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Abstract

Additive manufacturing (AM) offers the ability to produce devices with a degree
of three-dimensional complexity and mass customisation previously
unachievable with subtractive and formative approaches. These benefits have
not transitioned into the production of commercial electronics that still rely on
planar, template-driven manufacturing, which prevents them from being
tailored to the end user or exploiting conformal circuitry for miniaturisation.
Research into the AM fabrication of 3D electronics has been demonstrated;
however, because of material restrictions, the durability and electrical

conductivity of such devices was often limited.

This thesis presents a novel manufacturing approach that hybridises the AM of
polyetherimide (PEI) with chemical modification and selective light-based
synthesis of silver nanoparticles to produce 3D electronic systems. The resulting
nanoparticles act as a seed site for the electroless deposition of copper. The use
of high-performance materials for both the conductive and dielectric elements

created devices with the performance required for real-world applications.

For printing PEI, a low-cost fused filament fabrication (FFF); also known as fused
deposition modelling (FDM), printer with a unique inverted design was
developed. The orientation of the printer traps hot air within a heated build
environment that is open on its underside allowing the print head to deposit the
polymer while keeping the sensitive components outside. The maximum
achievable temperature was 120 °C and was found to reduce the degree of
warping and the ultimate tensile strength of printed parts. The dimensional
accuracy was, on average, within 0.05 mm of a benchmark printer and fine
control over the layer thickness led to the discovery of flexible substrates that

can be directly integrated into rigid parts.

Chemical modification of the printed PEI was used to embed ionic silver into the
polymer chain, sensitising it to patterning with a 405 nm laser. The rig used for
patterning was a re-purposed vat-photopolymerisation printer that uses a
galvanometer to guide the beam that is focused to a spot size of 155 pum at the

focal plane. The positioning of the laser spot was controlled with an open-
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sourced version of the printers slicing software. The optimal laser patterning
parameters were experimentally validated and a link between area-related
energy density and the quality of the copper deposition was found. In tests where
samples were exposed to more than 2.55 J/cm?, degradation of the polymer was
experienced which produced blistering and delamination of the copper. Less
than 2.34 J/cm? also had negative effect and resulted in incomplete coverage of
the patterned area. The minimum feature resolution produced by the patterning
setup was 301 pm; however, tests with a photomask demonstrated features an
order of magnitude smaller. The non-contact approach was also used to produce

conformal patterns over sloped and curved surfaces.

Characterisation of the copper deposits found an average thickness of 559 nm
and a conductivity of 3.81 x 107 S/m. Tape peel and bend fatigue testing showed
that the copper was ductile and adhered well to the PEI, with flexible electronic
samples demonstrating over 50,000 cycles at a minimum bend radius of 6.59
mm without failure. Additionally, the PEI and copper combination was shown
to survive a solder reflow with peak temperatures of 249°C. Using a robotic pick
and place system a test board was automatically populated with surface mount
components as small as 0201 resistors which were affixed using high-

temperature, Type-V Tin-Silver-Copper solder paste.

Finally, to prove the process a range of functional demonstrators were built and
evaluated. These included a functional timer circuit, inductive wireless power
coils compatible with two existing standards, a cylindrical RF antenna capable
of operating at several frequencies below 10 GHz, flexible positional sensors, and

multi-mode shape memory alloy actuators.
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1 Introduction

1.1 Background and Motivation

The invention of electronics has been transformative to almost all aspects of
modern everyday life. This technology underpins the products and services in
many sectors, including robotics, aerospace, medical, power generation, and
consumer electronics. The integration of these systems allows us to create ‘smart’
devices that require less human interaction or can assist with more complicated
tasks. Consumer electronics are widespread throughout society and in 2017 the
global market was valued at $1.172 Billion, growing at a rate of 6.2% per year, with
a forecasted value of $1,787 Billion by 2024 [1]. An electronic system is an
assembly of three main parts:

e Electronic Components
e Printed Circuit Boards
e Solder Interconnects

Electronic components are discrete packaged modules that provide various
functions in electrical circuits. These can be complex integrated circuits (IC)s
that perform intelligent applications such as processing and memory, or less
sophisticated passive devices like resistors, capacitors, and inductors.
Components have two or more terminals for connecting into the system and are

available in a variety of mounting styles and sizes depending on the application.

Power and signals are routed between the elements of the system using a printed
circuit board (PCB), a series of conductive tracks that are clad directly onto a
dielectric substrate. Simple PCB’s are typically manufactured using
photolithography techniques to etch the tracks into sheets of copper laminated
FR4 fibre-reinforced epoxy [2]. The process starts by coating the laminate in a
liquid etch-resist, onto which a rigid photomask is placed, and UV light is shone
through. This selectively cures the resist and when the board is washed, the
pattern of the circuitry is left behind. An etching stage removes the unwanted
copper and finally the remaining resist is stripped leaving a complete PCB. This

is summarised in Figure 1.1.



Resist Coating UV Patterning % % %

Laminated
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Figure 1.1: PCB manufacture process flow

At the interface with the components, the tracks typically have a larger surface
area called a bond-pad. Components are placed on the pads and solder
interconnects are used to form mechanical and electrical connections. Solder is
a mixture of metallic particles and flux resin that simultaneously cleans the bond
surfaces and forms a eutectic alloy when sufficiently heated [3]. As it cools the
solder solidifies, creating a strong yet ductile joint that allows the assembly to
withstand thermal expansion as well as shocks and vibrations [4] that may be
experienced during use. Figure 1.2 shows an example of an electronic system,

highlighting its main parts.

Printed Circuit Board

Components

.......

o

W

T

ikl
o o

A

Solder Interconnects

Figure 1.2: Electronic system showing the main parts
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Over the last 50 years, electronics have undergone a rapid evolution towards
increasing the density of devices, which has helped make them computationally
faster, lowered power consumption and improved portability. This was evident
with Moore’s Law, a trend predicting that the number of components on an IC
would double every two years [5]. To-date Moore’s Law has remained true,
resulting in significantly smaller IC’s; however, there is a fundamental limit on
the minimum transistor size, meaning that Moore’s Law will eventually break-
down [6]. This is a major driver in the advancement of packaging and PCB
technologies which are required to ensure that the trends in increased

miniaturisation, performance and functionality can continue.

This reduction has caused the minimum bond-pad size to continually shrink
and seen the development of new IC packaging methods with smaller footprints
(see Figure 1.3). The core of an IC is the silicon die, which has the components to
make the chip function etched into it. In early IC’s, the die was mounted in a
plastic housing with leads protruding from it, that are wire-bonded to the
silicon. The components are through hole mounted to PCB’s, whereby the leads
are passed through the board and soldered in place. This progressed into surface
mount devices (SMD) [7] that are similar in construction; however, the leads are
soldered to pads on one side of the board. More recently chip-scale, direct attach
methods such as flip-chip and ball-grid array (BGA) [8, 9] have emerged where
the pads reside underneath the component itself and the bare die is soldered to

the PCB.

Through Wire bond from silicon to leads
Hol eg Leads soldered through PCB

(|| I | | Uses both sides of PCB

Leaded Wire bond from silicon to leads
A cade Leads soldered to PCB

Decreasing Package Size

I— SMD (e single side of PCB
Y == Direct  Silicon soldered directly to PCB
[ Attach Uses single side of PCB

Figure 1.3: Illustration demonstrating how advances in packaging technology can reduce the size
of an IC.
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The option to have components mounted to the surface led to the invention of
double-sided PCBs with vertical connections called vias, that allow electricity to
pass through the board. Furthermore, multiple double-sided boards can be
laminated together with epoxy to create multilayer boards with three-
dimensional routing (see Figure 1.4). The vias are formed by drilling holes in the
PCB and electroless plating them with copper to make them conductive [10]. In
its current state, PCB manufacturing is an advanced field capable of producing
densely populated, high-fidelity circuits that relies heavily on template-based

photolithography.

Surface Traces

Internal Traces

[l Copper [ ] Fr4 B Epoxy

Figure 1.4: Schematic of how a multilayer PCB can be layered, showing three double-sided PCB’s
used to create a six-layer PCB

These processes are optimised for mass-production where the design remains
unchanged; however, the rigid photomasks mean that the boards that are
produced must be planar. This inherent rigidity removes a dimension that could
be used for miniaturisation by creating conformal circuits, although this has
been partially overcome through the advent of flexible PCB’s. These are a film
based printed circuits that have copper etched on to a polyimide (PI) film and
are used to form connections between moving or out of plane boards. These are
not a perfect solution however, as the use of additional connectors for interfacing
introduces new manufacturing complexities and potential failure points.
Furthermore, as with rigid boards they are fabricated using photomasks which

are expensive, preventing any degree of end-user customisation.
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One alternative is to use digitally driven processes like Additive Manufacturing
(AM), which use computer-controlled hardware, making them agile and flexible
as well as removing the need for physical templates. The ISO/ASTM standard
[11] defines AM as:

“The process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and

formative manufacturing methodologies."

More commonly known as 3D printing, this style of manufacturing was
commercialised in 1987 by 3D Systems [12] and has since become a crucial

element of Industry 4.0 [13].

These processes enabled the production of complex, three-dimensional
geometries that were unachievable using conventional machining and forming
methods. Because of this, AM has found applications in high-value sectors such
as the manufacture and repair of bulk metallic parts for aerospace [14]. In
comparison to electronics, AM is a recent development with a comparatively low
market value of $11.7 Billion in 2019; however, this is expanding rapidly with a
compound annual growth rate of 25.7% [15]. Moreover, by 2025, it is estimated
that 28% of the market share will be used to produce next-generation consumer

electronics [16].

In isolation, AM processes are restricted to single material classes, i.e., polymers,
metallics, or ceramics; meaning parts requiring contrasting material properties
in one device, such as PCB’s, are difficult to additively manufacture. To overcome
this challenge, multiple avenues have been researched including multi-material
printing, hybrid AM and additive structuring. Despite offering significant
advancements in customisability and geometric flexibility, when compared to
conventional PCB’s each made compromises in one or more of the following

areas:



e Electrical conductivity

e Substrate material properties

e Compatibility with existing packaging techniques
e Reliability/Durability

e Miniaturisation

e Cost
e Speed
e Efficiency

For example, many of the processes added high-performance conductors to
substrates with poor thermal or mechanical properties that restricted them to
prototyping applications. These trade-offs made them inappropriate for use in

modern consumer electronics and are explored in detail in Chapter 2.

As dielectric substrate materials imide-based polymers are ideal, with excellent
mechanical, thermal and chemical properties which have already led to them
being widely adopted in the electronics industry. An approach that has explored
using these materials as a base for additively applying high conductivity, copper
circuitry is the chemical modification and selective metallisation of polyimide

(PI) materials.

The concept of metallising PI was demonstrated by Ikeda et al. in 2001 [17]. The
group used potassium hydroxide (KOH) to hydrolyse PI resin which cleaves
imide rings and allows copper ions to be adsorbed. These were photochemically
reduced to form copper nanoparticles (NP)s using UV irradiation and a titanium
oxide catalyst. By introducing a quartz photomask, the copper could be
selectively reduced to form individual tracks. In 2003 the same process was
modified to enable silver metallisation [18], using silver nitrate (AgNOs3) instead
of copper. This approach did not require a photocatalyst for the reduction,

simplifying the process.

With these approaches the films were often just a few hundred nm thick and

produced conductivities significantly lower than those of bulk metals [17, 19]. It
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has been shown however, that modified surfaces could be used as a seed site for

subsequent plating [20, 21], increasing the overall conductivity.

In 2008 Ng et al. demonstrated this and used electroless copper plating to reach
conductivities of 3.20 x 107 S/m [22], or approximately 1.9 times lower than bulk
copper. While still lower than bulk copper, it was an order of magnitude greater
than existing hybrid DW processes and only bettered by wire embedding
processes that used with a raw copper wire as a feedstock. Details of these

process can be found in Chapter 2.

A key driver behind the research was to improve the conductor adhesion over
DW approaches that rely on micro-roughening to anchoring to the surface [17].
This is seldom considered in AM electronics literature, but is important for the
long-term reliability of electronics systems. Poor conductor adhesion could
result in delamination [23] and premature failure as the device experiences
vibrations, shocks and thermal expansion during every-day use. Selective
metallisation techniques have shown good adhesion to the underlying layers,

with bond strengths as high as 2 kN/m reported [24].

Light-based reduction has also demonstrated high resolutions, producing
features between 500 nm [I8] and 30 pum [25] in width. It should be noted
however, that in these reports a photomask was used to achieve these delicate
features, introducing the same issues experienced by conventional PCB

manufacture.

Other research has used UV lasers to directly pattern onto treated substrates [26,
27]. Lasers are a flexible processing method and depending on the application,
the power, beam profile, and focal distance can be optimised to suit the
substrate. By mounting the optics onto computer numerical controlled (CNC)
axes, it is possible to trace paths over complex 3D geometries, allowing them
reach areas not immediately accessible by the beam. Moreover, lasers have
achieved high resolutions, with line widths approaching 5 pm [28] with scope
for further miniaturisation. This is controlled by the Rayleigh criterion

diffraction limit [29] which dictates that with suitable hardware the 405 nm UV
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light used by these processes could be focussed to a spot approaching 203 nm in

diameter.

The predominant substrate material for these processes has been PI films [30,
31]; however, a laser-based approach has also been demonstrated on
polyetherimide (PEI) [32] a polymer with similar properties to PI. Unlike PI, PEI
parts has been additively manufactured using material extrusion processes,
although they are difficult process and typically require expensive hardware. The
challenges and existing approaches for the AM of PEI parts are discussed in
depth in Chapter 2. To-date, chemical modification of PEI has not been applied
to additively manufactured parts and is the main gap in the existing research

that this thesis has expanded on.

1.2 Research Purpose

1.2.1 Aims and Objectives

This body of work aimed to develop a digitally driven manufacturing approach
for additively fabricating high-performance, three-dimensional, flexible
electronics devices durable enough for real-world applications. This was
achieved through the hybridisation of additively manufactured PEI with
chemical modification, digital light-based patterning, and copper plating. These

were delivered through six key objectives:

1. Engineering a low-cost fused filament fabrication printer capable of

printing PEI.

2. Printing flexible electronics directly into rigid parts without the need for

additional connection hardware.

3. Establishing the chemical treatment and light exposure parameters

required for patterning and copper plating printable grades of PEI.

4. Evaluating the mechanical, electrical and fatigue performance of

fabricated circuits.

5. Attaching existing fine-pitch SMD components using high-temperature

soldering methods.
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6. Fabricating demonstrators that showcase the key characteristics and how
they act as building blocks for next-generation electronics.

Objective 1; the design of a PEI printer, was not essential to the process as existing
machines existed that can produce parts from this material; however, the
decision to do so was driven by their expense and restrictive print settings. By
building a custom machine with an alternative design this work looked to reduce
the barrier to-entry and introduce added design freedoms, such as using thinner
layers to print flexible features. Objective 2; the integration of these flexible
regions into rigid bodies for electronics applications had not previously been
explored, adding novelty to the work, and removing the need for additional
connectors that were required to connect rigid and flexible circuitry. Objective 3
was the main enabler for this technology and allowed the chemical modification
to be applied to 3D printed PEI, which to-date had only been demonstrated on
sheet and film materials. Whilst there are existing approaches for additively
manufacturing electronics, this work made use of high-performance polymers
and copper plating that provided good mechanical, thermal and electrical
performance. This led to the formation of objectives 4 and 5, to verify the
applicability of the process for real-world use and compatibility with solder
reflow processing; a technique that has not previously been used with AM
electronics. Finally, as the process introduced new capabilities for electronic

designs, objective 6 looked to better illustrate their potential.

The proposed process hybridised additive manufacture and chemical
modification of PEI with laser-based patterning, the schematic of which is
detailed in Figure 1.5. Fabrication started by additively manufacturing the
substrate from PEI using fused filament fabrication (FFF), which was then
treated using the two-stage chemical modification process from Section 4.2.1.
With silver adsorbed into the polymer, a UV laser source scanned over the
surface, triggering a photoreduction and converting ions into NP’s. The entire
component was then washed to remove unreduced ions and plated using
electroless copper deposition to increase the conductivity. Solder and
components were placed, and the assembly was heated in a reflow oven to form

the interconnects and complete the process.
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FFF Printing PEI
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Figure 1.5: Proposed process flow for combining FFF of PEI with chemical modification and laser-
based patterning to create 3D electronic devices compatible with surface mount solder reflow

1.2.2 Photobioform Project

This thesis directly supported a wider project entitled Photobioform which
aimed to develop bio-inspired manufacturing process for selectively patterning
metals onto non-conductive substrates using light-harvesting complexes to
accelerate the reduction of metal ions. Photobioform was funded by four
Engineering and Physical Sciences Research Council (EPSRC) grants:
EP/L022133/1, EP/L022192/1, EP/NO18265/1, and EP/N018265/2. The project
was a collaborative effort with Herriot-Watt University and three industrial

sponsors working in prosthetics, circuit technology and metrology. The work in
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this thesis complemented Photobioform by applying it to additively

manufactured parts and introducing fully digital, template less patterning.

1.3 Thesis Structure
The chapters of this thesis each addressed a different aspect of the process

development and validation which are summarised in Figure 1.6.

e “
Chapter 1
Introduction

(. * _/

N
Chapter 2

Additive Manufacture of

Electronics

I J

Chapter 3 Chapter 4
High-Temperature FFF Surface Metallisation and
Printing Functionalisation

4 + ™

Chapter 5
Process Applications

o J

* N\
Chapter 6

Conclusions and Future
Work
L y,

Figure 1.6: Summary of thesis structure

Chapter 2 started with detailed background research into additive, direct write
(DW) and hybrid manufacturing that focused on electronics systems. Initially
the review investigated the fused filament fabrication (FFF) of polymer
materials. FFF was selected as the printing method as the hardware is easy to
modify and, while challenging, is capable of printing PEI making it compatible
with the chemistry described previously. This transitioned into exploring

approaches for depositing electronics on to pre-formed and AM substrates. The
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review helps to direct the thesis and guide experiments and decisions

throughout.

Chapters 3 and 4 developed the process and characterised the substrates and
circuitry. Chapter 3 details the design and build of a low-cost inverted FFF
printer for producing the PEI substrates which were then mechanically and
dimensionally tested to validate their suitability. Chapter 4 investigated the
patterning and functionalisation of the PEI, by finding the optimal chemical
treatment and UV dosages to successfully plate the surface. The conductor was
then characterised to understand its electrical performance and fatigue life. At
the end of the chapter an automated component placement and solder reflow

workflow was developed.

Chapter 5 took the working process and demonstrated the different building
blocks for next generation electronics systems. This included the creation of
functioning electronic devices, integration of sensors, structurally embedded

actuators and 3D antennas for wireless power and communication.

Finally, Chapter 6 outlined the main conclusions of the research and
recommended future work, with a consideration for wider applications and

process optimisation and improvement.
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2  Additive Manufacture of Electronics

This chapter explored how AM has been applied to the production of electronic
systems. Because the substrate material; PEI, can only be printed using FFF, the
review focussed specifically on this AM technique and the difficulties of working
with high-performance polymers. To investigate the deposition of conductors,
the scope broadened into further additive and hybrid approaches as the
materials are not restricted to a single process. Additionally, each technique has
unique advantages and disadvantages that help illustrate the novelty of this
thesis. For reference, at the end of the conclusions in Section 2.6 all the reviewed
approaches for additively manufacturing electronics are summarised in Table

2.3, with the abbreviations of polymer names in Table 2.4.

2.1 Additive Manufacturing

ISO/ASTM standard 52900:2015 defines AM as, “The process of joining
materials to make parts from 3D model data, usually layer upon layer, as opposed
to subtractive manufacturing and formative manufacturing methodologies" [11].
The standard also divides AM into seven process categories based on their

operating mechanisms, as detailed in Table 2.1.
Table 2.1: Seven ASTM/ISO additive manufacturing process categories and their operation [11]

Process Category Description

Binder Jetting A liquid bindi.ng agent is selectively deposited to join
powder materials

Directed Energy Focused thermal energy is used to fuse materials by
Deposition melting as they are being deposited

. . Material is selectively dispensed through a nozzle or
Material Extrusion 6 y ¢i5p &
orifice

Material Jetting Droplets of build material are selectively deposited

Thermal energy selectively fuses regions of a powder

Powder Bed Fusi
owder Bed Fusion ',
Sheet Lamination Sheets of material are bonded to form a part

Vat Liquid photopolymer in a vat is selectively cured by
Photopolymerisation light-activated polymerisation
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Despite their operational differences, all the AM processes have a similar
workflow that starts by taking a digital design file and converting them into a
triangulated mesh representing their outer surface. The mesh is then loaded into
specially designed software called a slicer, which splits the surface into vertically
stacked layers and works out the optimal order of operations for printing each.
The software also produces any machine and material-specific commands such
as processing temperatures or tool changing operations. With the finalised
machine code ready, the design is transferred to the printer, which automatically
builds the part without operator intervention. Once the build is complete, the
part can be removed and, depending on the chosen AM category, post-processed

to finish the part [33].

2.2  Polymer Fused Filament Fabrication

Fused filament fabrication comes under the material extrusion category and was
the generic name given to Stratasys’ fused deposition modelling (FDM) process
developed by Scott Crump in 1989 [34]. Rapid growth and development of FFF
printers came primarily as a result of the University of Bath’s open-source
Replicating Rapid Prototyper or RepRap project [35]. The concept was to design
a machine capable of printing most of its structure, and only using widely
available parts in place of those that could not be printed. FFF was selected as
the core technology because it requires no specialist parts such as lasers and can
process a broad range of low-temperature thermoplastics, allowing more

significant proportions of the original machine to be reproduced.

FFF printers heat a thermoplastic polymer and extrude it through a digitally
controllable nozzle, which selectively deposits the material one layer at a time.
Once a layer is completed, the nozzle moves up relative to the part and prints the

next layer, repeating until the whole object has been built.

2.2.1 Extrusion System

The extrusion system starts with the material feed mechanism, commonly
referred to as the extruder, which depending on the format of the feedstock
being used, can vary in its operation. The most common feedstock style in use

today is a filament, which is typically fed using a set of pinch rollers with a high
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friction surface, or teeth that bite into the plastic (see Figure 2.1a). The intention
is to apply as much driving force to the material without deforming or
misshaping it as this can have consequences on the extrusion characteristics
later in the system [36, 37]. Pelletised materials have been experimented with as
they are often the rawest form a polymer can be purchased in, reducing the
operating costs. To move the pellets from a hopper to the nozzle, pistons [38] or
augur screws [39-41] have been employed; however, few designs have seen
practical applications as the hardware is often bulky and difficult to fit to a
motion platform. One notable exception was the ARBURG Freeformer [42], that
used an auger to feed pelletised material to a nozzle and a plunger to dispense
individual droplets, building up layers in a manner comparable to 2D inkjet
printers. To overcome the bulk of the extrusion system, the Freeformer kept the

print-head static and moved print-bed.

If high print speeds are required, the feed rate of the material must increase to
keep the flow consistent. This comes with increase in force required to extrude
the polymer, limiting the achievable print speed before the rollers begin to slip.
Go and Hart [43] managed to achieve approximately a “10-fold greater build rate
than commercial desktop FFF systems” [43] by using a threaded filament and
rotating nut. Because the thread has a large contact area, the force that can be
applied before the plastic deforms is higher than that of a roller. This was coupled
with a laser pre-heater, which melts the polymer faster than a conventional

heater, lowering its viscosity and allowing it to pass through the nozzle easier.

Filament Heatsink
Tension ’ | — Heater
— Block

-
Drive = ng:jter
Roller Cartridge

,,,,,,

Nozzle
Tension

Roller

Extrudate

Thermocouple

a) b)

Figure 2.1: Components of a typical FFF extrusion system: a) extruder. b) hotend
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In addition to providing a driving force, the extruder must accurately control the
flow rate of the material from the nozzle [44, 45]. Failure to do so can lead to
misshapen extrudates with blobs where the material has been over-extruded or
necking where too little is dispensed [46, 47]. Direct drive extruders place the
extruder on the print head, providing the shortest possible filament path,
reducing friction and compression, improving the response at the nozzle.
Alternatively, the feed system can be fixed to a static portion of the printer and
connected to the nozzle via a length of guide tube referred to as a Bowden tube.
Bowden setups have the disadvantages associated with a longer filament path,
but by lowering the mass of the print head, higher speeds and accelerations can
be achieved. Ringing artefacts [48], which appear as a ripple in the surface finish
(see Figure 2.2) wherever the print head changes direction abruptly are also
reduced. They are caused by flexibility in the motion platform components
allowing the print head to oscillate and can be damped by stiffening the printer

and lowering the print-heads mass.

Figure 2.2: FFF test piece with ringing artefacts [49]

The final stage of the extrusion system is the hotend, where the material is
heated until it liquifies, before being compressed through a narrow orifice in the
nozzle to form the extrudate (see Figure 2.1 b). To melt the polymer, a heater
cartridge is installed into the same block of metal as the nozzle. The liquification

temperature is monitored by a temperature probe, which is used as the feedback
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element of a control loop. The heater assembly is attached to the print-head via
a heatsink, which prevents thermal energy from travelling into the printer and

keeps the molten material restricted to the liquefier [50].

The size of the nozzle dictates the minimum X-Y feature size that can be
produced, with smaller nozzles producing narrower lines. The finest extrudate
width reported was of the order of 100 um [51], although commercial printers
were often sold with a 400 pm nozzle and the option to upgrade to nozzles as
small as 125 pm [52]. The width of the printed line is not the same as the nozzle
diameter due to the effects of die swelling, which can cause between 1.2 and 1.5
times radial expansion [51]. Die swell is not a constant characteristic either and
varies depending on the material, extrusion speed and liquefier temperature
[53]. Finer nozzles also lead to an increase in back-pressure [54], that must be
overcome by the extruder, placing a limit on resolution improvements by using
smaller nozzles. The pressure can be minimised by printing slower, reducing the
mass flow rate of material through the nozzle. The resolution in the Z-axis is
controlled by the height of each layer, which for typical FFF systems range
between 20 and 330 pm [55, 56].

Layering in Z also introduces an artefact known as stair-stepping (see Figure 2.3)
which occurs on any surface that is not perpendicular to the layers as the slope

must be interpolated, introducing error.

Modelled Object

Printed Object Stair-step

Error

i

Figure 2.3: Illustration of error introduced by layer-based manufacturing
On vertical and horizontal surfaces, there is no approximation, but on shallow
angles, the aliasing becomes particularly noticeable. This can be minimized by

printing thinner layers at the expense of longer build times. The layer-based
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nature means that parts exhibit mechanical anisotropy, with notably lower
tensile strength when loaded through the build axis. This can be minimised by
printing thin layers that are compressed more onto previous material, increasing

the bond area and reducing the size of voids. [57-59].

2.2.2 Motion Platform

How an FFF printer positions the nozzle is determined by the configuration of
the axes. The two main layouts in use today are Cartesian and delta systems.
Cartesian machines consist of three linear translational stages aligned in the X-,
Y- and Z-axes that directly move the print head relative to the bed, as illustrated
in Figure 2.4. This style of printer is the most popular in use today [60], with the
majority of professional and consumer designs being based around this
architecture. The simple, orthogonal approach allows Cartesian systems to be
built into a very rigid frame with minimal effort, which benefits how repeatably
the print head can be positioned and reduces vibrations that introduce print

artefacts such as ringing.

The added rigidity also allows the gantries to carry substantial loads, making

them well suited for use with direct-drive extruders.

Guide Rails

Print Head

) Printed Part
Y-Axis

Print Bed

Figure 2.4: Simplified Cartesian machine configuration

The serial nature of the layout means that at least one of the axes must be carried
by another, increasing the total moving mass, reducing the achievable
acceleration. To counter this, variants such as the H-Bot and Core X-Y [61, 62]
systems were developed, which decouple the heavy motors from the moving

hardware and instead rely on longer, continuous lengths of timing belt to
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position the axes. Alternatively, Mendel style Cartesian printers whereby the Z-
axis is used to carry the extruder allowing X-Y movements to be inertially
isolated. This is possible in 3D printers as while printing, the Z-axis only moves

a single layer thickness at a time and does not need to accelerate rapidly.

Delta robots were initially developed in 1985 by Raymond Clavel, for rapidly
positioning lightweight parts in industrial settings [63]. In most AM
applications, delta robots use arms connected to sliders on three towers laid out
in a triangular pattern (see Figure 2.5) to position an effector in 3D space. In
comparison to cartesian printers, delta setups are mechanically more
straightforward and easier to assemble [64], albeit more difficult to control. The
complexity in delta printers is software-based due to the inverse kinematics [65]
required to calculate the slider positions for desired movements at the head.
These calculations are computationally intensive, particularly as effector speeds
increase. These can be approximated to minimise processing times [66],
although the result is less positional accuracy at the effector. Modern electronics
have largely resolved this issue with commercially available, low-cost, high-
performance 32-bit control boards such as the Smoothieboard 5XC and Duet

[67, 68] becoming increasingly popular.
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Figure 2.5: Simplified delta machine configuration
The key advantage for delta systems is they have a much lighter effector and can
usually reach accelerations far beyond that of cartesian machines [69, 70],
increasing their potential print speed. This comes at the cost of maximum
payload and the force than can be exerted at the print head; however, in FFF
applications this is not a concern as tool force is minimal. Despite this, delta
designs often opt for Bowden extruders, to maximise their potential

acceleration.

There are alternative architectures such as selective compliance assembly robot
arm (SCARA) and polar printers; however, these are almost entirely restricted to

hobbyist projects and outside the scope of this work.

2.2.3 Feedstock Materials

To allow them to be formed into filaments and then re-melted for printing the
polymers used in FFF are wusually amorphous and semi-crystalline
thermoplastics. The most common materials in use today are polylactic acid

(PLA) and acrylonitrile butadiene styrene (ABS) [71, 72] as they have low glass
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transition temperatures (Tg) making them easy to extrude. Based on their global
consumption and typical properties, thermoplastics can be categorised into one
of three categories (see Figure 2.6): commodity, engineering and high-

performance polymers [73, 74].

¢ Commodity Polymers: Low Tg’s and therefore operate around ambient
temperatures. They are low-cost, account for the largest proportion of the

global consumption and are typically used in packaging materials.

e Engineering Polymers: Moderate service temperatures and better
mechanical strength with elevated costs. Global consumption is
approximately 1/30™" of commodity polymers, and they are used in

general engineering applications.

¢ High-Performance Polymers: Service temperatures greater than 200
°C and provide the best mechanical characteristics. They are expensive
and therefore have a global consumption 1/600™ of commodity

polymers. They are reserved for use in specialist applications.
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Figure 2.6: Pyramid of polymeric materials. Adapted from [75], Polymer abbreviations can be
found in [76]
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2.2.4 The Challenges of High-Temperature Printing

For the manufacturing approach suggested in Section 1.2.1, substrates made
from high-performance polymers were desirable as they provide a high thermal
resistance, preventing deformation during solder reflow. More importantly, both
are available in the filament form usually required for the extrusion system.
Some typical polymers include polyetherimide (PEI); also known as ULTEM,
polyphenylsulfone (PPSU) and polyether ether ketone (PEEK). The printing
process for these materials is fundamentally the same as FFF of low-temperature
polymers; however, due to their high thermal resistance, the equipment needs

to withstand higher temperatures.

The first challenge is reaching and maintaining the correct nozzle temperature,
which can vary from 360 °C for some grades of PEI [77] and up to 410 °C for PEEK
[78]. The nozzle temperature has a noticeable impact on the interlayer adhesion
of printed parts, with higher extrusion temperatures leading to greater interlayer
flow of the polymer, fewer voids, and better overall bonding. For semi-crystaline
polymers such PEEK and PPSU this effect is limited however, as the extrusion
temperature also dictates the final morphology of the parts, altering their
ductility and tensile strength as a result [79, 80]. Because of this the heaters must
be both more powerful and better controlled than those used in low-

temperature printers.

A common defect among FFF parts is warping, which is induced by thermal
gradients throughout the part and across the build environment. This leads to
uneven cooling of the plastic and a build-up of internal stresses that can deform
the part as they try to relax [81-83]. In commodity and lesser engineering
polymers such as PLA and ABS, the print temperatures and resulting thermal
gradients are moderate, so the magnitude of the stresses is minimal. Any
warping that does occur can be minimised by improving the parts adhesion to
the build platform. This may be achieved by adding bed adhesion aid such as
brims and rafts that maximise the contact with the build plate, securely fixing it
in place. Alternatively the surface of the print bed can be modified through

roughening or the application of materials such as PI tape or ABS-acetone
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solutions [84] that the feedstocks adhere to more readily. For high-performance
polymers, even if the warping is controlled through mechanical fixation, these
stresses can introduce delamination between the printed layers, reducing the
overall mechanical strength of the component [85]. The alternative is to regulate
the temperature of the air surrounding the print to reduce thermal gradients and

limit stress build up in the first place.

In 2004 Stratasys filed a patent [86] for a design for a cartesian style printer that
operated inside a sealed oven, allowing them to directly control the ambient
print temperatures (see Figure 2.7). This design became the Stratasys Fortus
450mc, an industrial grade printer capable of producing parts from high-
temperature polymers including PEI. The chamber temperatures used by the
Fortus 450mc were not published; however, an alternative machine with a
similar configuration; the miniFactory Ultra, indicated that such designs can
reach chamber temperatures as high as 250 °C [87]. As well as PEI, the
miniFactory Ultra was marketed as being able to print other high-performance

polymers including PPSU and PEEK.

A machine designed to operate inside an oven has additional requirements
because the delicate electronics, motors, and mechanical components need
isolating from the heat. Linear bearings, belts, and pulleys used in motion
platforms rarely have operating temperatures greater than 120 °C, and motors
are often lower at 100 °C. Stratasys’ solution used a heat resistant curtain that
moved with the print head, keeping the motion platform parts outside of the

build area. In Figure 2.7 this feature is labelled as item 132 in the patent drawing.
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Figure 2.7: Details of the Stratasys heat curtain design. The curtain is item 132, circled in red
[86]

An alternative approach from Apium Additive Technologies, used a localised
zone heater mounted that moved with the print nozzle to create a region of 180
°C air surrounding the uppermost layers [88]. This provided the necessary heat
for full crystallisation of semi-crystalline polymers and allowed gradual cooling
from the high extrusion temperatures. The manufacturer also suggested that
because only upper layers were kept above the polymers Ty, the parts were more
rigid during printing. The result was improved surface quality and tighter
tolerances because of less part deflection occurring at the nozzle while

depositing new layers. Figure 2.8 illustrates the zonal heating approach.
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Figure 2.8: Zonal heating system for localised heating of high-temperature polymers mid-print.
Reproduced from [88].

Both methods added expense and complexity to the printer which drove the
release of lower-cost machines, that used lower chamber temperatures rather
than protecting the motion platform. Machines such as the Funmat HT from
Intamsys and 850p from Tractus used motion platforms designs similar to
consumer-grade, desktop printers but operated entirely inside an insulated
chamber. These configurations coupled with enclosure heaters allowed them to
reach temperatures up to 90°C [89, 90]; keeping them within the upper limit for
most of the electronics. These temperatures produce higher thermal gradients,
increasing the likelihood of print failure, reduced mechanical strength and

warping.

A promising approach tested by NASA used focused heating of PEI [91] by
adding 420 W IR heat lamps positioned towards the centre of the bed of a
conventional FFF printer (Taz 4, Lulzbot). The entire printer was housed in an
enclosure to further increase and stabilise the ambient build temperature.
Through visual inspection, it was noted that parts printed with additional
heating showed no signs of warping or delamination. The effect on mechanical
performance was not evaluated. Their research also highlighted that the filament

should be kept dry before it is extruded. If moisture is allowed to remain in the
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filament, it can vaporise during extrusion, forming voids that lead to increased

porosity and reduced mechanical strength [92, 93].

2.3 Direct Write of Functional Circuits

Direct-write (DW) is a broad spectrum of processes that functionalise surfaces
by printing materials onto a pre-formed substrate. Previous attempts have been
made to define DW [94, 95]; however, they fail to adequately distinguish
between DW and AM. A more suitable definition is provided by Hon, Li, and
Hutchings [96]:

“Direct writing denotes a group of processes which are used to precisely
deposit functional and/or structural materials on to a substrate in
digitally defined locations. DW is distinguished from conventional AM in

terms of the following characteristics:

e The track width ranges from sub-microns to millimetres.

e The range of materials deposited can include metals, ceramics,
and polymers, electronically and optically functional

materials as well as biological materials including living cells.

e The substrate is an integral part of the final product.”

These processes can be broken down into distinct categories based on how they

deposit material; these are summarised in Figure 2.9.

Direct
Writing
Droplet Energy Flow Tip
Beam
Inkjet AeJr:tsol Laser | FIB Pump Extrusion = DPN = NFP
Continuous Drop on
Mode Demand

Figure 2.9: Classification of direct-write methods [96]
Three of these processes: Focussed Ion Beam (FIB), Dip-Pen Nanolithography
(DPN), and Nanofountain Pen (NFP) were targeted at nanoscale features, which

were beyond the scope of this work and therefore, omitted for conciseness [96].
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2.3.1 Inkjet Printing

Inkjet printing (IJP) is a droplet based DW method that has two modes of
operation. Continuous IJP was rarely used in electronics manufacture as it
recirculates ink, which can lead to feedstock contamination [97]. This is
avoidable by discarding the ink, but metallic inks can be expensive, so this is
undesirable. The alternative is drop-on-demand, which can be broken down into

thermal and piezoelectric configurations, as illustrated in Figure 2.10.
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Figure 2.10: Drop-on-demand inkjet printing using a) thermal and b) piezoelectric print heads.
Adapted from [98]

In both methods, drops are jettisoned by sending a pressure pulse through the
ink behind the nozzle. In thermal print heads (Figure 2.10 a), the pulse is
generated using a heater to vaporise a small quantity of the material, causing a
bubble to form and rapidly collapse [97]. In piezoelectric setups (Figure 2.10 b),
a ceramic actuator oscillates to create the pulse [99, 100]. Dispensing discrete
droplets of conductive ink gives IJP a spatial resolution as low as 70 um [101],
although it should be noted that the wettability of the ink can have a significant
effect on this. Work in 2006 showed that different substrate materials could
reduce the resolution of an IJP process three-fold [102]. The location of the
deposition is adjusted by moving the nozzle over the area to be patterned using
a computer-controlled stage. This allowed the head to be dynamically swept over
contoured surfaces; however, the small nozzle standoff height [98] coupled with
the relatively large head size [103] has prevented the patterning of steep

gradients or tight, concave features. Because of this, IJP electronics were usually
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planar, with more focus on flexible [104, 105], rather than three-dimensional

devices.

2.3.2 Aerosol Jet Printing
As with IJP, Aerosol Jet Printing (AJP) deposits discrete droplets of ink from a

nozzle onto a substrate. Figure 2.11 shows the schematic of a typical aerosol jet

head.

Carrier gas

: |
[nk deposited on substrate |

Figure 2.11: Aerosol jet print head schematic. Adapted from [106]

Initially, the ink is aerosolised in an atomiser, forming a cloud of functional
particles and solvent. A carrier gas is then passed into the atomiser chamber,
transporting the aerosol to the print nozzle, where is it focused using a sheath
gas, before impacting the substrate [106]. The use of a sheath gas provided
advantages in both resolution and stand-off height compared to IJP, with
reported minimum feature sizes of 20 pm [107, 108] and nozzle clearances as
high as 15 mm [109]. Furthermore, the nozzle does not have to be perpendicular
to the deposition surface and can tolerate inclinations up to 45°, reducing the
need for expensive translational stages with four or more degrees of freedom

(110].

For electronics manufacture, AJP has seen use on PEI and ceramic substrates
[110]; however, it has seen more use in flexible and transparent electronic
devices. The substrate of choice for flexible AJP devices is Kapton [111, 112], a PI
film that is regularly used to mass-manufacture existing flexible circuits [113]. A
key concern with flexible AJP electronics is cracking in the conductor after

repeated bend cycling. This was shown to be an issue by Reboun et al., who
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compared the bending endurance of samples produced using AJP, screen
printing, and copper foil etching and found that AJP silver ink on Kapton tape
had significant reductions in electrical performance after as little as 1,000 cycles.
This is in direct contrast to etching processes, which achieved 10,000 cycles
without any significant change [114]. Mahajan et al. [111] improved upon this,
reaching 10,000 cycles without failure at a 5 mm bend radius by embedding the
tracks in an epoxy resin. To-date, AJP has seen use in micro-scale printed
electronic components, with applications in sensing [115-117], organic LEDs

[109], and photovoltaics [118, 119] rather than system-level circuitry.

2.3.3 Laser-Induced Forwards Transfer

Laser-Induced Forward Transfer (LIFT) is a set of non-contact processes that
work by focusing a laser onto a transparent precursor coated with a functional
material. This forms a pocket of vapour that jettisons a droplet towards the
substrate below. Depending on the specific configuration, a galvanometer
scanner or an X-Y stages were employed to position the laser (see Figure 2.12).
The use of a laser means that LIFT has produced high resolutions, with features

as fine as 0.5 pm demonstrated from metallic inks [120, 121].
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Figure 2.12: Schematic showing the main elements of a LIFT system. Adapted from [122]

The standoff between the deposition apparatus and the substrate is lower than

other non-contact methods at approximately 100 pm [123], making conformal
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patterning impractical. Instead, Piqué et al. focused on embedding electronics
within the substrate, using the LIFT laser to micromachine cavities into a flat PI
sheet before placing components. LIFT was then used to create tracks and
interconnects [124]. In later work this was expanded on by using a ribbon with
electrical components affixed to it and using LIFT to eject the components onto
the substrate [125]. In both reports, the components were fixed in place by spin-
coating a layer of PI resin over the top surface of the fabricated devices. The
author also indicates that the process could theoretically produce multi-layer
circuits; however, this is yet to be demonstrated. All of these characteristics make
LIFT a very scalable process that could be used to rapidly prototype electronics
in small quantities and mass-manufacture them using roll-to-roll techniques
[122]. Because lift can produce patterns on a wide range of scales, it has been
used to produce structures for devices such as micro-batteries and sensors [123]
as well as tracks in larger circuits [126]. A further modification to the process
allowed Wang et al. to produce voxels rather than discrete particles, which when
stacked allowed them to create 3D structures and bridges. The suggested
application was as an alternative to wire bonding on bare silicon die, which was
supported by experimental data showing that they were more resistant to

vibration induced fatigue [127].

2.3.4 Pump and Extrusion Printing

Basic pump and extrusion setups can be created by mounting an air-backed
syringe of material to a translational stage (see Figure 2.13). As the syringe moves
relative to the bed, pressure is applied to the back of the material which extrudes
through a nozzle. The final feature size is primarily determined by the nozzle
used, and to-date the smallest track width reported is 0.6 pm [128]. Additional
control over the deposition can be achieved by adding high-precision pressure

controllers or screw-driven pumping systems [129].
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Figure 2.13: Illustration of an air-backed syringe dispenser

Unlike the previous DW processes, these methods rely on the deposition nozzle
contacting the surface of the substrate, meaning that some geometries will
restrict tool head access. This can be minimised by using high-aspect ratio
nozzles that keep the bulky deposition hardware away from the part. A more
significant issue is that the nozzle must track the surface correctly to maintain

deposition shape and prevent it from impacting the substrate.

In 2011, Adams et al. successfully used a pressure-backed syringe to print
conformal silver antennas on both convex and concave domes [130]. To enable
fabrication at the extremes of the hemisphere, a bent nozzle was employed,
reducing the effective angle between the surface and the material flow. More
recently, these processes have been shown to work on freeform and even moving
surfaces by placing fiducials on the substrate and using optical tracking to
correct the printer's trajectory [131]. Although contact approaches often add
complexity as a precise standoff has to be controlled, Muth et al. used this to
their advantage and produced electronics embedded inside flexible elastomers
[132]. This was achieved by dragging the nozzle through an uncured elastomer
while simultaneously depositing a carbon loaded conductive grease and post-
curing the whole assembly. By controlling how the conductive is cured, material
extrusion can also produce freestanding structures, as demonstrated by Skylar-
Scott et al. [128]. Their method used a laser, focused on the deposition point to
instantaneously solidify a metallic paste as it was extruded, which conveniently

sinters the conductor simultaneously. This has the benefit of enabling patterning
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onto thermally sensitive substrates such as flexible PET sheets. In 2013 paste
extrusion with a 30 pm nozzle was applied to fabricating micro-battery
architectures using multiple inks [133]. The result was a battery measuring just
2.1 mm x 2.1 mm x 1.5 mm, with a combined power and energy density that

surpassed other examples at the time.

2.3.5 Conductive Material Inks

For producing electronics, the inks or pastes used are composed of conductive
elements such as metals or carbon dispersed in carrier solvents. The metals
typically printed were silver [102, 107 126, 127, 133-141], copper [143-148], and
gold [149, 150] on account of them being the three most conductive elements.
Because of their inert nature, silver and gold are easy to process in ambient
conditions [151]; however, both are very costly. Copper will oxidise readily upon
exposure to air but is comparatively inexpensive, which has driven the
development of copper inks coated with a shell to prevent oxidisation during
deposition [147, 148]. Carbon inks tend to offer conductivities several orders of
magnitude lower than their metallic counterparts [101, 132, 152]; however, they

are inexpensive and easy to process.

The conductive particles used existed in one of two forms, nanoparticles (NP)s
[134, 153] or compounds that undergo metallo-organic decomposition (MOD)
[154, 155]. Both needed drying to remove the carrier solvent and then sintered
to reach their full conductivity [151]. In MOD inks, sintering triggered the

decomposition of the precursor into its final metallic state.

For hot-air convection sintering, typical processing temperatures were 150 — 250
°C [102, 107, 127], although higher temperatures produced better conductivities
(141, 156], with some values higher than 400 °C [130, 136, 150]. At these
temperatures, glass and ceramics were the only suitable substrates as they are
unaffected by the extreme heat; but they are also challenging to manufacture,
adding complexity to the process. Lower temperatures at the substrate have been
achieved by using Ohmic [157, 158], microwave [159], pulsed photonic sintering
[160, 161] to heat the inks locally.
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The conductivity of the tracks is not necessarily dictated by the deposition
method used, as droplet, energy, and flow-based DW process have all
demonstrated conductivities within 1.2 — 3.2 times lower than bulk silver at 6.30
x 107 S/m [102, 127, 130]. For reference throughout this review, Table 2.2 contains
the conductivities for metals typically used as conductors in electronics

manufacture.

Table 2.2: Conductivities for metals typically used as conductors in electronics

Bulk Material Conductivity (S/m)

Silver 6.30 x 107
Copper 5.96 x 107
Gold 4.10 x 107

2.4 Multi-Material Printing

Multi-material printing involves the use of a single printer that uses the same
deposition method to build both the insulating and conductive elements of a
circuit. In 2012 Leigh et al. used a commercially available FFF printer with three
print heads to extrude both a dielectric PLA filament and a custom, carbon-
loaded ABS filament [162]. A key benefit of their approach was the ability to
embed conductive elements inside the object, rather than just on the outer

surfaces.

Typically, carbon-loaded filaments exhibited conductivities several orders of
magnitude lower [162, 163] than bulk copper [164] with Kwok et al. reporting a
value of 200 S/m [165]. The electrical performance has been improved by
increasing the carbon loading [165]; however, the resistance was still
comparatively high. When used in conjunction with PLA, this limits the
technology to low power devices as ohmic heating [166] will soften and melt the
low Ty substrate. Kim et al. improved on previous work by electroplating copper
to the carbon filament, increasing its conductivity more than two orders of
magnitude. In addition, the plating had the added effect of reducing the surface
roughness by 77%, reducing parasitic losses in an additively manufactured

antenna [167].
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Another issue with multi-material FFF is that the Young’s Modulus of FFF parts
is significantly reduced at the materials interfaces [168] where they fail to fuse
correctly. This has led to poor adhesion between the substrate and the conductor
resulting in delamination and breaks in the circuit [165]. Furthermore, the
resolution of FFF processes is limited by the size of the nozzle, with Leigh et al.

successfully demonstrating a relatively large 1.5 mm nozzle [162].

Vat photopolymerisation approaches can produce significantly finer features
than FFF, and in 2017, Mu et al. used multi-material digital light processing
(DLP) technology to produce conductive elements by dispersing Multi-Walled
Carbon Nanotubes (MWCNT)s into a UV curable resin. To allow multiple
polymers to be processed, the printer had separate conductive and dielectric
resin vats, and the part was removed and cleaned between entering each. The
parts produced had a layer thickness of just 19.05 pm [169] and could contain
complex, multi-layered circuitry. Being carbon-based, the conductivity was poor

at 0.027 S/m, limiting the potential practical applications.

Also, in 2017, multi-material inkjet printing was used to produce 40 pm features
[170] with a conductivity of 1 x 107 S/m [156]; or 5.9 times lower than bulk silver,
from a combination of silver and acrylic inks. Notably, the selected ink produced
conductivities twice as high by curing it at 150 °C; however, the author
demonstrated experimentally that the substrate cannot survive the elevated
temperature. A similar configuration has been commercialised by Nano
Dimensions Ltd. and achieved multi-layer conformal electronics. The Dragonfly
LDM system used proprietary, UV curing silver and thermoset polymer inks to
produce a minimum track thickness of 17 pm at a width of 100 pm [171]. The
stated conductivity of the silver tracks was between 3 and 20 times lower than
bulk copper [172], and while compatible with hand soldering, low-temperature

solders were recommended [173].

The use of low Ty of polymers is prevalent in current multi-material processes
[156, 162, 163, 165, 169], this has prevented the use of solder to attach
components. Solder is beneficial as it forms a metallurgical bond between

components and the circuit, offering enhanced mechanical strength at low
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resistances [174]. Processes, that have incorporated discrete electronic
components have relied on the terminals being pressed directly into the
conductor with no permanent attachment. This may not be an issue; however,

no work has demonstrated the reliability of this approach.

2.5 Hybrid-Additive Manufacture of Electronic Devices

Hybrid-AM processes are defined as “the use of AM with one or more secondary
processes or energy sources that are fully coupled and synergistically affect part
quality, functionality, and/or process performance” [175]. By using different
processes for building, feedstocks can be more varied in their formulation; this
enables the co-deposition of a wide range of specialised materials. Typically, the
AM processes have been used to form the substrate material, and the secondary

processes applied or inserted the conductors.

Of the categories, only vat photopolymerisation, material extrusion and
material jetting have been successfully demonstrated. Binder jetting was used in
one example [176]; however, the mechanical performance of binder jetted parts
[177,178] limit its potential applications. Sheet lamination has seen no use in the
direct manufacture of electronics, but because these process produce little heat
when bonding materials, they have been used for embedding delicate electronic
components in structures [179-182]. Directed energy deposition techniques

have not been used for electronics manufacture.

2.5.1 Vat Photopolymerisation

2.5.1.1 Direct Writing onto Stereolithography Parts

One of the most explored hybrid approaches for producing AM electronics is the
combination of extrusion DW with stereolithography. Vat photopolymerisation
(VP), is a category of processes that use liquid photo-curing polymer resins in a
vat and cures them selectively using light [11]. A large proportion of research into
this combination of techniques has come from the University of Texas in El-Paso
and has been in development since 2005 [183]. Their method worked by printing
until the point where electronics are to be deposited, and lowering the resin vat,
exposing the part. This was then cleaned with isopropanol to remove residues

before an air-backed syringe deposited silver ink which was cured using the VP
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laser. Finally, the vat was returned, and the print continued, embedding the
circuitry. Once a print was complete, the silver ink could also be patterned on
the outside surfaces, allowing both conformal and embedded circuitry to be
produced. By printing channels in the resin substrate to constrain the ink, the

smallest track width achieved was 254 um [184].

The group also showed the ability to place electrical components and print over
them by leaving cavities in the substrate. There were then connected to by
extruding silver ink through holes in the top surface and onto the component
terminals [185]. This method only allowed a single layer of embedded
components as there would be no way to connect to layers deeper inside the
substrate. In 2016 Wasley et al. [186, 187] improved on this and built stacked,
multi-layer devices by depositing silver epoxy in an ascending spiral, to create
freestanding pillars. These were formed mid-print and acted as vias, connecting
to elements that would have been printed over in other approaches. Additionally,
the printed tracks had almost twice the resolution at 134 pm wide, allowing them
to connect to bare die flip chip components [188]. A drawback of the conductive
epoxy they used was a low conductivity, approximately 200 times lower than that
of bulk silver. This was due to the limited thermal stability of VP resins, which
cannot withstand the curing temperatures required to achieve higher
conductivities. This could be mitigated by using localised curing methods [158,
189] which have been shown to lower the overall curing temperatures for inks
written onto VP components. Ultimately however, low thermal performance of

the substrate restricted VP-based electronics to prototyping applications.

2.5.2 Material Extrusion

2.5.2.1 Direct Write onto FFF Parts

In 2013, Optomec Inc. demonstrated AJP of a silver conductive ink combined
with FFF of PEI [190] to produce a wing with integrated electronics. The device
included a T-slot antenna, printed strain gauges and was capable of handling 10
W of power to drive two DC motors. Before the jetting could take place, to alter
the wetting characteristics of the ink and fill any gaps, the surface was grit

blasted and smoothed using an undisclosed dielectric undercoat [110, 191]. This
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was required to improve the adhesion of the ink and prevent it from wicking
along the hatch of the FDM parts [192]. The best resolution was 150 ym with a
conductivity of 1.56 x 10°> S/m. The surface finish of FFF parts meant that higher
viscosity inks with less tendency to spread were likely to produce finer details.
Printing of these is better suited to pump and extrusion based DW processes,
which was the method used in the Voxel8 developer printer, an FFF printer that

could also deposit conductive inks onto sloped and conformal surfaces [193].

2.5.2.2 Metal Injection into FFF Parts

Metal injection processes start by using FFF to print parts from ABS, PLA, or
polyurethane, with voids left for the metal which are backfilled to create
conductive paths. There were two bodies of work, and each used different low-
melting point metallic alloys instead of inks as the conductive material. The first
injected Galinstan, which is a conductive liquid at room temperature [194]; while
the second, used a eutectic bismuth, indium, lead, tin alloy that melts at 57.8 °C
[195]. This required the part to be held at an elevated temperature during the
injection, thus allowing it to flow successfully. This alloy needed solidify to
become conductive which limited its current carrying capacity. This was
demonstrated when localised ohmic heating of the alloy caused the conductor
to melt, forming a break in a timer circuit. The filling stage also introduced
manufacturing difficulties and required careful process control to remove air
bubbles in the metal, that led to uneven filling and further breaks in the tracks
[196]. This also influenced the minimum channel size, which was a square cross-
section of 0.8 mm x 0.8 mm, dictated by the narrowest gap that could be used

without the blockages due to print defects.

Both FFF-based injection methods have been interfaced with electronic
components for manufacturing multilayer, active systems with actuators and
sensors [194, 195, 197]. In the literature, there is little electrical characterisation;
however, the conductivity of Galinstan is 2.3 x 10¢ S/m [198] so it is reasonable
to assume the performance was similar. This would produce a conductivity 25.9

times lower than bulk copper.
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2.5.2.3 Wire Embedding into FFF Parts

Wire embedding technologies aim to produce additively manufactured
electronics with the same conductivity as bulk metals. Two competing
approaches have been explored, ultrasonic embedding (UE) and fibre
encapsulation additive manufacturing (FEAM). UE worked by placing the
conductor on top of the substrate and then using an ultrasonic horn to press the
wire into the polymer. This was performed after the part was printed, producing
circuits on the surface, or between layers, embedding the conductors within. The
FEAM approach deposited the wire during the FFF printing by using a digitally
controlled feed system to pass the wire into the extrudate, parallel to the
direction of travel [199], see Figure 2.14. When the desired amount of wire had
been placed, a cutter was used to sever the feed. This method could only place

material within layers and therefore, could not produce, conformal circuitry.

EXTRUDATE NOZILE
FIBER GUIDE
4
PRIOR = = %
LAYER 1

Figure 2.14: Schematic of the FEAM process. Reproduced from [199]

Both processes were shown to produce multilayer systems by adding conductive
vias to electrically couple the layers. UE achieved this by inserting a U-shaped
piece of copper over the intersection of two wires and relied on mechanical
interference to form a connection. To work optimally the wires had to run
parallel, although a displacement of 0.3 mm and angular misalignment of 40°
could be tolerated. Beyond this the connection began to break-down. The
advantage was that by using the same material as the conductor there was no
drop in conductivity through the vertical axis [200]. FEAM used multi-material
FFF to deposit a conductive polymer between wires to form the vertical
interconnects. This could handle wires that crossed at all angles however, the
conductivity was diminished. Because the connection is over a short distance
and can be expanded to produce a large contact area, the author indicated that

the increase in resistance was negligible. The reported values were 110 mQ
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between layers and 250 m{) within the same layer, although the author

predicted that 40 mQ is possible with further optimisation [201].

The substrate material selection was less critical for these processes as elevated
temperatures were not required to post-process the conductor. Both processes
could manufacture parts from additively manufactured ABS, and the UE system
also demonstrated polycarbonate and PEI. The resolution of a UE circuit was not
dictated by polymer print quality as the embedding was executed after a layer
was printed. The minimum feature size was dictated by the wire diameter used,
which ranged from 50 to 320 pm [202]. For FEAM, the smallest diameter wire
used was 127 pm, but because the wire had to be encapsulated in the extrudate,
it had to follow the toolpath of the FFF nozzle with a documented resolution of
450 pm [203]. This also meant that printing complex circuits was difficult and
required advance toolpath planning algorithms; however, no such technique was
discussed. This complication was supported by the nature of the components
demonstrated using FEAM, which were either continuous coils [201] or simple

test pieces with two wires crossing [204].

UE could also use of copper mesh feedstock and has been used to create ground
planes for producing antennas [205]. UE has also demonstrated the ability to
produce conformal electronics by feeding the wire coaxially through the
ultrasonic horn while dynamically manipulating the substrate [206]. While
copper is suited to soldering techniques, neither approach tests this, likely

because of the low melting points of the polymers used.

25.2.4 Multi3D

Multi3D was a system developed at the University of Texas in El-Paso which
hybridised several of their earlier technologies including wire embedding and
syringe extrusion of silver inks. The first variant of the system took advantage of
high-temperature FFF, ink extrusion, ultrasonic wire embedding and
micromachining [207]. To provide suitable mechanical and thermal resistance
substrates were FFF printed from PEI, which was then machined to improve the
minimum feature resolution from 6 mm to just 2 mm with a 1% error. Machined

channels were also used to improve the edge definition and prevent short-
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circuiting of silver extrusion features; however, the most significant impact was
found to be related to the raster-to-raster air gap. By printing the solid layers of
the FFF part closer together, thus minimising any gaps between extrudates, the
ink wicked less and did not connect to adjacent tracks. This combined with the
machining produced an average minimum track width for the silver of 506 pm.
Electrical components could also be placed into cavities in the PEI and printed
onto with silver ink; an approach used to produce a functioning CubeSat module
[208]. The first version also used the UE wire embedding technology from earlier
work, with a minimum copper wire diameter of 80 pm. It was not until the
second-generation Multi3D system that wire embedding became more utilised,
as this unit also incorporated a laser welding head [209] that enabled the
connection of the wires to electrical components. The reported conductivities
using this technique were 8.47 x 10 S/m for the silver and 5.88 x 107 S/m for the
copper. The second-generation system had a substantially different architecture,
foregoing the all-in-one approach of its predecessor and used a robotic arm to
move the build platform around various stations within a room. The reported
advantage was that the system was more flexible [210] and could be easily

adapted to add or remove various manufacturing tools.

2.5.3 Material Jetting

2.5.3.1 Conductive Ink Injection into Material Jetted Parts

Material jetting processes have some of the best resolutions of any AM
techniques, making them well suited for printing complex structures within
objects. Wu et al. [211] capitalised on this to create channels in acrylic parts and
backfill them with conductive silver ink. The finest reported printing resolution
was 30 um; however, there were limitations because of the injection process. The
primary constraint was channel diameter as if it was too narrow the viscosity of
the ink prevented it from spreading sufficiently through the part. This led to a
minimum diameter of 400 pum, although improved results were achieved at 600
pm. The inks needed curing at room temperature as the dielectric does not
provide enough thermal stability for high-temperature curing. As a result the
conductivities were relatively low at 1.96 x 10°> S/m. The process was used to

produce fully encapsulated passive devices such as induction coils, resistors, and
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capacitors. These were combined to create a functional screw cap for food
containers that uses capacitance and an inductive loop to measure the spoiling

of the contents of the container wirelessly.

2.53.2 Direct-Writing onto Material Jetted Parts

In 2015, Chang et al. [212] recognised that electronics produced using NP inks
were incompatible with most additively manufactured dielectrics, requiring
sintering temperatures outside their thermal envelope. By using AJP to deposit
a silver ink onto a flexible transfer film, they were able to produce tracks with a
conductivity 1.9 times lower than bulk silver. This was then pressed onto a
material jetted substrate with an adhesive layer applied, transferring the sintered
ink onto the part which can be printed over to fully-encapsulate the circuit. The
author also shows how, because the film was flexible, that patterns can be
applied to non-planar geometries by producing a circuit on an additively
manufactured aortic valve. This process also demonstrated embedded devices
such as the strain gauges, but its practicality for electronic systems is restricted

by the poor thermal characteristics of the acrylic-based substrate.

2.5.4 Additive Laser Structuring

Additive laser structuring was not strictly a hybrid AM process, however; it
combined injection moulding with selective metal plating to produce 3D
circuitry and has in limited applications been applied to AM parts. The
advantages of 3D electronics have already been realised by industry in the form
of 3D-Moulded Interconnect Devices (3D-MID), which are employed across
multiple sectors including automotive, medical, and consumer electronics [213].
An important advantage is space-saving, with some mobile phones using 3D-
MID’s to sweep antennas around the chassis of the devices, saving space on the
PCB [214]. There were multiple approaches for manufacturing 3D-MID’s, several
of which feature the limitations of being template driven; however, they have
been produced using digitally driven, additive laser structuring. The most
prevalent technique, which in 2014 accounted for 50% of the 3D-MID market,
was LPKF’s Laser Direct Structuring (LDS) [215].



-4 -

a) b)

Figure 2.15: Examples of 3D-MID devices, a) a smartphone antenna. b) combined structural and
electrical carrier [216]

LDS was a three or four-stage process that started by using injection moulding
to form the 3D substrate from a wide range of polymers including: ABS, PEI and
PEEK [217]. The chosen polymer was blended with a laser-activated structuring
additive; that was then ablated with a laser and forms a catalytic surface that
encouraged the formation of metallised tracks in subsequent electroless plating
stages. The optional final stage was to prepare the surface for component
bonding by eitheradditional plating or mechanically smoothing the conductors.
The recommended track width and pitch reported by LPKF was 150 pm at a
spacing of 200 um, although 100 pm was achievable with careful process
optimisation [218]. The use of a laser as the patterning tool allowed freeform
surfaces to be patterned; however, injection moulding is template based,

meaning that once chosen, the geometry was fixed.

LPKF overcame this with a now discontinued process; Proto-Paint LDS, whereby
a paint containing the structuring additive was applied to the surface of an
additively manufactured component. This was then processed like its moulded
counterpart. The most significant concern with this approach is durability, as the
conductor adhesion was only that of the bond between the paint and the

polymer [215].

Alternatively, Amend et al. used selective laser sintering AM with a powdered
structuring additive blended into the polymer build material. After printing, the
part was selectively irradiated with a laser to generate the surfaces that initiate
electroless plating. A notable complication introduced by the SLS was that the

fusing laser could expose the plating additive in areas that were not supposed to



-43-

be plated. To prevent this, printed parts required infiltration with paint to seal
the additive before exposure to the ablative laser [219]. Additionally surface
roughness can affect how electrical components bond to LDS parts [215] and the
granular surface produced by SLS printing may introduce difficulties when

trying to surface mount electronics.

2.6 Conclusions

In the past two decades a multitude of methods for additively manufacturing
polymer-based electronics have been explored, and are summarised in Table 2.3,
with the abbreviations for the polymers names in Table 2.4. The demonstrated
approaches have shown potential, introducing new design freedoms and
techniques for producing 3D electronic devices. From a hardware standpoint
multi-material printing was the simplest approach, which, through material
jetting, has demonstrated the ability to produce complex, fine feature
electronics. However, multi-material printing was fundamentally limited by the
need to use similar materials for successful fabrication, compromising on both
conductive and dielectric performance. These characteristics meant that it was

best used in prototyping applications.

For functional devices, hybrid-AM showed the most promise, but each
technique compromised on a different aspect to achieve their goal, most
commonly in substrate performance. Many of the processes focused on AM
techniques that used materials lacking in either thermal stability or mechanical
strength. This was in part due to the traditionally cost-prohibitive nature of the
AM processes required to manufacture parts from high-performance polymers.
In recent years; because of patent expiration, several new systems with heated
build chambers and suitable print-heads have reached the market, lowering the
barrier-to-entry. Despite this, high-performance polymer AM was only used in

two different processes.

With regards to conductor performance, DW and injection of silver inks have
dominated the literature, readily illustrating high resolutions, complex internal
and conformal structures as well as connectivity to electrical components. The

drawback of metallic inks; however, was that to reach a conductivity comparable
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to current PCB’s; high-temperature sintering outside the thermal limits of the
polymers used was required. Localised sintering approaches have been
employed with varying degrees of effectiveness. Furthermore, little testing was
performed on the adhesion between the substrates and printed tracks so
conclusions cannot be drawn about their durability for use in real-world

applications.

Wire embedding and the Multi3D processes have provided both, excellent
substrate performance and conductivity by combining PEI substrates and bulk
copper wire. Additionally, laser welding has been used to provide a strong bond
between the circuit and electrical components, although further validation of
the effectiveness of this method is required. Because wire embedding uses a
continuous fibre, complex circuity with multiple branches off a single track
cannot be manufactured. This could be possible if multiple short lengths of wire

were placed and electrically joined but was not discussed in the literature.

Finally, while most of the processes demonstrated some form of connection to
electrical components, the majority relied on directly printing onto the bond
pads. This removed the benefits of using solder joints which are highly
conductive yet ductile, allowing them to absorb shocks and relative thermal

expansion.

For the hybrid manufacturing process described in this thesis, chemical
modification was used as the ideal method for producing the conductive tracks.
This was chosen as it has previously been shown produce tracks with
conductivities 1.86 times lower than bulk copper [22], with 2 kN/m of adhesion
to the substrate [24] and a resolution of 5 um [28]. This decision also informed
the choice of PEI as substrate material, which is simultaneously compatible with
the chemical modification and AM fabrication while offering the requisite
mechanical and thermal properties for a robust electronic circuit carrier. FFF was
the only process by which PEI could be additively manufactured and therefore,

the method used throughout the thesis.

The traits of the substrate and conductor coupled with patterning by a digitally

translatable 405 nm laser source, meant that a process capable of creating
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complex, 3D electronic devices, compatible with solder reflow technology and
suitable for applications beyond prototyping could be realised. This research
exploits a gap in the current state-of-the art, whereby no existing approach can

cater to all these requirements in a single package.



Table 2.3: Summary of processes for producing AM Electronics, with bulk metal conductivity for comparison

deposition.
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FFF Yes ABS, PLA FFF Yes Copper, 2.00 x 102 1.5 mm . ty
by using carbon filament as an 166]
Graphene .
§ electrode for metal electroplating
CT': Demonstrated working, low voltage
§ VP Yes Acrylic-based resin VP Yes Carbon 2.70 x 107 19 pm | electronics but was limited by Ohmic  [168]
I~ heating due low conductivity.
]
5 -
: P, Undislosed 01 s tsben ol
IJP Yes curable thermoset IJpP Yes Silver 1.74 x 107 17 pm pon P )
but requires low temperature 169-172]
polymer [171] . .
soldering techniques.
Widely researched method that has
demonstrated 3D, conformal and (182
VP Yes Acrylic-based resin DW Yes Silver 1.43 x 10° 134 pm  embedded multilayer electronics. 187]
Soldering not possible due to low
thermal resistance of substrates.
High wettability of inks caused
wicking along the hatch lines of FFF (10
s Yes PEI, PLA DW Yes Silver 1.56 x 10° 150 um | parts. Grit blasting and surface !
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o coating needed to produce
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FFF Galinstan Can create internal 3D electronics but
ABS, PLA, Metal S 6 must be fully encapsulated so not [193-
Yes Polyurethane Injection See Notes  Sn-Bi-In 23010 800 um ' formal. Air bubbles from filling 197]
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can form breaks in tracks.
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ABS, PE]I, Wire 7 . X [198-
Yes Polycarbonate Embedding Yes Copper 5.80 x 10 50 pm | filament mid-print or embed after 205]
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DW + Wire Copper:7 Copper:  ink with ultrasonic copper wire
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(MultiBD)g Silver Silver: Silver: | techniques. Used laser welding to 209]
8.47x105 506 um  attach electrical components to
conductors.
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g: Yes Acrylic Ink See Notes Silver 1.96 x 10° 400 pm | must be fully enclosed so not [210]
o Injection conformal.
Matgrial Transfer film: PFA, Prints first onto a low-energy transfer
Jetting PTFE Not film before pressing the pattern onto
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Acrylic-based fully encapsulated or wrapped around
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Table 2.4: Polymer name abbreviations

Abbreviation Polymer

ABS Acrylonitrile Butadiene Styrene
COoP Cyclic Olefin Copolymer
LCP Liquid-Crystal Polymer

PA Polyamide

PBT Polybutylene terephthalate
PC Polycarbonate

PEEK Polyether Ether Ketone
PEI Polyetherimide

PET Polyethylene Terephthalate
PFA Perfluoroalkoxy Alkane

PI Polyimide

PPE Polyphenylene Ether

PPO Polyphenylene Oxide
PTFE Polytetrafluoroethylene

PVP Polyvinylpyrrolidone
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3  High-Temperature FFF Printing

While there are commercially available systems for the FFF of PEI, they are
typically expensive to purchase and have restricted user-definable print settings
such as minimum layer height or nozzle size. Lower cost, more open units also
exist, but they sacrifice the maximum chamber temperature which introduces
the potential for warping and reduce the overall part strength. To overcome these
restrictions, this chapter outlines the design and build of a novel high-
temperature polymer FFF printer and compares it to a commercial system. The
performance was evaluated by characterising the dimensional accuracy,

mechanical strength, and resistance to warping of the parts it produced.

3.1 PEI Printing Feasibility Study

The feasibility study started with a customised 3-axis Cartesian printer based on
an existing chassis (K8200, Velleman). The chassis was selected as it has an open
design that allows for easy access and modification to the hardware. The frame
was built from aluminium extrusion, making affixation of additional
components simple. The printer’s kinematics use a bed that translates in both X
and Y on a pair of stacked gantries, while the print head moves in just the Z-
direction. The printer was multi-material capable and had two matching direct-
drive extruders (XL, Bulldog). Each used a hobbed brass drive gear attached to a
stepper motor and a 3:1 reduction planetary gearbox. The hotends (V6, E3D)
were all-metal, air-cooled variants with a 0.4 mm nozzle, 40 W heater
cartridges, and PT100 probes for temperature control. The heated bed on the
initial build was an aluminium clad PCB heater with an integrated NTC-100
thermistor and was secured to the X-Y gantries using screws in all four corners.
Under the screws were bed levelling springs that exert an upward force and allow
the height at each corner to be manually adjusted without the need for tools. As
standard, the printer comes with a 1.5 mm thick, sanded carbon fibre print
surface that is attached to the bed using clips. The electronics were based on an
8-bit microcontroller (MEGA 2560, Arduino). All axes were driven using 1.8°
stepper motors with the drivers configured to produce 16 microsteps. The X and

Y axes were connected using belts and 30 tooth pulleys that had a GT2 tooth
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profile. The Z-axis used a leadscrew with a 2 mm pitch. This gave a theoretical
resolution in X-Y of 18.75 pm and Z of 0.625 pm, which were calculated using
Equations (3.1) and (3.2) respectively.

) Step Angle X Tooth Count X Belt Pitch
Resolution = : 3.1
360 X Microsteps

Step Angle X Lead Screw Pitch
Resolution = pAng ! (3.2)
360 X Microsteps

To carry any loads, all the axes ran on cylindrical guide rods and homing was
performed using microswitches at the axis extremes. All the axes use linear
bearings on cylindrical guide rods. The default heated bed was only capable of
reaching 80 °C, which is 60 °C lower than the manufacturers recommended
minimum for PEI printing [77]. This was upgraded by bonding a 500 W silicone
heater mat to the underside of an aluminium plate which reaches a peak
temperature of 200 °C and a continuous operating temperature of 150 °C. Figure

3.1 shows the modified FFF printer.

Figure 3.1: Custom printer for studying high-temperature printing

The first attempts to print PEI consisted of producing a grid of four 30 mm x 30
mm x 1 mm flat samples. These small samples allowed the quality of the first
layer of prints in different areas of the bed to be quickly evaluated and-retested.
The nozzle and bed temperatures were set to 365 °C and 150 °C respectively and

the prints adhered well to the sanded carbon fibre surface. Additionally, at 1 mm
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thick there were no signs of warping or shrinkage once parts were removed from
the bed and cooled down. What was observed however, was uneven part
thickness, with a tendency to print thinner away from the centre of the bed.
Upon visual inspection, the aluminium bed would buckle due to thermal

expansion (see Figure 3.2).

Figure 3.2: Visual inspection of buckling on the aluminium bed

The buckle produced approximately 1.5 mm of vertical deviation at the edges of
the bed, increasing the nozzle clearance and layer thickness. The rigid mounts
at the corners of the bed prevent lateral expansion and force the plate to bow
upwards. This was resolved by changing to slotted mounts that do not restrict
the expansion and replacing the carbon fibre with a sheet of 3 mm thick
borosilicate glass. The cast glass expands evenly and therefore should not warp
during heating. As the glass is smooth, the PEI manufacturer advised adding a
layer of PI tape and polyvinylpyrrolidone (PVP) adhesive [77] to improve print
adhesion. The final configuration had minimal warp and had a 150 mm square

printable area.

With the printer successfully producing parts, it was necessary to determine if
they could handle the temperatures involved with a solder reflow process. It was
predicted that due to the lack of a heated build environment, the parts would
contain residual internal stresses and warp as they approached their Tg. The
initial hypothesis was that if parts were kept sufficiently thin, the heat from the
bed would warm the ambient air and reduce stress build up. To test this, samples
were printed both on the modified printer and outsourced to an external print
house. The equipment at the print house (Fortus 450mc, Stratasys) has a heated

build volume and is designed specifically for printing high-temperature



-53-

thermoplastics. As a result, this offers the best possible baseline for the test. The
samples were placed in a digitally controlled oven (LHT6030, Carbolite) and
gradually heated to their T (186 °C), at which point they were removed and

cooled to ambient conditions. Two of the coupons can be seen in Figure 3.3

For

a) b)

Figure 3.3: Comparison of flat PEI samples produced a) in ambient air and b) a heated build
volume after being heated to their Ty

Parts from the customised printer shrank by 20% in both the X and Y directions
and warped beyond practical use. This demonstrates that over distances as small
as 1 mm, parts printed from PEI based materials are susceptible to higher levels
of internal stress build-up when printed in ambient air. There are also
indications of deformation on the outsourced part, with a total shrinkage of less
than 2% in any direction. Despite the minimal change in size from the
outsourced components, this could result in solder joint failure. To prevent the
occurrence of this issue the resulting printer must be designed around printing

a grade of PEI with a higher T (Thermax ULTEM 1010, 3DXTech).

To further quantify what was observed, a thermocouple was mounted to the z-
axis above the bed and used to measure the air temperature. By moving the axis
upwards and recording the average reading over 20 seconds, a temperature
profile at different heights was gathered. The test was repeated five times and the

average was used to generate Figure 3.4.
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Temperature vs. Height Above Heated Bed
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Figure 3.4: Air temperature above a print bed heated to 150 °C with respect to height above the
bed (adjusted for ambient conditions)

The plot illustrates the severity of the thermal gradient, with a temperature drop
of 40 °C in the first 100 pm, increasing to almost 60 °C at the full height of a 1
mm part. Additionally, the surface temperature of the bed is 40 °C cooler than
the systems readout. This is because the temperature probe for the bed control
is on the underside of the assembly, which acts as a heat sink and reduces the

temperature at the print surface.

Another issue that was encountered with the custom printer was material feed
jams in the air-cooled side of the hotend during material retractions. This
occurred because the heatsink for the cold side draws warm air from the bed
across its fins lowering its total cooling capacity. This allows a longer length of
feedstock to be molten which during retractions is drawn up into the heatsink,
solidifying and forming a solid plug. This causes print failures and as such an

alternative cooling solution needs to be evaluated.

3.2 Design and Build

Table 3.1 shows the design requirements and drivers for a custom FFF printer
capable of building parts from PEI filament (Thermax ULTEM 1010, 3DXTech).
Temperature requirements were derived from industrial units with high-
temperature, fully enclosed build environments, whereas positional accuracy
relates to a benchmark printer (Funmat HT, Intamsys); described in Section 3.4.

Other requirements stem from improvements this design looks to address.



Table 3.1: High-temperature printing system design requirements

Feature Requirement Design Driver
Maintain a maximum temperature of 200 °C Comparable to temperatures found in industrial systems
200 mm diameter Accommodates standard ASTM tensile test coupon (165 mm long)
Print Bed . . . For adhesion across the entire print-bed as found in the feasibility
Remain flat during heating
study
Removable Ease of use: Preparing bed and removing parts
Maintain a maximum temperature of 400 °C Maximum print temperature of the PEI filament
Liquid cooled hotend To prevent jamming during retractions as found in the feasibility study
Print Head
Nozzle diameter of 0.4 mm Matches default PEI nozzle on benchmark printer
Changeable nozzles Improved maintainability and variable nozzle size
Build Capable of maintaini i
u1 Apable T maintaining 4 .rnax1rnum Comparable to temperatures found in industrial systems
Volume temperature of 200 °C at its centre
Positional accuracy of 12.5 um or better in all
- C ble or better than the benchmark syst
Motion three axes omparable or better than the benchmark system
Platform
Must be isolated from the print temperatures To protect electronics and bearings
Calibration = Automated and performed at build temperature Safety and repeatability
Software Open-sourced slicer Enables modification of all base print parameters

_gg_
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To print PEI reliably, a heated build chamber is essential; however, this adds
complexity and cost to the printer if the mechanics are to be fully enclosed. This
work exploits the lower density of air that has been heated relative to its
surroundings. By designing a chamber that is open on its underside, the heated
air will be trapped in the build environment while allowing easy access to the
print head. A machine with delta kinematics is well suited to such an application
as the sensitive components reside at one end of the machine while the print-
head is relatively compact and can reach into tighter spaces. The main alteration,
when compared with a typical delta robot, is that the printing will have to occur
inverted as the print bed will have to reside in the top of the printer to trap the
heat. This leads to concerns with the effects of gravity on FFF printed parts,
although previous studies have shown that this technology functions desirably
in zero- and micro-gravity situations [220-222]. As the design will be an
inverted delta configuration, from this point forward, the printer will be referred

to as the high-temperature inverted delta (HTID).

3.2.1 Motion Platform

For this printer, the main requirement of the motion platform is to keep the
sensitive components isolated from the high-temperature environment. As
discussed earlier, this is challenging for conventional Cartesian machines
because of the proximity of linear motion components to the print head. For
delta configurations, however, the print head is suspended by three pairs of arms
and moves in all three axes, meaning the bed can remain stationary, removing

the need for bearings and motors inside the build volume.

The frame of the HTID was based on an existing design (D300VS, UltiBots),
which uses aluminium extrusion as the main structural members and pre-
formed aluminium brackets for the corners. The geometry of the brackets
ensured the alignment of the vertical towers which can have an impact the
accuracy of delta machines. Aluminium extrusion is also widely available and
contains t-nut slots, simplifying modifications such as attaching additional
hardware for the chamber or routing heater cables. Details of the corner brackets

can be seen in Figure 3.5.
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1 - Vertical member

2 - Corner bracket
3 - Horizontal members
4 - Guide rail

Figure 3.5: HTID frame design details

To ensure smooth and accurate linear motion, linear guides (SVR]J24L-940,
MISUMI) which span the full vertical height of the machine were used. While
this is unnecessary for printing as they are longer than the range of motion
(ROM), it allowed them to be used to set the height of the top frame relative to
the bottom, ensuring parallelism. The sliders on the vertical towers were
connected to motors that sit in the base of the printer using belts and pulleys.
6mm wide, Kevlar-reinforced belts with a GT2 tooth profile were used to remove
backlash and improve repeatability. The loop of belt was passed around a 20-
tooth drive pulley and a matching, toothed idler to reduce wear and the open

ends terminated at a machined bracket mounted to the linear rail carriages.

The frame had an equilateral triangular base with sides measuring 590 mm in
length, and a vertical height of 990 mm. This allowed a 200 mm circular build
area to be traced by the effector while keeping its extremities within the inner
dimensions of the extrusion. This left enough room for up to 20 mm of
insulation on each side of the chamber while keeping its outer walls flush with
the motion platform. The whole platform was bolted to a 10 mm aluminium

plate to add mass to the base, reducing the likelihood of it toppling over.
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The arms of the HTID were manufactured from unidirectional carbon fibre for
stiffness and low mass. This was to reduce vibrations from directional changes
which can leave ringing artefacts on FFF prints. The epoxy matrix of the carbon
fibre was rated to 350 °C, meaning that it could withstand the desired chamber
temperatures. To allow the arms to pivot stainless steel, universal joints were
attached to each end of the arms with high-temperature epoxy. To ensure the
length of all six arms was equal, they were held in a jig while the epoxy cured.
Their length was set at 382 mm giving a 75° inclination of the arms when the
effector is central. A steeper inclination reduces head stability but improves the
reach that can be achieved with the chamber fitted. The brackets for the sliders
and the end effector were milled from aluminium and designed to be self-
aligning. The arms attached to these with M8 countersunk bolts and vibration
resistant thread-locking fluid (242, Loctite) to prevent loosening due during

operation.

3.2.2 Print-Head

For printing PEI, the print head needed to reach a minimum temperature of 350
°C although preferably as high as 400 °C. To prevent jamming, the filament prior
to the liquefier had to be kept cool to increase its rigidity. This was achieved by
using a fully metal, water-cooled hotend system (Chimera Aqua, E3D) with an
externally located radiator. To match the benchmark printer (Funmat HT,
Intamsys) a 0.4 mm nozzle was selected. Two tapped holes drilled in the side of
the print-head allowed a calibration probe to be mounted coaxially to the nozzle,
the details of which are discussed in Section 3.2.5. The final print-head design

can be seen in Figure 3.6.
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Figure 3.6: Details of the print-head design
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To feed the filament, a stepper motor driven extruder (Titan, E3D) was mounted
outside the chamber and connected to the hotend by a 500 mm Bowden tube.
This configuration was chosen to keep the extruder motor sufficiently cool and
has the additional benefit of a lowered print-head mass. A lower mass reduces
the force required to accelerate and decelerate, enabling more rapid motions

without the stepper motors losing their position.

3.2.3 Build Environment

3.2.3.1 Insulation Layout

To provide the external structure of the chamber, 350 mm tall, 3 mm thick
aluminium panels were fixed between the vertical towers, with a ceiling panel
mounted flush with upper frame. One of the walls has a 200 mm x 250 mm cut-
out for the aluminium door, which houses a 150 mm x 180 mm borosilicate glass
viewing window. Heat will be lost from the chamber via conduction, convection,
and radiation, which can be reduced by insulating the walls with reflective
thermal insulators. For safety, the insulation must be able to withstand the
design build temperature, with enough overhead to protect it in the event of a
heater malfunction. A flame-retardant, 8 mm thick silicone sponge insulation
(Silicone Sponge Sheet, TYM Seals & Gaskets) rated up to 300 °C was used to
line the inside of the aluminium walls. An air gap of 6 mm was left between the
foam and the walls to further insulate the chamber. Finally, a layer of aluminium

foil was laid over the foam to reflect radiative heat back into the chamber. The
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same layering was used on the door, with an opening for the window. The ceiling
of the chamber has a 40 mm cavity above it which meant an additional sheet of
foam and an increased air gap could be used. These were sealed with an

additional aluminium plate.

The print bed was built from a 3 mm thick, 260 mm diameter aluminium heat
spreader with the heater directly bonded to it. The bed mounts to the ceiling
plate of the chamber with three standoffs located to give enough clearance for a
200 mm build area at its centre. To allow the bed to expand and contract without
warping, the mounting holes were radially slotted and spring washers were used.
A borosilicate glass print surface aided in maintaining bed flatness during prints.

The arrangement used for the chamber and bed can be seen in Figure 3.7.

Ceiling
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: ; | =

_ Print Bed =
= 2
= 3
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T.=200°C
Tamb = 20 DC
Aluminium Air Foam Glass Chamber

Figure 3.7: Schematic of chamber material stack-up and locations

3.2.3.2 Heater Requirements

To provide heating, the chamber made use of a finned strip heater and the bed
used a wire-wound silicone mat. These were chosen for their form factor and
maximum temperature ratings; fitting comfortably into the structure of the
HTID while being able to withstand the required temperatures. To select

suitable heating equipment, the power required to heat the build volume and
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the print bed from ambient temperatures (20 °C) were first calculated using

Equation (3.3) [223]:

AT
P = pCpVT (3.3)
Where:

e P istherequired power in W
e p is the density of the material being heated in kg/m?

e (, is the specific heat capacity of the material being heated in J/kg.K

e V isthe volume being heated in m?

e AT is the desired temperature change in K
e tisthedesired heat up timeins

To provide values for a worst-case scenario, the bed and heater were treated
separately, removing combined heating effects. For the chamber, the internal air
volume well as the immediate internal surfaces were included in the power
calculation. For the bed, the glass build surface and aluminium heat spreader
were used. This showed the chamber and bed power requirements to be 220.3
W and 105.9 W, respectively. The dimensions and thermal properties used can

be found in Appendix A.

These calculations do not include the losses that are experienced in real-world
applications. To provide a more realistic set of power requirement the heat flux
due to conduction, convection and radiation were also be accounted for using

Equations (3.4) to (3.6) [223]:

,-T

(3.4)

Qconduction = —kA

Qconvection = hA(TZ - Tl) (3.5)

Qradiation = SUA(T24 - T14) (3.6)
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Where:
e () isthe heat fluxin W

k is the thermal conductivity in W/m.K

e A isthe surface area for heat loss in m?

e T, is the temperature in K

e his the convective heat transfer coefficient in W/m2.K

e ¢ isthe emissivity of the surface

e o is the Stefan-Boltzmann constant (5.67 x 108 W/m?2.K4)

The values for the conductive heat transfer coefficients involve further
calculations that have been omitted for brevity, however the relevant equations
and calculations can be found in Appendix B. The overall heat losses were
calculated using the details specified previously and predicted a total heat loss

of 352.8 W from the chamber and 196.4 W from the bed.

Adding the ideal power requirements and estimated losses indicated that the
chamber and the bed heaters needed to output at least 573.2 W and 3023 W
respectively to maintain the target temperatures. The heaters selected for the
printer were a 750 W finned strip heater (FSH-121-240V, Omega) and a 375 W
silicone heater mat (200 mm Circular Wire-Wound, Holroyd Components).
These leave approximately 25% overhead on each, allowing them to operate with
a margin of safety. To prevent the chamber heater from heating stagnant air and
overheating, a fan coupled to a manifold was added that circulates air across the
heater’s fins. Because the fan contains a motor that cannot withstand the
temperatures produced by the heater, it was situated outside of the build

environment and attached to the manifold using a silicone pipe.

3.2.4 Printer Control Systems
The schematic in Figure 3.8 shows the control system that was developed to

control the various systems in the HTID.
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Figure 3.8: Schematic detailing the HTID'’s control architecture

To manage the motion platform, heaters and parse G-Code sent to the printer, a
suitable control board is required. The chosen control board (Smoothieboard
5XC) is a 32-bit model, with open-source firmware heavily adapted for
controlling delta robots. Communication with the board was performed from a
host PC using a USB connection. The control board uses five pre-installed
stepper-motor drivers, capable of producing 32 microsteps from each stepper
motor. These in conjunction with 0.9° step angle stepper motors and 20 tooth
GT2 pulleys mean that the sliders of the HTID have a theoretical positional

resolution of 3.125 pm. This can be calculated using Equation (3.1).

The 40 W heater used in the print-head draws approximately 1.7 A so was
powered directly from an on-board MOSFET. Both the chamber and bed heaters
were supplied with 240 V AC power, which the controller cannot natively
handle. Instead, each was wired to a solid-state relay (SSR) with the switching

signal connected to the controller and powered via a 240 V AC bus.
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The control board provides individual proportional, integral, and derivative
(PID) temperature management for each heater. PT100 probes are well suited
for measuring the system temperatures, as they have a fast response time and are
accurate within the operating range of all three heaters. To read the PT100’s, the
signal needed amplification; however, the controller only supports two external
amplifiers. This was mitigated by using a K-Type thermocouple in the print-head
with an analogue-to-digital converter (ADC) to produce a signal for the PID
loop. To provide rapid heating without overshoot the control board auto tuned
the PID gains for each heater at their ideal operating temperature. For the bed
this was 150 °C, the print head 380 °C and chamber 270 °C. While the chamber
can be used at a range of temperatures, 270 °C was the safe upper limit, therefore

the PID gains were tuned for this setting.

The power for motors, pumps, electronics cooling fan and logic circuitry were
provided by a 24 V, 400 W power supply. A switching DC to DC converter was
used to step the 24 V down to 12 V for the coolant pump. This also allows the
pump to be disabled while pre-heating the print-head to improve warm-up
times. The maximum possible power draw from the AC supply is 1.5 kW which
equates to 6.25 A at 240 V AC therefore, the entire system could be run from a

single wall plug with a 13 A fuse.

3.2.5 Calibration

To ensure that the nozzle to print bed clearance remains consistent, the bed
must be flat and parallel to the X-Y plane of the motion platform. In low-cost
printers, the flatness is often achieved by clipping a sheet of cast borosilicate
glass to the build platform which expands uniformly without warping when
heated. For tuning parallelism, they use screws at three points to adjust overall
height and inclination. This process is performed by positioning the nozzle over
a screw and sliding a feeler gauge between it and the bed. The screw is then
adjusted until a light drag from the nozzle can be felt on the gauge. This is

repeated until the feel is the same at each screw.

While effective on lower temperature printers, the HTID needed to be calibrated

at its operating temperatures to reduce inaccuracies due to thermal expansion.
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The solution was to use a touch probe mounted above the nozzle, that
automatically measures the Z-axis offset between the nozzle and the bed. The
probe consisted of a microswitch (TZ-1G, Omron) on an aluminium bracket that
when bolted to the print-head, aligned the switch coaxially to the nozzle. When

not in use, the probe was removed and disconnected from the system.

The control board also used the probe to automatically correct for inaccuracies
in the printer’s assembly. The first routine trimmed the end-stop locations by
homing all three sliders and probing a point above each limit switch. This was
used to calculate the Z-axis offset of each switch and apply a correction factor for
each in the firmware. This was then repeated until the difference between
successive readings was less 30 pm. With the end-stops trimmed, the second
routine calibrated the arm radius variable in the kinematic model. This
parameter dictates how flat the nozzle tracks, with an incorrect value resulting
in the nozzle moving in the Z-direction during X-Y only moves. While
calibrating the HTID would probe the centre of the bed as well as three points
on a circle and measure their height relative to each other. I would then predict
the correct arm radius and re-probe, repeating this process until the points were

within 15 pm of each other.

Before printing the HTID also performed a 25-point grid calibration, measuring
the height of the bed at 25 points to generate a surface map of distortions in the
print surface. Based on the readings the HTID automatically applied vertical
translations to X-Y moves, keeping the nozzle clearance consistent. The

completed build of the HTID is shown in Figure 3.9.
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1 - Chamber 6 - Slider (x3)

2 - Chamber Door/Window 7 - Belt (x3)

3 - Guide Rail (x3) 8 - Arms (X3 Pairs)
4 - Towers (%X3) 9 - Print Head

5 - Electronics Bay 10 - Chamber Heater

Figure 3.9: The completed build of the HTID

3.3 Chamber Characterisation
The heating equipment was characterised via two key parameters: how long the
chamber took to reach a stable temperature, and what heater output was needed

to reach the desired temperature.

The HTID cannot measure the chambers air temperature directly, but instead
controls the temperature of the finned strip heater. To measure the actual

temperature of the chamber, a K-Type thermocouple connected to a data logger
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was mounted in place of the nozzle, and the print-head was moved to the centre
of the designed build volume. To mimic printing conditions, the bed
temperature was set to 150 °C at the same time as the chamber was turned on
and the printer was left to stabilise for one hour. This was performed at five
different temperature settings in 25 °C increments down from the safe upper

limit of 270 °C. The results of this test are shown in Figure 3.10.
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Figure 3.10: Chamber temperature response to different heater set points over 60 minutes
What this shows is that the initial warm-up, before the PID control starts to
restrict the heater to limit overshoot, occurs in under five minutes regardless of
temperature setting. For the lower temperatures, the chamber reaches 98% of
its stable value in this time but then dips as the heater cuts off. This is not seen
in two higher temperature plots as they are closer to the tuned value of the PID
loop. For each test, the temperature continues to rise gradually for approximately
30 minutes at which point they plateau. After this point the readings were

assumed to be stable and averaged to produce Table 3.2.
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Table 3.2: Heater temperature setting and corresponding chamber temperatures

Heater Temperature Setting Average Chamber Temperature

170 °C 903 £15°C
195 °C 989 +1.7°C
220 °C 106.6 £1.9 °C
245 °C 112.2 +1.6 °C
270 °C 119.7 + 2.8 °C

What the data shows is that the current configuration can reach higher
temperatures than typical desktop-grade high-temperature FFF printers,
regardless of the open nature of its design. There is an inefficiency in the HTID’s
chamber design preventing it from reaching 200 °C as intended. This is likely
due to the fan drawing cooler ambient air into the chamber, producing
additional heat losses that were not accounted for in the calculations. The result
is a reduction in designed operating temperature of 80 °C and an additional 10
minutes to warm up and stabilise. Additionally, the temperature gradient
between the bed and the chamber air will be significantly reduced compared to
the tests in the initial study. Throughout the chamber characterisation, there
were no signs of electronics overheating such as skipped steps from the motors
or unexpected shutdowns. A handheld thermocouple was used b to periodically

probe the belt and electronics bays and the recoded temperature never exceeded

60 °C.

3.4 Printed Part Performance Testing

To evaluate the performance of PEI parts printed on the HTID, a series of tests
were carried out against a benchmark printer (Funmat HT, Intamsys). The
benchmark is a consumer grade, desktop printer capable of using the same grade
of PEI required by the chemical modification process. It has a cartesian
configuration with a direct drive extruder attached to an X-Y gantry, while the
print bed translates in the Z-axis using a leadscrew. These all operate inside an
enclosed, heated build environment which limits the maximum chamber
temperature to 90 °C. A side-by-side comparison of the HTID and the

benchmark and be seen in Table 3.3.
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Table 3.3: Side-by-side comparison of the HTID and benchmark FFF printers

Intamsys Funmat HT

High-Temperature
Inverted Delta

Image of printers
(approximately to scale)

INTAMSYS

Configuration Cartesian
. . 540 mm x 500 mm x 650 590 mm x 530 mm x 990
Printer Size
mm mm
Build Volume 260 mm x ifrg mm x 260 ? 200 mm x 350 mm
Min Layer Height 50 pm 50 pm *
TChamber MaX 90 OC 120 OC
TBea Max 150 °Ct 200 °C
TNozz]e MaX 450 OC 500 OC
Positional X/Y:12.5 pm X/Y:3.13 pm
Accuracy Z:1.25 pm Z:3.13 pm
Max Print Speed 300 mm/s Not Tested
Print B.ed 3 mm Borosilicate Glass 3 mm Borosilicate Glass
Material
Extruder Type Direct Drive Bowden Tube

Nozzle Diameters 0.4, 0.6, 0.8 mm

0.25,0.3,0.4, 0.6, 0.8 mm

Automatic: end-stop trim,
arm radius, nozzle

Calibration Manual: bed inclination e
clearance, bed inclination,
bed flatness
Slicer INTAMSUIT Any open source slicer

T The datasheet states 160 °C however, the printer could not successfully pre-heat to this temperature
¥ This is the smallest value tested, the true minimum could be different
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To ensure the benchmark printer operated as the manufacturer intended, all G-
Code files were created using the slicer it was packaged with (INTAMSUIT 3.4.0,
Intamsys). Additionally, the slicer is based on an open sourced slicing engine
(CuraEngine, Ultimaker) and produces G-Code compatible with the HTID. This
allows both machines to share the same files, removing potential part variation
from differences introduced by the slicer. Because the printers have different bed
shapes and origin locations, after the G-Code files were generated a translation
was applied to all the X-Y coordinates using a MATLAB script. By performing
this operation after the file was generated, the toolpaths and print parameters
remained unchanged, but the print became centred on the bed. As the
benchmark printer was designed to print PEI, the slicer contains default settings
optimised this application. These were used to produce all G-Code files and are
detailed in Table 3.4. The chamber temperature and bed adhesion aids were
altered on a test-by-test and per-printer basis. These settings are detailed in each

test description.

Table 3.4: Print parameters for both printers

Print Parameter Value
Nozzle diameter 0.4 mm
Layer height 0.15 mm
First layer height 0.3 mm
Top and bottom thickness 1.2 mm
Wall thickness 0.8 mm
Hatch pattern Grid
Hatch angle + 45°
Infill density 20%
Infill pattern Grid
Infill angle + 45°
Print speed 50 mm/s
Travel speed 120 mm/s
Nozzle temperature 380 °C
Bed temperature 150 °C

Chamber Temperature See Individual Test Specifications

Bed Adhesion Aids See Individual Test Specifications
Bed preparation PI tape and PVP adhesive
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The PEI filament (Thermax ULTEM 1010, 3DXTech) had a 1.75 mm diameter and
came pre-loaded onto 500 g spools. Following the material handling procedures
found in the literature [91, 93, 224], the PEI was stored in a vacuum desiccator
when not in use and a dry box filled with desiccant during printing. If material
ooze from the nozzle was found to be greater than 10 mm/min, the filament was
dried in an oven at 161 °C for 1 hour [9]1] to reduce the moisture content. For both
printers, the bed was prepared by affixing a layer of 100 mm wide PI tape the
borosilicate glass and applying a thin layer of PVP glue on top. Before printing,

the nozzle clearance of both printers was calibrated as per their specification.

The tests performed covered three key areas:

¢ Dimensional accuracy

e Tensile strength

e Warping
Dimensional accuracy and tensile tests were performed on parts from both
printers as a baseline for the printing performance of the HTID compared to
another printer. The effectiveness of the HTID’s heated chamber was

subsequently validated through further tensile and warp testing at different

chamber temperatures.

3.4.1 Dimensional Accuracy

When measuring the dimensional accuracy of a machine, Moylan et al. [225]
suggest there are two main approaches: directly taking measurements from the
moving parts or indirectly measuring parts produced by them. The direct
approach has the benefit of getting accurate results with little influence from
external factors; however, taking readings can be complicated as the
measurement devices may impinge on the machine or interfere with safety

features such as enclosures or interlocks [225].

Indirect methods use dimensional accuracy samples, designed with features that
test aspects of a machine’s performance. For 3D printers, these will typically
consist of a flat base with a variety of shapes and sizes of features such as slots,

holes, bosses and overhangs printed onto it [226, 227]. When designing a
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sample, it is important to consider the aspects being evaluated as these dictate
which features to use and the complexity of the sample [228]. Square sided
features are useful for testing X-Y deviation from the CAD dimensions, whereas
round features allow cross-axis performance to be validated by measuring their
circularity. The sample used for testing both printers consisted of a 45 mm x 45
mm x 6 mm base with series of through-holes and 8 mm tall square and round

bosses. The layout and dimensions of which can be seen in Table 3.5 and Figure

3.11.

Table 3.5: Dimensional accuracy test
sample dimensions

Feature D Size SBS
Type SB6
S SB4 4 mm x4 mm ‘ _ SB4
quare ~
Boss SB6 6 mm x 6 mm
SB8 8 mm x 8 mm
SH4 4 mm x4 mm 'T ggg
Square
SH6 6 mm x 6 mm SH4
Hole CHS
SH8 8 mm x 8 mm ‘> D D i
CH4 @ 4 mm Y CH6
Circular

CH6 D 6 mm (
Hol
o CHS8 D 8 mm (F (( (

' CB4 ) 4 mm X ggz
Circular CB6 @ 6 mm CB4
Boss Z
CB8 ) 8 mm Figure 3.11: Layout of the dimensional accuracy test

sample
For these experiments, the parts were printed with the settings in Table 3.4 and

a chamber temperature of 90 °C for both machines. Additionally, it is important
to avoid warping in dimensional accuracy samples as it can prevent correct
measurements from being obtained [229]. To reduce warping, an 8 mm wide
brim was added to the parts during printing and removed before measuring. In
total, five samples from both printers were measured on an automated
coordinate measuring machine (LEGEX, Mitutoyo). Each feature was measured
at three different vertical locations to account for imperfections in the surface

finish. The details of the measurements that were taken can be seen in Table 3.6.
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Table 3.6: Dimensional accuracy test plan

Measurement Measurement Z-Height
Feature Type

Type Direction (mm)

8

Square Bosses  External Width
(SB4, SB6, SBS)  Across Flats < and Y Axes B
Square Holes ) 2
(SH4, SHe,  nternal Width o1y Aves 3

Across Flats

SHS) 4
Circular Bosses External 3
(CB4, CBe, 6-Point X-Y Plane 10
CB3) Circularity 2
Circular Holes Internal 2
(CH4, CHe, 6-Point X-Y Plane 3
CHS) Circularity 4

Where Z = 0 mm is at the print-bed facing surface

Before plotting the measured values were subtracted from the nominal CAD
dimensions to find their deviation. For each printer, the X and Y deviations on
for a single square feature were combined across all five samples to create a 30-
point box plot. This was repeated for all other square features and plotted on the

same axes to form Figure 3.12.

Deviation from Nominal
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]
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SB4 SB6 SBS§ SH4 SH6 SHS8
Bosses Holes

Figure 3.12: Deviation from nominal on square features
Both printers performed similarly when building square bosses, with no
significant difference in their deviations between feature sizes. For square holes

however, the benchmark printer produced approximately half the average
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deviation, at -0.12 mm compared to -0.22 mm on the HTID. The deviation was
consistent, rather than proportional to the feature size and always took the
printed dimension outside the nominal. This suggested that the toolpath and
true nozzle locations were offset, which was likely due to using the benchmark
printer’s slicer configuration for a different printer. Furthermore, the average
deviation was not centred on zero, indicating that parts are being scaled. On
delta machines this is usually caused by a mismatch between the measured and

actual diagonal arm lengths.

For each printer, the circularity values for a single feature were averaged over all
five samples. These were then plotted as a bar graph with error bars to produce

Figure 3.13.

Average Circularity
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Figure 3.13: Average feature circularity for the benchmark printer and HTID

The HTID consistently produced features that were more circular than those of
the benchmark printer, with the average circularity being 5% higher. In
Cartesian machines, a lower circularity would indicate one axis performing
differently to the other. With delta kinematics, all the axes are coupled;
therefore, in the event of one slider moving incorrectly the Z-axis, shifts and the
print fails rather than a reduction in circularity. As illustrated in Figure 3.14,
there was a marked improvement in the finish of samples produced by the HTID
with more uniform and distinct layering and edges. Despite the Bowden
configuration, the HTID also suffered less from stringing as the head moved

between bosses.
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Figure 3.14: Close-up images showing the surface finish of features produced on both printers

3.4.2 Tensile Strength

Amongst the literature [220, 230-233], ASTM D638 [234], or the equivalent ISO
527 [235] are the most commonly used standards for tensile testing. This work
followed the Type-I variation of the standard as it is the recommended approach
for most rigid plastics and the test piece fitted within in the build volume of both

printers. The dimensions of the sample are shown in Figure 3.15.

165.00
+‘ L=57.00+0.5 I-k
G =50.00+0.25 R76.00 TYP
e |
19.00 : : / H
f i =
All units in mm 13.00+0.5 3.20 10_44—-J L—

Figure 3.15: Dimensions of an ASTM D638 Type-I tensile testing sample. L is the length between
the start of the radii and G is the gauge length

Within the field of AM, previously work has assessed how different printing
parameters affect the mechanical performance of parts produced using FFF. The
studies found that parameters including layer height [230, 232, 233, 236, 237];
nozzle diameter [236]; shell thickness [232, 236]; build orientation [231]; and
hatch pattern, angle and density [230, 232, 233, 238] had measurable impacts
on the mechanical properties. As this was a comparison of the hardware, the
main print parameters were kept the same on both printers and can be found in

Table 3.4.
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To establish how the chamber temperature influences mechanical strength,
parts were produced on the HTID at the five chamber temperatures evaluated in
Section 3.3. As a comparison, samples were also fabricated on the benchmark
printer at 90 °C as this was the chamber temperature it was designed to print PEI
at. Whilst these parts could be printed in many different orientations, it was
chosen to have the largest face printed flat on the bed. This was to increase the
contact area with the print surface and reduce the likelihood of the samples

detaching during a print. The resultant slice pattern can be seen in Figure 3.16.

Hatch

Inner Perimeter
Outer Perimeter
Skirt

Om @0

Figure 3.16: Slicer output of one layer of the tensile test samples

As per the test standard, five samples were manufactured for each different test
condition. For calculating the ultimate tensile strength (UTS), three cross-
sectional area measurements were taken from each sample and averaged prior
to testing. These were calculated by measuring the width and thickness at the
centre and 20 mm inboard either side of the gauge length using a micrometre
(MDC-25SX, Mitutoyo). The tests were performed on a tensile test rig (3369,
Instron) fitted with an extensometer for providing strain measurements in the
gauge length, at a strain rate of 0.1 mm/(mm.min). The results for the HTID were
plotted in Figure 3.17, with the average for the benchmark printer overlaid in

green. The full set of stress strain curves can be found in Appendix C.
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Variation of UTS with Chamber Temperature

640 T {( X HIID

. ——Benchmark (Average @ 90°C)
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85 90 95 100 105 110 115 120 125
Chamber Temperature (°C)

Figure 3.17: UTS of coupons printed on the HTID at varying chamber temperatures and
benchmark printer at 90 °C. Error bars show standard deviation over five samples)

The plot showed that on average, as the temperature of the air inside the HTID
build environment increased, so did the ultimate tensile strength of the parts.
The polynomial trend of the data indicated that while increasing the
temperature led to performance benefits there was an optimal value.
Extrapolating this gave a predicted optimum value of 72.5 MPa at a temperature
of 131.3 °C. This is close to the average value produced on the benchmark printer
at 90 °C, suggesting that factors other than the chamber temperature were
influencing the mechanical strength. One possibility might be a variation in
temperature gradient throughout the X-Y plane of the chamber, introduced by
the hot air manifold and blowing towards the corners of the heated chamber and

producing localised hotspots.

3.4.3 Warping

As with dimensional accuracy, previous literature [81, 82, 239] has used the
measurement of additively manufactured test pieces to characterise warping
performance. These were usually thin rectangular samples which, once allowed
to cool to ambient temperature, have the print bed facing surface profile
measured for vertical deviation. To measure how the HTID’s heated chamber
affected warping, 30 mm x 50 mm x 3 mm rectangular coupons were printed
using the settings in Table 3.4, while varying the chamber temperature. Three

chamber temperatures were used: ambient, 90 and 120 °C. Ambient was chosen
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as the lowest temperature to set a baseline for printing PEI without the aid of a
heated environment. This temperature also dictated the sample size, which
fitted within the printable region found in the feasibility study, reducing the
chance of parts detaching from the bed mid-print. 90 and 120 °C were selected
as they represent the minimum and maximum chamber temperatures the
chamber was characterised for. To ensure the repeatability of the test, three

samples were printed at each chamber condition, nine in total.

For generating the profiles, a laser scanning rig was built using a 2D profilometer
(ScanCONTROL 2900-50, Micro-Epsilon) and a manually controlled linear axis
with a ten division Vernier scale (XWGI140, Misumi). The scanner has an
operating window of 70 to 120 mm away from measurement face and a vertical
resolution of 4 pm [240]. To give the setup the maximum scanning height the

scanner was positioned 120 mm above the translational axis.

The aluminium base had a step machined into it, against which the axis was
aligned. The same step was used for aligning the vertical member, which holds
the scanner and ensures perpendicularity. The bed was CNC laser cut from an
acrylic sheet and has a recess machined into it for holding coupons in place
during measurements. Countersunk bolts were used to centre the bed on the

table below. Figure 3.18 shows the final configuration.

Figure 3.18: Laser scanning setup used to acquire surface data and generate warp profiles
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To improve the consistency of the scan data and prevent the laser scattering
through the translucent PEI, parts were coated with indelible ink. When taking
readings, the samples were placed with the warped (print bed facing) surface
towards the laser and positioned so that one of the edges was directly under the
laser. Once captured the table was moved 1 + 0.1 mm along the part and another
profile was recorded. This procedure was repeated until the full surface had been
profiled. MATLAB was used to create a surface map which was automatically
levelled to remove the effects of part rotation and converted to deviation from

the highest point on the surface.

To quantify how much of the total surface had warped away from the nominal
value of zero, the RMSD for the entire surface was calculated for each sample

using Equation (3.7) [241].

N\ 2 2
RMSD = X —X) (2=, 37
= - -~ CAD (3.7)

Where:

e m is the number of measurements

e x; is the measurement value

e X isthe mean of the measurements

e Y.4p is the nominal value from the CAD

The first term is the variance, or how close the measurements are to each other,
and the second term is the deviation from the nominal. For a perfect surface, the
measurements would be identical (zero variance) and match the design (zero
deviation) producing an RMSD of 0. Figure 3.19 shows surface maps from three
samples printed at different chamber temperatures and the trend in RMSD for

all samples. All additional warping profiles can be found in Appendix D.
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a) Chamber Temp: Ambient b) Chamber Temp: 90°C

d) RMSD vs. Temp
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Figure 3.19: Point cloud data showing surface deviation for parts printed at a) ambient b) 90 °C
and c) 120 °C chamber temperatures. d) The RMSD vs. chamber temperature

What the results show is that by increasing the air temperature in the chamber,
the degree of warping away from the bed can be reduced, with a 36% reduction
in the average RMSD over the three settings. This does not remove warping all
together, with approximately 1 mm of deflection occurring at the extremities of

the samples.

To test if components on the HTID could withstand a solder reflow without
shrinking or warping, 30 mm x 30 mm x 1 mm samples were printed out of PEI
filament, using the settings from Table 3.4 and a chamber temperature of 120°C.
The parts were then subjected to the test from Section 3.1 at the polymers Tg (218
°C), and again at the peak reflow temperature (249 °C) of the solder paste that
will be used (see Section 4.5.2 for details). The samples after testing can be seen

in Figure 3.20.
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Heated to T, Heated to SAC Solder
(218°C) Reflow Temperature
(249 °C)
Figure 3.20: PEI samples after heating to their glass transition and peak SAC solder reflow
temperatures

The parts were measured using Vernier callipers (CD-6" ASX, Mitutoyo) and
showed less than 0.5% shrinkage in any direction regardless of temperature.
Furthermore, there was no perceivable deformation to the samples. The only
caveat is that the samples softened at this temperature and therefore must cool
below their T before being handled. This softening may also cause deflection of
unsupported structures such as overhangs, reducing the maximum overhang
angle that can used in parts that require soldering. For self-supporting structures
however, parts printed on the HTID from this grade of PEI (Thermax ULTEM
1010, 3DXTech) can withstand a solder reflow process.

3.4.4 Flexible Printing

Whilst PEI is typically used to manufacture rigid parts when printed, when the
thickness of the material reduces so does its stiffness. By coupling this with the
layer-based nature of FFF, the thickness of a substrate can be tailored; therefore,
printing regions with varying thickness should enable parts with rigid and

flexible characteristics to be produced.

An important characteristic of FFF printing that may influence the working life
of flexible parts is a distinct mechanical anisotropy that occurs within a layer of
part. This occurs because the cross-sectional area and degree of polymer fusion
where two extrudates meet is lower that along the length of a single extrudate.
Because of this a single layer of an FFF part will resist tensile loading along the
hatch lines better than across them [242]. Figure 3.21 illustrates how this effect

scales as more layers are added.
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Figure 3.21: Illustration of how hatch orientation in FFF parts can affect tensile strength based
on extrudate direction. a) hatch aligned. b) hatch rotated 90° each layer

What this shows is that if the hatch is aligned throughout the structure,
anisotropy will occur in the X-Y plane as well as the Z-axis. By rotating the
direction of the hatch perpendicular to the previous layer, the part can be made
equally strong under tension in both the X and Y axes, although the Z axis will
still suffer from lower performance. To prevent the flexible parts splitting along
the hatch, samples were printed with a raster angle that rotated by 90° after each

layer.

To test the ability to print flexible PEI parts, a substrate consisting of two 1 mm
thick rigid sections connected by a 100 pm thick flexible ribbon was
manufactured. To make the centre section flexible, the first two layers were
printed at a height of 50 pm each, which then increased to 150 pm for the
remaining 8 layers to reduce the print time. The dimensions are detailed in

Figure 3.22.
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Figure 3.22: Technical drawing of a flexible substrate
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These substrate designs were later used as the base design for several test pieces
and functional demonstrators including a durability test (Section 4.4) and a
flexible positional sensor (Section 5.3.1). Characterisation of these substrates
was coupled with performance testing of flexible copper conductors and can be
found in the fatigue performance experiments from Section 4.4. Figure 3.23
shows an example of a printed substrate and demonstrates how the flexible

region was deflected into an arc by compressing it along its length.

Flexible

Thickness: 1 mm

Figure 3.23: Substrate with integrated flexible region shown flat and compressed into an arc with
an approximately 6.6 mm bend radius at the peak

3.5 Summary

This chapter set out to build a low-cost 3D printer capable of printing PEI,
without the complexity of a fully enclosed build chamber. The resulting machine
was tested to validate its thermal performance as well as the quality of parts that

it produced.

Overall, the deviation on parts produced by the HTID were comparable to those

on the benchmark system, except for holes which it tended to undersize more.
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To correct of this, a recommended toolpath offset of 0.1 mm inwards should be
applied to the slicer an offset to reduce the error. The slight scaling that was also
noticed might be correctable with iterative tuning of the diagonal arm length

parameter in the kinematic model.

While the HTID fell short of the initial design temperature, the maximum
achievable temperature inside the build environment was greater than
alternative desktop printers. This could be improved by using a fan designed for

hot exhaust flows and recirculating-air from within the chamber.

The use of a heated chamber has been shown to positively impact both the UTS
and warping characteristics of PEI components. As expected, a higher
temperature raised the UTS. While warping was noticeably reduced, to remove
it entirely, printing with additional build plate adhesion methods such as brims
and rafts is advisable. Components were also exposed to the peak reflow
temperature of SAC solder paste (249 °C) that they could be expected to
withstand during a high-temperature hot-air reflow process. This showed that
while above their Tg, they do not deform unless they are not allowed to cool

sufficiently before handling.

Finally, by using precise z-axis control, substrates with flexible and rigid
elements were demonstrated. This removed the need for additional connection

hardware in devices that have moving elements such as hinges.
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4 Surface Metallisation and Functionalisation

Whilst previous work has produced patterns on PEI [32], according to the
published literature this has not been performed on printed parts. AM
compatible PEI introduces challenges due to impurities such as additives and
plasticisers that improve printability. The lower PEI content means that the
existing chemical treatments must be modified to work effectively. This had a
notable impact on the surface modification and as a result, reduction stages of
the process. Section 4.2 discusses the experimental development of these stages
to enable successful patterning of printed PEI, explores the achievable resolution

and patterning capabilities and finally validates the removal of ion deposits.

Following the metallisation process development, the conductivity and
adhesion of the copper plating to the substrate was evaluated to test its
suitability for functional devices. This extended into the printing flexible
circuitry and characterisation of their fatigue performance, before adding
further functionality through the surface mounting and solder reflowing

electrical components.

4.1 Process Flow
The process for activating PEI to allow the copper plating to form on its surface

consisted of four main stages:

1. Surface modification
2. Nanoparticle reduction
3. Ion removal

4. Copper plating

The surface modification process started with a two-stage chemical dip that
bonded silver ions (Ag*) into the polymer chain. The first step (Figure 4.1 a) was
the hydrolysis of imide rings by submerging the PEI in concentrated aqueous
potassium hydroxide (KOH). This broke a carbon-nitrogen bond and formed an
ionised carboxyl group which bonds to positively charged potassium ions in the
solution. After being removed and rinsed in deionised (DI) water, the parts were

placed in silver nitrate (AgNOs) where a displacement reaction occurred (Figure



- 86 -

4.1 b), replacing the potassium ions for silver ions. The suitable chemical
formulations and processing conditions for modifying AM compatible PEI were

developed in Section 4.2.1

_ Polyetherimide

a) Hydrolysis b) Displacement

Figure 4.1: Illustration of the chemical modification reactions a) hydrolysis and cleaving of the
imide ring. b) displacement of potassium ions with silver ions

The modified surfaces readily acted as a seed site for the copper plating, but to
produce patterns, selectivity needed to be introduced. This was performed by
reducing the Ag* in the regions to be plated to silver nanoparticles (AgNP)s in
their zero-valent state. During a careful chemical wash in later stages, this
difference in charge meant that the AgNP’s were removed more slowly, allowing

them to remain on the surface.

Previous work [32] has used photoreduction with a 405 nm UV source and
photomasks to pattern the substrate. To make the process digital and remove the
limitations of template-based patterning; this work used a UV laser that can scan
across the surface to perform the reduction. The 405 nm wavelength required,
was also used to cure the resin in many commercial vat-photopolymerisation
printers. Of note, one consumer-grade printer (Form 1+, FormLabs) had an

open-sourced slicer software (Open FL, FormLabs) that enabled modification of
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patterning parameters that were usually pre-set. This allowed the unit to be
exploited for circuit generation and pattern optimisation. The patterning
hardware had a 405 nm diode laser with a maximum power rating of 120 mW,
coupled to an X-Y galvanometer scanner for positioning of the laser spot. The
optimisation of the laser parameters and the ability to pattern conformal
surfaces at high-resolutions were discussed in Section 4.2.2 and 4.2.3

respectively.

With two forms of silver on the substrate, the remaining Ag* that was not
reduced needed removing. Marques-Hueso et al. [32] showed that a two-stage
chemical dip of ammonium hydroxide and sulphuric acid was sufficient to
remove the Ag*. The 250 mL of 17.5% w/w ammonium hydroxide used was,
diluted with DI water from a 35% w/w stock solution (Fisher Scientific).
Substrates were submerged for 15 seconds at ambient temperature before being
immediately transferred to an ultrasonic bath of DI water for 10 minutes.
Following the ultrasonic cleaning, the samples were immersed in 250 mL of a 1
M sulphuric acid solution (Fisher Scientific) for 20 seconds before returning to
the ultrasonic bath for 10 minutes. The verification of the washing stage and

existence of AgNP’s was discussed further in Section 4.2.4.

The chosen plating solution was a commercially available tartrate-based copper
plating bath (Metex 9962, MacDermid Enthone) designed for precision plating
of through-hole plated PCB’s. The bath composition was selected primarily for
its deposition type, ease of use, and relative safety compared to other
formulations such as cyanide-based baths. The chosen bath formed a fine grain
structure for filling small surface imperfections, making it suited to the surface
of FFF components with gaps between the hatch and stair-stepped faces.
Additionally, the composition was like that used by the LPKF-LDS process [243],
which also uses silver seeding to initiate plating, improving the likelihood of

successful deposition.

The bath chemistry was not modified and was performed in a 600 mL beaker on
a hotplate with a stirrer. The hotplate made use of an external probe to control

the temperature of the solution, which was kept at the optimal 24 °C specified
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in the datasheet. Agitation was provided by a magnetic stir-bar running at 200
RPM and depending on the sample; they were suspended in the bath from an
enamelled copper wire passed through a hole or held by a pair of locking
tweezers in a clamp stand. The bath composition is detailed in Appendix E, and

an example of the setup can be seen in Figure 4.2.

Beaker

Plating Solution

Patterned Sample

Hotplate

=

Figure 4.2: Copper plating setup

4.2 Process Development

4.2.1 Surface Modification Chemistry

All the surface chemistry was performed on a small scale and performed in
beaker setups on hotplates. Initially, the chemistry was evaluated with the

parameters in Table 4.1 from the work of Marques-Hueso et al. [32].

Table 4.1: Surface modification parameters from literature [32]

Stage Chemical Concentration Temperature Dip Time
Hydrolysis KOH I5M 50 °C 15 minutes
Displacement ~ AgNOs 01M Ambient 15 minutes

Equation (4.1) was used to calculate the required quantities of solid KOH to

make solutions of prescribed concentrations.

= cVm,
% Purity (4D)
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Where:

¢ m = the mass of solid reagent required in grams
e ¢ =the desired concentration on moles
e U = the desired volume of solution in litres

e m, = the atomic mass of the reagent

For 400 mL of'a 15 M solution, 396.07 g of 85% pure KOH (Reagent Grade, Acros
Organics) was gradually added to 200 mL of deionised water in a beaker that
was being continually stirred on a magnetic hotplate/stirrer (AREC.X, Velp
Scientifica). Once the KOH had dissolved, more DI water was added to bring the
total volume up to 400 mL. With the solution mixed and heated to 50 °C, one
PEI sample was submerged for 15 minutes and then rinsed with DI water.
Following this, they were transferred to a 0.1 M AgNOs (Acros Organics) for a
further 15 minutes before being rinsed once more. From the literature, as Ag*
reduces it becomes brown in colour; however, after being exposed to UV light,
there was no indication of the photoreduction. The hypothesis was that the
lower purity of AM compatible filament required more aggressive conditions to

initiate the hydrolysis reaction.

To test this, three samples were submersed in 15 M KOH that was heated to 80
°C, then removed, rinsed, and submersed in AgNOs as before. To simultaneously
test the effect of submersion time, the samples were removed from the KOH at
15-minute intervals. Finally, they were irradiated and visually inspected for any

indication of the photoreduction, the results of which can be seen in Figure 4.3.
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Figure 4.3: Visual inspection of how increasing the exposure to KOH alters the subsequent silver
reduction reaction

This test showed that increasing the temperature was able to successfully start
the hydrolysis; however, not within 15 minutes. After 30 minutes, a slight change
in colouration can be seen, with more notable differences after 45 minutes. To
keep the processing time minimal, the remaining experiments proceeded with a
30 minute, 80 °C KOH dip. The final PEI surface modification process flow is

summarised in Figure 4.4.

Imide DI Water Silver DI Water
Hydrolysis Wash Displacement Wash
+1M Potassium Ultrasonic *1N Silver Nitrate  <Ultrasonic
Hydroxide Bath Agitation Bath Agitation
*80°C +10 Minute *Room Temperature <10 Minute
+200 RPM Stiring Submersion «No Stirring Submersion
+30 Minute 15 Minute
Submersion Submersion

Figure 4.4: PEI surface modification process flow

4.2.2 Nanoparticle Reduction Parameters

To control the position of the laser, the pattern was modelled as a 0.1 mm thick,
flat object in a CAD package (Solidworks 2016, Dassault Systémes) and exported
as an STL file. This was loaded into the slicer, which treats the part as a single
layer. Individual lines of the raster could not be directly manipulated; however,
the hatch spacing between the scanlines could be modified. The scanline

terminology and default processing parameters are shown in Figure 4.5 and

Table 4.2.
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Figure 4.5: Illustration of slicing software scanline definitions

Table 4.2: Default slicing software parameters

Parameter Default Value
Laser Power 50 mW
X-Y Scan Speed 800 mm/s
Hatch Spacing 80 pum
Perimeter Spacing 80 pm
Number of Perimeters 3
Perimeter Offset 120 pm
Boundary Offset 30 um
Layer Thickness 0.1 mm
Number of Passes per Layer 1

The area-related energy density was used to compare the relative amount of UV
exposure applied to different samples and is defined by Equation (4.2)[244]. An
additional laser processing variable was the number of times the laser scanned
the pattern onto the substrate. This effectively multiplied the UV exposure so to

get the total area-related energy density Equation (4.3) was used.

P,

Ey = ol (4.2)
S

P 43

E, =n, L (4.3)
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Where:

e E, is the area-related energy density in J/m?
e P, is the power of the laser in W

e v, is the scan speed of the laser in m/s

e H is the hatch spacing in m

e ng is the number of scans

The patterning rig used a diode laser to produce the 405 nm radiation. These
units are compact and cheap which can lead to inaccuracies in their power
ratings. Additionally, the beam passed through focal optics, reflects off three-
mirrors and finally through a sheet of silicone bonded to acrylic before reaching
the substrate. This absorbed a percentage of the UV energy; therefore, the actual

power of the laser at the patterning face needed characterising.

To test this a power meter (S310C, Thorlabs) was placed on the bed of the
patterning rig, set to measure 405 nm radiation, and zeroed. The rig then
scanned a circular pattern continuously onto the power meter, which logged 300
readings at 0.1 s intervals. The test was repeated at power settings of 10 mW up
to 60 mW in 10 mW increments. 60 mW was the maximum output of the laser.

The readings for each setting were averaged and used to produce Figure 4.6.

Laser Power Setting vs. Actual Output

Actual Laser Output (mW)
=

y=0.44x - 0.02
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Laser Power Setting (mW)

Figure 4.6: Actual laser power output compared to the selected setting in software, standard
deviation = 0.06 mW
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What the graph shows was a consistent 56% power drop at the patterning face
relative to the value requested of the diode. The measured output showed a high

degree of consistency, with a standard deviation for all settings of 0.06 mW.

The effect of each laser parameter was tested sequentially by patterning several
test strips while varying one of the inputs. To remove the influence of variation
in the surface modification process, all test strips for a given laser parameter were
produced on the same substrate. Each experiment was performed once to find
deduce the best parameter, which once established, was reproduced on five
different substrates to test the repeatability. All samples were imaged using a
digital camera (D7500, Nikon) and qualitatively assessed for the following
criteria before and after patterning:

e Completeness of coverage

e Plating adhesion

e Changes in colouration

¢ Visual inconsistencies in the surface finish

Completeness of coverage was defined as the percentage of the patterned area
with a coating of copper that prevented the underlying polymer being visible,
regardless of imperfections. This was evaluated prior to adhesion testing, which
was performed by placing a strip of masking tape (Scotch 250 Flatback, 3M) over
the sample and peeling it back, removing loose copper deposits. This was a
preliminary test; a more in-depth examination of the copper adhesion can be
found in Section 4.3.3. The best result from each experiment was used as a
baseline for each subsequent experiment. Colouration and visual imperfection

were unquantified observations.

The hypothesis for all parameters was that an increase in exposure would equate
to a higher degree of reduction; therefore, providing a more catalytically active
surface for the copper plating. The expected outcome would be a darker
colouration to the substrates before plating and more complete copper coverage

after.
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The first experiment varied the total number of laser passes. A single PEI sample
was patterned with five, 10 mm x 40 mm strips. To alter the number of scans on
each test strip, the passes per layer was set to one and the height of the CAD
model was varied. For example, for 45 passes, the height of the part would be set
to 4.5 mm with a layer thickness of 0.1 mm. The resulting slice would produce
45 layers and scan 45 times. Preliminary tests found that no plating would occur
at less than 45 passes, so the experiment started here and incremented in steps

of 10 passes. The results can be seen in Figure 4.10.

Number of Passes
45 55 65 75 85
: — —

1.53 1.87 2.21 2.55 2.89
E, (J/em?)

Figure 4.7: Effect of increasing the number of laser passes on the copper deposition. Left half of
each panel shows post patterning colour from AgNP reduction. Right shows the plated copper

The results showed that a higher number of passes produced a darker
colouration of the substrate and increased the copper coverage in the patterned
region. At an energy density of 1.53 J/cm? there was minimal copper deposition;
however, as the number of passes increased, the copper extends further into the
edges and corners of the pattern, producing full coverage at 2.55 J/cm?. The
highest exposure appeared to produce a similar result; however, in several areas
there were raised blisters of copper. Figure 4.8 shows a discarded sample with
extreme blistering after an accidental double exposure; note how the blisters
appeared as ‘bumps’ in the copper surface. When a tape adhesion test was
performed, these regions were found to be delicate and detach readily from the

substrate, exposing the polymer beneath.
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Figure 4.8: Closeup of a blistered sample a) before and b) after testing for adhesion

An optical microscope (BX53M, Olympus) configured for front-lit, polarised,
brightfield observations was used to image samples prior to plating. This
revealed that for samples exposed to more than 2.55 J/cm? of UV radiation, there
was bubbling of the PEI at the centre of the laser scanlines (see Figure 4.9). The
indication was that while more exposure increased the surface activity and thus
plating rate, it could lead polymer degradation and poor adhesion of the copper.
As the deposition built up, the internal stresses overcame the lower adhesive

force causing the surface to buckle, forming a raised blister of metal [245].

Figure 4.9: Suspected thermal damage to the substrate from excessive UV irradiation

With a value of 75 passes selected as best to progress with, the second parameter
altered was the hatch spacing. To test this, the same style of the test piece was
produced, with the hatch parameters altered from 60 to 140 pm in increments

of 20 um. 60 pm was selected as the lowest value as the Open FL slicer will not
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interpret spacings any smaller. This produced a range of energy densities from

1.46 to 3.40 J/cm?, the results of which can be seen in Figure 4.10.

Hatch Spacing (um)
140 120 100

1.46
E, (J/cm?)

Figure 4.10: Effect of hatch spacing on the copper deposition. Left half of each panel shows post
patterning colour from AgNP reduction. Right shows plated copper

The test showed best results at an energy density of 2.55 J/cm? from a an 80 pum
spacing. As the energy density increased there was significant blistering; and as
it decreased there was progressively inadequate coverage. In retrospect, this was
understandable as the spacing between the scanlines would be largely dictated
by the spot size of the laser. As this was fixed, larger spacings would produce
areas without any exposure to the UV radiation and therefore, no plating. The
implication of this was that the hatch spacing was best left at the manufacturer’s

specification.

Using the best settings from the previous experiments, the final experiment
explored the impact of both the laser power and scanning speed simultaneously,
allowing a wider range of energy densities to be evaluated with fewer samples.
10 mm x 25 mm, rectangles were patterned on a substrate in a grid format with
increasing scan speed in one direction and increasing laser power in the other.
The speed was varied from 600 to 1,000 mm/s in 100 mm/s increments and the
power was increased from 17.4 to 21.8 and finally 24.5 mW. These settings
produced a range of energy densities from 1.63 to 4.09 J/cm?. The results are

shown in Figure 4.11.
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Figure 4.11: Effect of laser scanning speed and power on the copper deposition. Left half of each
panel shows post patterning colour from AgNP reduction. Right shows the plated copper. Value
below each panel is the Ea in J/cm?

The results confirmed the expected trend, with better copper coverage as the
energy density increased. As with the previous tests, more exposure to UV
radiation resulted in polymer degradation and blistering, that in the most
extreme case covered the entirety of the test pattern. To avoid defects, the
highest energy density that did not damage the substrate was selected for
continued testing. This was found to be 2.55 J/cm?, occurring at a scan speed of
800 mm/s and a power of 21.8 mW. To test the repeatability of these settings, a
single 10 mm x 25 mm rectangle was patterned onto five different samples. The

results are shown in Figure 4.12.
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Figure 4.12: Repeat tests of selected laser parameters. The red rings indicate a defect in the
copper from the underlying print

What the repeats showed is that despite the same laser parameters there
remained an element of variability in the final deposition. This was evident from
the small areas of copper missing around the edges of samples a) and d) and was
likely due to a lack of control in the plating bath setup. Additionally, there were
notable score marks in the copper (highlighted in red) of samples b) and c)
however, these were due to the nozzle of the 3D printer fouling on the parts mid-
print. Whilst showing the presence of the mark, the copper on top did not lift

from the surface and was well adhered.

With these settings, each of the five samples, the 2.5 cm? area took 75 minutes
to pattern, equating to a patterning rate of 2 cm?/hour. Because of the sequential
nature of the laser patterning, the total time to finish patterning would increase
with the area to be patterned. Other findings from the Photobioform project
mentioned in Chapter 1 could be applied to reduce the energy required for Ag*
reduction, reducing patterning times and preventing polymer damage. The
mechanisms behind this are explored further in Section 6.2. The final processing

parameters selected from the tests are summarised in Table 4.3.
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Table 4.3: Experimentally determined laser patterning settings

Parameter Default Value
Laser Power 21.8 mW
Scan Speed 800 mm/s
Hatch Spacing 80 pm
Perimeter Spacing 80 um
Number of Scans 75

After the parameters were finalised, a single sample was patterned with a series
of parallel lines to test the minimum feature size the rig could produce. In the
slicing software the smallest line width that could be accepted was 250 pm at a
pitch of 500 pm. The sample was then patterned and plated before being placed
under an optical microscope (BX53M, Olympus) configured for front-lit,
polarised, brightfield observations, at a x 5 magnification. Linear dimensions
were taken using the microscopes measurement software (Olympus Stream,
Olympus) that uses a calibrated video feed to allow the operator to trace

measurements directly onto the images. These can be seen in Figure 4.13.
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Figure 4.13: Test piece showing the minimum achievable feature size of the patterning rig

The test pattern showed that the process caused the patterned track width to
expand by, on average, 51 um, producing a mean track width of 301 pm and a
standard deviation of 6 um. By adding a track width to the adjacent gap and then
taking an average across all measurements, the average pitch was found to be

undersized by 8 um at 492 pm.
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4.2.3 Conformal and High-Resolution Patterning

When a laser is shone through focal optics, it exhibits a focal depth [246] as
opposed to a perfect point, as illustrated in Figure 4.14. As such, if the surface
does not deviate out of this range, it will see minimal change in energy

absorption.

Focal Depth

Laser
Source

Focal Spot

Focal Optic Diameter

Figure 4.14: Illustration of laser focal terminology
This allowed the laser to pattern surfaces with defects and non-planar topologies
without being refocused. Any distortion that occurred on extreme slopes as a

result of projecting a 2D pattern onto a 3D surface, however, was not accounted

for (see Figure 4.15).
Distorted Projected
Pattern Pattern

Projection
Source

Curved Substrate

Figure 4.15: Illustration of how a curved surface leads to a distortion of the projected pattern

To prevent distortion when patterning cylindrical surfaces, a manual rotary jig
that allowed the components to be indexed to one of 36, 10° increments was used
(see Figure 4.17). For the applications in this work, patterns were split into 30°
segments, which produces a maximum slope of 15° at the extremities and
approximately 3.5% elongation of the pattern. This was a trade-off between
distortion and the number of segments required, with smaller angles producing

more accurate patterns at the expense of setup and alignment time.
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Figure 4.16: Rotary jig that allows a part to be indexed for patterning around the diameter in
small segments

Conical objects were also be patterned by tilting the angle of the rotational axis,
such that it kept the face of the cone parallel to the laser. An example of a spiral

track on a conical surface made from PEI is demonstrated in Figure 4.17.

Figure 4.17: Demonstration of conformal patterning, producing a copper spiral on a conical
surface

The technique also allowed objects without rotational symmetry to be patterned
provided they were sufficiently short in the Z-axis allowing the lasers depth of
focus to account for the topology. This does introduce distortion to the pattern
if the surface is heavily angled. Figure 4.18 shows a conformally patterned sample
with a meandering track patterned onto a double curved surface and across

multiple vertically stacked layers that were formed during the FFF printing.



Conformally
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Figure 4.18: Copper patterned conformally onto a double curved surface, across multiple stair-
step artefacts

The 155 pm focal spot produced by the laser system in the Form 1+ limited the
minimum feature size achievable in this body of work. With the use of improved
hardware; however, it is theoretically possible to approach the Rayleigh criterion
diffraction limit of A/2 [29], which equates to a feature size of 202.5 nm for this

patterning wavelength.

To validate the feasibility of producing higher resolution features, a chrome-on-
glass photomask was placed over a single length of treated PEI filament, and the

laser was scanned across it to produce the silver pattern in Figure 4.19.

Figure 4.19: Silver micropatterning on PEI filament

The SEM image showed that while not template-less, it was possible to generate
features an order of magnitude smaller using the chemical modification

approach. The measured line widths were between 13 — 17 pym or 23 times smaller
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than using the current rig without a mask and at a pitch of approximately 50 pm

were fully resolved.

4.2.4 Ion Removal

To verify the ion removal process described in Section 4.1 had worked
successfully, a single sample was placed under a scanning electron microscope
(SU8230, Hitachi) with a 15 kV accelerating voltage, 14.6 mm working distance
and a x 5,000 magnification. Observations were made using the photodiode
backscatter electron detector and energy-dispersive x-ray spectroscopy
instruments (Aztec Energy EDX, Oxford Instruments). The results are shown in

Figure 4.20 and Figure 4.21 respectively.

Patterned Region

Un-Patterned Region

346nm

Particle Sizes ~ 350 - 550 nm

Figure 4.20: SEM image of nanoparticles on the surface of a PEI sample

- Presence of Silver
- Absence of Silver

Figure 4.21: EDX image showing the selective presence of silver nanoparticles on the surface of
the substrate
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From the SEM image a distinct change in particle density between the patterned
and un-patterned areas was seen. This was further supported by the EDX
analysis which confirmed the persistence of silver in the patterned area and its
removal elsewhere, indicating the chemical modification and washing stages
worked as intended. The full ion removal process flow is summarised in Figure

4.22.

Ammonia Sulphuric
Wash Acid Wash
+17.5% Ammonium Ultrasonic *1M Sulphuric Acid <Ultrasonic
Hydroxide Bath Agitation Bath Agitation
*Room Temperature <10 Minute *Room Temperature <10 Minute
«No Stirring Submersion «No Stirring Submersion
15 Second Dip +20 Second Dip

Figure 4.22: Ion removal process flow

4.3 Conductor Characterisation

As discovered in Chapter 2, existing approaches for digitally manufacturing
electronics are often limited by the performance of the conductor. This section
looked to evaluate the conductivity, adhesion and change in resistance due to

temperature.

4.3.1 Plating Thickness and Conductivity

When measuring the conductivity of materials with a low resistance such as
metals, two-point probing methods are insufficient as the resistance of the test
leads is comparable to the object being measured, introducing significant error.
This was overcome by using four-point probes which use a second set of probes
to calculate and remove the line resistance. To get the dimensionless material

property of the conductor, the thickness of the material was also required.

A white-light interferometer (NP-FLEX, Bruker) was chosen for measuring the
copper thickness; however, on the FFF substrates this is challenging as the
surface is not perfectly flat but instead has an uneven topology due to the hatch,
as such there is no definitive height to measure from. Ideally, a flat sheet of PEI

would be used; however, this would be an unfair test as the grades available in
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sheets differ from the printable variants. The difference in chemistry could have

an impact on the final copper deposition affecting the results.

To overcome this, a sample was designed with tick marks (see Figure 4.23) that
allow the step height between the copper and PEI directly next surrounding
them to be measured in one image. To assess how the copper conformed to the
hatch of the printed parts, ticks were spaced such that some were situated
directly on hatch lines and others between them. The 20 mm diameter circle of
copper in the centre of the part was for measuring the conductivity. This removes
variation in the thickness of copper that could arise from using samples plated

at different times or baths. For this test, a single sample was manufactured.

30
©20 ! DETAIL A

0.54 SCALE 4 : |

30

0.25
0.50

junonaomon
N3 X 45°

Figure 4.23: Design of the sample used for evaluating thickness and conductivity

Line scans were then taken across the width of the ticks and used to extract the
average height across the centre of the copper and the minimum values either
side. The average of the left and right minimum values was then subtracted from
the height across the centre to find the thickness. This was repeated at ten
sample locations around the substrate and used to produce the results in Table

4.4. All ten plots are available in Appendix F.
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Table 4.4: White-light interferometry scan results

Avg. Max LeftMin RightMin Avg. Min

Sample (um) (um) (um) (jum) Thickness (pum)
1 2257 1.727 1.749 1.738 0.519
2 2474 2.109 2.099 2.104 0.37
3 3182 2.41 2.671 2.5405 0.6415
4 2.46 175 1.558 1.654 0.806
5 2358 1.699 1.804 1.7515 0.6065
6 2.213 1.644 1.747 1.6955 0.5175
7 2311 1.876 1.801 1.8385 0.4725
8 0.205 -0.195 -0.189 -0.192 0.397
9 2491 1.736 1.801 1.7685 0.7225

10 2258 1.74 1.705 1.7225 0.5355
Mean (pm) 0.559
Sta'm'i;”' 0.130

The average thickness measured on the sample was 0.559 pm with a standard
deviation of 0.130 pm and was used later to calculate the bulk conductivity. By
comparing area scans from features that run along an extrudate (Figure 4.24 a)
and cross the boundary between two (Figure 4.24 b), it was also be seen that the
copper successfully bridged artefacts arising from the printing process. This was
an advantage as no additional surface smoothing was required to prevent broken

connections.
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Figure 4.24: White light interferometry scans showing copper deposition a) in the middle of an
FFF extrudate and b) in the trough between two adjacent extrudates. The dotted red line
indicates the point at which two hatch lines meet

To measure the conductivity, the same sample was placed under a four-point
probe (I mm Spacing, 60g, Tungsten Carbide Tip, Ry 100, Jandel Engineering
Ltd.) connected to a sourcemeter unit (SMU) (2450, Keithley) configured to
source 100 mA and measure the sheet resistance. The average of ten readings
and the thickness found earlier was used to calculate the bulk conductivity using

Equation (4.4). The probing setup is shown in Figure 4.25.

Figure 4.25: Sample undergoing 4-point probing to characterise conductivity



Ryt (4.4)
Where:

e ¢ = Conductivity in S/m

e ( = Geometric correction factor
e R, = Sheet resistance in Q/o

e t =Thicknessin m

When taking measurements with a four-point probe, the geometry of the sample
can affect the output. For a circular test area with a diameter 20 times greater
than the tip spacing, a correction factor of 0.9788 must be applied [247]. From
this, the measured conductivity was 3.81 x 107 S/m or 1.56 times lower than that

of bulk copper.

4.3.2 Temperature Response

The resistivity of copper naturally varies with temperature, and because of this,
it is important to understand how heat will influence the performance of
electronics manufactured using the process. To test the thermal response a 100
mm long copper test strip was patterned onto a flexible substrate printed from
two, 50 pm layers. At either end of the test strip 18-gauge, thermally insulated
wires of equal length were soldered onto the bond pads and then potted with
cyanoacrylate adhesive which acted as a strain relief. The sample had a K-Type
thermocouple adhered to it and was taped to an aluminium heat spreader to
distribute the heat evenly. The entire configuration was then placed inside a PID
controlled oven (LHT6030, Carbolite) and the wires were passed through an
access port in the roof. The thermocouple was attached to a digital multimeter
(2110 5% Digit, Keithley), and the sample to an SMU (2450, Keithley) for
measuring the resistance of the sample. Both instruments were connected to a
computer running LabVIEW which synchronously logged data every 2 seconds
as the oven warmed up from 30 to 250 °C. The experiment was repeated on a
total of five samples, and the resistance data was normalised by dividing all the

results of each sample by the initial resistance. The maximum, minimum and
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mean across the five samples was plotted against the temperature measured by

the thermocouple to produce Figure 4.26.
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Figure 4.26: Average (red) and range (grey) of temperature responses for five copper strips
heated from 30 °C to 170 °C

What was found was that the resistance of the samples increased linearly with
the ambient temperature. Furthermore, the trend was consistent across several
samples. Whilst the experiment was conducted up to 250 °C, no sample survived
the heating because the solder between the copper, and the wires began to reflow
and disconnect. Four of the samples reached 230 °C; however, one failed at 170

°C, so the data was clipped at this point.

4.3.3 Adhesion Testing

To test the adhesion performance of the electroless plated copper to the
substrate, a cross-cut tape test was performed based on the ASTM D3359-
Method B standard for testing coating adherence [248]. A 20 mm square of
copper was plated onto a single sample before having 6 x 6 grid, spaced at 2 mm
scored into the surface using a sharp stainless-steel blade. To provide a worst-
case scenario, the patterning was performed on the glass-facing side of the
printed sample; which, as found in the literature reduces the adhesion of
materials through mechanical methods and relies purely on the chemical
bonding [18]. A 25 mm wide strip of tape (Scotch 250 Flatback, 3M) was placed

over the sample and smoothed down firmly using a pencil eraser. The tape was
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then peeled back at 180° until all the copper was visible again and the result was
visually assessed as per ASTM standard D3359. Figure 4.27 shows the sample

with the cross-cut pattern before and after the peel test.

Figure 4.27: Copper plated sample a) before and b) after ASTM D3359 peel test

ASTM D3359 gives plating adhesion classification of 5B - OB based on how much
of the material remains attached to the substrate where 5B is all the material
adheres and OB is total removal. Based on Figure 4.27, the sample met the
requirements for a 4B classification, with 5% or less of the plating removed by

the tape.

4.4 Flexible Electronics Fatigue Performance Testing

Arguably a more-appropriate method for validating the performance of
electrical devices was to test situations closer to real-world applications. This
section looked at testing the fatigue life of both the conductor and the substrate
through linear buckling, a method that has been used previously to validate
flexible AM electronics devices [104, 114, 128]. This test acted as a secondary
validation of the adhesion strength between conductor and the dielectric, while

also illustrating the ductility of the fine-grain copper deposition.

4.4.1 Experimental Setup

A 100 mm long, U-shaped track was patterned onto the glass-facing side of the
substrate design from Section 3.4.4. The track ran from one end to the other and
back, terminating in a 5 mm x 5 mm square pads that were used to affix 18-gauge
wires. These were connected electrically by hand soldering that was then coated
in cyanoacrylate adhesive to act as a strain relief. Six samples were produced and

can be seen in Figure 4.28
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Figure 4.28: Samples used for fatigue testing

To ensure the fatigue testing was repeatable, an automated compression rig was
built and is shown in Figure 4.29. The test rig consisted of a slider with a pair of
linear bearings that runs along 8 mm diameter chrome hardened steel guide
rods. The slider also housed a brass lead-nut that meshed with a single-start, 2
mm pitch leadscrew used to adjust its position. The setup was directly driven by
1.8° per step, stepper motor configured for quarter stepping, which using
Equation (3.2), gave a theoretical positional resolution of 2.5 um. Test pieces
were held in two clamps, one on top of the slider and a second on the static end
of the rig that also housed a microswitch for homing. The system was controlled
by an 8-bit microcontroller (Mega 2560, Arduino) which received commands
from a LabVIEW program that also controlled the SMU (2450, Keithley). This

was used for monitoring the resistance of the samples during the test.

Clamps

Limit Switch

Guide Rod Test Sample

Bearing

Linear s ' I} . .

Lead Nut and Screw

Figure 4.29: Image of the linear buckling rig used in fatigue testing
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To perform the tests the rig was first zeroed, and the clamps moved 35 mm apart
before a sample was loaded with the copper facing up. To prevent the bend in
the samples reversing direction during the test, a 0.1 mm pre-load was applied,
and the flexible region was manually deflected upwards. With the sample,
loaded into the clamps, the wires were connected to the SMU and the cycling
started. At a rate of 30 mm/s, the test cycle compressed the parts 5 mm and then
retracted, measuring the resistance at zero compression after each cycle. This
produced a minimum bend radius of 6.59 mm at the peak, as measured with a
laser profilometer (ScanCONTROL 2900-50, Micro-Epsilon). The experiment
was running for 50,000 cycles per sample and repeated across all six samples.
After the tests had finished the results were normalised by dividing them by the
resistance at the start of the test. To reduce the effects of temperature and
humidity the experiment was conducted in an environmentally controlled
laboratory. Figure 4.30 defines the relevant measurements of a sample loaded
into the test rig in both the uncompressed and maximum compressed states

a) Uncompressed )
Sample with 0.1 mm preload

b) Full Compression Bend Radius:
6.59 mm

Figure 4.30: Side view of the linear buckling rig illustrating a sample in the a) uncompressed and
b) fully compressed states
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4.4.2 Fatigue Testing Results
The average normalised resistance across the samples was plotted against the
number of cycles to produce Figure 4.31. The error bars show the standard

deviation of the sample set.
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Figure 4.31: Plot showing the normalised resistance of copper strips over 50,000 cycles
The results showed that over 50,000 cycles, on average there was a 0.6% change
in resistance over the initial value. This indicated that the conductor was ductile
and can repeatedly elastically deform without cracking or delaminating from the
substrate. During the standard testing window, no samples stopped functioning,
so an extended test was undertaken to establish what the potential lifetime and
the eventual failure modes of the devices were. In addition to the 50,000 cycles
already undertaken, the samples were cycled until failure in 10,000 cycle blocks.
It was found that the samples failed during the second set of further testing,
surviving between 60 and 70,000 cycles. The failure mode seen in all 6 samples

is pictured in Figure 4.32.
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Figure 4.32: Close-up of a crack in the substrate that propagated through the copper track
leading to component failure

The failure mode witnessed was a crack in the PEI that started at the perimeter
of the part and then propagated along the hatch and severed the copper track.
This failure mode may have been introduced by alignment of the hatch
orientation and bending axes creating a weak spot that encouraged crack
growth. In future testing rotating the hatch by 45° might increase the working

life of the parts.

4.5 Surface Mount Assembly

Up to this point, the parts produced that had been electrically interfaced with
had relied on hand-soldering techniques to attach test leads and used no
electronic components. While this was suitable for laboratory-scale settings, for
the process to be adaptable to the broader industry, it needed to be compatible

with surface mount technology and solder reflow processes.

Since the introduction of the Waste Electrical and Electronic equipment
directive in 2006 the use of leaded solder in all consumer and many commercial
products has been banned. Leaded solders are typically easier to work with and
reflow at lower temperatures; however, to show greater compatibility with

current regulations this work focuses on using industry standard SAC solders.

To validate the ability to solder SMD components to parts produced using this
approach, a test board was designed with pads for different component
packages, ranging from two-pad components up to 160 pad ball-grid arrays

(BGA)s. The details of the components and their location on the board are
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illustrated in Figure 4.33 and Table 4.5. The board also used asymmetric fiducial
markers for registration with the vision alignment system on the placement

robot.
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Figure 4.33: Test board design to demonstrate surface mount soldering capabilities a) schematic.

b) Final board pre-soldering with a close-up of the vision alignment fiducials

Table 4.5: Solder test board components and sizes

ID Component Footprint Component Size or Pitch

1 2220 SMD 5.7 mm x 5 mm
2 1812 SMD 4.6 mm x 3.2 mm
3 1210 SMD 3.2 mm x 2.5 mm
4 0805 SMD 2.8 mm x .9 mm
5 0603 SMD 1.55 mm x 0.85 mm
6 0402 SMD 1.2 mm x 0.6 mm
7 0201 SMD 0.6 mm x 0.3 mm
8 160 Pad BGA 0.8 mm pitch
9 16 Pad SOIC 1.27 mm pitch
10 44 Pad TQFP 0.8 mm pitch
1 32 Pad TQFP 0.8 mm pitch
12 14 Pad SOIC 1.27 mm pitch
13 8 Pad SOIC 1.27 mm pitch
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4.5.1 Solder Dispensing and Component Placement
As a continuation of the digitally-driven theme, a robotic dispensing machine
(F7400NVL, Fisnar) (shown in Figure 4.34) was used to apply the solder paste

as well as picking and placing the components onto the test board.

Alignment
Camera Pick and
Place Head

FiSNAR

Air-Backed

Syringe Machine Bed

B

Dispensing
Nozzle

F7400NVL

Figure 4.34: Fisnar F7400NVL robotic dispensing machine

The dispenser used an air-backed syringe like those discussed in Chapter 2 to
dispense solder paste through Luer-lock nozzles. Tests with the dispenser
showed that at the shortest possible dispense time of 0.1 seconds, the material
tended to spread to a width approximately twice the diameter of the nozzle
outlet. The smallest pads on the board are 400 pm diameter circles on the BGA
component so to prevent the material bridging between pads, a 27-Gauge (210
pm) tapered nozzle was selected. To achieve adequate material flow without
blockages, the nozzle outlet should be at least five times larger than the
maximum solder particle diameter [249, 250]. For the 210 pm nozzle, this meant
that the particles must be smaller than 42 um. As a result, a “Type V’ SAC solder

paste was most suitable; with a maximum particle size of 30 pm [250]. The
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chosen paste (SMD4300SNLIOT5, Chip Quik Inc.) was preloaded into 10 mL
syringes that fitted the dispensing hardware. The solder paste did not have a
working time like conductive epoxies but was refrigerated to prevent flux
separation. Before use it was allowed four-hours to reach ambient temperature

as per the manufacture’s recommendation.

To control the dispensing location, a DXF schematic of the board was loaded
into the robot’s software, which automatically converted the pad positions into
dispense points. Larger pads were modelled as a series of points 350 pm apart so
that when dispensed, they coalesce to form a continuous line. With the layout
programmed, patterned boards were placed in a jig that was bolted to the bed of
the robot. Fiducial markers and the vision alignment system on the robot were
used to improve the accuracy of the dispensing and account for misalignment of
the copper pattern or board placement. Once the parts true had been established
the robot moved to each dispense point, automatically dispensing dots of solder

paste.

For assembling components onto the board, the head was reconfigured with a
vacuum pick-and-place tool with a 400 pm orifice, allowing it to manipulate the
smallest 0201 resistors. A jig was designed that holds both the substrate and the
components in known positions that were programmed into the robot. The
system then moved over the first component, descended, and turned on the
vacuum, picking it up. The head was then raised, repositioned over the solder,
and lowered, lightly pressing the component into the paste. Finally, the vacuum
was switched off, and the sequence repeated autonomously until the board was

fully populated.

4.5.2 Solder Reflow Process

To convert the solder from a viscous paste to a solid that bonds the components
to the copper, it needed to go through a solder reflow process. The most
straightforward approach is to use hot-air convection to heat the solder to the
reflow temperature, allowing the solder particles to coalesce and diffuse into the
pad [174], forming a strong yet ductile intermetallic bond. A typical hot-air

reflow process has three main stages [251]:
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Preheat: Evaporates any volatile solvents out of the paste to prevent them

interfering with reflow.

Soak: Activates the flux, removing any oxides from the connections to produce
a good bond as well as equalises the board and component temperatures to

reduce expansion related stresses in the joint as it cools.

Reflow: Takes the solder into its liquid phase allowing it to wet to the pad and

the component and form the intermetallic required for bonding.

After this, the part should be cooled quickly to return the solder to a solid. Figure

4.35 shows the recommended reflow profile for the paste used in this process.
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Figure 4.35: Reflow profile for the SMD4300SNLIOT5 solder paste [252]

This solder was chosen as it has a peak reflow temperature of 249 °C, which is at

the high-end of SAC pastes and therefore more challenging to reflow.

Before committing to populating a board with components, a sample was
produced with just solder (Figure 4.36 a) to verify that the reflow profile would
successfully allow the solder to wet to the copper and flow into a metallic coating
over the entirety of the pads without bridging. A convection oven with a
programmable PID controller (LHT6030, Carbolite) was used to regulate the
temperature during the reflow process. The oven could warm-up at the 1.7 °C/s
rate required; however, the heavy insulation prevented it from cooling rapidly.
To perform the cool-down, the door was opened to expose the part to ambient

air. The resultant board is shown in (Figure 4.36 b)
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Figure 4.36: Solder test board without components after reflow, to verify solder wettability
The results of the test were promising, with no bridges between any of the pads
and the solder wetted to the copper with almost complete coverage, rather than
beading up on the surface. Based on this, a fully populated board was produced

and is shown in Figure 4.37.

Figure 4.37: SMD components solder reflowed onto a PEI test board using SAC solder paste.
Close-up of a 0.6 mm x 0.3 mm capacitor (left) and 160 pad BGA component (right)

The final piece was soldered to a satisfactory level for this work, with all the
visible connections soldered to and un-bridged, forming fillets between the
leads and the bond-pads. After soldering, a small degree of solder balling and
beading was noticed. These appear in the form of solder balls near but not
attached to the pads and a spattering of smaller solder balls on the surrounding

substrate.
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Both are caused by heating the solder too aggressively [253], causing the volatile
components of the paste to expand rapidly, ejecting solder from the joint. This
indicates that the solder reflow is not optimised; however, the main objective
was to create a solid electrical connection between the copper and components

which has been achieved. Additionally, the board did not exhibit any warping.

4.6 Summary
Chapter 4 has shown the development of a full process for adding electronic
circuitry and components to the surfaces of bare, additively manufactured, PEI

substrates. This is summarised in Figure 4.38.
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Fabrication § ) Chapter 3
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Figure 4.38: Process overview detailing key stages, parameters and approximate times
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In the chemical modification stage, due to the lower concentration of PEI in the
printable grades, more aggressive hydrolysis conditions than reported in the
literature were required to break the imide rings. Additionally, it was found that
the surface of the FFF parts could retain chemicals after each stage; therefore, to

prevent cross-contamination, ultrasonic cleaning with DI water is necessary.

When patterning the circuitry, a higher UV dosage produced a more active seed
for copper plating, improving the overall coverage. Conversely, overexposure
degraded the polymer, causing blistering and delamination of the conductor.
Experimental tests found that a balance was achieved at an area-related energy
density of 2.55 J/cm?. The patterning time was dictated by the copper plated
area, with a 1 cm? region patterning in approximately 30 minutes, limiting the
method to smaller samples or low volumes. This is a significant drawback when
compared with bulk exposure techniques as the pattern size does not impact the
processing time, allowing them to scale more readily. The copper deposition was
characterised with tape tests, white light interferometry and four-point probing.
This showed the copper exhibited a strong mechanical bond to the substrate,
with a thickness of 599 nm and a bulk conductivity 1.56 times lower than bulk
copper. Importantly, the plating was capable of bridging over imperfection in
the surface of the FFF parts, introduced by the printing method. As such they do

not require mechanical removal before functionalisation.

Methods for patterning a range of complex features were demonstrated,
including cylindrical and conical and swept surfaces without the need for
refocussing the laser. The resolution of the hardware was limited by the quality
of the optics, producing widths of 301 pm; however, the use of a photomask

showed that the process can produce features 23 times smaller.

The real-world performance of the substrate-conductor system was evaluated by
fatigue testing flexible electronic devices until failure. This showed that after
50,000 bend cycles the resistance of the conductor increased by 0.6% and total
failure occurred at over 60,000 cycles. During the testing, the conductor

substrate bond remained intact.
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Finally, an approach for digitally populating and soldering components to the
circuitry was successfully explored. By extruding a Type-V SAC solder paste
through a 210 pm tapered nozzle, sufficiently small solder balls were placed and

used to attach leadless and BGA ICs with a pitch of 0.5 mm.
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5 Process Applications

Initially, the attributes of this manufacturing process were explored in isolation;
however, they could also be combined to produce complex, one-piece systems.
For example, a device could take the form of a modern smart prosthetic as
illustrated in Figure 5.1, whereby discrete PCB’s can be removed and integrated
directly into the structure.

Additive Manufactured Conformal Traces
PEI Substrate

Integrated Actuation

Fine Pitch Lead-less
SMD Packages

Conventional Solder
Reflow

Integrated Sensing

Figure 5.1: Concept render of a smart prosthetic demonstrating the potential benefits of this
research

Figure 5.2 shows a butterfly fabricated with the process that had an intricate 3D
structure, a 49 mm, flexible wingspan and incorporated solder interconnects
and conformal patterning. The IC on the abdomen had 12 pads ata 500 pm pitch

requiring high-resolution patterning and accurate, automated chip placement.

Figure 5.2: Butterfly demonstrator, showing the integration of rigid, flexible and conformal
patterning with a fine-pitch SMD package soldered to its back
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This was ultimately a non-functioning part and for illustration purposes only,
but the remainder of Chapter 5 evaluates how the process could be used to create
working devices and showcase their potential applications. This was performed

by producing and characterising several functional devices, including:

e A functional electronic circuit

¢ 3D and double-sided wireless antennas

e Flexible sensors integrated into additively manufactured components
e Electrically controlled actuating structures

Because the samples were designed to illustrate the technical capabilities and
potential applications rather than repeatability or reliability, many of them were
one-off’s. All work was that of the author, with the exception of Section 5.2
which was performed with the assistance of other researchers. Details of the

collaboration can be found at the start of section 5.2.

5.1 Functioning Circuitry

The fundamental requirement for this technology was to be able to digitally
manufacture working electronic devices using SMD components that were
attached using conventional SAC solder. To illustrate the combination of the key
elements of an electronic device, a functional device was designed that included
tracks, solder interconnects and active and passive IC’s. The design consisted of
an LED driven by a 555-timer circuit and was built onto a 30 mm x 30 mm PEI
substrate. The circuit has six discrete SMD components: 1 x LED, 2 x resistors, 2
x capacitors and 1 x 555 timer in a layout that causes the LED to flash at a fixed
rate of 1 Hz when a voltage is supplied. The final device was fabricated and can

be seen in Figure 5.3 and is illustrated operating in Figure 5.4.
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Figure 5.3: Printed, functional 555 timer circuit that causes an LED to blink when powered

Figure 5.4: 555 Timer circuit connected to a 5V DC supply, showing the blinking LED a) off and
b) on

What could be seen was the LED on the functional board flashing at the
designed rate of 1 Hz. This proved that the circuit carriers produced by this
approach are durable enough to be populated and reflowed without affecting
their function. Inspection of the sample showed no indication of damage to the

tracks.

5.2 Wireless Power and Communications

As modern electronics become increasingly advanced, the need to remove the
tethers that facilitate data and power transmission to electronic systems
becomes more apparent. Robotic equipment for use in enclosed spaces such as
pipelines or inside the human body become more flexible if they do not require

wire harnesses to be transported behind them. Section 5.2 focused on using the
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through-hole vias and conformal patterning methods from Chapter 4 and

applied them to antenna fabrication.

The antenna design and testing were undertaken with the assistance of Viktor
Doychinov and lan Robertson from the School of Electronic and Electrical
Engineering at the University of Leeds. Any graphs in Section 5.2 contain data

produced by them.

5.2.1 Transmission Coil

To create devices such as an inductive transmission coil, spiral-shaped tracks
connected to a power supply at either end were required. On a single-sided
component, a wire could be soldered at the centre of the coil to attach one end
of the track to the external circuitry; however, is an inelegant solution with an

additional potential failure point.

To manufacture boards where tracks need to cross over one another, vias were
necessary to allow vertical routing. The hole for the vias was printed into the
substrate and chemically modified as normal; however, the laser could not be
angled relative to the part to irradiate its surface. This meant that during the
washing stage, all of the seeding material would be removed, preventing the
copper deposition. It should be noted that un-washed surfaces can be metallised
as the copper readily plates to Ag*; therefore, by protecting them during the
wash, vias could be created. This was achieved by sealing the hole with a length
of polyurethane filament pulled through the hole until it formed a plug (see
Figure 5.5). Afterwards the part was then washed with the plug in-situ, which
was removed prior to the final rinse and copper plating. An example of resulting

via is shown in Figure 5.7.

PEI Substrate
- — >

L_| Polyutrethane L_|
Plug

Figure 5.5: Illustration of how a polyurethane plug is formed in the vias



Figure 5.6: Close-up of copper plated on to the inside of a through-hole via

A matching pair of transmission coils were produced on 40 mm square, 1 mm
thick, planar substrates with a 1.5 mm diameter hole printed into their centre.
The spiral pattern had 10 turns at a1 mm pitch with a bond-pad on one end and
a 3 mm circular land that outlined the via. The opposite side of the sample was
patterned with a single return track and a matching bond-pad and land. The

sample is pictured in Figure 5.7.

Figure 5.7: Final induction loop with plated through-hole via

To test the performance of the coils, their inductance and power transmission at
different frequencies were measured using a vector network analyser (VNA)
(FieldFox N9917A, Keysight). The inductance was calculated from the
reflectance coefficient and found to be a stable 1.75 + 0.25 pH over a broadband
frequency range of 50 kHz to 50 MHz. The power transmission was measured
by connecting two coils; separated by 10 mm, to the network analyser and
measuring the power transferred from one coil to the other. A reference of O dB

was set and represented perfect, lossless power transfer. The results were used to
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generate the plot in Figure 5.8, which shows how power transmission varies with

frequency from O - 20 MHz.

Power Transmission vs. Frequency Between Two
Additively Manufactured Transmission Coils
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Figure 5.8: Power transmission plot for an additively manufactured transmission coil

The markers on the plot indicated the operating frequencies of three coil-based
transmission standards: Qi, AirFuel and RFID. For reference, power

transmission at these frequencies was converted to efficiency using Equation

(5.1) and displayed in Table 5.1.
521 =10 lOgT] (51)

Where:
e S, = Power transmission in dB
e 1 = Efficiency

Table 5.1: Power transmission and efficiency of AM inductive transfer coils at different standards

Standard Operating Power Efficiency
Frequency (MHz) Transmission (dB) (%)

Qi 0.2 -42.3 0.005

AirFuel 6.87 -15.5 2.8

RFID 13.56 -14.1 4.0




-129 -

While the coils performed markedly better at the higher-frequency AirFuel and
RFID standards, the efficiency was still significantly lower than the 90% that is
regularly achieved by wireless power delivery coils at similar separation distances
[254]. This would be prohibitive to high-power transfer applications where the
losses would result in excessive heating of the coils, but may be acceptable in

low-power, short-range data transmission such as near-field communication.

The low efficiency was attributable to the density of the windings in the coil,
which was limited by the minimum gap width the laser system could produce
without the copper bridging during the plating process. Additionally, the copper
plating has a low thickness, reducing the quantity of copper and further limiting
the potential efficiency. If this process were to be used for wireless
communication or power delivery, improvements in both areas would be

necessary.

5.2.2 Pill Capsule Antenna

To illustrate the space-savings that could be gained from conformal patterning,
an ingestible pill capsule antenna was designed that could be used to transmit
signals from within a patient. PEI has two notable advantages in this application.
Firstly, it can be purchased in biocompatible grades, making it an appropriate
choice for use in medical devices, and secondly, it has low relative permeability
and loss tangents of 2.67 and 0.001 respectively, which improves antenna
performance. The track design was a twin spiral monopole antenna, selected for
its omnidirectional radiation pattern and was produced on both planar and
cylindrical substrates. Before manufacturing the cylindrical sample, the planar
version was used to verify the design worked as intended. The part had a form

factor of 40 mm x 20 mm and can be seen in Figure 5.9.
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Figure 5.9: Planar antenna used as a performance benchmark for the pill capsule

For taking measurements, the planar antenna track had a flanged coaxial
connector hand soldered to it for hooking it up to a VNA (FieldFox N9917A,
Keysight). Before the tests were run, a short, open, load calibration was
performed to account for parasitic losses in the cables and the VNA's circuitry.
The return loss test ran a sweep across a broadband frequency range from 0.1 -
10 GHz, measuring the return loss at 801 frequency points. This test range was
used to cover many of the communication standards that operate below 6 GHz,
including Wi-Fi, cellular and medical frequencies. All characterisation tests took
place inside an anechoic chamber to reduce external interference. For validation,
the measured return loss was compared to simulations performed in a
commercially available 3D electromagnetic simulation package (Electronics

Desktop, ANSYS). The results can be seen in Figure 5.10.

Return Loss vs. Frequency for The Planar
Twin Spial Monopole Antenna
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Figure 5.10: Simulated return loss against the actual result for the planar antenna
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The shape of the plot was typical of monopole antennas, with multiple resonant
frequencies throughout the broadband frequency range. There was good
agreement between the simulation and the actual device, indicating that the
antenna performed as designed. The variation between the two plots was likely
due to parasitic losses in the connector used for interfacing with the antenna, as

this was not modelled in the simulation.

With the design shown to function correctly, the conformal version was
fabricated, onto a printed 20 mm tall, 11 mm diameter cylindrical casing with a
hemispherical dome. At higher frequencies, surface roughness can negatively
impact the return loss of antenna lines [255, 256] so to minimise the effect of
layering artefacts a, 50 pm layer height was used. The same twin monopole
antenna track was wrapped around the outside of the capsule and is pictured in

Figure 5.11.

Figure 5.11: Final conformal pill capsule antenna

To ensure that any losses that were unaccounted for in the design matched those
of the pill capsule, an identical flanged coaxial connector was hand soldered
onto the track. The conformal antenna was tested with the sample parameters
as the planar sample and resulting plot was overlaid onto the measured data for

the planar sample (see Figure 5.12).
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Comparison of Measured Return Loss vs. Frequency For Planar
and Conformal Twin Spiral Monopole Antennas
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Figure 5.12: Measured return loss for the planar and conformal pill capsule antennas
The graph showed that both antennas performed similarly at all frequencies,
suggesting that introducing conformality to the tracks had negligible impact on
the overall function. This was particularly true at the first harmonic, which was
indistinguishable between the two devices. Above 4 GHz the performance
started to diverge, where the rougher surface from printing across layer lines
introduced parasitic losses. For the conformal antenna, all the harmonics below
5 GHz, produced a good return loss that was than -10 dB, with the best
performance of -27 dB at approximately 3 GHz. This was achieved while keeping
the form factor of the capsule 45% narrower and 27% shorter, making it easier
to ingest. Furthermore, the capsule was hollow and can therefore, protect any
additional electronics that would be required. Conversely the open, planar part

would need additional casings for protection, increasing its final size.

In addition to the return losses, the radiation pattern was simulated and shown

to have a uniform, 360° coverage, as illustrated in Figure 5.13.
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Figure 5.13: Simulated 3D radiation pattern from the pill capsule antenna

To validate the simulations, the radiation pattern was measured at the first
resonant frequency (1.05 GHz). These measurements were performed using the
far-field anechoic chamber facility at the University of Bradford, UK. The
chamber was calibrated for a 0-dB reference level and a double-ridged,
broadband horn antenna was used as the source antenna. The capsule antenna
was rotated in 5° increments; however, due to the limitations of the chamber,
the radiation pattern was only measured at a declination of 90° for azimuths
ranging from -180 to +180°. The measured and simulated radiation patterns in

vertical and horizontal polarisations are plotted in Figure 5.14.
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Measured vs. Simulated Radiation Pattern at 90° Decliation
for The Conformal Twin Spiral Monopole Antenna
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Figure 5.14: Simulated (solid lines) and measured (dotted lines), horizontal and vertical radiation
patterns for the conformal pill capsule antenna

The comparison showed a close agreement between the simulated and
measured results, with a perfect fit for the horizontal gain, and vertical gain,
demonstrating that at the first harmonic, an omnidirectional coverage was
achieved. There was some distortion to the vertical polarisation between 0 and
-180° however, this was most likely caused by the relatively large, metallic

connector affixed in this region.

5.3 Flexible Devices

5.3.1 Flexible Positional Sensor

An additional application that was explored with this manufacturing approach
was the ability to integrate several types of sensors directly into the additively
manufactured housing of devices. For example, patterning strain gauges into a
smart structure to provide continual data for structural health monitoring. This
could extend further to include patches of copper that use the temperature
sensitivity explored in Section 4.3.2 as a low-profile thermometer. In this section,
a sensor that could be directly assembled into additively manufactured
articulating joints was designed and tested. The sensor operated on the same
principle as a strain gauge, in that as the copper was deformed its resistance

changed. By patterning the conductor onto a flexible substrate, as the object was
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bent, the outer surface was placed in tension, causing the tracks to stretch and

narrow fractionally, increasing the output resistance.

This demonstrator used a design with 32 meanders, modelled at 250 pm wide
with a 500 pm pitch. They were patterned onto the same substrate type used in
the fatigue testing (see Figure 3.22) with the meanders running parallel to the
length of the substrate and the gauge section in the centre of the flexible region.
This positioning maximised the area being stretched due to the sample buckling
therefore, producing the greatest change in resistance. An example of the track

used is illustrated in Figure 5.15.

Figure 5.15: Stitched microscope image of a positional sensor’s conductive elements

As with the fatigue testing from Section 4.4, the sample had equal length, 18-
Gauge wires hand-soldered to the pads and coated with cyanoacrylate adhesive
and connected to an SMU (2450, Keithley). The same linear buckling rig was
used, and the parts were loaded copper-side up with the clamps set 35 mm apart.
They were then preloaded by 0.1 mm to prevent reflexing of the substrate during
testing. Before the test was started a laser profilometer (ScanCONTROL 2900-
50, Micro-Epsilon) was placed over the sample for measuring the bend radius at
each compression. The rig was sent to each position and a profile was taken and
processed in MATLAB to give the minimum bend radius at the centre of the

flexible region. The setup is illustrated in Figure 5.16.
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Figure 5.16: Sample loaded into the compression rig with the laser used for measuring bend
radius turned on

The test cycle moved at 30 mm/s in 1.25 mm increments until a 5 mm
compression was reached. At each interval, the SMU was triggered by LabVIEW
to take five resistance readings and report the average. The current sourced was
10 mA and was kept active throughout the test without being shut-off between
readings, to ensure the temperature increase from ohmic heating stayed
constant. Based on the results in Section 4.4, was cycled 50,000 times to avoid
over-fatiguing and due to the long, 26-day run-time, a single sample was tested.
The raw output of the sensor normalised about the initial resistance over the full

test window can be seen in Figure 5.17.
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Figure 5.17: Normalised output from the positional sensor grouped by applied compression,
highlighting the burn-in, usable and drift phases
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What was seen were three distinct phases in the sensor’s life: burn-in, a usable
range, and finally drift. The reason for the burn-in phase over the first 10,000
cycles was unclear; however, changes to the coppers grain structure bought upon
by the cyclic application of tensile forces could be the cause [257]. Over the next
20,000 cycles the sensor reached a plateau, where positional sensing could be
achieved. Eventually, at 30,000 cycles drifting was experienced, and was likely
due to work hardening and micro-cracking of the copper after repeated

buckling. Additional SEM analysis should be used in the future to verify this.

Figure 5.18 shows the same data over the usable range of the sensor and grouped
by applied compression. The distribution of variation across the 20,000 cycles
is represented using boxplots and corresponding bend radii at the peak of the

sample have been included.
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Figure 5.18: Boxplot for the positional sensor, showing the change in resistance at discrete
compressions over 20 x 10° cycles

The chart illustrate that for each bend radius, there was an upward trend in R/Ro
as the bend radius decreased, with a tight grouping over the inter-quartile range.
This demonstrated the viability of a compact and flexible positional sensor that
could be used to measure the bend radius of a joint. Due to the drift there are
data points that began to overlap, so such a sensor would either have a limited

lifespan or would require increasingly periodic re-calibration.
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5.3.2 Embedded Shape Memory Actuation

Whilst being able to print conformal electronics can save space, some situations
may require the system to start in one form and transition to another. For
example, the solar panels of a satellite may have to be folded for storage and
launch, before being unfurled for maximum energy harvesting area once in-situ.
This could be achieved using additional actuation hardware such a motors,
jacks, and pulley systems; however, these take up space and add mass. This
section looked to overcome these limitations by building low-profile, solid-state
actuation directly into flexible PEI parts that could be controlled to take several

different forms.

The concept of self-folding structures is not new, with notable bodies of work by
Felton et al. [258, 259] who uses a pre-stretched polystyrene (PSPS) layer that
shrunk when heated, causing their devices to change shape. The PSPS was
laminated into a sandwich construction with paper and a flexible polyimide PCB
that was used to controllably heat and shrink the PSPS. In locations where paper
was removed from the laminate, the structure tended to fold about the cut and
allowed the author to dictate the final shape of the device. As this approach used
PCB’s to heat the PSPS, it was fundamentally template-driven and thus had the

geometric limitations.

AM of such structures has also been attempted with a significant focus on shape
memory polymers [260, 261]. These materials can be printed in one form and
then ‘trained’ to remember another so that when the heat is applied, they return
to their original state. The main drawback of these polymers was that they
exhibit signs of mechanical degradation after repeated cycling [262], rendering

them unsuitable for critical applications and limiting them to prototype parts.

An alternative category of shape memory materials is shape memory alloys
(SMA)s, which when plastically deformed, undergoes a solid-state phase change
which converts the crystalline structure from a martensitic to an austenitic
arrangement. When heat is applied, the alloy reverts to its martensitic phase
which causes it to ‘remember’ its shape prior to deformation. By embedding

SMAs into the rigid-flex parts demonstrated in this thesis, it was possible to
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create lightweight actuating structures. Figure 5.19 shows a proof of concept,

with a pair of Nitinol wires embedded into an additively manufactured PEI part.

Figure 5.19: Proof of concept for embedding Nitinol wire into Flexible additively manufactured
components

Nitinol, an alloy of nickel and titanium, is a commonly available SMA material.
The wire used in this work (SmartFlex05, SAES Getters) was 500 um in diameter
and had a maximum actuation force of 35 N. It could be formed into the shape
to be remembered and held in a jig while heated to 500 °C to anneal it. When
bent into any other shape after annealing, heating above 50 °C caused the wire
to return to the shape it was set in. If no annealing was performed, the wire
naturally straightened itself when heated. The proof of concept was produced
by printing a typical rigid-flex substrate however cavities were left, into which
the wire can be placed. Mid-way through, the print was paused, and the head
raised to gain access to the part. The wires were then pressed into place, and the
print was resumed, encapsulating them into the structure. The bridges on the
part were required to keep the wires running close to the substrate and prevent
them from deviating when heated. This part could be bent into any shape, yet
when heat was applied to it with a hot-air gun, it returned to its flat form. This
was a passive device requiring external input to actuate; however, using an
approach similar to Felton et al. [258], a selectively deposited copper heating

element was used to actuate the SMA.

The design in Figure 5.20 uses the same mechanics as the previous part;
however, it could be actuated by applying an electrical current to the copper

tracks. The circuit had a narrow, repeating s-shaped track to increase its total
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length and therefore, resistance. This was to ensure that the heating element
would warm as opposed to the electrical connections. In addition, there were
four electrical terminals that divide the heating element into three distinct
regions, allowing specific segments to be targeted individually. By heating
specific areas, the wire could be actuated into a total of eight configurations. To
prevent the SMA wire short circuiting the heating element, the tracks were
patterned onto the opposite side of the sample to the wire retention cavities.
Whilst PEI is a poor thermal conductor; this design relied on the substrate being
thin enough and the proximity of the wire being close enough to transfer the

heat and trigger the actuation adequately.

Topside e Underside

Figure 5.20: Multi-region Nitinol actuator, showing the shape memory wire and the circuit used
to achieve localised heating

To connect to the sample, 18-Gauge copper wire was hand-soldered to each of
the four pads and attached to a programmable two-channel benchtop power
supply (2220-30-1, Keithley). The setup was then clamped into a bench vice and
manually bent into an arc of approximately 90°. The power supply was used to
apply a current to the desired wires, heating the selected sections and causing it
to deflect. Between each configuration, the wire was manually bent back to 90°
and re-actuated. Figure 5.21 shows the sample first moving through its full range
continuously and then selectively actuating into one of the eight possible

configurations.
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Actuated

Un-actuated

Figure 5.21: Demonstration of SMA actuator moving continuously through its full range and
selectively to each of the eight possible configurations. The coloured lines indicate which
segments have been heated and therefore actuated

The figure shows how this process could be used to develop actuating devices
that require little space with no moving parts. Furthermore, they could be

digitally controlled to take one of multiple forms.

There was a limitation in that if the wire was embedded during the print it must
be trained into a flat form; otherwise, the print temperatures were enough to
actuate the wire, causing it to deviate from the channels before they were
encapsulated. It may be possible to use a wire with a higher actuation
temperature; however, there is a greater chance of burning out the conductor or
reaching the T of the PEI and melting the structure during operation. A more
straightforward approach would be to design the part such that the wire can be
set into the desired shape outside of the print and then threaded into cavities
left for the component after the print had completed. Currently, motion in just
one direction has been demonstrated as most SMA’s do not return to their
previous form when cooled, although bidirectionality can be achieved by using
antagonistic pairs of SMA’s [263] or bias springs [264]. Because this process
allowed structures to have a tuneable stiffness by controlling their thickness, it
may be possible to amalgamate a type of bias-spring into the structure by having

a hinge that partially resists motion and acts as a spring.
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5.4 Summary

Chapter 5 set out to illustrate how the novel developments in electronics
manufacture from the process described in this thesis have bought about
improvements in various application areas. Using high-performance PEI
substrates, for the first-time conventional SAC solder has been used to mount
SMD electronic components to functional devices. The combination of AM and
non-contact, laser-based patterning has enabled the integration of antennas
into 3D geometries, where previously they would have to be flexible and wrapped
around the structure. This coupled with the ability to embed solid state
actuation directly into components offered advances space saving and design
simplification. Finally, unlike some existing AM electronics fabrication

methods, all these benefits were realised in a single device.
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6 Conclusions and Future Work

6.1 Conclusions

This thesis has developed a digital fabrication method for high-performance
three-dimensional electronic devices by combining the benefits of high-
performance polymer AM and selective light-based copper deposition. The
approach improves on previous bodies of work which typically compromised on
either conductivity or durability which limited their application to prototyping.

There were several key findings that underpinned the process.

The first was the parameters that enabled successful chemical modification of
additively manufacturable PEI. It was shown that stronger hydrolysis conditions
than previously reported; with a 15M KOH bath at a temperature of 80 °C and
submersion times greater than 30 minutes, were required to achieve hydrolysis
of the PEI. This was significant because it enabled the seeding of printable high-
performance polymers, which had previously only been performed on sheet
materials, not 3D geometries. During the treatments it was found that avoiding
cross-contamination was essential to avoid staining or undesirable copper
deposits on the samples. Ultrasonic washing for 10 minutes in de-ionised water
was discovered to be effective at clearing remaining chemicals that had been
trapped in the hatch off FFF parts. The main limitation of the testing method
was that only the impact on the reduction of silver ions was explored rather than
how this influenced the final copper deposits. Additionally, because the
inspection was visual, the degree of hydrolysis is not fully understood. Use of
more advanced methods like Fourier-transform infrared spectroscopy would
have given a quantifiable measure of the surface imide content and therefore,

completeness of hydrolysis.

The second finding was that increasing the exposure of treated PEI to 405nm
radiation improved copper coverage to an extent, but overexposure led to
polymer degradation and raised blistering of the copper, weakening its bond.
The ideal processing window was found to be an area related energy density
between 2.34 J/cm? and 2.55 J/cm?, which was controlled by varying the speed,

power, and number of passes of the patterning laser. This was also varied using
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the hatch spacing; however, altering the spacing between laser passes without
matching the lasers spot size could result in un-patterned areas between
scanlines. The importance of this finding was that it prevented unnecessary
weakening of the copper adhesion and gave an indication of the processing times
that can be expected when using a laser patterning technique. For the explored
approach, the patterning rate was found to be approximately 2 cm?/hour and the
size of the pattern directly controls the processing time, resulting in a poor
process scalability. There are two potential approaches for improving the
scalability: increasing the reduction rate and selective bulk exposure.
Improvements in reduction rates have already been development by the
collaborative partners [32, 264, 265] of the Photobioform project through the
application of a plant-based extract to the substrates before patterning. Using
this they were able to increase the rate of reaction by an order of magnitude
without altering the UV exposure. By lowering the energy requirement, this
technique may also help reduce the chances of polymer degradation.
Alternatively, patterning hardware based on digital micromirror devices that can
project an entire pattern simultaneously could be used instead of galvanometer
scanning. Bulk exposure would remove the relationship between time and
pattern size meaning that large circuits would take no additional time over
smaller circuits. Another observation was a variability in the plating quality, and
because single samples were used to establish the processing window this

variability cannot be attributed to any one stage.

The next finding was that the fine-grain electroless copper deposition was able
to successfully bridge the hatch line and stair-step induced topology of the FFF
parts. This was central to the process as it ensured the conductor could conform
to the surface of 3D geometries without breaks in the tracks. Furthermore, this
was produced without the need for additional post-processing such as grit-
blasting to remove surface features that have been required in previous examples
with FFF PEI substrates. Four-point probe and white light interferometry
measurements of the conductor found a bulk conductivity of 3.81 x 107 S/m at a
thickness of 559 nm. Except for wire embedding, this was better than the

alternative hybrid AM approaches published to-date and on-par with laser direct
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structuring. Tape peel testing of the copper showed good adhesion to the
polymer, a result later supported by fatigue testing of flexible devices. After
50,000 cycles of bending, the copper remined attached to the substrate and due

to its ductility showed less than 1% change in resistance.

Regarding the AM of PEI, it was found that by producing thin layers a flexible
substrate could be created that could be bent to a radius of 6.7 mm and back
more than 60,000 times before failing. The failure mode of all samples tested
was crack propagation parallel to the bending axis along the hatch of the printed
part. The indication was that this might not be the upper limit to fatigue
performance and altering the hatch orientation so that it does not align to the
bending axis might discourage crack formation. The printing of both rigid and
flexible substrates as one is significant as it allows devices to be built as one-
piece, simplifying designs, and removing connectors and potential failure
points. Furthermore, this is a novel finding and has to-date not been

demonstrated in the literature.

The final enabling scientific finding was that printable PEI can withstand a
solder reflow at temperatures above its Ty with minimal deformation, provided
it was printed in a heated build environment. This was shown to be true for a
SAC solder reflow process with a peak temperature of 249 °C, on parts printed in
a 120 °C build chamber. The significance of this was for the first time, AM
electronics were compatible, conventional soldering methods and allowed a
durable and highly conductive bond to be formed between all elements of an
AM electronic device. Previously AM electronics have relied on conductive
epoxies or DW of silver inks to connect to the bond pads of the components,
both of which offer either lower conductivity or adhesion. The main limitation
of the testing was the lack of verification using self-supporting geometries like
overhangs or bridges that may sag when elevated above the polymers Tj.
Additionally, sectioning of the solder joints would have helped validate their

overall quality.
The additional achievements of this thesis were:

e The engineering of a low-cost, high-temperature FFF printer.
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e The characterisation of mechanical, fatigue and electrical performance

for the substrates and circuitry.

e The production of process demonstrators illustrating the building blocks
for increased functionality including working circuits, conformal and

double-sided RF antennae, flexible sensors, and embedded actuators.

The inverted, open chamber design of the FFF printer illustrated the potential
of such designs for reducing the cost of high-temperature desktop AM. Parts
produced demonstrated a dimensional accuracy close to existing designs but
with fewer extrusion artefacts and an objectively higher quality surface finish.
Increasing the temperature within the chamber was shown to improve the UTS
of PEI parts whilst simultaneously reducing warping, although not eliminating
it completely. Through selective control of substrate thickness rigid-flex boards
were produced as a single assembly without the need for connectors or post
processing. These substrates were fatigue tested in compression and found to
withstand between 60 and 70 thousand cycles before showing signs of splitting

near the step change in thickness.

The focal depth of the laser was used to successfully pattern curved and sloped
surfaces without re-focussing the beam. The hardware was limited as only areas
immediately visible to the optical path could be patterned and extreme slopes
introduced distortion to designs. This was mitigated with the introduction of a
manual rotary stage that was effective in producing continuous, 360° features.
The inability to pattern faces parallel to the beam also introduced challenges
when forming through-hole vias, as the seed site could not be readily formed.
This was solved by sealing vias during the ion removal, leaving them for
subsequent plating alongside the patterned regions. The configuration used also
restricted the vertical change in height of patterns as it relied on the depth of
focus of the laser which only extended a few mm either side of the central focus
point. All three of these issues could be avoided by using a 4 or 5-axis setup that
would allow the part to be moved relative to the laser. The smallest tracks
produced were 301 pm wide; however, the pattern in software was 250 pm,

indicating that either the plating builds outwards as well as upwards, or the laser
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size and position is poorly calibrated. Going forward it would be important to
measure and account for this, potentially leading to improvements in patterning
accuracy and minimum feature size. Added experimentation with a photomask
also demonstrated that the chemical modification approach could create

features 23 times smaller with upgrades to the laser system.

The manufacturing approach reported in this thesis has overcome the main
challenges previously restricting AM electronics. Devices produced have
exhibited improvements in both conductivity and durability compared to
previous methods, while retaining the geometric freedoms of digitally driven
processing. Furthermore, novel functionality in the form of integrated flexible

electronics, sensing and actuation have been demonstrated.

6.2 Future Work

The focus of this research has been proving the feasibility of a new
manufacturing process. While the building blocks for a transformative process
have been successfully demonstrated, there are several key areas that could

improve its applicability to industry.

As discussed in Section 4.2.3, the wavelength of light used can theoretically be
focused to a minimum spot size of 202.5 nm; therefore, the density of circuitry
can be increased. This would necessitate enhanced laser optics and software that
provides additional control over laser positioning. Traditional PCB fabrication
has made use of 3D routed multilayer boards to increase the density of circuitry.
A repeat processing approach that accepts completed substrates and prints over
them may be able to accomplish the same objective. Alternatively, it enables the
embedding of electronics, which coupled with the characteristics of PEI could
be used to manufacture devices for operating in harsh environments. Multilayer
boards were briefly explored during the thesis however it was found that after
the PEI hydrolysis, subsequent printing would not adhere to the treated
material. Work by the collaborative partners on the Photobioform project has
shown that reimidisation of the PEI can be performed which may overcome this

challenge.
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The advantages of conformal circuitry have been discussed at length;
nevertheless, the configuration applied in this work could only pattern areas
directly exposed to the optical path. By mounting the patterning hardware to
four or five-axis stages fully 3D pattering could be realised, enabling the
production of more complex devices. Being able to rotate relative to the path of
the laser would also enable digitally driven manufacture of through-hole vias as

opposed to the manual technique presently employed.

The thickness of the copper deposition was restricted by the bath formulation
used for plating however, the surface chemistry will act as seed for a wide range
of electroless plating baths. A dedicated composition should be able to increase
the thickness, although using the existing metal as a precursor and re-plating
with electrolytic copper might be a more effective route. Modification to the
plating bath could also be exploited for introducing new metals and thus
functionality; such as gold, for increased corrosion resistance and under bump
metallisation. This could also be achieved through the selective synthesis of
alternative metallic nanoparticles such as palladium, nickel, chromium and

cobalt [265].

The soldering methods from Section 4.5 were not optimised for the
substrate/conductor combination. Before the process could be adopted by
industry, long-term characterisation such as accelerated aging needs to be
performed. Moreover, the ability to solder onto sloped surfaces without
component slippage was not quantified and may require additional adhesives to
hold parts in place. Understanding this will enable the creation of truly 3D

packages.

Another feature that aids with solderability in conventional PCB’s is the
application of a solder mask that prevents solder spreading along the tracks and
pads from bridging across one another. These are usually applied and etched
using lithographic techniques that share the same disadvantages as PCB etching,
making them incompatible with this process. Further hybridisation with DW
methods such as AJP [266] offers a potential solution due to the wide range of

printable viscosities and usable standoff heights.
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With respect to PEI printing, improvements to the mechanical strength and
warping performance were seen with elevated chamber temperatures, however
neither reached their full potential. The suspected cause was the inability to
reach the 200 °C build environment temperature used in industrial FFF printers,
which was in large due to the circulation fan drawing cold air into the printer.
The fan could not be removed as circulation over the heater is required, but a
more suitable method might be to use a high-temperature recirculation blower,
like those used in fan ovens. Another potential cause of the warping could be
thermal gradients in the X-Y plane introduced by the positioning the heater in
one corner of the chamber. There is minimal literature on the effects of lateral
thermal gradients on FFF printed parts; therefore, would add value to the wider

community.

Although the process was unaffected by the layer-induced roughness of the FFF
substrate, some electrical applications such as high-frequency RF perform better
with conductors that have a smooth surface finish. This could be optimised
through tweaks in the slicer or the use of a finer nozzle; however, a high-quality
surface could also be achieved with curved layer slicing [267, 268]. Selective
smoothening is another option, whereby only regions that require a pristine
surface are altered. Machining has been demonstrated on printed PEI [208] and
could be integrated into the printer for removing layering artefacts where

necessary.

In Section 5.3 two flexible devices; a sensor and an actuator, were investigated to
test their feasibility. While capable of taking multiple forms, the actuator could
only move in one direction limiting its useful applications. In existing designs,
antagonistic pairs of SMA wires [269, 270] or bias springs [271, 272] have
regularly been employed to return the device to its resting state after actuation.
It may be possible however, by altering the thickness of the printed PEI to tune
the stiffness of the hinge, allowing it to perform the role of a bias spring without
taking additional space. Furthermore, introducing the sensor design to the same

component would enable positional feedback and greater control of the device.
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Appendix A

Values Used in Heat Transfer Calculations

Table A.1: Heat Transfer Calculation Values

Component Thickness (m) A (m?) V (m?) p (kg/m?) C, (J/kg.K) k (W/m.K) £
Bed Aluminium 3x103 0.053 1.59 x 10 2,707.0 896.0 204.0 0.09
Glass 3x107 0.053 1.59 x 10 2,230.0 900.0 1.09 0.90
Aluminium 5x 107 0.101 5.05 x 10 2,707.0 896.0 204.0 0.09
Ceiling Foam 1.6 x 1072 0.101 1.62 x 107 256.3 1,260.0 0.06 -
Air Gap 2.1x107 0.101 2.12 x 103 1.2 1,024.8 0.04 -
Aluminium 3 %107 0.138 414 x10* 2,707.0 896.0 204.0 0.09
Foil 3 x10° 0.138 414 x10°° 2,707.0 896.0 204.0 0.09
Full Walls
Foam 8 x10° 0.138 1.01x 107 256.3 1,260.0 0.06 -
Air Gap 6 x107 0.138 8.28 x 10 1.2 1,024.8 0.04 -
Aluminium 3x10°2 0.044 1.32 x 10 2,707.0 896.0 204.0 0.09
Foil 3x10° 0.044 132 x10°° 2,707.0 896.0 204.0 0.09
Belt Covers
Foam 8 x107 0.044 3.52 x10* 256.3 1,260.0 0.06 -
Air Gap 6 x102 0.044 2.64 x10* 1.2 1,024.8 0.04 -
Aluminium 3x107 0.111 333 x10* 2,707.0 896.0 204.0 0.09
Door and Foil 3 %10 0.111 333 x10° 2,707.0 896.0 204.0 0.09
Frame Foam 8 x10 0.1 8.88 x 10 256.3 1,260.0 0.06 -
Air Gap 6 x102 0.111 6.66 x 10 1.2 1,024.8 0.04 -
Window Glass 3x107 0.027 8.10 x 107 2,230.0 900.0 1.09 0.90

-¢8l-
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Appendix B

Convective Heat Transfer Coefficient Calculations

To calculate the convective heat transfer coefficient h using Equation (B.1), the

Nusselt number Nu, were first found using Equation (B.2).

Nue. k
-7 (B.1)
h L

The subscript f denoted that this must be performed at the film temperature,
which was defined as the mean temperature between the solid and the fluid. The
length scale L depended on the orientation of the surface. For vertical plates it
was defined as the height of the surface, whereas for horizontal plates it was the

area of the surface divided by its perimeter.

C and m were also determined by the orientation as well as which direction with
respect to gravity the heat was convected from. The three situations used in this

work are shown in Table B.1.

Table B.I: C and m values for Nusselt number calculations

Condition C m

Vertical plate 0.59 0.25

Horizontal plate — upper surface 0.15 0.33
Horizontal plate - lower surface 0.58 0.20

The other values in the Nusselt number calculation were the Grashof and

Prandtl numbers. These were found using Equations (B.3) and (B.4).

gBATL?
Grf = ) (B3)
C
Pr, = -2& (B.4)

k
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Where:

® (77 is the Grashof number

e g is gravitational acceleration (9.81 m/s?)
e [ is the coefficient of thermal expansion

e AT is the temperature change in K

e Listhelengthscalein m

e v isthe dynamic viscosity of air in kg/m.s
e Pryis the Prandtl number

e (, is specific heat of air in J/kg.K

e u is the kinematic viscosity of air in m?/s

e [ is the thermal conductivity in W/m.K

The thermodynamic properties of air for the two film temperatures used in the
calculations can be seen in Table B.2. 110 °C was used for boundaries between
operating air temperature (200 °C) and the ambient environment (20 °C). 50 °C
was used between the external surfaces (80 °C assumption) and the

environment.

Table B.2: Thermodynamic properties of air

Property 50 °C 110 °C
Specific Heat (J/kg.K) 1.01x10*> 101x 10°
Thermal Conductivity (W/m.K) 2.80 x 102 3.24 x 102
Kinematic Viscosity (m?/s) 1.80 x10° 2.42 x 10~
Dynamic Viscosity (kg/m.s) 1.95x10° 2.21x10~

The results of the convective heat transfer coefficient calculations for the

scenarios encountered in the design are detailed in Table B.3.



Table B.3: Convective heat transfer coefficients

Scenario Condition T (°C) AT (°C) L (m) Pry¢ Gry C m Nuy h
Bed - Topside ~ 1lorizontal Plate 110 180 0.07 0.691 168x10° 0.5 0.33 731 3.65
- Upper Surface
. Horizontal Plate 5
Bed - Underside 110 180 0.07 0691  1.68x10 0.58 0.20 5.97 2.98
— Lower Surface
Chamber - Horizontal Plate 50 60 0.08 0702 139 x10° 0.15 033 6.64 2.38
Ceiling — Upper Surface
Cham\'/’\g‘il"s Solid /. ical Plate 50 60 035 0702  557x10”  0.59 0.25 46.66 3.73
Chamber - Belt /. 1 Plate 50 60 035 0702  557x10”  0.59 0.25 46.66 3.73
Covers
Chamber - Door /0 . 1 Plate 50 60 035 0702  557x10°  0.59 0.25 46.66 3.73
and Frame
Chamber - Vertical Plate 50 60 0.15 0702  188x10°  0.59 0.25 20.00 3.73
Window
Chamber - Open  Horizontal Plate 110 180 0.08 0.691  351x10° 058 0.20 6.92 2.48

Side

— Lower Surface

-G8I-
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Appendix C
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FHT Sample 4, Chamber at 90 °C
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HTID Sample 2, Chamber at 170 °C
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HTID Sample 5, Chamber at 170 °C
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HTID Sample 8, Chamber at 195 °C
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HTID Sample 11, Chamber at 220 °C
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HTID Sample 14, Chamber at 220 °C
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HTID Sample 17, Chamber at 245 °C
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HTID Sample 20, Chamber at 245 °C
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HTID Sample 23, Chamber at 270 °C
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Warping Surface Profiles
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Sample 1, Chamber Temperature: Ambient
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Sample 4, Chamber Temperature: 90°C

Deviation (mm)
L

20
10

Y-Axis Coordinate (mm)

40 0
0 30
10

X-Axis Coordinate (mm)

Sample 5, Chamber Temperature: 90°C

Deviation (mm)
L

20
10

Y-Axis Coordinate (mm)

40 9
20 30
10

X-Axis Coordinate (mm)

Sample 6, Chamber Temperature: 90°C

Deviation (mm)

20

10

Y-Axis Coordinate (mm)

0

0

" 40 50
20
10

X-Axis Coordinate (mm)

1.5

0.5

1:5

0.5

15

—

<
W

Deviation (mm) Deviation (mm)

Deviation (mm)



-198 -

Sample 7, Chamber Temperature: 120°C
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Appendix E

Enthone MacDermid Metex 9962 Copper Plating Solution
Bath Composition by Volume

e 75% Deionised water

e 15% Metex Copper Concentrate 9962-A

e 10% Metex Copper Reducer 9962-C
Operating Conditions

e Temperature: 20-32 °C. Optimum 24 °C.

e Immersion time: 6 - 15 minutes depending upon thickness desired and

the operating temperature selected. See plating rates below.

Plating Rate

e 7 minutes = 0.425 pm
¢ 10 minutes = 0.55 um
¢ 15 minutes = 0.65 pm

Bath loading: Up to 4.0 dm?/L
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Appendix F

Full White-Light Interferometry Data Set
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Scan 3
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Scan 6
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Scan 9
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