent. One of the parasitic infections,
schistosomiasis, is caused by flatworms called schistosomes. Their typical egg size
ranges between 75 and 150 µm [82]. With MLA-based semi-microscopic imaging,
images can be captured of objects as small as 5 µm in size. Thus far, the only highenough quality MLAs have been expensive glass lenses. The presented MLA has
equal quality, yet it has significantly lower fabrication costs. It is therefore more
applicable to field work.
Imaging with MLA is not only limited to 2D-images and diagnostics
applications but can be used in 3D image capturing and displaying as well. Existing
3D-movies and virtual reality systems are usually based on special glasses or
headsets, which produce one image for one eye, and another image for the other
eye. This limits the experience’s authenticity and it can also cause sickness in some
users, limiting the technology’s usability in daily life. Therefore, virtual reality or
augmented reality should ideally be experienced without any glasses or other extra
equipment. This can be done utilizing MLAs as an enabling technology [83]–[85].
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MLAs can also be used in lighting devices for better efficiency. Organic light
emitting diodes (OLED) are more energy-efficient than traditional lighting
technologies, however their efficiency still needs improvement, especially in
lighting applications. In OLED structures, light extraction efficiency can be
enhanced by adding an MLA to the system. Part of the photons are trapped into the
OLED structure and are reabsorbed, but MLA can improve light extraction [86].
More demanding applications for MLAs are, for example, in miniaturized
instrumentation. MLA can be equated to a compound eye, and when it is shaped
into a hemispherical form, it becomes more alike what is found in arthropods. The
shape enables up to 160° field of view angle, without off-axis aberrations [87].
These kinds of MLA-enhanced applications are used in demanding instrumentation,
such as endoscopy tools [88], facilitating operation better than a regular camera.
In addition to visible light, microlenses can be fabricated for other wavelengths.
For example, they have been used in terahertz (THz) systems, which use
0.3–10 THz frequencies [89]. Terahertz applications can be used for medical
purposes
(detecting
cancer [90]–[94]),
security
imaging [95]–[99],
astronomy [100]–[102], by art historians [103]–[105] etc.). Due to frequencies
different to visible light, lens materials require different properties, mainly dielectricity
and low losses. Polymers are dielectric, but unlike other presented applications,
transparency (to visible light) is not required at these frequencies. This wavelength
extension of MLAs would be very interesting also in next generation
telecommunication systems (5G/6G) where some of the used frequency bands are
planned to be in the THz region.
5.2

Memristor

5.2.1 Inkjet printing for memristor fabrication
As demonstrated, the fully inkjet printed memristors are functional. The presented
fabrication method has several significant advantages over other methods. By using
only one deposition technology, the fabrication process becomes simpler and, as
the inkjet printing is R2R compatible, high-volume production can be done within
a single production line.
This approach (inkjet in R2R) allows for the embedding of other needed
electronics components (so-called hybrid electronics), resulting in more complex
yet flexible memristor systems. As memristors have a vast range of application
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possibilities in electronics, the flexibility of memristors is an advantageous property,
supporting the exploitation of flexible electronics in technology branches such as
wearable electronics [106]–[109], flexible displays [110]–[113] or E-paper [114]–
[116]. The conducted memristor development work is a continuation for earlier
research around flexible memristors [31], [117]–[119].
By using a resource-saving device as a drop-on-demand inkjet printer, the
material losses can be minimized, supporting the cost-efficient and
environmentally friendly manufacturing of electronics. Some conventional
fabrication methods discard materials without a possibility to reuse or recycle. For
example, NIL is a good method for fabricating features with small dimension
(< 10 nm [120]), but due to its operational principle, a significant quantity of usable
material is wasted. In addition, it requires many different fabrication devices and
high-quality moulds, making it technically demanding.
Despite the countless advantages mentioned previously, inkjet printing also has
drawbacks in memristor fabrication. The main deficiency is limited lateral
resolution, which is approximately 1 µm at most, yet typically around a few tens of
microns. Compared to NIL processes, the feature size, and hence the integration
density, can never reach the same level as lithography, for example. However, this
becomes an issue mainly with complex circuits with a high number of memristive
components. In simple systems, where the number of components is small, the size
is not as critical.
According to the results of this work, the fully printed memristors were
functional, yet there were some stability issues limiting the cycling durability and
reliability. The main shortcoming observed was the diffusion between Ag and TiOx.
After some time, the active layer disappeared, connecting the electrodes electrically
and thus forming a short circuit. To avoid this challenge, several options are
proposed. One is to add a barrier layer between the electrode and the active layer
to prevent diffusion. Another option is to change the used electrode materials.
Based on literature, platinum has good compatibility with titanium oxide [121],
[122]. The main hindrance is that inkjet printable platinum inks are not
commercially available, although research is conducted on platinum ink
formulation [123]. Another challenge might be the relatively high annealing
temperature (350–600 °C). If this factor does not conflict with other processing
steps or materials, platinum becomes an interesting alternative for a silver electrode.
In addition to finding more compatible materials, it is worth considering the
optimization of the design and structure. With smaller dimensions, the final
application density can be increased. A crossbar structure could also be used with
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inkjet printing, increasing the circuit density. The used TiOx-precursor was in liquid
form, which was the main reason for the use of the photoresist barrier. Such barriers
could be used in between the aligning electrodes in the crossbar structure to ensure
that the active layer is thick enough for functional memristive operation.
The performance of the printed memristors is inferior to the ones made with
high-precision conventional techniques. Performance optimization was not
conducted since the focus of this work was on finding a fully additive fabrication
method and prove the concept. Significant performance improvement can be
expected by optimizing the ink composition and process parameters.
After the publication of Article III, additional research was conducted by other
parties. In one of them, Ag nanoparticle ink was used to fabricate an hourglass
shaped memristor, which forms the active area in situ during Joule heating [124].
Salonikidou et al. [125] fabricated an inkjet printed memristor quite similar to
the one presented in this work. The structure of Ag/TiO2/Ag with a sandwiched
crossbar structure was printed with the same machinery as was done in this thesis,
and was finally coated with a layer of Teflon. As nozzle clogging is one of the
problems related to jettable memristive inks, the research focused on the stability
and printability of the active layer. They used amorphous TiO2, for which they
achieved a printable lifetime of four months.
The resistive switching characteristics of ZnSnO3 were enhanced by
Siddiqui et al. [126] by combining it with organic polymer polyvinyl alcohol
(PVOH) into a nanocomposite. The structure was fabricated mainly by EHD
methods. The PVOH is highly flexible, transparent and biocompatible, adding
mechanical strength to the device. It also increases the high resistance state value
due to its dielectric properties, increasing the overall off/on ratio.
Rafique et al. [127] explored a novel structure as they presented an EHD
printed memristor with a Ag/ZnO/Ag sandwich structure. This memristor
performed up to 1000 read/write cycles. Its ZnO active layer was measured to
be > 90% transparent, hence they reported the memristor as transparent.
These were only a few examples and research will continue, as memristors
have a highly promising future.
5.2.2 Applications for memristors
As classified by Mazumder et al. [128], applications for memristors can be roughly
divided into two categories: discrete and array based. The discrete components are
used in chaos circuits [129], [130], Schmitt triggers [131], [132], threshold
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comparators [131], [133], cellular neural networks [134], [135], oscillators
[136], [137] and logic operations [138], [139] while the array device applications
include neuromorphic circuits [140], [141], field programmable gate
arrays [142], [143], content addressable memories [144], [145] and nonvolatile
memories [32], [34].
Of the above-mentioned memristor types, the use of an inkjet printer is more
suitable for the array-type, as it can be used in a continuous line production for high
volume. On the other hand, the mentioned restrictions of the component
dimensions prevent the array from becoming extremely small. As discrete
components, the dimensions may not be as critical.
As mentioned in the introduction, neural-networks and artificial intelligence
studies are one of the most promising applications for memristors. Considerable
high-quality research is being conducted in relation to AI, with one example being
humanoid robots, where memristors could help to further develop the technology.
The progress of a human brain-like cognitive computing system is still far in the
future, as scale constrains (86 billion neurons [146]), system complexity (an
average neuron forms about 1000 synaptic connections to other neurons [147]) and
power consumption are challenging [148]. However, memristors can be used to
create artificial electronic synapses with transistors [29], [149]. Since their power
consumption is low, and the feature size is small, a large and dense brain-like
structure could be realized someday. In addition, the transistors can be replaced
with a memristive crossbar latch structure for higher circuit density [150].
5.3

Capacitive environmental sensors

5.3.1 Capacitive sensor fabrication through screen printing
Article IV presented a screen-printed capacitive sensor for air filters.
Environmental filters of this kind have been fabricated and used for a variety of
applications. However, most of those filters do not have embedded sensing
elements to monitor their state. Filter materials are soft and porous, but coarse on
the surface, thus making most of the fabrication methods difficult to be utilized. A
printing-based approach, in this case screen printing, was found to provide a
feasible way to fabricate simple sensing elements directly on filter material.
The monitoring sensor system has two sensors reacting similarly to the changes
around them. Therefore, temperature and humidity have minimal effect to the
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change of capacitance. It still must be noted that the equilibrium between the sides
is not immediately achieved if the temperature or humidity has rapid and/or
significant changes, due to the dense structure of the filter’s material. Nonetheless,
in many cases the environmental changes around the sensor are small and/or slow,
making them a less significant issue from the perspective of measurement accuracy.
Further studies are required to determine acceptable environment changes and to
predict their influence on the sensor reading.
The first experimental setup did not fully imitate real-life conditions, where the
particle would penetrate the filter structure instead of being loosely placed on top
of the surface. Because of this, a more practical approach was taken in Article V to
test the concept. By using a vacuum cleaner, the much-needed air flow was
achieved, thus generating measurements that better reflect reality. The cleaning
cycles were identified from the results graph, which implies that the sensor is quite
sensitive as it reacts to the spinning dirt, instead of just steadily increasing the
capacitance value. The overall increase in capacitance lasted for the first two cycles
before saturating to a constant value. By optimizing the sensor pattern in order to
increase sensitivity, it could be possible to increase the saturation threshold. There
is also the possibility that after the initial impact, the capacitance increase is much
slower, and the reaction is seen after considerably longer use.
An additional aspect to note regarding both sensor element measurements is
the measured value of the reference sensor. When the capacitance of one sensor
increases, it consequently increases the capacitance of the second one. This is
because the proximity of the two sensors naturally couples them together and
therefore the capacitance change of the reacting sensor reflects on the reference
sensor. While the change is insignificant to these measurements, it must be
considered when determining the threshold level for a tolerable amount of dirt on
the filter. The threshold level was not determined in this study, although it should
be tested on a case-by-case basis for each specific application.
The main task for further research is the system’s general optimization,
specifically exploring whether changing the dimensions and layout of the sensor
provides any improvement in sensitivity and accuracy levels. It would also be
interesting to understand whether sensor pairs with different sizes react differently
to the variants of the surrounding environment (such as temperature and humidity).
In addition, the sensor’s dimensions are one aspect to be considered, since the
sensor element should not limit the airflow significantly.
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5.3.2 Applications for capacitive environmental sensors
HEPA filters, and air filters in general, are used all around us, since air needs to be
cleaned everywhere. People spent most of their time indoors, so clean air is
essential. Regular maintenance of the ventilation systems is clearly required, and
the filter replacement is the most important part to maintain the proper function of
the house automation system. The commonly recommended replacement cycle is
six months but, depending on the environment, this might be too long. Busy roads,
pollen and various other factors have strong effects on a filter’s condition. The filter
replacement is usually done by a non-professional occupant of the house, who may
not be able to evaluate if the changing frequency is suitable for their house.
Therefore, it would be useful to have equipment integrated into the filtering system,
informing the occupant of the need to replace the filter. Although a HEPA filter was
used for demonstrating the concept, any air filter could be used, if it has a fine
enough surface texture.
In addition to air ventilation, air filters are needed for many other applications,
such as vacuum cleaners, which was the example utilised in Article V. The filter
prevents particles from re-entering the room but allows cooling air to flow though
the appliance. If the filter becomes too dirty, the air flow becomes poor, thus
reducing the suction and possibly leading the appliance to generate too much heat.
Robot vacuum cleaners are becoming a common part of a household as they
function quite independently. As smart devices, they could be enhanced with the
proposed sensing concept. Since they are already self-operating, it would be
practical to have self-monitoring elements reporting to the user the state of the filter,
and to predict the need for cleaning different locations based on the sensor data.
The vacuum cleaner’s charging dock would be the most practical place to check
the filter and to report to the user. Optimizing the filter replacement cycle would
not only protect the electronics but keep the breathing air cleaner, being
simultaneously more ecological and cost-efficient.
Heavy-duty breathing masks are vital for people working with asbestos or other
poisonous materials, and severely limited air flow restricts the user’s intake of
oxygen. The filter should be replaced at the latest when the person is having
breathing difficulties. However, especially for someone who rarely uses breathing
masks, it can be difficult to estimate if the breathing is still fine, as the air
permeability is degreasing subtly. An embedded sensor would reduce concerns
related to this.
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In this work, different components are developed as independent units, as
opposed to a holistic system. However, we can envision a coherent whole in which
these different elements (lenses, sensors and memristors) are embedded within a
more sophisticated system, where lenses and sensors would act as observational
components and memristors would form a data storage element. For example, the
lenses (with a camera) could be used to observe which microscopic particles are
present on the filter surface. The data would then be stored on the memristor
memory element. This would naturally require additional assisting components,
such as an imaging system to digitalize the images and system integration to make
separate components to work as a functional system.
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6

Conclusion

In this thesis, three components in the area of printed intelligence were fabricated.
The components demonstrate how fabrication can be simplified and made cheaper,
and how to utilize a simple component in an everyday appliance to improve life
quality. The fabricated microlens array was made by inkjet printing and was proven
to have high quality imaging properties. Considering its low fabrication cost, it can
be used as disposable optics, which is important when examining, for example,
parasite infections outside laboratory facilities. Fabrication is not only low-cost but
also simple and compatible with R2R fabrication systems, enabling cost-efficient
high-volume production.
Inkjet printing was also used in the memristor fabrication, being the only
deposition method employed. The “one device” fabrication process simplifies
production, whether considered on a small or large scale. In addition, the chosen
fabrication method, drop-on-demand inkjet printing, has negligible material loss,
making it environmentally friendly. The demonstration showed that a simple
method can be used to fabricate an electrical component as demanding as a
memristor.
For environmental sensing, a simple capacitive sensor was fabricated and
subsequently tested with a vacuum cleaner. With a double-sided structure, particle
accumulation can be observed on the air filter, and optimal time for replacement
can be reported to the user. This is not only good for the air and therefore people’s
health but also good for the environment, and it is cost-efficient, as fully functional
air filters do not need to be replaced prematurely. The sensor element was fabricated
by screen printing, which is a fast, simple and material-saving method for patterns
with larger dimensions.
The fabricated components in this work are just a few examples of printed
intelligence, which is clearly a versatile branch of technology, providing new
technology enablers to be utilize in various types of applications that have an
impact on our everyday life. Even though the research area is not novel anymore,
it is still rapid developing, growing and widening its possibilities in various fields
of science and commercial applications. In that respect, R2R manufacturing
systems are expected to have a key role in future high-volume electronics
production. At the same time, environmental issues are becoming progressively
critical to be addressed. Printed intelligence as a low waste additive manufacturing
method can provide a sustainable way to fulfil the technological needs of further
societies.
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