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ABSTRACT
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Printed electronics have shown a considerable impact on many industries. Nowadays the
way electronics are used and designed has changed due to the potential new processes have to
manufacture complex structures. Furthermore, having a wide range of materials to choose from
depending on the selected fabrication technique. The implementation of stretchable materials
such as polymeric films creates the opportunity to produce stretchable electronics. Which can
then be implemented on electronic devices through conformal coating.

The thesis scope is aimed at fabricating a functional multilayer structure through conformal
coating techniques. Therefore, the document includes materials selection as well as the fabri-
cation process. The structure has been made using the ink CI-1036 for conductive material, and
DI-7542 for dielectric material. The selected techniques were piezo inkjet printing for CI-1036, and
mechanical ink dispenser for DI-7542. The proposed structure consists of a first layer of conduc-
tive material forming a simplified version of a meander structure. Followed by a second layer made
of dielectric material, deposited on spots where interconnections will occur, to be finished with a
third layer made of conductive material. Difficulties were met during the stacking of layers due to
printing limitations and material requirements, these challenges are explained in detail within this
thesis.

In this thesis, the printing of a multilayer structure employing selective coating was not possible.
Although the printing of dielectric through an ink dispenser is possible, it was not able to ensure
complete isolation with this technique. Furthermore, the use of UV-Ozone treatment has been
shown to increase the wetting of the dielectric over the substrate. In response to this result,
a bar coating approach has been made to fabricate the proposed structure. It was possible to
ensure isolation maintaining the printing quality of the followed conductive layer for a dielectric
layer thickness greater than 50 pm. Nevertheless, the printing quality of the second conductive
layer is compromised for dielectric layer thickness greater than 100 um. Furthermore, the quality
of printed results for CI-1036 has shown to print continuous printed lines with minimum anomalies
and a line width of 150 um approximately. In addition, the difference in the gap between the nozzle
and substrate generated by the dielectric layer causes differences in both conductive layers. the
line width of conductive lines printed on the top dielectric is approximately 210 um. The resistance
value registered for the first conductive layer was 25 m$2/  while for the second layer was 53
mS2/ approximately.

Keywords: 3D Printing, Printed Electronics, Multilayer Structure, Conformal Coating, Additive
Manufacturing, Stretchable Electronics
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1. INTRODUCTION

Among the different scienti c developments made by human beings, the use of coatings
has been applied widely throughout human history. Coatings are de ned as materials
used to cover surfaces in order to change their properties. Furthermore, examples of
these practices can be found throughout history. Such as thousands of years ago when
the Egyptians used beeswax to protect surfaces (paintings and papyrus). to Nowadays
applications where epoxy-based coatings are used to protect pipelines working in seawa-
ter conditions. [1]

Therefore, it is not a surprise to acknowledge that coatings have even reached an im-
portant interest in the eld of electronics. Furthermore, electronic devices are produced
in many formats, and similar to other inventions made by humans, they tend to evolve
through the years. Among many examples cases, is the way portable phones have
changed. From being a bulky rectangular block with a monochromatic display such as the
DynaTAC model produced by Motorola in 1983 [2]. Into thinner smartphones with touch
screens used nowadays. A factor that makes these changes possible is the implementa-
tion of printed electronics techniques in combination with other electronics manufacturing
processes. Furthermore, The appearance of printed electronics has shown a consider-
able impact on many industries; changing the way electronics are used and designed.
Due to the possibilities each process holds to integrate different types of materials and
manufacture complex structures. [3]

As well as the idea of electronics having different shapes and formats has grown in the
human mind. The awareness of environmental wellness has reached a point of interest
where industries are concerned about reducing their impact. Therefore, generating inter-
est in additive manufacturing techniques, which have been shown to provide a reduction
in the waste generated in these processes. [4]

In addition, the implementation of 3D printing techniques brings many bene ts to the fab-
rication of printed electronics. Among them is to provide the process with a wide variety
of materials to work. As well as the possibility to perform modi cations to prototype de-
sign parameters with little effort [5]. Furthermore, research in this eld may have many
approaches, such as the testing of the material's properties implemented for stretchable
and rigid compounds in printed electronics [6] [7]. As well as the development of compo-



nents by using different printing techniques and materials. [8]

1.1 Aim and scope of the thesis

Motivations for the implementation of 3D printing techniques in this research come from
the initiative to fabricate in-situ multilayer structures for application in stretchable elec-
tronics. The multilayer structure is designed to act as a mesh of conductive layers that
work independently from each other while being separated due to a dielectric layer. The
aim is to use 3D printing and conformal techniques to fabricate functional multilayer struc-
tures, which consist of conductive layers separated by a dielectric material. The fabricated
structure is meant to be conformed onto a generic PCB to test conformality potential. As
a result, answers will be sought for the following questions.

« It is possible to fabricate functional multilayer structures using conformal coating?
* How will the materials be selected?

» Which printing technique ensures dielectric layer isolation?

1.2  Structure of the thesis

Following the introduction, Chapter 2 gives an overview of conformal coating, followed by
a brief description of the materials used, as well as the different application techniques.
At last, chapter 2 compiles a description of the characterization techniques used to test
conformal coating according to the interest of this thesis. Sequentially, chapter 3 gathered
the background research made in 3D printing and their application in printed electronics.
Followed by Chapter 4, which compiles the research methodology implemented through-
out this thesis. This chapter includes the material and equipment used, as well as a
description of the printing process followed to prepare the samples and the characteri-
zation tests. At last, Chapter 5 gathers the results obtained during the research, as well
as the challenges encountered. To then nish with the conclusions achieved through the
research, as well as proposing direction for future works.



2. CONFORMAL COATING

In general aspects, a coating is a cover Im that is applied to a determined substrate.
In addition, these coatings may have different properties that give them a crucial part
in many applications. As an example, the coating used to paint a building located on a
mountain is different compared to one located on the sea coast. Although both products
are coatings, they possess different properties that let them perform in their working en-
vironment. The basis of this example can be extrapolated to the electronics eld. Where
coatings may differ depending on the properties and limitations required to work under
certain conditions. These functional coatings can be classi ed as nhon-conformal coat-
ings and conformal coatings. Non-conformal coatings are thick and irregular covers that
provide electrical isolation and protection against scratches and impacts. Furthermore,
these coatings can increase considerably the weight and volume of the covered compo-
nent. [9]

Figure 2.1. Example of potting and encapsulation [10].

On the other hand, a conformal coating is an engineering-designed polymeric product
used to cover a component with a thin layer, following the surface pro le. These coat-
ings are characterized by having a thinner layer in comparison to non-conformal coating.
These materials are often used to partially isolate electrical functional components. Such
as printed circuit assembly (PCA), printed circuit boards (PCB), and other electronic de-
vices. Protecting them from environmental conditions such as moisture, scratch, and
contamination [11]. In addition, the materials used for conformal coating possess thermal
and electrical isolation properties. This implies that a component could work properly
without interfering with the other components integrated into the circuit. Aside from the
protective bene ts of applying a conformal coating to a circuit. Conformal coatings may
be used to isolate overlapping components in small-size devices such as smartphones.
Furthermore, the application of electrically conductive conformal coatings can be used to



connect components that are separated. This connection can be done by conductive wire
on top of an isolated assembly, an example can be the functional coating shown in gure
2.2.

Figure 2.2. Conformal coating schematic [12].

The application of conformal coating may require exposure to solvent solutions which can
be harmful for the operator. Therefore, these conformal coating processes involve a series
of environmental, health, and safety (EHS) requirements. Among these requirements are
the safety considerations when handling hazardous materials. Such as organic solvents,
ammable solutions, and protective materials, as well as the adequate disposal of the
waste generated during the process. [13]

2.1 Conformal coating materials

In order to consider a material suitable for conformal coating application in the electronics
eld. It must ful | a series of minimum requirements described in the IPC-CC-830B stan-
dard [14]. This standard lists a series of tests used to verify the performance of a material
for conformal coating applications. Aside from the protection requirements mentioned
previously, the main property that will make a material suitable for conformal coating ap-
plications is conformality. This factor is described as the capacity of a material to be
conformable, which means that the coated layer will adjust to the super cial pro le. Fur-
thermore, this layer must prevent contamination of the circuit board, as well as electrical
insulation to prevent possible short circuits[15].

In order to select the material that is more suitable for the desired application, a few de-
cisive factors must be taken into consideration. Among them are the working conditions
of the component, such as the working or process temperature and exposure to solvents
or chemical substances. The following sections will be dedicated to describing the ma-
terials commonly used for conformal coating, as well as their properties and limitations.
The properties mentioned in this section are compiled and summarized in the table 2.1
located at the end of this section.



Figure 2.3. Conformal coating material selection scheme [13].

2.1.1 Silicone based coatings

Silicone resins (SR) used for conformal coating are widely implemented due to being able
to form a very exible solid coating; this material is usually applied with a layer thickness
along the range of 50-200 um. Polysiloxane-based coatings are commercially available
in three types, room temperature vulcanizing (RTV), UV cured, and catalyzing cured [13].
These resins provide the component with moisture and humidity resistance, as well as
granting protection against polar solvents. In addition, SR has good thermal endurance,
being able to have stable properties from -55 to +200 °C. Regarding the disadvantages
of silicon resins, these coatings tend to contaminate the contacting surface, this way
affecting its adhesive properties. Silicon-based coatings are often applied using brush,
spray, and dip coating techniques. [15] [14]

2.1.2 Epoxy based coatings

Epoxy resins (ER) are commercially available as two-part components that react when
applied; therefore, the application of this type of material has more limitations compared
to others. ER coatings are commonly applied in layers along the range of 25-125 um
thickness, these resins are recommended for components that will be destined to be
used in environments with moderately high temperatures, around 150 °C. In addition, this
type of material can act as a mechanical support for components, as well as provide the



PCA with humidity, abrasive, and chemical resistance [13], therefore making ER coatings
perfect for extreme working environments.

Although, the curing process of epoxies produces a pungent odour and the possibility of
skin irritation. The use of appropriate security measurements makes it possible to easily
adjust the curing process. In addition, the epoxy resin application has a small processing
window, due to its fast reaction time. The application techniques commonly used for
epoxy resins are brush, spray, and dip coating techniques. [15][14]

2.1.3 Acrylic based coatings

Acrylic resins (AR) used in conformal coating consist of pre-polymerized acrylic chains
at a given solid percentage within a solvent solution. This type of coating has a typical
application range between 25-125 um layer thickness, with relatively easy workability
due to its curing process. Furthermore, These coatings provide moisture resistance,
as well as electrical isolation and mechanical exibility. Therefore, acrylic coatings are
commonly used in consumer and aerospace electronics assemblies. Since AR are made
of pre-polymerized polymer chains whiting a volatile solvent solution, it is possible to nd
commercially available resins with UV-curable and heat-curable formulations [13]. The
greatest strength of this type of coating is reworkability since these materials can be
easily removed by using solvents. On the opposite side, it makes this type of coating
susceptible to inadvertent chemical attacks due to potential cleaning processes.[15][14]

2.1.4 Para-xylene based coating

Para-xylylene coating, also commercially known as parylene is done through a series of
processes that goes from the separation of the dimer Di-para-xylylene (1,4-dimethylbenzene)
into monomers through pyrolisis, to then condensates employing vacuum and cold trap.
The main characteristic of this type of coating is that it is applied by vapour deposition
rather than liquid or paste, which makes it unique. Since parylene coatings are chemi-
cally stable materials and possess high chemical resistance, they are often used in the
biomedical eld where the uniform application of the coating and inert reaction within the
living body is crucial. [13]

Commonly, parylene coatings are applied in a range of 12.5-50 um layer thickness and do
not require a curing process. Among the advantages of selecting this type of coating, are
the uniformity of the deposit layer, as well as the capability of reaching holes and voids
where other materials are not able to reach. On the contrary, the para-xylylene coatings
process must be carried out inside specialized equipment, which limits the process to
specialized applications.[15][14]



2.1.5 Urethane based coating

Polyurethane resins (UR) used for conformal coating are commonly available as either
one or two-component formulations. There are no signi cant differences between these
presentations, both providing considerable humidity and chemical resistance. These coat-
ings are usually applied in layers of thickness 25-125 um. Although, polyurethanes can
be found in many different species for different applications. The polyurethane used for
conformal coating is meant to create tight bonds with the applied surface. In order to
ensure protection and durability. Polyurethanes have good adhesive properties, being
able to attach to many materials, including ceramics, metals, and epoxy parts. In addi-
tion, polyurethane coatings can be soldered through, and have high dielectric properties,
therefore being of special interest for circuit board applications [13]. Among their bene ts,
urethane-based coatings can be cured in a wide variety of processes, depending on the
additive added to the mixture. Although these materials have high chemical resistance,
this can be seen as a drawback when it comes to reworking, making this process dif cult
and costly.[15][14]

Table 2.1. Conformal coating materials summary

Material | Solvent | Working Layer thick | Application Limitations
res temp (°C) (um) tech
Silicone | Only -55 to 200 50-200 Brush, spray | Contaminate
polar & dip the contact-
solvents ing surface
Epoxy Yes -40to 125 25-125 Brush, spray | It  requires
& dip safety equip-
ment for
curing and
has a small
operation
time window
Acrylic No -40to 125 25-125 Brush, spray | Susceptible
& dip to solvents
Parylene | Yes -60 to 200 12.5-50 Vapour de- | Require
position expensive
application
equipment
Urethane | Yes -40 to 125 25-125 Brush, spray | Dif cult to re-
& dip work




2.2 Conformal coating application techniques

Conformal coating materials can be applied by a variety of techniques, therefore the se-
lection of the process will depend on a series of factors such as the selected material,
working conditions of the component, amount of components fabricated, and complexity
of the component's geometry. The process's key factors and limitations are registered in
the table 2.2.

Table 2.2. Conformal coating application technique summary

Application
technique

Materials

Limitations

Considerations

Manual coating

SR, ER, AR & UR

Produce irregular
coatings

Highly dependant
on the operator
expertise

Spray application

SR, ER, AR & UR

Mask must be

Application must

used to avoid | be done on spe-
covering not de- | cialized chamber
sired areas
Dip coating SR, ER, AR & UR | The coating will | Can produce
cover the compo- | a signi cant
nent entirely amount of waste
Vapour deposi- | Parylene Highly  special- | Complex process
tion ized equipment

(high costs)

Selective coating | SR, ER, AR & UR | Limitations  set | Process limi-
by printing tech- | tations comes
nigue from the printing

technique

2.2.1 Manual coating

Being the most variable application method among all, this technique consists of applying
the coating material manually employing a brush. The results obtained with this technique
have a high dependency on the operator's skills, therefore, it may produce irregularities in
the resulting coating. Manual coating methods are commonly used to correct thin spots
on the cover layer and to reach areas where spray or automatic nozzle techniques are
not able to reach. In addition, this technique can be applied using most of the coating
materials mentioned previously. [13] [16]



Figure 2.4. Manual coating example [17].

2.2.2 Spray application

Spray coating uses a material in a liquid state to apply the coating on the desired sub-
strate. In order to achieve a proper coating, the material is sprayed several times while
changing the angle of incidence by 90° between each application. This technique can
be applied either by an operator whose process goes by the name "hand spray"”; or by a
machine which is known as "automatic spray”. [13]

Figure 2.5. Spray coating application example.

Hand spray is commonly selected for applications that require coverage of small areas
such as small-size components; therefore, the results obtained will have a high depen-
dency on the expertise of the operator. In addition, this technique has to ful | additional
safety requirements to ensure the safety of the operator. On the other hand, the automatic
spray is destined to be used for high-volume coating applications, this technique is per-
formed by a machine, therefore reducing the exposure of the operator on the application
process, as well as allowing in-line coating process for production lines. In general terms,
spray-coating application processes require specialized chambers to ensure health and
environmental safety. Furthermore, this process is limited to covering wide areas and
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requires the use of masking or determined coverage for detailed application. [16]

2.2.3 Dip coating

The dip coating method is done by submerging the component into a dip tank; mean-
while, requiring a considerable amount of coating material which can result in a signi cant
amount of waste produced. Therefore, this technique is commonly done in long pot life
at room temperature, since the residual coating remains within the dip tank reducing the
amount of waste generated [16]. To perform a successful dip-coated layer it is necessary
to control many details such as viscosity and purity of the coating material, as well as
the insertion and withdrawal speed [13]. This technique can be applied using most of the
coating materials mentioned previously.

Figure 2.6. Dip coating application example.

Although this technique can ensure a total coverage of the submerged surface, which
ensures the qualities of the coating, there are various disadvantages to take into consid-
eration. Being the rst one that this technique cannot be used multiple times to stack
thicker layers, since the solvent contained within the dip bath will affect the previously
applied layers. Furthermore, the dip coating process is limited to covering the submerged
sample entirely, reducing the customization of the desired coating.

2.2.4 Vapour deposition

This method is exclusively used for para-xylene coatings and requires specialized equip-
ment to be performed, resulting in a high-cost process. The process consists of placing
the substrate into the deposition chamber, the coating material is introduced as a dimer, to
be then separated into monomers by a pyrolisis process, followed by a condensation step
whereby the air inside the chamber is removed generating a vacuum, the monomer poly-
merize and deposits evenly on the surface of the component producing a layer capable of
covering any crevice and opening on the component. [13] [16]
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Figure 2.7. Parylene deposition process [18].

The layer obtained due vapour deposition process is characterised by being homoge-
neous, thin, with excellent chemical stability, and it doesn't require a curing process.
Therefore, this technique is used in the medical eld and for highly specialized com-
pounds.

2.2.5 Selective coating

The selective coating process consists of applying a coating to speci ¢ sections of the
selected sample. This technique is done by applying the basis of printing techniques
(explained in detail in the upcoming chapters) [16]. The material limitation will depend
on the printing technique selected for the process. Since this technology applies coating
material on small and speci ¢ places, this reduces signi cantly the amount of labour

needed for masking. In addition, selective coating material can be fed as a continuous
stream; therefore, reducing the material wasted during the process [13].

Figure 2.8. Selective coating application example [19].
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Furthermore, this technique can be performed by utilizing CNC equipment and is there-
fore limited by the mobility of the robotic printing head, being the three-axis machines
capable of coating a planar surface, while the four- and ve-axis machines are capable of
printing along a three-dimensional structure.

2.3 Characterization of conformal coating and key factors

The characterization of a polymer coating can be done by the evaluation of various proper-
ties, which are divided or classi ed into different groups. Among them are 1) the physical
or mechanical tests which focus on testing the mechanical performance of the coating,
2) electrical tests which are focused on measuring the electrical properties of the coating
material, 3) environmental tests which are focused on evaluating the impact that environ-
mental hazards can have on the material, 4) thermal test which evaluates the material
against the effect of temperature, and at last, 5) chemical or analytical tests which focus
on the chemical aspects of the coating [20]. As a means of reaching the objectives set
for this thesis, the characterization tests that will be considered will be the following.

2.3.1 Visual inspection test

Being one of the simplest methods to determine the homogeneity of a cured coating.
This qualitative test method has the goal of determining the existence of great aws in a
nished coating layer. This method consists of inspecting the layer through a magnifying
glass in search of voids and discontinuities. In addition, most coatings nowadays come
with UV indicators so they can be inspected by automatic optical inspection equipment.
[20]

Figure 2.9. UV Visual inspection test [21].
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2.3.2 Adhesion test

The adhesion testing methods evaluate the resistance of a coating to be separated from
a substrate. The implementation of surface treatments can lead to an improvement in the
adhesion between coating and substrate. Nowadays the test methods used to compare
and evaluate the adhesion of a coating are the tape adhesion test (also known as cross-
hatch test), scrape adhesion test, and pull-off test. [20]

(a) Tape adhesion test (b) Scrape adhesion test

(c) Pull-off test

Figure 2.10. Some adhesion test methods [22].

The tape adhesion test is done by cutting a pattern of lines through the coating up to the
substrate, a pressure-sensitive tape is applied on top of the pattern, and the pattern is
pulled off the substrate (see gure 2.10a). The resultant tape and coating are evaluated
with the scale given in the standard ASTM D3359 [23]. Since this test evaluates the coat-
ing material that comes from the substrate, it can be applied to many different samples,
such as laminated stretchable Ims. [20]

The scrape adhesion test consists of moving a at metal panel onto the surface of the
substrate in order to detach the testable coating (see gure 2.10b). This test method is
evaluated following the standards ASTM D2197, D2454, and D5178. Furthermore, the
scrape test cannot be performed easily on stretchable Ims due to possible deformations
on the surface. [20]

The pull-off test is done by recording the minimum force required to detach a coating from
the substrate due to the application of a perpendicular force (see gure 2.10c). This test
uses a loading xture attached to the coating with an adhesive (dolly), to be then pulled,
the force is gradually increased until the rupture occurs. This test cannot be performed
easily on stretchable Ims due to deformations on the substrate affecting the obtained
data.
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2.3.3 Thickness measurement test

Nowadays many methods can be used to measure the thickness of coatings before and
after curing. Among them, the simplest option can be the use of tools such as a microme-
tre to measure the layer thickness, this method can be used with organic and metallic
coatings, as well as any substrate. In addition, there are test methods that involve the
magnetic properties of a ferromagnetic substrate and non-metallic coatings. As an exam-
ple, the magnetic ux method uses a permanent magnet and a sensor to calculate the
force needed to resist the attraction force of the magnet and the substrate to calculate the
thickness of the Im. [20]

Figure 2.11. Scratch Method scheme [24].
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3. 3D PRINTING IN ELECTRONICS MANUFACTURING

In general aspects, additive manufacturing is described as a process where a desired
structure is made by the addition of material. In the past years, this technology has
shown a fair advantage in terms of product customization, as well as material and energy
consumption. Therefore, catching the interest of its application in many types of indus-
tries, including electronics manufacturing. 3D-printed electronics can be categorized into
groups depending on the manufacturing processes.

Figure 3.1. Examples of Fully 3D-printed electronics [25], Electronics on 3D surfaces
[26], and In-mould electronics [27].

Electronics on 3D-surfaces

Electronics on 3D surfaces refers to those components that are made by depositing func-
tional material onto a substrate, such as the surface of 3D-objects or Ims. The deposition
of functional material can be done by many printing techniques such as inkjet printing,
screen printing, aerosol jet printing, and material extrusion. [28] [26]
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