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Abstract

Inkjet printing is a promising technology in the field of printed electronics. It enables fabrication
of electronics with complex geometries and high customizability along with reduced
manufacturing time and cost. The key features of inkjet printing include digital customization,
reduced cost and time of fabrication, and non-contact printing. While in the conventional silicon
electronic industry, electronics are fabricated onto rigid and expensive silicon wafers, the
aforementioned advantages enable inkjet printing to fabricate on novel, diverse substrates such as
3D printed substrates. 3D printing technology builds 3D structures with benefits such as freedom
of design, mass customization, desktop availability, low cost, simplicity of use, and ability to
fabricate complex geometries.

In this research, we use various additive manufacturing techniques including 3D fused filament
fabrication (FFF) printing, extrusion printing, and inkjet printing. We deposit a low viscosity UV
curable epoxy, as the intermediate material to make the 3D printed surface smooth and protect the
3D printed surface against the aggressive inks, via an extrusion printer. Next, the UV exposure
takes place where the UV time considerably determines the quality of line patterns and
conductivity. Having the substrate ready, we start the inkjet printing process with silver
nanoparticle ink and find the suitable drop spacing for our specific substrate. We optimize the
drying condition including temperature and exposure time to dry the ink solvent. Finally, samples
go under intense pulsed light that affects the conductivity and length shrinkage of the printed lines.
Next, according to the conditions obtained, we print a strain gauge sensor with optimized inkjet
patterning and test it electrically and mechanically.

In the last part, we fabricate a similar device and application but with another technology. We pick
3D printing electronics to directly fabricate functional samples via a 3D FFF printer. We create a
semi-conducting filament out of thermoplastic polyurethane/carbon nanotubes nanocomposite,
then we 3D print the desired strain sensor. At last, we carry out the electrical/mechanical test for

this different sensor.
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Chapter 1: Introduction

1.1 Overview and Research Objectives
In this thesis, we focus on the integration of inkjet printing with 3D printing technology with the

aim of fabricating electronic devices. We divide this research project into three chapters: 1)
printing a conductive line on 3D printed surfaces and optimize it to obtain the maximum
conductivity, 2) fabricating an electronic device, a strain gauge sensor, and perform the related
electrical/mechanical test, 3) performing a similar application with 3D printing electronic
technology in order to compare both technologies. Once the primary integration is achieved, which
is successfully inkjet printing a simple conductive line on the 3D printed substrate, we optimize
the simple line to increase the conductivity as much as possible. Having a stable and optimized
printing methodology, we start the process of fabricating the electronic device on a 3D printed
object as the application. Subsequently, in order to evaluate the fabricated device, we performed
several characterization methods including electrical and mechanical. Additionally, we studied

another technology to 3D print strain sensors using a conductive filament.

As inkjet printing is a non-contact printing technology in which the printer has no contact with the
substrate, one advantage is the ability to fabricate devices on different substrates. Inkjet printing
is well-established and can print on many common substrates such as glass. However, printing on
novel substrates is still an immature process. One possible issue might be that the ink spreads on
the substrate and cannot form well-patterned lines. Moreover, inkjet printing directly onto 3D
printed substrates is challenging; because fused filament fabrication (FFF) 3D printing has a lower
resolution and much wider and thicker lines compared to inkjet printing, the final surface of the
3D printed substrate is not smooth enough for electronic fabrication. Hence, there is a need for an
intermediate material between the 3D printed substrate and inkjet printed patterns. Such
intermediate material provides a smooth surface for the electronic patterns. However, another
challenge that appears is the main challenge in this research. When the inkjet printer ink is
deposited onto the polymeric substrate, in some cases, there are some non-idealities that degrade
the electrical conductivity. While, for applicable electronic devices, conductive materials with high
conductivity are required. In order to increase the conductivity, we do an optimization including

different pre-processing and post-processing steps to finally obtain a highly conductive and well-



patterned line. The optimization includes ultraviolet (UV) time exposure, drop spacing, heating

conditions, intense pulsed light parameters, and length shrinkage.

After successfully having an inkjet-printed line on the 3D printed substrate with a good
morphology and high conductivity, we start fabricating an electronic device in order to prove this
integration properly works and is reliable. We decided to fabricate a strain gauge sensor as an
electronic device. We use the optimized conditions obtained in the previous section. We printed
the strain gauge on the 3D printed substrate, however, some improvements are required. Although
we performed the material and interaction optimization in the previous chapter, since the strain
gauge is much larger with more complex geometry, some improvements for patterning are
required. Finally, once the desired strain gauge is achieved, we carry out the evaluation step which

includes mechanical test and electrical measurement.

In the last section, we fabricate a similar device with a different technology. In this chapter, we
chose 3D printing electronics to create a strain gauge sensor. First, we make a functional semi-
conducting filament for the 3D printer. We make a thermoplastic polyurethane (TPU)/ carbon
nanotubes (CNTSs) nanocomposite, and form it into a 3D printing filament. Having the functional
filament, we build the desired piezoresistive strain sensor and perform the related mechanical test

and electrical measurement.

1.2 Background and Literature Review

1.2.1 Additive Manufacturing
There has been an increasing interest in additive manufacturing (AM) in recent years. AM is

commonly used for rapid prototyping with the aim of automatically manufacturing complex
products. In traditional technologies, subtractive methodologies, several unwanted layers are
deposited and then the extra parts are removed and wasted resulting in material waste and lower
fabrication throughput. While in AM, only the required material is deposited for the final product,
and hence no material will be removed or wasted. Therefore, complexity, extra steps, reduced
material consumption, and in some cases manufacturing costs and time are considerably reduced
in AM. Figure 1-1 compares the fabrication process between traditional silicon technology and
AM technology. The two principal types of AM include printed electronics (PE) and 3D printing.



1.2.1.1  Printed Electronics
PE is a rapidly growing technology in the field of electronics manufacturing. PE, as the name

suggests, is a technology based on printing techniques to fabricate electronic devices and systems.
The goal of PE is to fabricate electronic systems by printing techniques instead of more expensive

and complex traditional silicon-based technology.

In fact, the traditional silicon microelectronics includes a significantly complicated process. Many
different steps are required in order to create a silicon integrated circuits (IC), including preparation
of crystal silicon wafers, fabricating transistors, and interconnecting the transistors to form
systems; such steps are made of depositing thin films, lithography, and etching. For instance, UV
photolithography systems might cost tens of millions of dollars [1]. In general, whereas the
traditional silicon electronics enjoys the advantage of super high-performance computation at low
power, fabricating large-area and flexible electronics or on any other type of substrates by silicon

technology is a challenge.

On the other hand, printed electronics is an easier and shorter process than traditional
manufacturing, it only directly deposits a functional material as patterns onto a substrate.
Afterwards, only an annealing/sintering step will be needed. In other words, PE is the
manufacturing of flexible and large-area electronic devices made of functional inks in a patterned
way. PE enables the manufacturing of electronics that are flexible, thin, lightweight, wearable,

environmentally friendly, and cost-effective [2].

Deposit functional
material Development
Lithograph
grapny ﬁ Etching
Baking
- Annealing




b)

Depaositing
material

Annealing

Figure 1-1: Difference between conventional silicon technology and additive manufacturing. (a)

Conventional silicon technology and (b) additive manufacturing

The key advantage or PE over traditional silicon electronics are twofold: (1) PE reduces the
fabrication costs compared to conventional silicon technology, and (2) PE is able to fabricate
applications that silicon industry cannot. The enabling reason of this ability is the processing
temperature; in fact, conventional silicon microelectronics requires very high temperatures beyond
1000°C, while PE products can be fabricated by processes under 150°C. Such a low processing
temperature allows PE to use novel and cheaper substrates that are not possible by traditional
complementary metal-oxide—semiconductor (CMOS) technology. Very cost effective and flexible
substrates such as plastic foils can be used in PE method, instead of silicon wafers that are very
expensive and rigid. Moreover, the need for high temperature processing imposes extra costs for

both materials and equipment, while PE does not need them [3].

Another factor that reduces the manufacturing cost in PE is that the high-cost processes in silicon
technology such as photolithography and etching steps are eliminated in PE industry; besides, a
significant amount of material is wasted in CMOS technology, while there is almost no material
waste in PE as the material is added only where needed [4]. As an example, fabricating a transistor
by inkjet printing costs nearly 0.0001 $/cm?; while in silicon technology, it costs 0.03 $/cm? and
3.0 $/cm? for a-Si TFT and MOS Si transistors, respectively [4]. Therefore, PE is more a cost-
effective technology for large-area electronics.



Printed electronics along with organic electronics are based on novel materials, cost-efficient,
large-area manufacturing processes that bring up various new fields of applications. Flexibility,
thinness, lightweight, and environmental friendly are the main advantages of printed and organic
electronics. As the applications and their specifications cover a large range, parameters like the
electrical conductivity of materials and accuracy of patterning are of the greatest importance [5].
Applications have been fabricated using printed electronics include radio-frequency identification
(RFID) [6], RF capacitors [7], RF inductors [7], thin-film transistors [8][9], OLED displays
[5][10], OLED lighting [5][11], organic solar cell [12], and integrated smart systems [13][14].

As mentioned above, one of the key advantages that PE brings is that it allows fabricating
electronics onto different substrates, which were not possible by traditional silicon technology.
Substrates under PE technology could be flexible, transparent, thin and lightweight, and cost
effective. Polyethylene terephthalate (PET) is the most commonly used and popular plastic film
due to its high transparency and low cost. Polyethylene naphthalate (PEN) is another popular and
low-cost substrate but with better heat resistance. Some novel substrates for PE are flexible glass
[15][16], ultra-thin plastic [17], paper [18][19], and 3D printed substrates [20].
1.2.1.2 3D Printing Technology

3D printing, also known as digital fabrication or additive manufacturing, is a fast-emerging
technology that creates three-dimensional physical objects from a digital 3D model or a CAD file.
As it is an additive technology, it builds objects layer by layer; compared to traditional subtractive
manufacturing technologies like computer numerical control (CNC) machines. 3D printers mostly
use plastics as the material, however, some use liquids or powder grains. Thanks to its capabilities,
nowadays, 3D printing is widely used in various fields of application including mass
customization, automotive industry, healthcare, biomedical, sports industry, agriculture, buildings,
protective structures, and locomotive and aerospace industries [21]-[23]. Due to recent
developments and low cost, 3D printers can be found in almost any location including laboratories,

offices, schools, libraries, and homes.

3D printing has significant advantages that have made it increasingly popular [21]-[23]. The main

advantages include:

(1) Freedom of design: as it is a digital technology and is designed in CAD, one can design any

customized geometry for any specific application.
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(2) Ability to fabricate complex geometries: again as it is designed in CAD, it is able to build

complex geometries along with high resolutions, such as lattice structures.

(3) Minimum waste: since this is an additive methodology, it only uses the material for the final

desired product, which minimizes the material waste.

(4) Simplicity of use: One is only needed to design the geometry in a user-friendly CAD; no more

tools or skills is required.

(5) Mass customization: fabrication of a collection of customized products with minor differences
is possible with the lowest cost, as there is no need for mold making or any extra tools.

(6) Easy editing: making changes to previous products is very straightforward with the minimum
cost.

(7) Easy availability: as 3D printers are small with no special equipment, they can be moved to

any location, such as home, office, schools, and etc.

There are several types of 3D printing, each with its advantages and disadvantages. (1) The most
popular methodology of 3D printing is FFF which is a desktop printer and mostly uses
thermoplastic polymer filaments. At the nozzle of the printer, the filament is heated to become a
semi-liquid state, afterwards, it extrudes on the plate or on the previously printed layers. The main
parameters in this method are layer thickness, width, and orientation of the printed lines that affect
the mechanical characteristics of the final product. The main advantages of this method are low
cost, simplicity of function, and high speed [22]. (2) Selective laser sintering (SLS) is an industrial
common method that goes in powder bed fusion category. SLS is able to be used for various
polymers, alloy powders, and metals. In SLS, the laser sintering does not completely melt the
powders, instead, the high temperature of the grains turns into the fusion of powders [22][24][25].
(3) Stereolithography (SLA) is another popular method. SLA uses an electron beam or UV light
to perform a reaction on the layer of the monomer solution. The monomers, after activation,
immediately turn into polymer chains. After the polymerization step, inside the resin layer, a
pattern is solidified with the aim of holding the next layers. The non-reacted resin is removed and



a post-processing step might be used in order to obtain the desired mechanical properties
[22][26][27].

Table 1-1: Comparison of different techniques of 3D printing

Technique Working principle Material Advantages
state

FFF Extrusion and Filament Ease of use, low cost, ability of various
deposition materials,

SLS Heat fusion of powders = Powder Good strength, excellent mechanical
by a laser properties, easy removal of support

powders

SLA Selective curing of Thermoset ~ Highest resolution and accuracy,
photopolymer via UV liquid having the smoothest surface,
laser

Binder A binder is selectively  Powder High resolution and accuracy, no need

Jetting applied over the powder for supports

bed to join them.

Various materials could be used to fabricate the structures by 3D printing technologies. Materials
such as metals and alloys, ceramics, concrete, and composites; however, the most common
materials in 3D printing technology are polymers thanks to their ease of use and diversity [22].
Thermoplastic polymers including polylactic acid (PLA) [28]-[30], acrylonitrile-butadiene-
styrene (ABS) [31][29][30], and poly-carbonate (PC) [32][33] are the most popular materials as
they have the right rheological and thermal characteristics to be readily processable by 3D printing
technology [34]. Besides, 3D printers, particularly FFF printers, are able to use printable polymer
composites as well in order to overcome the limited functionalities and mechanical properties of
pure polymers [35].



1.2.2 Comparison of Printed Electronics Technologies
In PE, there are various technologies with different properties. The main difference is that whether

the method requires a mask/template or is digital. However, there are other key differences

between PE methods including ink properties, resolution, and speed.

Different printing technologies are able to work with different ink properties. For instance, the
viscosity of some ink might be very low (approximately 5 cp); it is not easy to increase the viscosity
and keep the electrical properties constant. More importantly, different methods only work with a
limited range of ink viscosity. For the 5cp ink example, it is difficult to print by screen printing
while it is suitable for inkjet printing or gravure printing. On the other hand, some inks having
inorganic materials in the form of micro particles or nanoparticles usually have a higher viscosity,
which makes the ink a paste suitable only for screen printing [1]. Figure 1-2 illustrate some

applications fabricated by PE technologies.

Other important factors in PE methodology are printing resolution and speed. Digital methods able
to print small-sized devices with less material usage. The resolution of most printing techniques
lies between 50-100 um, although 20 pum or even 1 um resolutions are also possible with new
techniques and optimizations. On the other hand, roll-to-roll printing methods that print on flexible

substrates can be considerably fast and enjoy a high throughput [1].



a) Flexible wearables b) printed technology in clothing c) Flexible displays

d) Printed RFID tag e) Printed smart card f) Flexible white OLED

Figure 1-2: Some applications fabricated by printed and organic electronics. (a) Flexible wearables

and displays, electronic bracelets (www.polyera.com). (b) Printed active light incorporated in

clothing (http://www.eurecat.org/). (c) Foldable AMOLED display (www.huawei.com). (d)

Printed RFID tag (www.polyic.com/). (e) Printed smart card involving thin-film battery (www.oe-

a.org/). (f) Flexible white OLED (www.holstcentre.com/NewsPress).

1.2.2.1 Screen Printing
Screen printing the most commonly used method in the PE industry. It is a contact method and

uses a mesh (screen mask). The ink needs to have a high viscosity and a low volatility, making it
suitable for thick films [36].

The advantages of this method include: (1) there are various types of commercial pastes such as
metal, carbon, and polymers. (2) It is able to print on flat and curved substrates. (3) It can create
thick films (beyond 10 um) easily. (4) The overall cost is lower than other printing technologies

in terms of both equipment and materials.
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However, the disadvantages of screen printing are two-fold. (1) Considering the ink must have
high viscosity, in order to increase the viscosity some additive needs to be formulated into the ink,
which usually degrades the electrical properties of the ink. (2) Another disadvantage is the low
resolution, which cannot be used for fine applications.

1.2.2.2  Gravure Printing
Gravure printing is the preferred technology among roll-to-roll PE technologies since it has a high

resolution between them. In this method, the pattern is engraved onto the gravure roller consisting
of cells. Firstly, the cells of gravure roll are filled with ink as the gravure roll rotates. Next, the
doctor blade removes the excess ink of the cells and ink left on the unwanted land areas between
cells. After this wiping step, the ink present in the cells transfer onto the substrate. Finally, the
printed ink needs to spread on the substrate so that join the individual cells pattern [37]. Substrate
used for this technique could be rigid or flexible. In this method, the size and depth of cells
determine the amount of ink transferred onto the substrate; therefore, gravure printing is able to
accurately control the morphology and pattern thickness. Gravure printing is a preferred option for

large-area and high throughput applications.

The advantages of gravure printing technology are: (1) It works with low viscous inks, which
means inks without additives can be used. (2) As it is a roll-to-roll method, it enjoys a high
throughput. (3) The amount of ink is precisely controllable, hence different thicknesses are

possible.

On the other hand, the main disadvantage of this method is the high cost of creating the gravure

plate, which is not a good option for prototyping or small batch production.

1.2.2.3  Flexographic Printing
Flexographic printing technology is another R2R technology suitable for high-speed applications.

Firstly, a gravure roll, aka anilox cylinder, is coated with the ink, and the excess ink is removed
by a doctor blade. Next, the ink inside the image cells is transferred to a secondary roll,
flexographic printing plate, and subsequently is deposited onto the substrate [36].

The advantages of this method include: (1) The ink viscosity lies between 20-200 cp, making the
ink formulation easier. (2) The flexographic plate is cost-effective and resilient. (3) Flexographic
printing is a better choice to print thin films.
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However, (1) flexographic plate has a service life shorter than gravure plate. (2) Since the printing
plate is elastic, under printing pressure some distortion might happen. (3) In general, flexographic
printing is more complicated compared to gravure or screen printing, hence, more physical and
chemical interactions are required to be considered.

1.2.2.4 Dispenser Printing
Dispenser printing, also known as extrusion printing, is another digital printing technology in PE.

Dispenser printing divides into three categories: (1) positive displacement, (2) time-pressure
dispensing, and (3) screw extrusion. In the positive displacement system, the ink inside a cartridge
IS pressurized by a piston connected to a motor and hence extrudes through the nozzle onto the
substrate; therefore, the rate of the motor’s displacement determines the rate of ink extrusion. In
the time-pressure dispensing, the air is pressurized into the ink cartridge; the pressure difference
between the pressurized air and the ambient air determines the extrusion rate of the ink. In the
screw extrusion system, the ink is extruded through the rotary screw and the nozzle; the speed of
motor controls the degree of rotation and hence the ink extrusion [38][39].

This technology prints high viscosity materials (usually more than 1,000 cP), which makes the
printing process easier as the printed ink would be less affected by the surface condition of the
substrate. In this technology, the width of the printed lines depends on various parameters
including volumetric flow rate of ink, wetting property of the substrate, printing speed, and the
nozzle diameter [38]. However, the disadvantage of this technology is its low resolution (> 100
pm). Moreover, the printing speed is slow in this technology because the pressure losses while
the ink flows through the nozzle.

1.2.2.5 Inkjet Printing
Inkjet printing is a drop-on-demand (DOD), digital, non-contact, maskless technology. DOD
means the printer ejects droplets of ink when required as determined by the digital signal. Inkjet
printing creates individual droplets of ink and precisely controls them by a computer in order to

make jetting out of the ink nozzle and form the desired digital pattern by ink droplets.

The first challenge in this method is (1) the ink formulation is difficult in terms of viscosity and
surface tension. (2) The nozzles of inkjet printers might clog easily as ink particles are large. (3)
The ink movement which is unavoidable sometimes causes undesirable phenomena such as the

coffee ring effect.
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The key advantage that differentiates inkjet printing from other printing technologies is the non-
contact patterning method; this property enables this technology to deposit functional ink onto
almost any surface including non-planar surfaces, rigid or flexible substrates, or smooth or rough
surfaces. Another key advantages is that it is a digital method, hence, does not need any mask or
template; therefore, it is able to print a limitless number of droplets/patterns onto the substrate only
controlling a computer. The other advantages of this method are reduced material consumption,

compatibility to large-area electronics, and affordability [40].

In terms of operation mode, inkjet printers divide into two categories, namely continuous inkjet
(C1J) and drop on demand (DOD) inkjet [41][42]. (1) In C1J printers, the droplets are ejected from
the nozzle continuously and with a constant frequency. Ink droplets are charged before printing
and are controlled by a present electrostatic field. The wanted droplets that form the pattern,
deposit onto the substrate. While the unwanted droplets are deflected from the substrate and then
collected by an ink collector and go back to the reservoir to be used again. (2) In DOD printers,
the droplets eject only when is needed to form the pattern. According to the pattern and data file
in the computer, a series of pulses is generated; once a pulse is applied to the nozzle, one single
droplet is ejected and deposits onto the substrate and form the pattern. Their schematic operation
of CIJ and DOD inkjet printers is shown in Figure 1-3.
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Figure 1-3: General operation modes in inkjet printers. (a) Continuous inkjet (C1J). (b) Drop on
demand (DOD) inkjet.

Besides, in terms of the technique of propelling ink droplets, inkjet printers divide into two main
groups including thermal bubble (T1J) and piezoelectric (P1J) [41][43]. (1) In TIJ printers, an
electrical current passes through a heater and creates a bubble in the chamber; this formed bubble
increases the pressure inside the nozzle which causes the droplet to eject from the nozzle and
deposit onto the substrate. In P1J printers, a voltage pulse is applied to the piezoelectric pressure
transducer which causes the ink inside the nozzle to bend, and consequently one droplet would
eject from the nozzle. Figure 1-4 displays the schematic diagram of a piezoelectric DOD inkjet

printer.
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Figure 1-4: Schematic diagram of the inkjet printing system.

Thanks to the digital property of inkjet printing, unlike most PE technologies, it does not require
a master plate or template to form a pattern. The desired pattern is created in data file stored in a
computer which can be easily edited or recreated to change the desired printing pattern. According
to the data file containing parameters such as drop spacing, XY directions, and the desired pattern,

a series of pulses is generated going forward to the printer.
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Inkjet printing technology is an adaptable technology able to use many different materials and
inks. It can print various types of materials such as organic/inorganic materials, polymers, and
carbon variants that can have any type of electrical properties including conductors,
semiconductors, and insulators. However, there are some limitations on inks to be used by inkjet
printers; the inks must have low viscosity (approximately 4-30 cP), low volatility, small size of

particles, and high surface tension to readily generate a stream of droplets [36].

The most common and reliable commercial inks for inkjet printing are metallic inks. One of the
most commonly used conductive inks is silver thanks to its high conductivity and chemical
stability. Because conductive inks usually require post-printing processes to obtain the desired
performance (including solvent evaporation, curing, and sintering), some additives can be added
in order to optimize the specifications of the ink including viscosity, surface tension, and physical
properties of particles. Adding such decomposable and evaporative additives to the ink makes the
final ink more proper for inkjet printing. In particular, this idea is true for silver inks, as it is a

chemically stable material it readily can be formulated for specific applications.

Polymeric inks are another common category of inks in PE, which can be used for almost all
electrical properties such as conductor, semiconductor, insulator, and optoelectronic materials.
Some widely used inks are conductive polymer PEDOT:PSS, semiconductor polymers including
P3HT and MEH-PPV, and insulating polymer PMMA. Since polymers could be modified and

synthesized by various methods, one can obtain more diverse polymeric inks.

Since inkjet printing technology is the most versatile printing technique due to its merits of digital
and non-contact printing, it is able to fabricate almost all electronic devices and applications. Some
inkjet printed applications include field effect transistors [44]-[49], resistors [50], capacitors
[71[51][52], inductor [7][53], sensors [6][54]-[57], antennas [58]-[63], solar cells [64]-[67],
memories [68]-[70], and light emitting and displays [71]-[76].

However, there are some challenges in using inkjet printing. (1) The ink formulation for inkjet
printing is difficult and complicated in order to have a successful jetting and printing. More
specifically, all physical properties including viscosity, surface tension, and volatility need to
simultaneously be within a limited window [43]. (2) As inkjet printers are non-contact printers and
have nozzles, clogging nozzle is a serious challenge to be considered. Nozzles clog because of

different reasons; the size of ink particles might be too large, or ink solvents might evaporate
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quickly, or the ink itself has poor stability [43]. (3) The property of being non-contact also brings
some challenges including ink movement onto the substrate after printing as it has a low viscosity
and the substrate surface has different conditions [77]-[79]. Ink movement means once the
droplets are deposited onto the substrate they move from the original place. Ink movement has
both positive and negative effects. The main effect is coffee ring effect which is a common
phenomenon in inkjet printing. The coffee ring effect happens because the evaporation rate is faster
on edges of the droplet/line and while the contact line is pinned to the substrate there is a convective
flow from the center towards the edges. This phenomenon usually is undesirable because it avoids
a uniform deposition and causes defects when there are multiple layers. However, the coffee ring
effect might be useful in some cases, for instance, to obtain high aspect ratio features [80][81]. In
order to avoid such undesired effects, some pre-printing and/or post-printing actions are required
[82].

The ink and its rheological characteristics considerably determines the quality of inkjet printing.
An ink with unsuitable properties might cause satellite droplets (secondary unwanted droplets that
eject in addition to the main wanted droplets) which degrade the printing pattern. Besides, the ink
material is able to cause nozzle clogging; for instance if the ink solvent is too volatile and evaporate
very quickly, it causes nozzle clogging. Therefore, parameters including suppression of satellite
drops and solvent evaporation at nozzle orifice should be taken into account. Moreover, the
interaction between ink droplets and the substrate and droplet’s contact angle determines the
pattern morphology [77][83]. However, as [77] displayed, the patterns quality can be controlled

by drop spacing, temperature, and drop frequency.

In order to achieve a high-quality printing process, first the printer needs to generate stable,
satellite-free droplets. To do so, various studies have defined the jetting window. Such optimized
windows are defined by dimensionless numbers and the data are related to viscosity and surface

tension of the ink.

1.2.3 3D Printing Polymer Composites and Foamed Piezoresistive Sensing
3D FFF printers mostly uses common single polymer materials such as PLA, ABS, and TPU; each

of such materials has its own characteristics suitable for specific applications. However, such
commercial single materials typically have a limited range that are compatible with commercial
printers and they are limited in physical and chemical properties. This issue can be solved by using
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multi-material printing and composite printing which could be blended or layered composite
materials [84][85].

Polymer nanocomposites are different from conventional polymers in which fillers are
incorporated inside their polymeric matrices. Introduction of a particular filler enhances some
properties like electrical conductivity; however, in the meantime, it might cause the loss of some
other characteristics. According to their properties, polymer nanocomposites are a good option for

areas such as flexible and wearable electronics.

Among various polymers, TPU is widely used thanks to its great physical properties including
mechanical flexibility. TPU is a linear segmented block copolymer made of alternating sequences
of soft and hard segments. The hard segments could be categorized as either aromatic or aliphatic,
according to the type of isocyanate. While soft segments could be either polyether or polyester.
By manipulating the ratio of hard segments to soft segments, one is able to tailor the hardness of
TPU. We also can tailor TPU properties by introducing different types of filler into its matrix
[86][87].

CNTs are powerful fillers in order to improve the multifunctional properties of polymer
nanocomposites. CNTs enjoy great advantages including high electrical conductivity (o) as well
as large aspect ratio, which make CNT an ideal option as filler for electrically conductive polymer
composites. Such nanocomposites are common in various applications such as temperature/strain

sensing, flexible electronics, EMI shielding, and thin film transistors [88][89].

Despite the advantages of incorporating fillers, loading of a high amount of filler may negatively
affect weight, cost, and processability of polymer composites. Considering the decreasing cost
could be achieved by decreasing the material density, foaming seems very promising in order to
decreased the cost and enhance some properties of polymers. Hence, introducing both functional
fillers and foaming process could be a novel method to fabricate lightweight polymer composites
by 3D printing [90].

1.3 Integrating Electronics with 3D Structures
As mentioned in previous sections, additive electronics and 3D printing each has its own
significant advantages; moreover, integrating the two technologies opens up even new possibilities

that are not possible by other technologies. This integration brings on-demand creation of highly-
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customized electronics on customized and conformal surfaces. Integration of 3D printing and
electronic fabrication enables low-cost fabrication of electronics as well as freedom of design as
electronic devices and circuits are directly fabricated on customized 3D substrates. By doing this
integration, we will no longer need to fabricate electronic circuits only on integrated circuits (IC)

and printed circuit boards (PCB), which are expensive and time-consuming.

Such integration provides major advantages which are not easily possible by other technologies.

The key advantages include:

1) Complex geometries: As the end-use product is designed by a CAD file with a high resolution,
this integration is able to achieve complex geometries[91][92].

2) Customizability: Since this was is only based on a data file, customizing or altering the product

is simply possible depending on the specific application[91][93].

3) Freedom of design: Design freedom is not limited to shape complexity, this integration is also

able to fabricate different materials and functional structures as desired[94].

4) Functionalizing substrates: This integration allows functionalizing of substrates unlike

traditional planar circuit boards.

5) Reduced time: As both techniques are digital and AM, there is no need for designing

masks/models and extra steps to be removed.

6) Reduced cost: Cost is reduced from multiple perspectives. 3D printed materials are very cheap
compared to other common substrates in the electronic industry. Both techniques are AM so there

is no need for extra equipment and materials.

7) Reduced footprint: As 3D technology is customizable and able to build complex geometries,

the footprint of the circuit could be as minimized as the circuit footprint.

Integration of 3D printing technology with electronics could be used in different fields of
application as it is able to create complex geometries with multiple functionalities. Such
integration is revolutionary in flexible electronics, embedded electronics, stretchable electronics,
conformal electronics, 3D structural electronics, solid-state displays, efficient batteries, and etc.
[94][95]. Integrated electronics with 3D printing is able to be used in various fields including

robotics, biomedical, pharmaceutical, automotive, defense, aerospace, and consumer industries
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[96]. Functional elements including electronic devices and circuits, sensors, and embedded
components are being integrated with 3D printed structures which provides new opportunities. In
order to have a viable technology, it needs to be able to fabricate both active and passive devices
that could be made of conductors, semiconductors, insulators, polymers, etc. with any possible
form of inks, solids, pastes, and etc. [95]. Each application requires different and specific
characteristics, which this flexible technology suits the best. As an example, applications in
aerospace engineering need to be lightweight and high performance, hence, integrated electro-
mechanical systems could be found very helpful [97]. While next generation electronics will be
focused on mobile devices but in thinner and smaller dimensions. In order to achieve all mentioned
applications along with many others, integrating electronics with 3D structures is a viable method

by which increased performance in the meantime decreased footprint can happen.
Integration of electronics with 3D structures could be achieved through different approaches:

1) Integration of electronics with 3D structures using common 2D electronic technologies, and

then, projecting it onto the desired 3D structure.

2) Current injection molding, also known as molded interconnect devices (MIDs).
3) Inserting electronic components into cavities inside the 3D structures.

4) Depositing functional inks onto 3D substrates by PE technologies.

1.3.1 2D Fabrication and Transferring to 3D
The most basic way to integrate electronics with 3D structures is to use the traditional 2D

electronics and then transfer it to the desired 3D structures. For instance, one can fabricate the
electronic circuit on a 2D flexible sheet and subsequently mold it around the purpose 3D object.
However, this basic method can only be realized for 3D structures with simple geometries like
cylinders, it cannot be used for 3D structures with complicated geometries. Some previous work
done by this approach are [98]-[100].

3D printing technology is able to be used to print electronics on flexible and stretchable bio-
compatible skins involving integrated circuits able to conform to non-smooth surfaces. Muth et al.
[100] used a novel embedded 3D printing method to fabricate stretchable sensors. They made the
sensors out of carbon-based inks within an elastomeric matrix. They successfully fabricated

complex and scalable sensors by controlling the rheological properties of the ink, reservoir, and
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filler fluid. In this technique, a viscoelastic ink is extruded via a deposition nozzle into an
elastomeric reservoir. The ink serves as a resistive sensing material, whereas the reservoir is used
as a matrix material. While the nozzle translates through the reservoir, accordingly void space is
created. Subsequently, A capping, filler fluid, layer is used in order to fill the void space. After the
printing process is finished, both the filler fluid and reservoir are co-cured to create a monolithic
structure, at the same time, it keeps the embedded conductive ink as fluid. To ensure that the
fabricated devices work properly, they performed various tests including failure test and the
response of fabricated sensors to step strain inputs. Figure 1-5(a) illustrates the schematic diagram
of this embedded technique, and Figures 1-5(b-c) illustrate two fabricated applications via this

technique.

Figure 1-5: Embedded 3D printing process and 3D printed highly stretchable electronics. (a)
Schematic diagram of the embedded 3D printing process. (b) Gloves with embedded strain sensors
by embedded 3D printing. (c) A 3-layer strain and pressure sensor in the stretched state. Used with
permission from [100]. Copyright (2014) Wiley.

1.3.2 Molded Interconnect Devices (MIDs)
A more common way to integrate electronics and 3D structures is the fabrication of Molded

Interconnect Devices (MID). In this method, an injection molded thermoplastic involving
conductive materials can provide electrical and mechanical properties. This approach can be
realized by two different methods, including two-shot injection molding and Laser Direct
Structuring (LDS).
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In two-shot molding, two polymers are combined and molded together and result in a single object.
Usually the one that is shot into mold is not platable. However, the strength of polymer to polymer

bond and the interface quality are challenges in this method.

In the LDS method, at first, a single shot molding fabricates the physical part. Then, the laser
projects the desired pattern onto the physical object, this pattern will be used for the conductive
traces. Thereafter, in the metallization step, the plastic part will be plated with copper. However,
limited diversity of usable materials, the requirement for advanced tools, the necessity for chemical

plating, and multi-step processing are the main challenges[101][32].

1.3.3 Embedding Electronics into 3D Structure Cavities
This strategy usually is a hybrid manufacturing system that uses two or more technologies.

Initially, there is a monolithic 3D structure with cavities created during the fabrication, usually 3D
printing techniques. Then, the physical electronic components are embedded into the cavities or
onto the surface; the components usually are discrete and surface mount technology (SMT)
components. Finally, the interconnections and conductive tracks are deposited by another
technology in order to connect the discrete SMT devices. In fact, the 3D structure acts as a package

or housing for the electronic components.

However, as can be seen, this approach still uses traditional silicon fabrication as it requires
conventional electronic components. Therefore, almost every limitation of traditional electronics
is valid in this methodology. The disadvantages of this technique include lack of flexibility, extra
steps, high price, and limited design[20][102]-[106].

Espalin et al. [20] used an automated manufacturing platform, namely multi®® system. This
platform uses two different FDM technologies to fabricate products, a computer numerical control
router and a precision dispenser. It fabricates 3D multifunctional structures in five steps: (1) In the
first step, the base 3D structure is built using the FDM technology; (2) The CNC machine
micromachines and etches the pattern including channels and cavities; (3) the dispensing system
then fills the channels with conductive inks; (4) subsequently, the physical electronic components
are placed into their related location and the conductive traces join the components, forming the
circuit; (5) In the final step, the deposited conductive ink undergoes thermal curing. This platform
aimed to fabricate conformal applications in aerospace engineering. The fabricated products can

have different functionalities including electronic, mechanical, electromagnetic, and thermal.
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Figure 1-6(a) shows the process flow of fabrication by multi*® system. Figure 1-6(b) shows a final

fabricated product by multi®P system.

Build substrate with FDM Machine channels and Dispense conductive ink
cavities for circuitry

Place electronic Join traces and electronic Cure conductive inks

components components

Figure 1-6: Fabrication of 3D structures with electronics by multi®® system. (a) Process flow for
fabrication of 3D printing electronics using FFF and conductive inks by multi®® system. (b) The

fabricated part. Reprinted by permission from [20]. Copyright 2014, Springer Nature.

Wu et al. [106] used AM techniques to fabricate 3D multifunctional devices including resistors,
capacitors, inductors, circuits, and passive wireless sensors, as shown in Figure 1-7(b-c-d). This
manufacturing method uses a fused deposition modeling technology along with a multiple-nozzle
system. The manufacturing systems fabricates the 3D structures consisting of supporting and
sacrificial structures. In the next step, the sacrificial materials are removed. Thereafter, silver
particles are injected through the cavities formed and solidify to create the conductive elements
and traces, as shown in Figure 1-7(a). This method fabricated various devices including an
inductor-capacitor-resonant tank with a resonance frequency of 0.53 GHz. Moreover, they also
fabricated a 3D smart cap that installs on top of liquid food packages in order to monitor the quality

of the liquid food wirelessly, shown in Figure 1-7 (e).
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Figure 1-7: 3D fabrication process by the means of filling of liquid metal paste for manufacturing
basic electronic devices. (a) 3D manufacturing process with embedded and conductive structures.
(b) Fabricated 3D electronic devices including capacitors, inductors, and resistors. (c) A 3D
inductor-capacitor tank. (d) Demonstration of a “smart cap”, wireless passive sensor involving a
3D printed LC resonant circuit. (e) Practical application of a smart cap on a milk package, and the
schematic diagram of cross-section. (f) The sensing principle and the equivalent circuit diagram.

Reprinted with open access from [106]. Copyright 2015, Springer Nature.

Lopes et al. [103] used a hybrid manufacturing method integrating SLA with direct print (DP)
dispensing system. The aim of this hybrid method was to fabricate 3D embedded electronic
structures. Generally, the SLA system fabricates the 3D structure while the DP systems creates the
conductive traces and interconnects. As the electronic devices are inside the 3D structure, the SL
systems needs to work with multiple starts and stops in several repeats. In each repeat, various
processes take place: (1) the uncured resins are removed using a vacuum systems; (2) the electronic

components are inserted into the receptacles and vias; (3) the SL continue to embed the electronic
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components and form channels; (4) SL stops to clean the channels and top surface; (5) DP starts
to fabricate the interconnects; (6) the ink traces are cured via SL laser. This six steps repeat until
the product is complete. At the end, this hybrid system succeeded to fabricate functional 2D and
3D 555 timer circuits packaged inside 3D SL substrates, as shown in Figure 1-8 (a-b-c).

Embedded Capacitor

-

Power Supply

Microchip Resistor | Vertical Interconnects

(a) (b) (c)

Figure 1-8: Fabrication of 3D structural 555 timer circuit packaged inside SL substrates. (a) 3D
555 timer circuit. (b) Cross-sectional vertical interconnects. (c¢) Working 3D 555 timer circuit.

Reprinted with permission from [103]. © Emerald Publishing Limited all rights reserved.

1.3.4 Depositing Functional Inks by Printed Electronics Technologies
The most innovative method to integrate 3D structures with electronics is to use PE technologies,

in order to deposit functional inks onto 3D substrates. Non-contact and maskless technologies
including extrusion printing, aerosol jet printing, and inkjet printing are able to deposit ink on
almost any substrate material or geometry. Thanks to this combination, the limitations mentioned
in previous sections can be removed. Although this technology achieves virtually all advantages
of additive manufacturing methods, each of the PE methods has different characteristics such as

resolution and material types.

Paulsen et al. [107] used aerosol jet printing technology to fabricate electronics onto 3D substrates.
Aerosol jet printing is a novel, non-contact, maskless technique with the aim of printing onto
conformal substrates. Firstly, this method converts the ink in the atomizer into a dense aerosol of
tiny droplets. Next, the aerosol of ink is focused by aerodynamics in the nozzle, and finally, it will
spray onto the substrate. In this work, they printed silver nanoparticle ink onto non-planar surface
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and orthogonal surface. The fabricated various devices onto 3D structures including a phase-array
antenna, capacitive sensors, and a 3D sensor structure. Some fabricated conformal applications in

this work are illustrated in Figure 1-9.

(a) (b)

Figure 1-9: Printing conformal electronics onto 3D surfaces by aerosol jet technology. (a) Phase-
array antenna embedded onto a rigid and cylindrical surface. (b) Conductive lines printed on
orthogonal surfaces of a ceramic cube. (c) Printed fluid level sensors on a 3D structure. Reprinted
with open access from [107] © 2012 IEEE.

1.3.4.1 Integration of Inkjet Printing with 3D Printing Technology
As mentioned in Section 1.2.2.5, inkjet printing as a non-contact and digital technology is gaining

interest in low-cost, large-area fabrication of high-performance electronic components and systems
with improvement in cost and functionality. Combination of inkjet printing technology with FFF
3D printing opens up new possibilities for conformal electronics embedded in complex 3D
structures. We review some of the previous work on the integration of inkjet PE technology with

3D manufacturing.

1.3.4.1.1 Inkjet Printing and Fused Filament Fabrication
Roach et al. [108] proposed an innovative technique to integrate inkjet printing with 3D FFF

technology. In this work, they could not directly print conductive silver ink onto the 3D printed
polyetherimide (PEI) substrate due to significant surface roughness of the 3D substrate. As a
consequence, they performed a surface modification process in which they inkjet printed an
intermediate layer, polyimide (PI), between the 3D PEI substrate and the conductive silver ink.
They also deposited another layer of Polyethylene (glycol) Diacrylate (PEGDA) as the protection
between Pl and PEI layers. Having carried out the surface modification, they obtained a highly
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smooth surface followed by direct ink-write (DIW) printing of silver ink. Finally, they fabricated
RF devices only by AM technologies. Figure 1-10 displays the process flow of this proposed
technique including (a) PEI substrate fabrication, (b) inkjet printing of PEGDA, (c) inkjet printing
of PI layer, and (d) DIW printing of silver ink.

a) Step 1: FFF of PEI Substrate b) Step 2: Inkjet (IJ) of PEGDA Layer
PEGDA ink

FFF Print
PEI Thermoplastic Head UV Light "
Ink /
\% \ = .
Heated Print Bed g

C) Step 3: IJ of Kapton Layer
Inkjet Print
Pl ink

Head \
droplets

Pl Layer
S
o

S DIW
Syringe

Figure 1-10: Process flow for fabricating printed RF devices onto FFF printed substrate. (a) FFF
3D printing of PEI substrate. (b) Inkjet printing of PEGDA layer over the PEI substrate. (c) Inkjet
printing of Pl (Kapton) layer onto the PEGDA layer. (d) DIW printing of silver NP ink to fabricate
the final device. Reprinted from [108]. Copyright 2020, with permission from Elsevier.

At first, a standard PEI filament is used for the FFF 3D printer to fabricate the substrate. For
comparison purposes, they directly printed the AgNP ink onto the PEI substrate by DIW 3D
printing. The resulting silver traces were with low conductivity due to present voids and had poor
geometries. Therefore, a surface modification is required to make a smooth enough surface for
AgNP traces.
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In order to make the PEI 3D surface smooth, they printed three layers of PEGDA by the inkjet
printer and cured over the untreated PEI printed substrate. The profilometer showed a surface

roughness of 5 um which is a very smooth surface.

Thereafter, they inkjet printed PI, also known as Kapton which is a common material in the
electronics industry as an isolator layer and as a protective coating due to its robust properties.
They used polyamic acid (PAA) which is a common pre-cursor to Pl for the PI printability by
inkjet printing. They inkjet printed two layers of PAA ink onto the PEGDA surface. The sample

then was baked under 130°C to transform PAA into Pl material.

Once the drying and curing are done, AgNP can be printed onto the Pl surface. Measurements
showed that silver traces on the PI surface have a good trace geometry. Besides Pl surface has
gained a good adhesion to the PEI substrate. AgNP ink is printed by a high-resolution DIW printer.
The results showed the silver ink achieved the minimum resolution of 100 um. They also studied
the extrusion pressure required for different line widths and the nozzle sizes, as shown in Figure
1-11(a).

Finally, to test the methodology, they fabricated RF microstrip lines, as shown in Figure 1-11(b).
They fabricated the RF microstrips on both unmodified PEI substrate and Pl-modified PEI
substrate for comparison purpose, as shown in Figure 1-11(c-d). Moreover, they measured the RF
power of devices across 1-6 GHz in order to estimate the dissipative loss of devices, as shown in
Figure 1-11(e).
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Figure 1-11: Fabricating RF microstrips on

high-definition thermocouple with 100-pm-width lines. (c) Printed RF microstrip onto unmodified
PEI substrate. (d) Printed RF microstrip onto modified PEI substrate. (¢) Experimental and
simulated RF measurements including transmission loss for RF traces printed onto modified PEI

substrate. Reprinted from [108]. Copyright 2020, with permission from Elsevier.

Although this study integrated printed electronics with 3D FFF technology, it has some drawbacks

compared to our proposed method as follows:

(1) They used two intermediate layers, PEGDA and PI layers, while we use only one intermediate

layer. Therefore, our method uses less materials usage and has fewer steps.

(2) Not only the intermediate materials is more in this method, but also it imposes more curing
steps to cure each layer as well, which results in increased manufacturing time and complexity. In
this method, the PI layer needs 60 minutes of curing and the PEGDA layer needs a small amount
of time for UV curing, while in our method the UV curable adhesive only needs 120 seconds of
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curing. In this method, the PEGDA layer needs to be UV cured, and the PAA layer requires two
different baking steps (at 80°C for 20 minutes and at 130°C for 40 minutes) to be converted to PI.
Therefore, this method increases both the manufacturing time and complexity.

(3) Besides, as they deposit the two intermediate layers by inkjet printing which is a low throughput
technology, it takes more time. While we use extrusion printing to deposit the intermediate layer,
which makes the process faster.

(4) As they used a DIW technology to print the silver ink, they achieved a low resolution, 100 pm.
While our proposed method is able to obtain the minimum feature size of 60 um, the nozzle orifice

diameter.

In summary, our novel method requires less materials and hence complexity. The manufacturing
time of our method is also considerably reduced as it needs fewer curing steps and uses extrusion
printing technology. Finally, our technology fabricates electronics with higher resolution.

1.3.4.1.2 Inkjet Printing and 3D stereolithography
Jeong et al. [109] used a hybrid methodology to integrate SLA with inkjet printing technology. In

this work, they 3D printed a 3D flexible structure as the base substrate. Next, in order to decrease
the surface roughness of the 3D substrate, they inkjet printed an intermediate layer, SU-8, onto the
3D substrate followed by UV curing. Finally, they successfully inkjet printed conductive silver
traces onto the substrate. As the application, they printed a square ring as the metamaterial absorber
(MMA) unit cell and fabricated an electromagnetic (EM) pressure sensor. Figure 1-12 displays the
general process flow of this novel technique, and Figure 1-13 shows the device design and

geometry.
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Figure 1-12: Process flow for the fabricated hybrid (3D and inkjet) printed EM sensor. Reprinted
from [109]. Copyright 2020, with permission from Elsevier.

Initially, Jeong et al. fabricated the substrate by the SLA 3D printing system using flexible
photopolymer resin, which is a rubber like elastomer. The 3D substrate goes under the usual wash
process and cure post-processing, as such processes considerably improve the printed substrate
accuracy, structural strength, and consistency, and reduce the EM losses resulted from improved

polymer cross-linking.

Although the surface of the obtained 3D substrate was relatively smooth (nearly RMS= 42 um), it
was not smooth enough for the inkjet printed silver nanoparticle (AgNP) ink with 0.8 um thickness.
Therefore, an intermediate material is required between the 3D surface and the conductive tracks.
They deposited SU-8 layers onto the 3D surface and measured the surface roughness by a stylus
profilometer. The inkjet printed four layers of SU-8 and achieved a smooth enough surface (RMS
< 1.6 um). Thereafter, the SU-8 is cured in two baking steps, soft and hard baking, under 95°C for

5min and 10min, respectively.
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They performed ultraviolet ozone treatment in order to improve the AgNP ink wettability and
adhesion without degrading the resolution. However, this process reduced the AgNP contact angle
on the SU-8 surface from 46° to 29°.

Subsequently, they inkjet printed AgNP layers via a Dimatix 2800 inkjet printer with 20 um drop

spacing.

For sintering the conductive patterns, AgNP inks usually need a high temperature around 180°C
to achieve the best conductivity and adhesion. However, such high temperature is able to reduce
the elasticity significantly, causing the structure to break under compression, also causing the
substrate shrinkage and therefore crack AgNP traces. Hence, they cured the samples under 90°C

for a longer time to avoid the mentioned consequences.
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Figure 1-13: The EM pressure sensor geometry. (a) Perspective. (b) Top view. (c) Side view.

Reprinted from [109]. Copyright 2020, with permission from Elsevier.

The final product, shown in Figure 1-14, was an EM pressure sensor that achieved 7.75*108
Hz/mm sensitivity and the results were consistent for beyond 100 cycles because of the resilience
resulted from the elastic force of the 3D printed material. In conclusion, the fabricated device had
sufficient sensory value and successfully passed the experimental validations.
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(@) (b)

Figure 1-14: The final fabricated EM pressure sensor. (a) Top view. (b) Side view. Reprinted from

[109]. Copyright 2020, with permission from Elsevier.

While in this work, Jeong et al. integrated printed electronics with 3D printing technology, it has
some disadvantages compared to our method:

(1) They used SLA 3D printing technology, while we used FFF technology. SLA printed products
require post processing steps including rinsing in IPA and 405 nm UV curing, whereas FFF

technology does not need any post printing step.

(2) They used SU-8 as the intermediate layer, while we used UV curable adhesive to reduce the
surface roughness. In our method, we simply UV cured the adhesive, while SU-8 used in their
method required multiple complex steps: soft baking at 95°C for 5 minutes, UV curing under 254
nm, and hard baking at 95°C for 10 minutes. Besides they also performed a UV ozone treatment
to improve the substrate wettability and adhesion. But in our method, we just UV cure the
intermediate layer for 120 seconds.

(3) Besides, this technique imposes the limitations of the SLA technology. SLA technology has
higher price of equipment and materials, and the materials range and colors are more limited

compared to FFF technology.
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In general, this method requires more steps and material. It also increases the manufacturing time
and complexity compared to our proposed method.

1.3.4.1.3 Inkjet Printing and 3D FDM Printing

Mangoma et al. [110] used a hybrid AM method to integrate inkjet printing with 3D FDM printing.
In this work, they fabricated organic electrochemical transistors (OECTSs) using this hybrid
technique. The FDM printer prints the dielectric and conductor layers while the inkjet printer prints
the semiconductor layer. The aim was to obtain low-cost and low-power computational devices
with the help of flexible and digital manufacturing techniques. Figure 1-15 displays (a) the
schematic design of OCET, (b) fabricated OCET, and (c) flexibility of fabricated OCET.
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Figure 1-15: The fabricated printed OCET device. (a) Schematic of the designed OCET. (2) The
fabricated device by 3D printing and inkjet printing. (3) Displaying the final device flexibility.
Reprinted with open access from [110]. Copyright 2020, John Wiley and Sons.

At first, the FDM printer printed the bottom layer of insulating thermoplastic co-polyester (TPC),
as the insulating polymer substrate. The FDM printer then prints a conducting layer, carbon-filled

polylactide resin composite (c-PLA), as the source and drain on top of the insulating layer.
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Before the inkjet printing process, in order to enable the formation of semiconducting thin film
across the channel, a corona treatment was used with 21 kV under ambient air. Hence, the c-PLA

areas were covered with masking tape in order to prevent any damage from the plasma process.

In the next step, a FUJIFILM DMP-2850 inkjet printer prints a commercially available
semiconducting ink, PEDOT: PSS, to function as the active layer which connects the c-PLA
previously printed source and drain. During the printing, multiple nozzles were used with a drop
spacing of 15 pum.

In the last step, insulating TPC again is FDM printed on top of layers in order to insulate source
and drain electrodes, and to create a well for the electrolyte (phosphate-buffered saline (PBS)).
Lastly, an Ag/AgCI pellet is used for the gate electrode. The fabricated sample finally is baked
under 130°C.

For the measurement process, a semiconductor device analyzer carried out the device
characterization. The testing was repeated 10 times over a one-month period to ensure the device
stability. The characteristics results of the transistor are shown in Figure 1-16 including (a) current

response to a single pulse, (b) output characteristics, and (c) transfer characteristics.
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Figure 1-16: The device characteristics. (a) Response to a single gate pulse. The amplification in
lq is obvious. Also to indicate the neuromorphic behavior of the device, a spike and recovery trend
is visible around T=0. (b) Output characteristics. (c) Transfer characteristics. Reprinted with open

access from [110]. Copyright 2020, John Wiley and Sons.

In this work, while Mangoma et al. integrated printed electronics with FFF 3D printing technology,
it has some drawbacks compared to our proposed method. In this method, Mangoma et al.
deposited c-PLA by a FDM printer as the conductive material, while we used AgNP ink by an

inkjet printer.

(1) As they used c-PLA, they obtained a high resistivity, 0.18 Q.m; while we achieved a resistivity
of 0.44 pQ.m for our conductor, AgNP ink, in our proposed method.

(2) Since they deposited the conductor by the FDM printer, the resolution was limited, nozzle
diameter of 0.4 mm, while the resolution in our method was much higher with the nozzle diameter

of 60 pm.

In summary, our novel method provides a much lower resistance for the conductive material,
which is the key element in PE. Moreover, our approach has a considerably higher resolution to

deposit the conductive layer.
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1.4 Thesis Organization
This work attempts to fabricate electronic devices via different methods of additive manufacturing

including 3D FFF printing, extrusion printing, and inkjet printing, focused on the integration of
3D FFF printing and inkjet printing. This novel technology opens up new possibilities and provides
advantages including fabricating 3D electronics with complex geometries, customizability,

freedom of design, reduced fabrication time, reduce cost, and reduced footprint.
This thesis consists of five chapters:

Chapter 1 includes thesis introduction, research motivation, background and literature review, and
research objectives.

Chapter 2 presents successfully inkjet printing simple lines onto a 3D FFF printed substrate.

In order to achieve well-patterned lines with high conductivity, various materials under different
conditions are studied to achieve this goal. Materials include direct 3D printed PLA, 2-component
epoxy, heat curable epoxy, and UV curable epoxy under different curing conditions. After
obtaining a conductive line on a 3D printed substrate, in this chapter optimization steps are
described to achieve the highest conductivity and a good line morphology. The optimization step
generally includes different pre-processing and post-processing steps to obtain a high conductive
and well-patterned line. More specifically, it includes UV time exposure, drop spacing, heating
conditions, intense pulsed light parameters, and length shrinkage.

Chapter 3 describes the fabrication process and the related measurements of a strain gauge on a
3D printed substrate. It takes advantage of conditions obtained in the previous chapter to fabricate
the desired electronic device in order to display this integration work properly and is reliable. To
improve the strain gauge, some improvements for patterning are required. At the end, after the
fabrication is properly done, the test measurement takes place. The measurement step includes

mechanical test and electrical measurement to ensure the device functions well.

Chapter 4 studies another 3D printing electronic technology to compare with the proposed method
in previous chapters. In this chapter, a strain gauge sensor is fabricated by 3D printing electronics
only. At first, a functional semi-conducting filament is created for 3D FFF printer. The functional
filament is made out of TPU/CNT nanocomposite. After manufacturing the 3D printed

piezoresistive strain sensor, it undergoes mechanical test and electrical measurements.
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Chapter 5 summarizes the key results of this thesis and introduces directions for future work.
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Chapter 2: Inkjet Printing a Conductive Line onto a 3D Printed Substrate

2.1 Introduction
Inkjet printing onto a 3D fused filament fabrication (FFF) printed substrate provides various

advantages and possibilities including customizability, freedom of design, reduced cost, easy
manufacturing process, reduced manufacturing time and material, and producing electronics with

complex geometries.

Inkjet printers are able to deposit inks with different electrical properties including conductors,
semiconductors, and insulators or dielectrics as well as optoelectronic materials. Each electronic
device is composed of one or multiple functional layers of materials. For instance, transistors need
all three types of electrical properties including conductor, semiconductor, and insulator, as the
structure is shown in Figure 2-1. As another example, RF inductors and capacitors require two
materials including insulator and conductor [7]. While most sensors can be fabricated by only one

material of conductors or semiconductors.

*“ H“
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@ PVP @ Pentacene

Figure 2-1: Fabrication process of an inkjet printed transistor. Silver nanoparticles, PVP
(Polyvinylpyrrolidone), and Pentacene are used as the conductor, dielectric, and p-type
semiconductor, respectively. Silver is used for electrodes of gate, source, and drain. PVP layer
insulates the electrodes. Finally, Pentacene forms the p-type channel. Reprinted from [9].

Copyright 2011, with permission from Elsevier.
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In various techniques of PE, inks are the most important element because they significantly affect
printing conditions and the printed device quality. Therefore, choosing the right ink with suitable
characteristics, including viscosity and surface tension as well as electrical properties, is of great
importance. For each purpose, a different property is required such as high conductivity for
conductors, high mobility in semiconductors, and low leakage in dielectrics.

In addition, making a material printable by PE techniques is another challenge. To make the
materials printable, every ink has a specific formulation with a complex mixture of additives and
ingredients such as additives and solvents, resins, and oils. For instance, solvents are key to control

the rheological properties of the ink.

Inks also could be organic or inorganic for each electrical property. For inorganic conductors, there
are metal nanoparticles, metal flake, and metal nanowires; while organic conductors include
polymers. For semiconductors, small molecules and polymers or in more advanced case polymer-

small molecule blends are available.

Conducting materials are of special importance in PE as they are used in almost every device as
well as wiring. Conducting materials in PE include metallic nanoparticles such as Ag, Cu, and Au,
conductive polymers such as PEDOT/PSS (poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate), metal oxides, and carbon materials.

The most important feature in conductive materials is conductivity. Metallic nanoparticle (NP)-
based inks are the most common conducting inks in PE as they have the highest conductivity
compared to other available materials. Table 2-1 compared common conducting inks in terms of

electrical conductivity.
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Table 2-1: Comparison of electrical conductivity in various available inks in PE. Numbers for
metal NPs are for bulk conductivity. Reprinted/adapted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Conducting Materials for Printed Electronics
by Katsuaki Suganuma [COPYRIGHT] 2014 [2].

Material Electrical conductivity

(Siemens/cm)

Metal NP Silver (Ag) 6.30 * 10°
Metal NP Copper (Cu) 5.98 * 10°
Metal NP Gold (Au) 452 * 10°
Metal NP Aluminum (Al) 3.50 * 10°
Metal NP Platinum (Pt) 1.00 * 10°
Organic PEDOT/PSS 1-10°
Ceramics ITO 103-10*

Ag inks are the most common ink in PE as they have the highest electrical conductivity, shown in
Table 2-1, and they have a lower cost than Au inks. Besides, AgNP inks have better air stability

and easier sintering process compared to Cu inks.

After the printing process, NP inks need post-printing processes to be annealed. Annealing is
required to evaporate the solvent, dissociate and evaporate ligands, and sinter the film. Although
for the drying process a lower temperature, as low as 60 °C, for a limited time is required, for the
sintering step usually a higher temperature in some cases up to 200 °C is needed to obtain the

highest conductivity, as shown in Figure 2-2.
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Figure 2-2: Sintering trend for a typical AgNP ink as a function of heating time. Reprinted by
permission from [2]. Copyright 2014, Springer Nature.

However, the sintering process can be carried out by photonic sintering instead of traditional
thermal sintering with a temperature of nearly 200 °C. In fact, thermal sintering has two main
disadvantages; it takes a long time and might damage the substrate. However, photonic sintering,
also known as Intense Pulsed Light (IPL), uses high-intensity light pulses and is able to solve the
problems of high temperature harmful for substrates as well as the long time required.

On the other hand, one challenge of NP inks, including AgNP ink, is that they use different solvents
as mentioned previously. Some of the solvents might be aggressive and, consequently, attack the

substrate.

Therefore, it is necessary that the substrate used for AgNP inks to be chemically resistant.
Chemical resistance is the ability of a material to not be chemically attacked, dissolved, or react
with the solvent. A polymer with low chemical resistance, when exposed to specific solvents and
materials, might start swelling which causes absorbing the solvent and changing the original
mechanical properties and shape. In the PE area, the worst part is that such swelling and reaction
also negatively affects the solvent and ink and might degrade the functionality. Hence, it is
important to use chemically resistant substrates to avoid both substrate swelling and ink degrading.

To sum up, printing conductive inks onto 3D printed substrates is challenging due to two reasons:
(1) Most nanoparticle inks, including AgNP ink, are highly aggressive and consequently can attack
and dissolve the surface of the 3D plastic material, here polylactic acid (PLA); therefore, the
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conductive ink deposited onto the 3D substrate loses its functionality and cannot conduct. (2) The
surface of a 3D printed object is usually rough and is not suitable for fine patterns of electronics
particularly for inkjet-printed patterns. In practice, we performed this experiment, printing AgNP
ink directly onto a 3D printed substrate, and observed both problems happening in Section 2.3.1.

Therefore, an intermediate layer is required to be chemically resistant and have a smooth surface.
In this chapter, we used such intermediate layer to overcome the aforementioned problems and

consequently print conductive lines onto 3D printed substrates.

2.2  Methodology
In this chapter, the aim is to successfully inkjet print AgNP ink onto a commercial PLA 3D FFF

printed substrate by AgNP ink; more specifically, we aim to achieve conductive lines with good

morphology and high conductivity onto a 3D substrate.

In order to achieve this goal, there are various challenges including unwanted chemical reaction
of the conductive ink with the substrate, low conductivity of printed lines, and poor morphology
of lines. To overcome the challenges, we will need to perform different processing steps explained
with details and reasons in their related sections. After finding the solutions and optimal methods,

we found the final workflow as displayed in Figure 2-3.

The first step is to 3D print the desired substrate with a customized design by a 3D FFF printer.
Thereafter, an intermediate layer, to overcome the problems of the 3D printed substrate surface, is
deposited onto the previously 3D printed substrate by the Voltera extrusion printer. The printed
intermediate layer, which is an ultraviolet (UV) curable epoxy, then is cured by UV light. Having
the substrate prepared, now we inkjet print the AgNP ink onto the substrate and create the desired
pattern. Subsequently, we dry the printed silver ink by thermal annealing using an oven in order
to evaporate the solvent from the ink materials. Thereafter, to sinter the printed films which results
in increased conductivity, we perform IPL process via the Xenon flash lamp. Finally, we

electrically measure the fabricated samples to compare and optimize the electrical conductivity.
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3D print the substrate

Print the intermediate layer (UV curable
epoxy) over the 3D substrate by
extrusion printer Voltera

Cure the epoxy by UV lamp

Inkjet print the desired pattern by
AgNP ink onto substrate

Dry the printed silver ink (via thermal
annealing)

Sinter the printed silver ink (via IPL
process)

Measure the
desired
characteristics

Figure 2-3: The workflow of steps required to successfully inkjet print AQNP ink onto a 3D printed

substrate.

2.2.1 3D Printing
In this thesis, all 3D printed parts are fabricated by FFF method, which builds the objects layer by

layer from bottom to top. Parts are created by UltiMaker 3 (Ultimaker, Utrecht, Netherlands) with
print core AA 0.4.

Initially, the model of the desired part is designed in a computer-aided design (CAD) software,

such as SolidWorks, which outputs an STL format file.
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The CAD file is imported to the software Cura in which the material and other settings are chosen.

The output would be a gcode format file.

Finally, the gcode file is imported to the 3D printer. Then, the 3D printer starts the printing process

with the settings determined in the software.

2.2.2  Inkjet Printing AgNP Ink onto 3D Substrates
In order to inkjet print AgNP ink onto a 3D PLA substrate, there are two challenges: (1) The

surface of the 3D printed substrate is not smooth enough for PE application. (2) The AgNP ink

including its solvents might attack the PLA substrate.

Due to the properties of 3D FFF printing technology, the surface of fabricated parts is rough. In
general, it is not an important issue, but for our application of fabricating microelectronic devices,

it is vitally important.

As the second challenge, the AgNP ink (ANP DGP 40LT-15C) attacks the PLA surface. The AgNP
ink is inkjet printed via a customized inkjet printer with a 60pum-diameter nozzle (MJ-ATP-01-60-
8MX, MicroFab Technologies, Inc., Plano, TX) onto a 3D printed PLA substrate. The AgNP ink
(ANP DGP 40LT-15C) containing organic solvents such as triethylene glycol monomethyl ether
(TGME) attacks the PLA substrate.

2.2.3 Chemically Resistant and Smooth Intermediate Material
In order to solve both problems, the idea is to use an intermediate material between the 3D substrate

and the functional inkjet printed films. More specifically, a low viscosity, chemically resistant
dielectric material needs to be deposited onto the 3D substrate. The chemical resistance property
of the intermediate material avoids any degrading of the conductivity of the AgNP ink. Besides,
the low viscosity property helps that the intermediate material not follow the surface roughness of
the 3D substrate, but instead form a smooth layer. By realizing this idea, we will overcome both
issues and will be able to successfully inkjet print AgNP ink onto a 3D printed PLA substrate.

Of course, there are limitations on selecting the intermediate material. (1) It should not need
thermal treatment for temperatures beyond 80-90°C, depending on the 3D object thickness, as this
damages and deforms the PLA object. (2) It must be highly chemically resistant so that it keeps
the quality of the AgNP ink and avoids any conductivity degrading. (3) The material should not

be aggressive so that it does not damage the PLA surface. The material or its treatment method
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should not remove the advantages of our novel integration. (4) The materials should be adhesive
so that it remains constantly on the PLA surface. (5) For instance, a material requiring spin coating
cannot be used, since complex geometries, which are one of the key motivation for our method,
no longer can be used in the spin coating process. (6) Moreover, the material should not have

shrinkage or any deformation after the deposition or treatment, as it will distort patterns.

The most suitable option to meet the aforementioned criteria is resin. It is easy to deposit, it does
not need a very high heating process, some types are very chemically resistant, and it does not

show considerable shrinkage.

2.2.4 Resin Materials
Resins can be divided into three main categories including epoxy resin, polyester resin, and

polyurethane resin. Most resins consist of two components, the base resin and the hardener
(catalyst), and after combining the two parts, a chemical reaction takes place and the material
becomes hard. Moreover, in terms of curing method, resins can be cured typically in two ways,
thermal curing and UV curing. Thermally curable resins are usually two-component, while UV
curable resins are one component and the UV light exposure begins the chemical reaction

2.2.4.1 UV Curable Resins
UV resin, commonly known as UV curable epoxy, is another promising material as the

intermediate, protective material. UV curable resins are materials that cure (polymerize or harden)
when they are exposed to UV light. The key advantage is that UV resins are one component, and
there is no need for mixing. The time needed for a chemical reaction is much less than that of
epoxy resin. UV resins do not require any heating process as it cures by UV light, hence it is

preferred for PLA substrates. However, UV resins are less chemically resistant.

There are two main types of UV curing resins in terms of curing mechanism: free radical and
cationic. Free radical resins cure very quickly; and when a radical photoinitiator is exposed to UV
light, immediately free radicals are formed and the reaction starts; and when the UV is stopped,
the polymerization stops. While cationic resins are mainly made of cycloaliphatic epoxies. There
is no oxygen inhibition and hence dark cure. When UV light is radiated to cationic photoinitiator,
an acid is released which catalyzes the reaction; hence, even when the light is stopped, the

polymerization still continues.
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It is noteworthy that the UV time required is not the same for every condition. The needed UV
time depends on the UV epoxy type, UV light source, the thickness of deposited material, distance

from the light source, and UV transmission of substrates of the UV equipment.

The majority of UV curable resins are of free radical type with acrylic compounds. However,
sometimes oxygen inhibition, the air stops the polymerization of the top layers (surface) and leave
them tacky, happens in radical acrylic types. However, oxygen inhibition happens in radical free
products (or acrylate based UV curable products), not in epoxy based UV curable products. The
three main types of oligomers in free radical UV resins are acrylated polyester, epoxy acrylate,
and urethane acrylate. Urethane acrylate is the most popular one thanks to its great chemical
resistance and mechanical properties.

The resin materials that we studied in this thesis are listed in Table 2-2.

Table 2-2: List of resin materials studied in this research.

System 2000 Epoxy Resin | Two-component 12 hours at 60°C Resin 1,650 cP
(Fibre Glast Developments | epoxy Hardener 150 cP
Corp)

UV Cure Epoxy 60-7170 | UV curable epoxy | UV light: 2-5 seconds 4,500 cP
(Epoxies, Etc)

UV Cure 60-7114 Acrylated UV light: 2 seconds 3,000 cP
(Epoxies, Etc) Urethane Adhesive

Multi-Cure®6-630 Acrylated UV light: 3 seconds ; or 500 cP
(Dymax Corporation) Urethane Adhesive | At 150°C : 15 minutes

Multi-Cure®6-621 Acrylated UV light: 2 seconds ; or 800 cP
(Dymax Corporation) Urethane Adhesive | At 150°C : 15 minutes

2.2.5 Extrusion Printer Voltera V-One
In order to deposit various epoxies, we used extrusion printing using V-One printer (Voltera, ON,

Canada). Generally, this extrusion printer is for printing onto PCBs and prints its specific

commercial inks. However, we are using customized inks for this printer, which will be
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challenging. The main issue was the physical properties difference. For instance, V-One printer is
designed for high viscosity inks, more viscous than 45,000cP, while the viscosity of epoxies is

usually nearly 4,000cP. So the printing settings of V-One needed some changes.

The default settings in VV-One software are provided in Table 2-3.

Table 2-3: The default settings in VV-One extrusion printer.

Pass spacing 0.15mm Anti-stringing distance | 0.1 mm
Dispense height 0.08 mm Kick 0.40 mm
Feedrate 500 mm/min Soft start ratio 0.10
Trim length 50 mm Soft stop ratio 0.25
Trace penetration 0.15 mm Rheological setpoint 0.18

However, the most important parameters to have a consistent and high-quality printing are “Kick”

and “Rheological setpoint”, which function as follows:

Kick: This parameter controls the stroke length of the piston of the dispenser, which is the amount
of applied pressure to the ink. More compressible and viscous inks need a large kick to be able to
initiate flow and force the ink through the nozzle, while low viscosity inks need a smaller kick.

Rheological setpoint: It controls how the printer compensates for the flow rate over time. For high

viscosity inks, this parameter needs to be increased if the flow rate reduces over time.

2.2.6 UV Curing Method
In the electromagnetic spectrum, UV light lies in the wavelength range from 100 to 400 nm.

Generally, the UV spectrum is divided into three categories: UVC (100-280 nm), UVB (280-315
nm), and UVA (315-400 nm).

In order to UV cure the UV curable resins, we use a UV source machine. As the UV source, Dymax
PC-2 (Dymax Corporation, CT, USA) is used, which produces UVA light (315-395 nm).
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2.2.7 Flash Sintering
In flash sintering, the IPL is used. In fact, instead of thermal curing via a high temperature (nearly

200°C) for a long time, we use this method. Using traditional thermal curing has two drawbacks:
(1) the high temperature might damage the substrate depending on the substrate material; (2) it is
time consuming. Flash sintering solves both problems; as our substrate was PLA and could not
endure high temperatures, we used flash sintering; it also reduced the processing time

considerably.

Flash sintering applies intense pulses of visible light. There are several parameters involved in this
process that affect the total energy produced and transferred to the sample. Such parameters
determine the quality of printed films, they include pulse voltage, pulse on-time, pulse off-time,

period, and pulse number.
Voltage: pulse voltage determines the intensity of pulses applied.
Pulse on-time: The duration of each pulse.

Pulse off-time: if several pulses (not applicable for the single pulse mode) are used, this is the

time length between two consecutive pulses.

Pulse number: How many pulses to be applied. In the single mode pulse, this parameter is equal

to one.

The IPL experiments in this thesis are performed by a XENON X-1100 machine (XENON
Corporation, USA).

2.2.8 Four-Point Probe Measurement
The simplest method to measure resistance is 2-point probe measurement. In this method, the two

probes inject a current into the conductor and measure the voltage and then the resistance is
calculated using Ohm’s Law (R=E/I).

Where R, E, and | are the resistance, voltage, and current, respectively.

This method might be well suited for high resistances, but it is not a good option for low resistance
elements. The main issue of this method is that it adds the contact and wire resistances to the
desired resistance. Because the injected current by probes causes an extra voltage drop on the
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contacts, and hence results in considerable error. Therefore, two-point probe measurement is not

an accurate method for low resistance applications.

To overcome this problem, four-point probe measurement is used. This method is able to measure
the resistance while removing the contact and wire resistances. In fact, as the two outer probes are
responsible for current injection, the current flows through the samples. Besides, as voltmeters
have a very high input impedance, almost no current can enter the voltmeter probes. Therefore,
only the voltage between the two inner probes is measured (AV), which means it removes contact
and wire resistances. Figure 2-4 shows how we measure and calculate sheet resistance of the

printed lines using the four-point probe method.

a) b)

Thickness ¢~/ $\s'~"“

| Length

Figure 2-4: How four point probe measurement works. (a) The configuration of probes. (b) 3-

dimensional perspective of a line film with dimensions displayed.

Having AV, 1, and the film dimensions, we are able to calculate sheet resistance given by Equation
(2-1):

(2-1)

AV W
RS= T

T
AV is the voltage measured by the two inner probes, I is the current injected by two outer probes,

W is the film width, and L is the spacing between voltage electrodes. Equation (2-1) is valid if
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films are thinner than 40% of the spacing, and if t and W are very small compared with L so that
the current is restricted to the region between the current probes. The resistance is measured by
Keithley 4200A-SCS Parameter Analyzer (Keithley Instruments, Ohio, USA), and length and
width are obtained via an optical microscope.

2.2.9 Stylus Profilometer
In order to measure surface profiles, a profilometer is used. Using a profilometer, the surface

roughness and film thickness can be measured. While there are a variety of profilometers, the
stylus profilometer is a common type. It is a contact technology in which the stylus is moved across
the desired surface while it is in contact with that sample. We use Alpha-Step D-600 Stylus

profilometer in this thesis.

2.3 Results and Discussion

2.3.1 Inkjet Printing AgNP Ink Directly onto a 3D PLA Substrate
As mentioned in Section 2.2.1., inkjet printing AgNP ink directly onto a 3D PLA substrate would

face two challenges: (1) the surface of the 3D printed substrate is not smooth enough, (2) The

AgNP ink might spread over the PLA uncontrollably and fail to create a good morphology.

Due to the properties of 3D FFF printing technology, the surface of fabricated parts is rough. The
surface roughness is measured by a profilometer. Figure 2-5 shows the surface roughness of a
typical 3D printed PLA surface by a stylus profilometer. As can be seen from Figure 2-5, the
surface is not smooth enough for inkjet printed lines. The root mean square (RMS) roughness of
the PLA surface is 4.27 pum and the peak-to-peak roughness is nearly 20 um, while the thickness
of inkjet printed silver lines is 6.4 um. Therefore, the surface roughness needs to be reduced.
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Figure 2-5: Surface roughness profile of a 3D printed substrate.

Next, we inkjet printed AgNP ink to print four simple lines onto the 3D substrate, and the sample
was dried at 80°C for 60 minutes in the oven. As can be seen from Figure 2-6, the printed lines
have a poor morphology. The surface roughness of the PLA has affected the ink; moreover, even
on the smoother areas of the substrate, the ink is spread over the substrate and could not form lines

with acceptable patterns.

‘,';."' 3D printing
§ direction

Figure 2-6: Four lines of inkjet printed AgNP ink onto a 3D printed PLA substrate. The scale bar

represents 250 pm.
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Figure 2-6 clearly shows that both aforementioned challenges exist. Firstly, the four lines suffer
very poor patterns especially at the edges of 3D printed lines, and at some points the lines are even
separated due to surface roughness. Secondly, even in locations that AgNP films are continuous,
they displayed no electrical conduction as the ink solvent has dissolved the PLA substrate.

2.3.2 Selecting the Intermediate Layer and Related Defects
While studying different materials to select the intermediate layer, some materials showed defects

and non-idealities in the subsequently printed metal lines. We categorized such defects in the
intermediate layers.

2.3.2.1 Air Bubbles
Two-component epoxy resins are amongst favorable available resins that could be used in a variety
of applications. They are very chemically resistant and adhesive, and do not require high

temperature to cure.

For this test, System 2000 Epoxy Resin as the base resin and 2020 Epoxy Hardener (Fibre Glast
Developments Corp., OH, USA) are used. We used this combination as it is a popular material,
chemically resistant, and it does not require a high temperature to be cured. The pot life of this
epoxy/hardener was 20 minutes. According to the product instruction, we mixed the two
components with the ratio of 4:1 for base resin : hardener and deposited onto a glass substrate. We
cured the material in an oven for 12 hours at 60°C. Thereafter, we inkjet printed AgNP ink as
simple line patterns onto the solid epoxy. Samples were cured in the oven for 1 hour at 80°C. The

electrical measurement was carried out by two point probe method.

The results are displayed in Figure 2-7. As can be seen, the substrate, epoxy resin, is full of air
bubbles, which are created during the curing of the epoxy. The air bubbles significantly affect the
quality of silver lines. In Figure 2-7(a-b), the lines are mostly not on the bubbles and they have
relatively good electrical conductivity; the sheet resistance was 707 Q/sq and 607 Q/sq,
respectively. While in Figure 2-7(c), the silver line is partially on an air bubble and its sheet
resistance is 225 kQ/sq. However, the lines in Figure 2-7(d-e) are completely on the air bubbles,

they do not conduct at all and the resistance is infinite.
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Figure 2-7: Optical micrographs of AgNP ink printed onto 2-component epoxy resin. (a-b) Air

bubbles are not on the silver lines. (c) Air bubble partially is on the silver line. (d-e) air bubbles

are completely on the silver lines. The scale bars represent 250 pm.

In order to solve the problem of air bubbles, various pre-deposition and post-deposition actions

were tested to either avoid or remove the air bubbles.

Pre-deposition actions include various methods. As the first step, two different methods of

depositing were tested. We deposited the previously mixed resin/hardener manually by a syringe
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and by a spin coater. The results were the same and the resin was still full of air bubbles. So it was
not a matter of deposition method. We also tried the addition of isopropyl alcohol and 70% alcohol
before curing, as it might pop the air bubbles, due to lowered surface tension, and decrease the
viscosity. Again, they did not make any change and the resulting epoxy was full of air bubbles. In
terms of method of mixing, we also mixed manually and by sonicator. Again, samples fabricated

with both methods contained air bubbles.

We also used post-depositing actions. As the main solution, we put the sample immediately after
mixing it into the vacuum in order to bring the trapped air bubbles to the surface and release them.
The success of this approach depends on the material viscosity and surface tension. Surprisingly,
even vacuuming for up to 4 hours did not remove the air bubbles. In fact, the present bubbles are
gas formed during the curing process due to the chemical reaction. Right after the mixing of two
components, they are small bubbles, and as time goes on, they become larger. Because they are
formed during the curing reaction as the viscosity of the epoxy resin increases, bubbles cannot be
removed even by applying vacuum. Since this 2-component epoxy resin had the problem of micro-
air bubbling we considered another type of resin.

2.3.2.2 Low Chemical Resistance

We used an UV curable epoxy, namely UV Cure Epoxy 60-7170 (Epoxies, Etc, USA). In order to
print the epoxy by Voltera printer, we used values of 0.40 and 0.25 for Kick and Rheological

setpoint, respectively.

We printed the epoxy on a glass substrate and then UV cured it. Thereafter, we inkjet printed
AgNP lines onto the UV cured epoxy by different drop spacing including 90, 220, and 360 um,
shown in Figure 2-8(a-c). From Figure 2-8, it is obvious that the ink has attacked the epoxy layer
and deformed it. Figure 2-8 (d) is a zoomed in line, it clearly shows that the margins of the AgNP
ink is corroded and the epoxy has deformed and is dissolved by the ink. Electrical measurement
also showed that the printed lines do not conduct as they are dissolved with the epoxy and lost the

functionality.
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Figure 2-8: Inkjet printed AgNP ink onto UV curable epoxy. (a) A printed line with drop spacing
of 90 um. The scale bar represents 50 um. (b) A printed line with drop spacing of 220 pum. The
scale bar represents 250 um. (c) A printed line with drop spacing of 360 um. The scale bar
represents 250 um. (d) A zoomed in printed line with obvious corrosions of the epoxy around the

printed ink. The scale bar represents 50 um.

2.3.2.3  Oxygen Inhibition
Oxygen inhibition, which sometimes happens in radical acrylic resins, means the air can stop the

polymerization of the top layers (surface) and leave them tacky and even wet. Certain resins are
more likely to be affected by oxygen inhibition due to their formulation. Hence, one way to avoid
oxygen inhibition is to change the product. However, oxygen inhibition happens in radical free

products (or acrylate based UV curable products), not in epoxy based UV curable products.
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We used two different adhesives namely UV Cure 60-7114 (Epoxies, Etc, USA) as well as Multi-
Cure 6-630 (Dymax Corporation, CT, USA) which is in the acrylated urethane class. We printed
the adhesives by Voltera extrusion printer onto a glass substrate with values of 0.40 and 0.25 for
Kick and Rheological setpoint, respectively. Subsequently, we UV cured two different samples
for 2 minutes and 10 minutes for each type. After inkjet printing AgNP ink onto the samples, we

cured the ink over a hot plate at 120°C for 60 minutes.

Unfortunately, the microscopic images showed that the adhesive was exposed to oxygen inhibition

resulting in a non-smooth and not fully cured surface. Figure 2-9 (a-b) and Figure 2-10 (a-b) show
the results for UV Cure 60-7114 and Multi-Cure 6-630, respectively.

Figure 2-9: Optical micrographs of inkjet printed AgNP lines onto UV Cure 60-7114. (a) Adhesive

UV cured for 2 minutes. (b) Adhesive UV cured for 10 minutes. The scale bars represent 250 pm.
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Figure 2-10: Inkjet printed AgNP lines onto Multi-Cure 6-630. (a) Adhesive UV cured for 2min.
(b) Adhesive UV cured for 10min. The scale bars represent 250 pum.

2.3.2.4 Defect-Free Intermediate Layer
As another option with a different formulation to overcome the oxygen inhibition, now we used

Multi-Cure 6-621 (Dymax Corporation, CT, USA). This product had a much lower viscosity than
every adhesive used so far, which was 800cP. In fact, Voltera prints a pattern line by line and at
the beginning of each part it re-pressurizes the cartridge. At the first half of each line, the adhesive
is extruded sufficiently, but in the second half it stops extruding as the pressurization was not

enough. Hence, we needed to manipulate the extrusion printer parameters for printing consistency.

We used the values of 0.40 and 0.40 for Kick and Rheological setpoint, respectively. Thereafter,
we UV cured different samples for 2 minutes and 10 minutes. After inkjet printing of AgNP ink

onto the samples, we cured the ink on a hot plate at 120°C for 60 minutes.

This time, the microscopic images show a very smooth surface of adhesive, shown in Figure 2-11,
as well as well-patterned lines, as shown in Figure 2-12(a-b). Besides, unlike previous samples,

the electrical measurement shows conductivity.
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Figure 2-11: Surface profile of the adhesive measured by stylus profilometer.

Figure 2-12: Inkjet printed AgNP lines onto Multi-Cure 6-621. (a) Adhesive UV cured for 2
minutes. (b) Adhesive UV cured for 10 minutes. The scale bars represent 250 pm.

We concluded that this formulation of acrylated urethane adhesive suits our purposes due to two
reasons: (1) it is chemically resistant against the silver ink as the ink did not attack the adhesive
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and it maintained the pattern of an ideal line. (2) Oxygen inhibition did not happen for this product
as the surface of adhesive is very smooth and fully cured.

Hence, we choose this UV curable product as our substrate for the rest of this research.

2.3.3 Inkjet Printing Drop Spacing Optimization

In inkjet printing technology, patterns consist of a matrix of droplets. Drop spacing (DS) plays a
key role to obtain high-quality patterns. Drop spacing is defined as the center-to-center distance of
droplets. In order to have an ideal printed pattern, DS must be determined according to the droplet
volume and ink spreading over the substrate surface. If DS is too small, the printed pattern will be
a bulging pattern. While, if the DS is too large, the printed pattern will be scalloped, or even
individual droplets for further smaller DS instead of continuous lines. Hence, an intermediate DS
value must be chosen. The main factor affecting the ink movement is the property of substrate
surface; as a consequence, for a similar ink and condition but a different substrate, the optimal DS

would be different and needs to be found.

We studied drop spacing values of 50, 60, 70, 80, 90, 100, and 110 um. The adhesive Dymax 6-
621 was printed onto a glass substrate by Voltera extrusion printer, and then was UV cured for 2
minutes. We inkjet printed AgNP ink for two lines each consisting of 16 droplets for each drop

spacing.

We noticed that DS of 50 um and 60 um create bulged lines, as shown in Figure 2-13(a-b). DS of
70 um, 80 pm, and 90 um look like an acceptable morphology, as shown in Figure 2-13(c-e).
While DS of 100 um resulted in scalloped lines, as shown in Figure 2-13(f). Finally, DS of 110

pum created individual droplets, as shown in Figure 2-13(Q).
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Figure 2-13: Inkjet printed AgNP lines on UV cured adhesive for different drop spacing. (a) DS=
50 um. (b) DS=60 pum. (c) DS=70 pum. (d) DS=80 um. (e) DS=90 pm. (f) DS= 100 um. (g) DS=
110 pum. The scale bars represent 250 pm.
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Although DS of 70, 80, and 90 um provide perfect line morphologies, we picked up 80 um DS
which is in the middle and the safest option. From now on, we use the 80 um DS for inkjet printing

AgNP onto adhesive substrates.

2.3.4  Drying Ink and Thermal Conditions
Once nanoparticle inks are deposited, they need to be annealed to evaporate the solvents and sinter

particles in order to make the printed film conductive.

Usually, to fully anneal NP inks, a temperature beyond 150°C is needed. However, such a high
temperature is not possible for our application as the substrate is PLA and cannot endure
temperatures beyond 80-90°C. Accordingly, we need to divide the annealing process into two
steps: (1) Drying the film to evaporate the solvent; this process normally needs temperatures
around 60°C. (2) Sintering the film by the IPL sintering method; as it uses high-intensity light for

a very short time and hence does not damage the PLA substrate.

In order to dry the printed ink solvents, normally a hot plate is used. However, as the substrate in
our application was 3D structures, putting it over the hot plate does not work as the heat does not
reach the top layer and adhesive. Therefore, we used an oven as the thermal source which uses

convective heat transfer.

The aim of this experiment is to find the best conditions, including temperature and exposure time,
for the drying process. For each sample, six lines were printed at different locations of the adhesive
in order to have more reliable results. We performed the test for four different temperatures
including 50°C, 60°C, 75°C, and 90°C. For each temperature, we also carried out the test for four
different timing values including 30, 60, 90, and 120 minutes. We also used a sample only dried
at room temperature, not in oven, for 30 minutes for comparison purposes, indicated as RT. Hence,
we processed 17 samples ((4 temperatures * 4 timing = 16) + 1 sample dried at room temperature
= 17). We also report standard deviation as error bars which are according to six lines for each

sample.

In the flash sintering process, we applied one single pulse of 1400 V with 2000 ps on-time. To

measure the sheet resistance we used 4-point probe measurement as described in Section 2.2.5.

The surface profile of lines shows a thickness of 6.4 um, as shown in Figure 2-14. The final results

are displayed in Figure 2-15 for resistivity.
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Figure 2-14: Surface profile of an AgNP printed line measured by stylus profilometer.
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Figure 2-15: Different thermal conditions for drying off the silver ink solvents. (a) Room

temperature value included (b) Room temperature value not included.

* RT: sample was dried at room temperature for 30 minutes.
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Initially, the O-time sample is displayed which was the sample that skipped the thermal process in
the oven and only experienced the flash sintering. As expected, the silver lines were not fully dried
and still sticky. Its sheet resistance is shown as the green data point, showing sheet resistance of
0.285 Q/sq which is almost four times higher than the dried samples.

The other 16 samples that experienced both drying and sintering processes show quite close values.
The standard deviation of the average sheet resistance for each condition was 3.3*10°3, 2.0*1073,
2.9*103, and 2.9*103 Q/sq for 50°C, 60°C, 75°C, and 90°C, respectively. The lowest resistivity
happens at 60°C and 75°C for 60 minutes. However, we prefer 60°C for the safety of PLA
substrates in order to avoid any damages due to the high temperature. In conclusion, from now on,

we dry the samples at 60°C for 60 minutes.

2.3.5 UV Curing Time
After printing the UV curable adhesive onto the 3D substrate, the adhesive needs UV curing to be

polymerized and converted from the liquid state to the solid state.

The time length of UV curing is very important because it not only makes the adhesive hard and
chemically resistant, it determines the surface properties such as surface energy and hence the

contact angle and wettability of the silver ink on the adhesive surface.

In this experiment, we studied different UV curing time durations to find the optimal time. We
printed the UV curable adhesive using Voltera extrusion printer onto 3D printed substrates. The

printed adhesive patterns were simple 7.5 mm * 7.5 mm squares.

We UV cured the samples for 15 seconds, 30 seconds, 1 minute, 2 minutes, 3 minutes, 5 minutes,
and 10 minutes. Afterwards, we inkjet printed six lines of AgNP ink onto each sample, dried the

samples in the oven at 60°C for 60 minutes, and flash sintered by Xenon 1100 lamp with one single

pulse of 1400 V and 2000 ps on-time.

Figure 2-16 shows the results as resistivity. As can be seen, samples of 15 s and 30 s have
considerably higher sheet resistance compared to more UV cured samples, with 690 and 41 Q/sq,
respectively. 15 s and 30 s samples are not fully cured as they did not show enough chemical
resistance and hardness. As can be seen, the 1 minute sample still has considerably higher sheet

resistance compared to the rest; it indicates that 1 minute of UV curing is not good enough. While
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2 minutes and beyond show very low and similar sheet resistance. However, the optimal UV time

seems 2 minutes as it has the lowest value among the six samples.

UV time vs Resistivity
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Figure 2-16: The effect of UV time exposure for the adhesive on the resistivity of lines.

Next, we analyzed the morphology of inkjet printed silver lines onto UV curable adhesive for
different UV time exposures. The properties of the adhesive surface change with UV time

significantly.

The adhesive has a percentage of photoinitiators. In the polymerization process, once the adhesive
is exposed to the UV light, the photoinitiators start generating free radicals which attach to
acrylates (State 1). This process repeats until all free radicals are attached to acrylates, which cause
polymer termination (State 2). Once all photoinitiators are used up by the UV light exposure, the
UV light starts baking the surface of adhesive, which degrades the adhesive properties (State 3).

Therefore, the adhesive can have three states. State 1 and State 3 result in undesirable printing
including low conductivity and poor morphology, respectively. Therefore, we need the middle
state, State 2, which is a narrow length of UV time.

For this test, all conditions are the same, only UV time exposure of the adhesive is varied. We
fabricated samples UV cured for 30 seconds, 45sec, 60sec, 75sec, 90sec, 105sec, 120sec, 135sec,
150sec, 165sec, 180sec, and 195sec. We did all the steps the same as the previous tests except for
UV curing time. Figure 2-17 displays the resulting samples under the optical microscope once all

steps were done.
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Figure 2-17: Inkjet printed silver lines for various UV curing time. (a) 30sec. (b) 45sec. (c) 60sec.
(d) 75sec. (e) 90sec. (f) 105sec. (g) 120sec. (h) 135sec. (i) 150sec. (j) 165sec. (k) 180sec. (1)
195sec. The scale bars represent 250 pum.
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In Figure 2-17, we can clearly see all three states of UV curing with their different printed lines.
As mentioned previously, we need to be able to differentiate these three states and their UV time,

so that we use only the fully cured UV time for the rest of our work.

UV exposure time in the range between 30 seconds and 105 seconds provides low conductivity,
Figure 2-17(a-f). We can see that the coffee ring effect had occurred for such samples which is an
undesirable phenomenon. In such samples, silver nanoparticles are placed on the edges of lines,

and the middle is almost left empty.

In the range between 120 seconds and 150 seconds, we see that the printed lines are straight and
have good morphology, Figure 2-17(g-i). The coffee ring effect is removed, and the silver drops

have merged to form a continuous line.

In the range of 165 seconds to 195 seconds, we see that printed lines exhibit strong scalloping, and
a uniform film is not formed, Figure 2-17(j-I). In fact, the silver droplets during and after inkjet
printing could not merge and join completely. However, in this case we still have good

conductivity.

As mentioned, the best range of UV exposure time is between 120 and 150 seconds. In this range,
we obtain the optimal printing results, which are lines with the highest conductivity and good
morphology. Therefore, we choose 135 seconds as the UV exposure time which is at the middle

of the range. In conclusion, from now on, we UV cure the samples for 135 seconds.

2.3.6 Photonic Sintering Parameters
The photonic sintering process is a vitally important step in our fabrication process. After we dry

the inkjet printed silver lines in the oven, we need to sinter the samples in order to form a

continuous film which increases the conductivity.

We applied a single pulse to limit the involved parameters, therefore the variables were voltage
and on-time. The on-time values were 500 ps, 1000 us, 2000 ps, 3000 us, and 4000 ps, and the
voltage were 1400 V, 1500 V, 1600 V, 1700 V, 1800 V, 1900 V, and 2000 V. All other processing
steps were the same as previous experiments. The results are displayed in Figure 2-18.
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Figure 2-18: The effect of parameters of photonic sintering process, including pulse voltage pulse

on-time, on resistivity.

In the experiment, for high voltage and high on-time, the printed silver lines were damaged and
removed from the substrate. For 500 pus on time, from 1400 V to 1800 V were present, while
samples cured by 1900 V and 2000 V were removed. For 1000 ps and 2000 us on time, only
samples cured by 1400 V and 5000 V were remained, and higher voltages damaged the samples.
For 3000 ps and 4000 ps, the 1500 V also was removed and only the 1400 V was present. The

results are shown in Figure 2-18.

One problem that happened in this step was length shrinkage. In fact, once the photonic sintering
was done, the lines become small. This shrinkage depends on the photonic sintering parameters.
We measured the original length of lines before the sintering and compared them to the length
after the sintering process. The calculated length shrinkage for the previous test samples are
provided in Figure 2-19. The optical micrographs of the four samples are also provided in Figure
2-20 (a-d).
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Figure 2-19: The effect of parameters of IPL on the length shrinkage.

Figure 2-20: Optical micrographs of silver lines with length shrinkage for different IPL parameters.

(a) Sample 1400 V /1000 ps. (b) 1400 V /2000 ps. (c) 1500 V /1000 ps. (d) 1500 V /2000 ps.
The scale bars represent 250 pm.
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Figure 2-19 indicates that generally lower voltage causes less length shrinkage. The least length
shrinkage belonged to 1400 V / 500 ps which didn’t shrink, but such parameters provided poor
sintering. While samples of 1400 V / 2000 ps, 1400 V / 3000 us, 1400 V / 4000 ps, 1500 V / 1000
ps, and 1500 V / 2000 ps had low and close resistivity, the least length shrinkage was for 1400 V
/2000 ps. Therefore, this is the optimal condition as it provides good conductivity and low length

shrinkage. In conclusion, from now on, we use one single pulse of 1400 V and 2000 us on-time.

2.3.7 Effect of Color PLA Substrate
In this experiment, we aim to see how the color of 3D PLA substrate affects the inkjet printed

silver lines. Because the intermediate layer, UV cured adhesive, is transparent, the color of 3D
substrate is the dominant color for the background of silver lines. So far, every test carried out was
with white PLA. We 3D printed three different PLA substrates with similar factors but with three

different colors including white, transparent, and black.

3D substrate color vs. Sheet resistance

0.070

Sheet Resistance {(1/sq)

Black

m
2
w
T

PLA color

Figure 2-21: The effect of color of 3D PLA substrate on inkjet printed silver lines.

Figure 2-21 indicates that the color of the 3D PLA substrate significantly affects the final
conductivity of inkjet printed silver lines. More specifically, the black and transparent substrates
had nearly 1600 and 10 times higher sheet resistance than their white counterpart. This huge

difference happened during photonic sintering. Objects with white color reflect back all the

69



wavelengths of light and absorb very little. On the other hand, dark colored objects, including
black, reflect back only some of the wavelengths, they absorb the rest. In this experiment, as the
white color reflects more wavelengths of light, potentially more energy is transferred to the silver
lines and hence enhances the sintering and conductivity. In conclusion, white 3D printed substrate
provides the lowest sheet resistance, consequently, the highest conductivity, compared to other

colors. Therefore, from now on, we use white 3D PLA substrates as our samples.

2.4 Conclusion
In this chapter, we succeeded to inkjet print silver nanoparticle lines onto a 3D FFF printed

substrate and obtain a highly conductive single line. Firstly, we selected the intermediate layer; we
noticed that the material must be free of air bubbles, be chemically resistant, and do not show
oxygen inhibition. Consequently, we used UV curable acrylated urethane adhesive as the
intermediate layer between the 3D substrate and inkjet printed patterns. We deposited this UV
curable adhesive by the extrusion printer onto the 3D substrate with some changes in the printing
parameters including values of 0.40 and 0.40 for Kick and Rheological setpoint, respectively.
Thereafter, we tried to find the best drop spacing of inkjet printing onto this substrate, which was
found to be 80 um. In the next step, we found the optimal UV curing time to have the maximum
conductivity and to obtain continuous films; the best UV time is 135 seconds. After inkjet printing
the silver lines onto the substrate, we dried the sample in the oven, and the preferable condition
was the temperature of 60°C for 30 minutes. Thereafter, we analyzed the parameters of the flash
sintering process. We found that the optimal parameters to have the maximum conductivity and
the least length shrinkage is one single pulse of 1400 V with 2000 ps on-time. Finally, we
compared different colors of the 3D PLA substrate including white, transparent, and black, and we
noticed that the substrate color is very important, and the PLA substrate with white color provides
the highest conductivity. Using all of the mentioned findings, finally, we fabricated silver lines
onto 3D FFF printed substrate with a sheet resistance of 0.07 ©/sq and a conductivity of 2.23 * 108
(S/m).
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Chapter 3: Fabricating a Strain Gauge onto 3D Printed Object

3.1 Introduction
In this chapter, in order to validate the obtained methodology in the previous chapter, we fabricate

a strain sensor. More specifically, we aim to inkjet print a strain gauge via silver nanoparticle ink
onto a printed polylactic acid (PLA) 3D fused filament fabrication (FFF) substrate. We include the
parameters of extrusion printing, inkjet printing, thermal curing of the ink, and photonic sintering
of the ink.

Having fabricated the strain gauge onto a 3D printed substrate, we perform a mechanical test. We
apply a normal stress on the 3D substrate, consequently, the strain gauge measures the resulting

strain.

In order to measure the electrical resistance of the sensor, we use a digital source meter connected
to a standard wheatstone bridge to minimize errors. For measuring the applied strain to the 3D
structure, we use an optical method and vision camera to record the movement as images, and
consequently, calculate the strain. Finally, we will be able to synchronize the electrical and

mechanical behavior of the fabricated sensor.

3.2 Characterization Methods

3.2.1 Mechanical Experiment
In order to test a strain gauge sensor, we need to carry out a mechanical experiment. We apply the

mechanical force by a manual hydraulic press (10-Ton hydraulic press, MAXIMUM). We apply
the mechanical force on top of the fabricated cube on which the strain gauge is printed and
attached. The sensor is on the right side of the cube, while we apply the force from the top side
and the bottom side is the surface of the press; therefore, the printed strain gauge is not touched or
damaged by any physical device. Moreover, the markers required for the optical imaging strain

measurement are on the front side of the cube, as displayed in Figure 3-1.

As the compressive force applies from the top and the sensor is horizontally located on the right

side of the cube, tensile strain occurs due to the Poisson effect.
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Figure 3-1: The schematic view of the sensor.

3.2.2 Measuring the Strain
Strain is the deformation of material that is created by an applied stress. Normal strain, which can

be compressive or tensile, is defined as in Equation (3-1):

g= 2 (3-1)

L

Where ¢ is the strain, which is unitless but usually expressed in percentage, AL is the change of

length (in m), and L is the original length (in m).
Normal stress is defined as in Equation (3-2):
F
o = Z (3-2)
Where o is normal stress (in Pa or N/m?), F is applied force (in N), and A is area (in m?).

Young's modulus is the relationship between stress and strain and measures the stiffness of a solid
material. In the elastic region, the stress-strain relationship is linear and defined by Equation (3-
3):

E==> (3-3)

Where E is the Young modulus in (Pa), and ¢ and ¢ are stress and strain, respectively, as defined

above.
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The Poisson effect is the deformation of material in a direction perpendicular to a specific direction
of applied force. Poisson ratio is the ratio between the transverse strain and the axial strain applied
to a material stressed along an orthogonal axis. Poisson’s ratio is defined by Equation (3-4):

V= — d&trans (3_4)

degxial

Where v is the Poisson's ratio, and detans and deaxial are the transverse strain (in m/m) and axial or

longitudinal strain (in m/m), respectively.

By applying the mechanical force and stress, a strain is created in the 3D cube. In order to measure
the resulting strain, we use an optical imaging technique [111]. OSM-Classic is program designed
in MATLAB to accurately measure the strain using optical imaging. This approach has advantages
over more common methods including using extensometers and linear variable differential
transistors. Most importantly, this method does not require any physical contact with the sample.
OSM-Classic captures and processes a series of images before and while the sample is under stress;
hence, it compares the taken images and accordingly determines the strain. In this part, a vision
camera (acA2440-35 um, Basler) captures the images, which is installed on a tripod. Moreover,
two LED lights are installed behind the camera to provide enough light. In this experiment, 1D
strain measurement is used. Accordingly, two markers are required to be drawn on a side of the

sample to enable the program to follow and calculate the strain.
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a) 0.S.M.: Classic

Figure 3-2: Image showing calculation of strain in OSM-Classic software. (a) Image of software
with sample showing the Region of Interest; (b) the sample with marks for tracking, C and E

represent the current edges, while Co and Eo are the initial positions of the edges.

3.2.3 Measuring the Electrical Resistance
Piezoresistive effect is the change in electrical resistivity of a metal or semiconductor when a strain

is applied. An applied strain changes the inter-atomic spacing inside the material, which affects
the bandgap and electrons to be raised into the conduction band. However, in metals, the resistance
usually changes because of the change in the dimensions of the metal resulting from an applied

stress. The resistance can be calculated using Ohm’s Law as in Equation (3-5):

l
R=p- (3-9)
Where R is the resistance (in ), p is the material resistivity (2.m), 1 is the conductor length (m),

and A is the cross-sectional area of the current flow (m?).

In order to measure the electrical resistance of the sensor, a digital source meter (Keithley 2400)

is used. Two copper wires are connected to the contact pads of the sensor using a silver paste.

The sensor is connected to a Wheatstone bridge circuit, as shown in Figure 3-3. The Wheatstone
bridge converts the resistance change of the sensor to voltage changes in order to measure
accurately and reduce the potential errors such as temperature-related errors. The source meter
reads the voltage from Vi and V>. The general configuration how the equipment is installed is

shown in Figure 3-4.
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RVariabIe

Figure 3-3: A standard Wheatstone bridge. The strain gauge connects to this circuit, and the source

meter measures the voltage changes from the points V1 and Vo.

R1 and R2 are constant resistors with equal values. Rvarianie iS @ potentiometer. At first, we change
the value of Rvariable Until the voltmeter shows 0 V, which is the null point; which means that V1 =
V2. Next, we start the mechanical test and the resistance of the sensor starts changing,

consequently, the value of the source meter display starts varying from zero to other values.

The source meter records the input data which is voltage from terminals V1 and V2. Vineter is V1

relative to V2. Next, the sensor resistance can be obtained using Equation (3-6):

Ry .Vin— (R1+ R2) . Vineter (3-6)
Ry .Vip+ (R1+ Rz) -Vmeter

sensor = Ryariabie
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Figure 3-4: Configuration of equipment used in this experiment.

We can calculate the gauge factor using the obtained values in the experiment including AR/RO

and the strain. Equation (3-7) indicates the formula to calculate the gauge factor:

_ AR/RO _ AR/RO -
GF = YT (3-7)

Where AR is the resistance change in the strain gauge, RO is unstrained resistance of strain gauge,

AL is the change in length, LO is the original length, and ¢ is the strain.

3.3 Fabrication Methods

3.3.1 Fabricating the Substrate
At the first step, we built the 3D structure as the base substrate. We fabricated 10*10*10 mm PLA

cubes using the FFF printer. The material color is white to have the maximum electrical
conductivity, as mentioned in Chapter 2. We also 3D printed the structures with 70% of infill
density with triangle pattern in order to have softer structures and hence to have more strain during

the mechanical test.

Once we 3D printed the cubic structure, we start printing the intermediate layer, ultraviolet (UV)

curable acrylated urethane adhesive, onto one side of the cube. We printed a 7.5*7.5 mm square
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of adhesive onto one side of the cube using the Voltera extrusion printer. To print this adhesive,

we used 0.4 mm and 0.4 mm for the Kick and Rheological setpoint, respectively.
Subsequently, we UV cured the adhesive on the cube using the Dymax UV lamp for 135 seconds.

3.3.2 Fabricating the Strain Gauge
Having prepared the substrate, we inkjet printed the desired pattern of the strain gauge onto the

3D cube and adhesive using AgNP ink. Figure 3-5 displays the desired matrix pattern of the strain
gauge along with the printing direction shown by yellow arrows; the orange dots form the strain

gauge and blue ones form the contact pads for wire connections.

&3 83

Figure 3-5: The matrix pattern and printing direction of the strain gauge. The orange dots are the

strain gauge and blue ones are the contact pads. The sensor dimensions are 2080 pum * 1560 pum.

The drop spacing of printing was 80 um as it had the optimal result and morphology. The pattern

was inkjet printed onto the substrate using the AgNP ink.
Thereafter, for the drying process, the sample was put in the oven for 60 minutes at 60°C.

Once the silver pattern was dried, photonic sintering was carried out. We performed the IPL

process by one single pulse of 1400 V with 2000 ps on time.
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However, after the fabrication was finished, we noticed that the lines of the strain gauge are
separated from the two contact pads, shown in Figure 3-6. The reason is due to the length shrinkage

described in Section 2.3.7. that appears during the IPL process.

Figure 3-6: An optical micrograph of a fabricated strain gauge onto a 3D printed cube; long lines

are separated from the contact pads. The scale bar represents 250 pm.

In order to solve this problem, we printed the long lines as two parallel lines next to each other,
instead of one single line. Moreover, as we aimed to manually connect wires to the contact pads
using silver paste, contact pads needed to be far away enough from the strain gauge to avoid
applying the silver paste over the strain gauge. Therefore, we made the two long lines longer and

wider, as shown in Figure 3-7 and Figure 3-8.

After inkjet printing the strain gauge, the printed silver is dried in an oven at 60°C for 60 minutes.

Next, we sinter the device using the IPL by one single pulse of 1400 V with 2000 ps on time.
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Figure 3-7: A revised pattern of strain gauge with wider and longer lines as well as with two

parallel lines instead of one. The sensor dimensions are 4960 um * 2590 pum.

Figure 3-8: Optical micrograph of the revised fabricated strain gauge with wider and longer lines

as well as with two parallel lines. The scale bar represent 250 pum.
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The total length of the fabricated strain gauge was 21.4 mm. The width of normal lines was 82 um
and the width of the double printed long lines was 150 um. The resistance of the strain gauge was
found to be 32 Q.

Figure 3-9 displays the final fabricated sample, which is a strain gauge printed onto adhesive and
a 3D PLA cube.

Figure 3-9: The fabricated sample; the strain gauge printed onto the adhesive on one side of the
3D printed 10 mm cube.

3.4 Results and Discussion
Once all fabrication process was completely done and we achieved a sample, the mechanical and

electrical test was performed to observe the sensor behavior.

The compressive force from the top side creates tensile strain in the longitudinal direction of the

Sensor.

We performed the experiment by applying compressive force and measuring the electrical
resistance change in the sensor, and the results are displayed in Figure 3-10.
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Figure 3-10: Effect of strain applied on the printed strain gauge

As can be seen from the results in Figure 3-10, the AR/RO % linearly increases with the increase
of strain. The GF of this sensor was found to be 10.69. As the yield point of PLA is 3.3%, the
device is in the area of elastic deformation. We performed this test on five different samples, and

the average GF and the related standard deviation were found to be 9.16 and 1.71, respectively.

The manufacturing cost of a fabricated sensor is analyzed in Table 3-1.

Table 3-1: Describing the amount of materials used and the related prices.

UV adhesive

Silver NP ink

Material price

2.4 $/mL

1.59*10® $/pL

Calculation of used

7.5mm*7.5mm*0.5mm

95 pL (drop volume) *

amount (L*W*H)= 28.12mm?* | 450 (drops count)
Used amount 0.02812 mL 42750 pL
Used price $0.0674 $0.00068

Total price of one sample

$0.068
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A key factor to compare our novel technology with other present techniques is economics. Table
3-1 shows the amount of materials used and their relevant price. All three materials used are
commercially available. The used price is the cost of the amount of material that is consumed in
the device. The total cost of the material for one strain gauge that was fabricated is $0.068.
However, this price could be reduced by minimizing the dimensions and scaling up production.
The cost of material for our strain gauge is $0.068, while a typical commercial strain gauge in the
market is nearly $10-20. This includes many other costs such as labor, equipment, assembly and
distribution that are difficult to predict. Due to the fact that our method allows manufacturing of
the strain gauge directly integrated with 3D printing, many of these costs will be reduced or

eliminated making it an affordable approach.

In this chapter, we conclude that we can use the integration of 3D FFF printing technology with
inkjet printing to fabricate a strain sensor. Thanks to abilities of inkjet printing technology, we are
able to fabricate the sensor with any desired pattern or dimensions as required. The sensor
presented in this chapter is only an example of the possibilities of fabricating electronic devices
onto 3D structures with this low-cost customized direct writing technique. Similar process can be

adopted to fabricate other electronic devices as needed.

The function of this novel technique was experimentally verified in this chapter. The mechanical
characterization of the fabricated sensor showed that it could be used within the range of 0-2.69%

strain, while providing AR/RO up to 23.5%. The obtained gauge factor was 9.16.
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Chapter 4: Fabricating 3D Printed TPU/CNT Composite Strain Sensor

4.1 Introduction
In this chapter, we aim to fabricate a device similar to chapter 3 but with another technology in

order to compare both technologies and see the advantages of our proposed novel technology in
Chapter 3. More specifically, while in Chapter 3, we used a novel integrating method to fabricate
a strain sensor, here we fabricate a similar application using another technology. We select 3D
printing electronics which directly fabricates functional samples via a 3D fused filament
fabrication (FFF) printer.

Initially, we create a (semi-conducting) nanocomposite filament out of thermoplastic polyurethane
(TPU)/carbon nanotubes (CNTs) nanocomposite. It is TPU polymer filled with CNTSs that form a
flexible and piezoresistive material. A great challenge is to make the composite filament printable
as it is not a commercially available filament made by manufacturers. TPU material is a flexible
and non-conductive polymer and CNTSs are electrically conductive filler. Hence, TPU provides
mechanical flexibility and CNT provides electrical conductivity. This flexible, electrically

conductive composite is a promising option for a strain sensing application.

Thereafter, we 3D print the filament and fabricate our sensors as desired, the samples undergo the
foaming process via batch foaming using supercritical carbon dioxide (ScCO.) in order to provide

the samples with thermal insulation.

Finally, we analyze the piezoresistive behavior of the sample under various tensile forces and

measure the resistance change simultaneously.

4.2 Methods

4.2.1 Fabricating the Filament
3D printers feed on perfect filaments manufactured and provided by manufacturers. They were of

precise diameter and limited materials such as acrylonitrile-butadiene-styrene (ABS), polylactic
acid (PLA), and TPU. However, in this work, in order to fabricate our desired nanocomposite and
then the filament out of it, we used a micro-conical twin screw compounder (Thermo Haake
MiniCTW). In order to make this nanocomposite, two materials were used. Commercially
available TPU (Estane® 2103-70A TPU, Lubrizol) as the base polymer material and commercially
available Multi-walled carbon nanotubes (MWCNT)/ high-density polyethylene (HDPE)
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masterbatch (Nanocyl, Plasticyl HDPE1501) and the CNT/HDPE composite contains 15 wt% of
CNT.

Kim et al. [112] also found that CNT/TPU composite with more than 3 wt% CNTs provides much
higher conductivity compared to less than 3 wt% CNTSs, and in fact, the electrical resistance of the

composite with less than 3 wt% CNTSs cannot be measured by available tools.

Moreover, CNT/TPU composite with more than 5 wt% of CNTSs did not provide enough flexibility
as the TPU percentage reduces. Hence, we fabricated three composites with different weight
percent of 3%, 4%, and 5% of CNTSs.

Kim et al. in [112] found that ideal conditions for compounding of TPU/CNT composite is a
temperature of 215 °C for mixing circulation of 5 minutes so that the materials mix together

properly and enough.
Therefore, we used the idea and made the composite at 215 °C for 5 minutes of circulation.

The result was extruded, continuous filament made of TPU/HDPE composite which was both
flexible and conductive thanks to TPU and HDPE/CNT materials, respectively.

However, this customized filament has two drawbacks compared to commercially available
filaments: (1) The diameter of our composite filament was not the same all over the filament length
and it was variable to some extent (2.36 mm and 2.98 mm for the lowest and highest diameter,
respectively) beyond the acceptable tolerance of our 3D printer. The standard diameter of the 3D
printer is 2.85+1 mm. This caused the filament to stick in the feeder or the tube. (2) As this was a
customized filament, the stiffness of it was not standard. Because the feeder (on the backside) of
the printer was responsible for moving the filament forward, and the stiffness of the filament was
not the same as the commercially available filaments, the feeder could not move the customized
filament and consequently it stacked in the tube of the 3D printer. The feeder has degree connected
to a spring which determines the pressure of the feeder on the filament, even after changing the

degree to the lowest pressure, it could not move forward the filament.

4.2.2 3D Printing the Sample
As we used a customized filament, we face two problems to solve, physical issues and printing

parameters optimization. Considering the two drawbacks mentioned in Section 4.3.1., the

composite filament was stuck in the feeder and the printing did not happen.
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Therefore, we needed to use a trick in order to overcome the problem. The trick was that we needed
a short part of composite filament and a long commercially available filament. We manually
inserted the small composite filament in the tube and on the nozzle side and inserted the long
commercially available filament from the feeder. Hence, the feeder fed the long commercially
available filament which was a perfect filament and moved forward without any problem and
pushed the small composite filament forward to the nozzle side, and thus, the printer printed the

composite filament.

However, after printing the samples, they were not acceptable. The printed lines were not uniform,
and there were some distance and gap between them, which reduced the electrical conductivity
considerably. Hence, we needed to change the default printing settings. We found the optimized
settings as in Table 4-1.

Table 4-1: Comparison of default and optimized parameters of 3D printer software for TPU/HDPE

filament.
Default Optimized
Printing temperature 200 °C 220 °C
Print speed 70 mm/s 25 mm/s
Infill density 20% 50%
Infill pattern Lines Lines
Plate temperature 60°C 60°C

We 3D printed samples with dimensions of 30*3*0.5 mm which are length, width, and thickness,
respectively. We chose the length equal to 30 mm because this is the size of the chamber of batch
foaming and more than 30 mm length would not fit. We also chose a thickness of 0.5 mm for the
time required for the foaming process. Since the foaming time depends on the thickness of the
sample, we decided to print as thin as 0.5 mm.

The 3D printer usually prints the lines at 45° angle in which both the X and Y motor work together.

However, in order to increase the conductivity, in the printing setting, we set the print angle to 0°
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which prints the lines in the vertical direction as shown in Figure 4-1. A fabricated sample after

3D printing process is shown in Figure 4-2 (a-b).

Printing
direction

Figure 4-1: Printing direction which is vertical to align the printed filament with the direction of

current flow.

4.2.3 Volume Expansion Ratio
In order to determine the volume expansion ratio of ScCO, samples, we used ASTM D792

standard. At first, we measure the samples’ weight in air and in water; then we can obtain the
apparent density (pf) and the volume expansion ratio (VER) by equation (4-1) and (4-2),

respectively.

,Df — Mair* Pwater@Tw (4_1)

Mair— Mwater

where Mair and Mwater are the weights of sample measured in air and water, respectively. pwater@Tw

is density of water.

VER = pﬂf (4-2)

Where p is density of the bulk HDPE/TPU composite, which is given by:

p= i (4-3)

P11 P2

Where p is the density of bulk composite, M1 and M2 are the mass of material 1 and material 2,
respectively. p1 and pz are bulk density of material 1 and material 2 respectively, that are provided

in safety data sheet of each material.
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4.2.4 Foaming Process
Having the 3D printed samples made out of TPU/HDPE/MWCNT material, we can start the

foaming process by ScCOo. To do this, we used multiple batch foaming chambers using a Teledyne
ISCO 260D Syringe Pump.

Batch foaming via ScCO2 was a simple process. At first, the 3D printed sample was inserted into
the high pressure and high temperature chamber. Next, the chamber and samples were heated to
the favorable saturation temperature (Tsat). As soon as the chamber temperature reached Tsat,
previously pressurized CO, was injected into the chamber containing the sample. After a certain
time was passed, we turned off the heater, and immediately, we suddenly released the ScCO; in
the chamber. This rapid pressure drop resulted in thermodynamic instability in the sample and
hence cellular structures inside the composite matrix. Finally, we removed the sample from the

chamber and quenched it in an ice bath in order to stabilize the resultant microstructure [113].

In order to achieve ideal foaming, the settings needed to be of the right values. We chose the
pressure equal to 2000 psi. For temperature, it is recommended to be 10 °C less than the melting
point of the material. The melting point of the TPU is 135 °C. However, we tried 125 °C
temperature but the foaming did not happen. Hence, we increased the temperature to 130 °C which
worked and the foam structure formed. In terms of timing, we tried 30 minutes, 60 minutes, and

120 minutes.

4.2.5 Mechanical and Electrical Test
Samples were characterized using tensile force. We apply the force using a Discovery Hybrid

Rheometer + Dynamic Mechanical Analyzer (TA Instrument DHR3 with DMA Module), and we
use a source meter (Keithley 2400) for real-time measurement of resistance.

4.3 Results and Discussion
We 3D printed and fabricated samples for different CNT percentages of 3%, 4%, and 5%, five

samples for each percentage. The resistances are 211 kQ, 46.7 kQ, and 10.7 kQ with standard
deviation of 25 kQ, 5.5 kQ, and 1.2 kQ for CNT percentages of 3%, 4%, and 5%, respectively.
Figure 4-2(a-b) displays a fabricated sample. Figure 4-3 shows the resistances of the fabricated

samples after 3D printing.
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Figure 4-2: A 3D printed CNT/TPU composite. (a) Front view. (b) Side view.

Resistance vs. CNT %

211
200

100

Resistance (ki)

CMT percentage (%)

Figure 4-3: The resistance of 3D printed samples for different CNT percentages.

After the foaming process for the timing of 30, 60, and 120 minutes, the obtained results are
provided in Table 4-2.
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Table 4-2: Volume expansion ratio for different timing of foaming process.

Time of foaming | Volume
process expansion ratio
(minutes)

30 1.40

60 1.45

120 1.47

As it can be seen, there is not a considerable difference between volume expansion ratios of
different timings. Thus, we select 30-minutes foaming in order to save time. We also analyzed the
change of physical shape before and after the foaming process. The data for the physical

dimensions before foaming, after 30 minutes, and after 120 minutes is provided in the Table 4-3.

Table 4-3: Physical change before and after foaming.

Length Width Thickness
Before foaming | 30 mm 3.00 mm 0.37 mm
After 30min | 30 mm 3.6 mm 0.68 mm
foaming
After 120min | 30 mm 3.66 mm 0.66 mm
foaming

After the foaming process, we pasted some silver glue on both ends of the sample to connect two
wires. A fabricated and foamed sample with silver paste and connected wires is displayed in Figure
4-4,
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Figure 4-4: A 3D fabricated and foamed sample with silver paste and connected wires.

We performed the mechanical test for four different tensile strains including 2.5%, 5%, 7.5%, and

10%. The obtained results are provided in Figure 4-5.

Strain vs AR/RO %
35.00%

5.00%

0.00%
0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00%

Strain (%)

Figure 4-5: Effect of strain applied on the 3D printed piezoresistive strain sensor with 4% of CNTs.

Finally, the gauge factor of the fabricated sensor was found to be 3.58.
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4.4 Conclusion
In this chapter, we fabricated strain sensors via another 3D printing technology for comparison

purposes with our proposed method described in the previous chapters in order to see the
advantages and disadvantages of the proposed method. The strain sensors were TPU-based
polymer blends filled with CNTs. The mechanical characterization of the fabricated sensor showed
that it could be used within the range of 0-10% strain, while providing AR/RO of between 0-30%.
The obtained gauge factor was linear and equal to 3.58.

This methodology, however, has some limitations:

(1) This methodology requires extra and time consuming processes as the customized materials
are not commercially available and needed to be fabricated which increases the number of steps

and required equipment.

(2) Although we can 3D print any customized geometry using the FFF printer, we concluded that
3D FFF printing of customized nanocomposites is challenging, and it needs printing parameter

optimization, which sometimes are limited.

(3) Besides, we can change the electrical resistance of the samples by varying the percentage of
CNTs, which is limited due to printability issues; as we cannot go beyond the range of 3% and 5%
of CNTs.
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Chapter 5: Conclusion and Future Works
In this chapter, the overall summary of the conclusions of the previous chapters are provided.

Besides, the future work are also suggested according to the results of this thesis.

5.1 Discussion and Conclusions
The first chapter of this thesis reviewed the motivations and some previous works performed

similar to this work.

In Chapter 2, we inkjet printed silver nanoparticle lines onto a 3D FFF printed substrate and
achieved a highly conductive single line. In order to overcome the problems of the AgNP ink
attacking the PLA substrate and reduce the surface roughness of the PLA substrate, we applied an
intermediate layer onto the 3D printed PLA substrate, which was UV curable acrylated urethane
adhesive. We deposited this adhesive onto the 3D printed substrate using an extrusion printer, and
subsequently, we UV cured the adhesive. We noticed that, in order to obtain the best result of

silver lines, the optimal UV time is 135 seconds.

Thereafter, we started the inkjet printing of AgNP ink onto the substrate. We found that the suitable
drop spacing for this substrate is 80 um. For the drying process, the optimal conditions found was

the temperature of 60°C for 30 minutes.

For sintering the silver films, we used flash sintering method, IPL. In order to make the films
highly sintered and avoid the length shrinkage, we used one single pulse of 1400 V with 2000 ps
on-time. We also noticed that the color of 3D substrate is also effective and the white color
provides the highest conductivity. Finally, we obtained silver lines onto 3D FFF printed substrate
with a sheet resistance of 0.07 Q/sq and a conductivity of 2.23 * 10° (S/m).

In the third chapter, we fabricated a strain gauge sensor as an electronic device in order to validate
our method. Thanks to digital inkjet printing technology, we were able to readily modify the device

pattern, including the dimensions or patterns.

Once we fabricated the strain gauge onto a 3D PLA cube, we performed the mechanical
experiment, which was a compression/tension test. The mechanical characterization of the
fabricated sensor showed that it could be used within the range of 0-2.69% strain, while providing

AR/RO up to 23.5%. The obtained gauge factor was linear and equal to 9.16.
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In the fourth chapter, we fabricated a strain sensor using another 3D printed electronics to compare
with our novel method. We created a (semi-conducting) nanocomposite filament out of TPU/CNT
nanocomposite. The fabricated samples were then foamed via batch foaming using ScCO. which

decreases the cost of manufacturing and enhances some properties of polymers.

We used tensile strain test for the mechanical characterization of the fabricated strain sensor. The
results showed that it could be used within the range of 0-10% strain, while providing AR/RO up
to of 30%. The obtained gauge factor was 3.58.

However, this method had serious limitations and challenges:

e Asthe composite materials are not commercially available, we need to create the functional
filament. This imposes extra equipment and time.

e Even for fabricating the customized filament, there are limitations. For instance, we cannot
precisely determine the conductivity of the material. As we saw, we are only limited in the
range of 3% to 5% of CNTs in order to make a 3D printable filament.

e Even once we fabricated the filament with limited functionality, still printing it is a
challenge with a usual 3D printer as the mechanical properties and dimensions of the

filament are different to what it is designed for.

5.2  Future Work
This thesis, generally, integrate inkjet printing with 3D FFF printing technology. Although we

fabricated a strain gauge sensor with one single ink, it is only an example of electronic devices can
be fabricated. This research provides the possibility of developing devices and circuits by low-cost

direct writing techniques.

Future work that can be performed could be more advanced electronic devices with more inks and

layers, such as chemical sensors, antennas, transistors, organic solar cells, etc.

While we only used one ink, AgNP, and one layer, the future work can use multiple and different
inks and layers. As we used a highly aggressive ink and overcame the challenges, other types of
inks can also be used likely without any serious problem, in particular water-based inks; various
inks are required in electronics manufacturing for different electrical properties including

conductors, semiconductors, and dielectrics. Besides, as the modified substrate has very low
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surface roughness, multiple layers of materials can be used over each other to form more advanced

electronic devices such as transistors and OPVs.

Besides, the different materials for the 3D printed part can be used according the application. For
instance, flexile TPU filament can be easily 3D printed and be used as the flexible 3D substrate to
make a flexible substrate; therefore, the electronic devices can be inkjet printed onto substrate with
different materials and properties.

Finally, using this method, electronic circuits and systems are possible to be fabricated onto 3D

FFF printed substrates.
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