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Abstract

Multi-material, multi-technology (MMMT) manufacturing systems combine or hybridize
the benefits of individual fabrication and characterization techniques into a single manu-
facturing platform. In particular MMMT systems based on additive manufacturing (AM)
technologies offer new opportunities for increased design freedom and additional function-
ality. However, the realization of the potential of AM-based MMMT systems is held back
by the lack of accessible, affordable and reconfigurable hybrid-AM systems.

In this thesis, a novel, extendable hybrid-AM framework/concept is introduced. A cor-
responding, modular machine has been designed and built from the bottom-up. Detailed
insights into the design considerations, operating principles, associated digital workflows
and potential applications are discussed. The machine provided design freedom and in-line
functionality previously unachievable. These aspects are then demonstrated through the:
(1) AM of functional, form-factor free energy storage devices (supercapacitors, EDLC’s)
in a single, automated multi-material operation; and (2) measurement of a material prop-
erty distribution (the local dielectric permittivity (&,) in 3D) within printed parts as they
are being formed. Careful consideration was given to the underlying materials- and AM
processing-science. The supercapacitor behaviour was assessed through a range of electro-
chemical and other characterization techniques, and provided encouraging energy storage
behaviour. A ring-shaped supercapacitor was fabricated in a single manufacturing oper-
ation, unachievable by conventional manufacturing. Non-destructive, in-line permittivity
data was reconstructed into three dimensional (3D) dielectric “images” of a printed object,
and techniques to understand and improve the spatial resolution are presented.

The research aimed to accelerate the integration of functional devices in product manu-
facture (in particular for applications with irregular volume/shape and mass-customization
requirements), accelerate the design-make-test cycle for functional devices through insight
in device conformance to intended design (in-line quality control), and provide a versatile

hybrid-AM environment for further research.

Keywords: Additive Manufacturing, 3D Printing, Hybrid-AM, Energy Storage Devices,

Capacitors, RF, In-line Characterization, Dielectric Imaging.
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Figure i: A render of the multi-functional, lab-scale hybrid additive manufacturing machine
that was designed and built by the author. The machine played a central role while investigating

hybrid additive manufacturing (hybrid-AM) concepts and applications. Operating principles and
design considerations are discussed in detail throughout this thesis.
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Figure ii: A render of the free-form energy storage device (supercapacitor, EDLC) that was
printed in a single, automated hybrid-AM manufacturing operation. The device was fabricated in
approximately 30 min, and was fully functional as-printed. Manufacturing considerations and the

electro-chemical performance of such devices is discussed in detail in this thesis.
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Figure iii: A photograph of the non-destructive, dielectric imaging sensor which was
integrated in-line with additive manufacturing, alongside a resulting 3D map showing the
internal distribution of a deliberately varying material property (dielectric permittivity, &,).
Detailed insights into the imaging principle, data processing/analysis and

limitations are provided in this thesis.
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Preface

0.1 Principal motivation

Additive manufacturing (AM), the process of fabricating parts layer-by-layer [1], is no
longer only a tool for rapid prototyping, but is finding applications across the value chain
in virtually all industries. AM may provide unprecedented design freedom, product-mix
flexibility and facilitate democratized, distributed manufacturing for some goods. In tan-
dem with emerging technologies associated with Industry 4.0, the Internet of Things (IoT),
real-time data analytics and artificial intelligence (AI), remarkable technological advance-
ments and applications involving AM have been demonstrated, such as true-to-life organ
replicas with integrated sensors for surgical planning [2], and high-performance gas turbine

blades printed from a nickel-based alloy [3].

The transformative potential of AM has by no means been exhausted and we are merely
beginning to understand the impact fabricating parts additively as opposed to subtractively
may have. The following fields of AM, and their respective research questions, were the
principal motivation for this thesis: (i) hybrid-AM — can we miz-and-match different AM
technologies to exploit their individual benefits? What advantages would a truly modular
or reconfigurable AM environment bring? And what would this look like? How would a
control-system for multiple, hybridized AM techniques work? What challenges arise when
printing using various technologies?; (ii) functional devices — can we fabricate functional
devices using only AM techniques? For example, can we print an energy storage device
such as a battery or capacitor? And would printing such devices bring any benefit?;
(iii) quality control — to what extent have quality control methods for AM been established?
Does fabricating parts layer-by-layer bring any opportunities for new forms of quality
control or materials characterization? Can we characterize the internal material properties
of a part as it is being printed? Could the information gathered for one layer, be used
intelligently to correct or adapt the next layer to achieve a better quality print? This thesis
investigates these issues and provides new approaches, insights and materials processing

technology; where open questions remain, ideas for future work are presented.
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0.2 Objectives

The narrative structure and principal objectives/work-packages are outlined below:

Part I — Hybrid additive manufacturing framework

(a) Construct a versatile hybrid-AM system — to design, build and commission a
modular, lab-scale multi-material, multi-technology (MMMT) manufacturing system
(hardware, software & workflows) to facilitate research in hybrid additive manufac-
turing (hybrid-AM).

Part IT — Multi-phase additive manufacture for energy storage applications

(b) Investigate multi-phase AM processing science — to develop quantified under-
standing of underlying material extrusion additive manufacturing (MEAM) processing-
science, such as melt and extrusion dynamics, extrudate spreading as well as bonding
processes between successive layers, to enable multi-phase AM, i.e. the layer-by-layer

deposition of solid-liquid-gel combinations;

(c) Print a complete energy storage device — to fabricate a functioning, form-factor
free electro-chemical energy storage (EES) device in a single, automated manufactur-
ing operation using MEAM techniques, to characterize the arising electro-chemical

performance, and compare with conventional approaches.

Part IIT — In-line characterization of dielectric properties

(d) Engineer a non-destructive dielectric probe — to engineer, characterize and
apply a non-destructive, non-contact probe to measure the dielectric permittivity
of as-printed materials layer-by-layer, suitable for direct integration in-line with
MEAM processes; and

(e) Demonstrate 3D dielectric imaging — to demonstrate proof-of-concept for the
real-time, non-destructive acquisition of dielectric data during AM (in three dimen-
sions), providing quantified insight into the internal distribution of the local dielectric

permittivity within a printed part.

XX



0.3 Structure of this thesis

Figure iv schematically illustrates the structure of this thesis. Each part is comprised
of an introduction providing context, a review of relevant literature and key objectives,
followed by an outline of the research/development conducted, and finally a summary
of the key scientific contributions or findings as well as an indication of further research

opportunities.

Preface
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Figure iv: A schematic illustration of the structure of this thesis.
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0.4 Terms and abbreviations

C' capacitance

L inductance

R internal radius

V' voltage

4 shear rate

L viscosity

ur magnetic permeability

v scan rate

¢. working potential

er dielectric permittivity

E field electric field

H field magnetic field

fo resonant frequency

g air gap

h thickness

1 current

n refractive index

q probe-sample separation distance
w ring width

ABS acrylonitrile butadiene styrene
BN boron nitride

BaTiO3z barium titanate
CNF carbon nanofibre

CNT carbon nanotube
Fe3zO4 iron oxide

GO graphene oxide

IPA isopropyl alcohol

KCIl1 potassium chloride
KOH potassium hydroxide
LiFePO4 lithium ferrophosphate
NMP N-Methyl-2-pyrrolidone
Ni nickel

PC polycarbonate

PEEK polyether ether ketone
PET polyethylene terephthalate
PE polyethylene

PLA polylactic acid

PP polypropylene

PTFE polytetrafluoroethylene
PVA polyvinyl alcohol
PVDF polyvinylidene fluoride
Pt platinum

1D one dimensional

2D two dimensional

3D three dimensional

3DP three-dimensional printing

AT artificial intelligence

AM additive manufacturing

BJ binder jetting

BOM bill of materials

CAD computer aided design

CAM computer aided manufacture
CCCD constant current charge/discharge
CDLP continuous digital light processing
CNC computer numerical control

CPS cyber-physical system

CV cyclic voltammetry

DED direct energy deposition

DfAM design for additive manufacturing
DfM design for manufacture

DIW direct ink writing

DLP digital light processing

DLW direct laser write

DMLS direct metal laser sintering

DOD drop on demand

DR dynamic range

e-3D embedded 3D printing

EBAM electron beam additive manufacturing
EBM electron beam melting

EDL electric double layer

EDLC electro-chemical double layer capacitor
EES electro-chemical energy storage

EIS electro-chemical impedance spectroscopy
EM electro-magnetic

EPSRC UK Engineering and Physical Sciences Re-
search Council

ESR electrical series resistance

ESW electro-chemical stability window
FEM finite elements model

FFF fused filament fabrication

GUI graphical user interface

H&S health and safety

HiSLIP high-speed LAN instrument protocol
HL holographic lithography

IDE integrated development environment

IEC International Electrotechnical Commission
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IJP inkjet printing

IoT Internet of Things

LED light emitting diode

LENS laser-engineered net shaping

Li-ion lithium ions

MEAM material extrusion additive manufacturing

MJIM multijet modelling

MMMT multi-material, multi-technology
MMST multi-material, single-technology
NC numerical control

NRW Nicolson-Ross-Weir

OEE overall equipment efficiency

OOP object oriented programming
PuSL projection micro stereo-lithography
PAC printed active composites

PEMA printed electrode membrane assembly
PID proportional-integral-derivative
PML perfectly matched layer

PoC proof-of-concept

PSF point spread function

PWM pulse width modulation

QC quality control

R & D research and development

RF radio frequency

SEM scanning electron microscopy

SL stereo-lithography

SLA stereolithography

SLM selective laser melting

SLP selective laser printing

SLS selective laser sintering

SMA SubMiniature version A

SMMT single-material, multi-technology
SPDR split post dielectric resonator
SRR split ring resonator

STL standard tesselation language

TTL transistor transistor logic

USB universal serial bus

UV ultraviolet

VISA virtual instrument software architecture
VNA vector network analyzer

WIP work in progress

XRT X-ray tomography
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Part 1
Hybrid additive manufacturing

framework

Summary

In the wake of established additive manufacturing (AM) processes and technologies lie
so-called hybrid-AM techniques. With the ambition to hybridize or wunify the individ-
ual strengths of different additive (and also subtractive) techniques, the potential op-
portunities of hybrid-AM may be significant: from supply chain simplification through
single-operation manufacture, to additional in-line functionality such as real-time char-
acterization of material properties during build. However, research and development in
hybrid-AM concepts and technologies is held back by a lack of accessible, affordable and
reconfigurable hybrid-AM systems. Here, the challenges, trends and opportunities for
high-value manufacturing in 2019 are described, with a focus on the transformative po-
tential of AM and hybrid-AM. A novel hybrid-AM framework/concept is then introduced.
As proof-of-concept, a corresponding machine is designed and built from the bottom-up,
with modularity /extensibility at its core. Detailed insights into the design considerations,
operating principles, associated work-flows and digital threads, alongside potential appli-
cations are discussed. The tools and methods developed in Part I form the basis for the

research conducted in Parts II and III.







Introduction:

Hybrid additive manufacturing

1.1 Manufacturing in 2019 . . . . . . . ... 3
1.2 Additive manufacturing . . . . . . ... Lo oL 5
1.3 Hybrid manufacturing systems . . . . . . . . ..o 9
1.4 Objectives for Part T . . . . . . . .. .. 12

1.1 Manufacturing in 2019

Disruption The manufacturing sector is experiencing significant disruption: expanding
in emerging economies, in which global consumerism is met by low-wage, low-cost mass
production [4]; and shrinking in developed economies, where innovation and flexibility
have been identified as key remaining drivers of growth [5, 6]. The legacy sector has been
characterized by complex, established production processes, requiring large financial and
labor investments, making it chronically difficult for innovation to flourish. Traditionally,
manufacturing development has been reserved for big players (e.g. Ford, Toyota and 3M)
tackling incremental challenges associated with mass production, waste reduction and
overall production efficiency. However, today’s technological advancements, particularly
in robotics and data-collection/analysis, may provide platforms to radically accelerate
the rate of manufacturing/product innovation necessary to tackle primary challenges the

sector is facing.

Challenges The manufacturing sector faces severe socio-economic challenges, includ-
ing: (a) an increasingly competitive manufacturing-scape with radical new business mod-
els (service oriented architecture, network communication at production level [7]); (b) a

demographic change in the workplace (e.g. skilled labor shortage in the USA [8]); (c)
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cyber-security threats (e.g. Stuxnet superworm attacking shop-floor programmable logic
controllers [9], 42 % of organizations worldwide were affected by cyber-attacks in the first
half of 2018 [10]); and (d) increased market demand volatility (e.g. through fluctuating
customer demand paired with imposed tariffs and unpredictable foreign policy [5]). Tech-
nological challenges include those relating to: (e) high energy consumption and carbon
emissions; (f) multi-material, multi-operation device fabrication (e.g. of functional de-
vices); (g) process flexibility (e.g. shortened product life cycles and small batch sizes);
(h) data integration (e.g. a rapid increase in IoT devices contributing to the heterogene-
ity, speed and quantity of data generated at production level [11]); and (i) a desire for

increased production transparency [12].

Industry 4.0 To address the aggregate of these challenges (a-i, described in detailed sur-
veys elsewhere [11]), a wave of industrial digitization and virtualization, termed industry
4.0, has emerged. It involves the application of advanced cyber-physical systems (CPSs) at
production and logistics level to bring new value and services for customers and organiza-
tions [11]. Differentiating such advanced, smart systems from conventional manufacturing
approaches is the coordination of information, automation, computation, software, sensing,
and networking [7]. 80 % of high-value manufacturers believe concepts related to industry
4.0 will help address the current challenges [12]. Nevertheless, the societal impact of such

systems remains controversial, and will require further attention/discussion.

Manufacturing mega-trends Increasing investments in research and development (R
& D), innovation and integrated technologies are being made in the manufacturing sector
(an expected 40 billion EUR in IoT technologies in 2020, compared to 10 billion in 2015
[13]). Some of the current, industry-wide trends include [14]:

(a) smart manufacturing — real-time data analytics, leveraging connected equipment
(IoT, CPS systems) with smart sensors and actuators [11, 12] (e.g. real-time work

in progress (WIP) tracking [15] or predictive maintenance [16]);

(b) flexible manufacturing — unprecedented change-over times in hybrid manufac-
turing systems facilitating economical, very low production volumes alongside the

sending of files across the world, not parts; and

(c) collaboration — increased connectivity allowing for multi-party, flexible solutions

(global partnerships) as opposed to conventional linear manufacturing contracts.

Amongst the most promising manufacturing technologies, are additive manufacturing

(AM), and hybrid manufacturing solutions, discussed in detail hereafter.



1.2 Additive manufacturing

Additive manufacturing (AM), or 8D printing, is proving to be an innovation driver,
transforming the way we think about manufacturing and its interaction with the value-
chain [17]. AM may be defined as “the process of joining materials to make parts from
three dimensional (3D) model data, usually layer upon layer” [1] and contrasts to/com-
plements traditional formative (e.g. injection molding) or subtractive methods (e.g. CNC
milling). Figure 1.2.A schematically illustrates the difference between additive and sub-
tractive methods. Comprehensive reviews of the materials [18], methods [19], challenges
[20] and applications [21] related to AM are frequently published. Additive methods can
fabricate an ever-expanding palette of material classes, primarily: polymers [22], metals
[23] and ceramics [24]. The technologies are frequently categorized into seven groups [1]:
material extrusion, powder bed fusion, vat photo-polymerization, material jetting, binder
jetting, sheet lamination, and direct energy deposition. Table 1.2.A provides an overview

of common AM technologies and materials.

(a)

(b)

Figure 1.2.A: A schematic representation of (a) additive manufacturing and

(b) subtractive manufacturing. Adapted from [25].



AM category Example technologies Common materials

Fused filament fabrication (FFF)

G

Direct ink writing (DIW) or robocasting ggﬁing;rif::tms

Embedded 3D printing (e-3D) p
Material
extrusion

Selective laser melting (SLM) Metal

Direct metal laser sintering (DMLS) cta .

. . . Ceramic
Selective laser sintering (SLS) .
Plastic

Powder bed Electron beam melting (EBM)

fusion

Stereolithography (SLA) or (SL)

Digital light processing (DLP)

Continuous digital light processing (CDLP)
Selective laser printing (SLP)

Projection micro stereo-lithography (PuSL)
Holographic lithography (HL)

Thermoset plastic

¢

Vat photo-
polymerization

Inkjet printing (IJP)

=

Three-dimensional printing (3DP) 11\3/[1astic
Multijet modelling (MJM) Weta
ax
Material Drop on demand (DOD)
jetting
Gypsum
. S Sand
Bind tt BJ
inder jetting (BJ) Metal
Plastic
Binder jetting
Laser-engineered net shaping (LENS) Metal
Electron beam additive manufacturing (EBAM) eta

Direct energy
deposition

Table 1.2.A: An overview of common AM process categories, example technologies and common

materials. Note: sheet lamination has been excluded; thumbnails adapted from [25].



Additive workflow In its simplest form, the AM workflow entails: (1) product design
(conceptualization, computer aided design (CAD) and conversion to a surface geometry,
i.e. standard tesselation language (STL) file), (2) slicing, or path planning (consideration
of geometry, print-presets, material properties and system parameters to generate a ma-
chine executable g-Code file), (3) machine calibration (homing, offsets, first layer, etc.), (4)
build/fabrication (typically layer-by-layer), (5) removal and clean-up, (6) post-processing
(e.g. thermal- or ultraviolet (UV)-curing), and (7) quality control and application. Main-
taining the integrity and coherency of the associated digital thread (i.e. the flow of digital
data/files from design to inspection) is crucial in exploiting all the benefits AM technolo-
gies may provide (e.g. to be able to use big-data algorithms to pre-emptively spot design

or manufacturing defects).

Impact of AM Mature AM technologies, such as polymer fused filament fabrication
(FFF) or metal selective laser melting (SLM), have already had wide-reaching impact,
in particular in areas of [26]: (a) rapid prototyping (e.g. accelerated design cycles and
associated time to market through direct manifestation of product designs i.e. from CAD
to part within hours [27]); (b) design freedom (e.g. simple fabrication of complex in-
ternal/overhanging features alongside topological optimization, organic shapes/structures
and cellular structures [28]); and (c) customization (e.g. allowing economical customer
co-creation i.e. mass-customization through toolless production [29]). Furthermore, AM
is having an impact on: (d) risk mitigation (e.g. minimal financial burden of faulty de-
signs when compared to bespoke molds, tooling or jigs [25]); (e) resource efficiency (e.g.
waste reduction/optimized material usage [30], repeatability, tireless 24/7 fabrication and
minimal labor costs); (f) decentralization of manufacturing (e.g. disruptive business mod-
els/implementation frameworks [31, 32] and rationalization of inventory /logistics [33]);
(g) complexity reduction (e.g. component consolidation [34]); (h) democratization of man-
ufacturing (e.g. allowing amateurs to design/fabricate products [35]); (i) collaboration
(e.g. open-source projects [36]); and (j) legal as well as security concerns (e.g. intellectual

property implications [37]).

Innovation frontiers Technological advancements in microelectronics, robotics, Al,
sensors, etc. and the expiration of patents (e.g. [38] in 2009) have led to a surge in research
and development (R & D) efforts related to AM. Industrial and academic efforts are tightly
linked, through for example the High Value Manufacturing catapult scheme in the UK [39],
the America Makes innovation institute in the USA [40] or the Frauenhofer AM Alliance
in Germany [41]. Multi-national corporations, such as Siemens, GE and HP, have entered
the AM market, and are bringing with them significant R & D efforts [42]. Some of

the main innovation frontiers include: (a) advanced materials for AM (e.g. carbon fibre
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loaded filaments [43]), (b) new AM processes (e.g. embedded 3D printing (e-3D) [44]), (c)
supply-chain integration (e.g. reduced inventory and streamlined logistics [45]), (d) design
optimization (i.e. the exploration of light-weighting and organic shapes [46]), (e) economic
viability (e.g. lead-time reduction and aftermarket repairs/spare parts [47]), (f) software
development (i.e. to cope with the specific requirements of AM [48]), and (g) 4D printing
(i.e. fabrication of parts which change characteristics after they have been printed [49]). At
the time of publication, in 2019, the key industries at the forefront of adopting/innovating

AM technologies are aerospace, medical and automotive [42].

The AM landscape The AM landscape can generally be divided into hardware manu-
facturers (e.g. Stratasys or Markforged), software vendors (e.g. Autodesk or Ansys), ma-
terials/feedstock suppliers (e.g. Dupont or BASF'), post-processing solutions (e.g. Klaeger
or PostProcess), quality and inspection solutions (e.g. Faro or Sigma Labs) and research
institutions (e.g. Fraunhofer or MTC) [42]. Knowledge is often shared and discussed in
open-source online forums [35], not least due to a self-replicating rapid prototyping ma-
chine Rep-Rap [36]. The consumer market is dominated by XYZprinting, Monoprice,
Prusa Research, Wanhao and Flashforge when considering units sold in 2018 [50]. Maker-
Bot, Ultimaker, MarkForged and Formlabs also offer popular desktop printers. Notable
AM suppliers with mature technologies for industrial applications (primarily metal based)
include Stratasys, EOS, GE additive, 3D systems, Siemens and HP. The list of suppliers

offering advanced AM technologies is constanlty expanding/evolving [42].

Limitations of AM Despite the rapid advances in AM technologies, disadvantages
include: (a) single-material ability — most AM systems are still only capable of fabricating
single-material parts (e.g. to achieve complex geometrical and even structural components,
but thus far rarely functional products); (b) extensibility — available AM solutions offer
virtually no after-market customizability or extensibilty; and (c¢) mechanical properties —
especially tensile properties, fatigue life and ductility are typically lower than conventional
counterparts. Furthermore, current AM technologies suffer from: (d) anisotropy — the
layer-by-layer nature of AM processes inherently results in anisotropic functionality and
stength (usually weakest/poorest perpendicular to the print planes); (e) quality control
and reliability — the lack of experience/a comprehensive database to predict and simulate
material behaviour of parts fabricated by AM limits their use in critical area or demands
costly complete or 100 % inspection (i.e. every production part needs to be inspected); (f)
reluctance to change — adoption of this radical manufacturing technology faces reluctance
to change/slow adoption in some industries [51]; and (g) throughput — the layer-by-layer
or even spot-by-spot methods used in AM may result in very low production throughput

when compared to traditional methods such as injection molding or forging.



1.3 Hybrid manufacturing systems

Principal motivation To fabricate complex parts, multiple manufacturing operations!

are often required. Conventionally, such manufacturing processes are comprised of cas-
caded, discrete machining operations (e.g. cell manufacturing [52]). Such sequential ar-
rangements systematically prevent the exploitation of potentially advanced interactions
between individual processes. Recently (since ~2012), hybrid-AM systems have gained
traction [53] to address these issues and promise, among other things: (a) efficiency im-
provements — radical operational waste reduction (so-called muda) through low changeover
costs; (b) single-operation manufacture — unison of multi-operation fabrication and what
used to be post-processing; (c) additional functionality — incorporation of in-operation
metrology and other advanced functionality [54]; (d) multi-material fabrication — two or
more dissimilar materials (e.g. metal + polymers) distributed with a designed composition
achieving multiple functionalities or enhanced performance [55, 56]; (e) enhanced flexibil-
ity — integrated value chain networks with unseen product-mix flexibility [57]; and (f)
reactive manufacture — dynamic, smart process parameter adjustment based on real-time

data collection/analytics [58].

Architecture and definition Hybrid additive manufacturing systems (hybrid-AM sys-
tems) may draw on the benefits of multiple, complementing fabrication techniques (e.g.
the toolless production principle of AM and the high throughput/surface finish of subtrac-
tive/formative fabrication [59-62]). An illustrative example of a metal-based hybrid-AM
system is shown in Figure 1.3.A. A range of systems with varying levels of technological
maturity and market penetration exist, and may be classified as single- or multi-material
and single- or multi-technology. Note, hereafter only integrated, fully automated and pri-

marily polymer-based systems with at least one MEAM technology will be considered.

Figure 1.3.A: Example of a hybrid manufacturing system incorporating (a) additive and (b)

subtractive manufacture as well as (c) in-operation inspection/metrology [59].

Ymanufacturing operation: an activity or activities performed by a single machine, person or both
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Single-material, multi-technology The principal benefit of single-material, multi-
technology (SMMT) systems is to allow for single-operation manufacturing and the asso-
ciated higher overall equipment efficiency (OEE), i.e. the reduction of transfer and assem-
bly times through the unison of multiple manufacturing operations. A variety of SMMT
manufacturing systems have been proposed (primarily for metal parts [61]), such as direct
energy deposition (DED) combined with computer numerical control (CNC) milling, and
inspection methods [59], SLM and precision milling [63, 64] and ultrasonic AM with CNC
subtractive [65].

Multi-material, single-technology The principal benefit of multi-material, single-
technology (MMST) systems is enhanced design freedom: MMST systems allow for multi-
material gradients i.e. region-specific, user-defined material properties to create products
not possible through single-material processes. Notable research developments related
to MMST systems include: (a) FFF systems — the use of dissolvable materials for the
fabrication of geometrically complex/overhanging structures and easy removal of support
structures [66, 67], the exploration of production speed concepts by combining multiple
FFF heads to print variable layer or trace thicknesses [68], the coaxial or sequential de-
position of fibres (e.g. kevlar or carbon) for fabricating reinforced composites [69, 70],
and the use of needle valves for more precise multi-material flow control [71]; (b) stere-
olithography (SLA) systems — a rotating vat carousel to exploit the high resolution of
SLA but prevent vat contamination issues [72]; (c) inkjet systems — printing of embedded
electronic circuits [73, 74], proof-of-concept multi-material demonstrators such as printed
active composites (PAC) or origami-like structures [75], and demonstration of blending
colours to achieve over 360,000 material combinations for printing multi-coloured objects
[76]; (d) laser-engineered net shaping (LENS) systems — the fabrication of functionally
graded metal parts (e.g. stainless steel 316L and Stellite Grade 12 Co-Cr alloy [77]); and
(e) binder based systems — the control of binder concentration affecting local mechanical

properties [78].

Multi-material, multi-technology Manufacturing systems that are capable of pro-
cessing multiple materials using a variety of additive technologies are still at their infancy
[79]. Nevertheless, the principal benefit expected from emerging MMMT systems is to
provide additional manufacturing and part functionality, including: (a) the fabrication of
parts with superior material properties (hardness, corrosion resistance, thermal conductiv-
ity), (b) printed functionality such as bioactivity [79], and (c) the exploitation of complex
interactions between manufacturing technologies and materials such as controlled chemi-
cal reactions upon deposition. An overview of MMMT concepts for increased component

functionality has been published elsewhere [80]. Notable research developments related
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to polymer-based MMMT systems include: (a) multi-direct ink writing (DIW)/FFF —
an AI enhanced all-in-one bio-printer [81] and conductive ink printing for integrated cir-
cuits [82, 83]; (b) modular manufacturing systems — interchangeable functional modules
such as laser, FFF and CNC machining on flexible gantries [84]; (c) SLA and DIW —
single-operation fabrication of arbitrary functional electronic circuits [85]; (d) DIW and
pick/place — fabrication of electronic circuits using pre-fabricated electric devices [86]; and
(e) in-operation characterization — machine vision assisted, reactive fabrication allowing

the integration of auxiliary objects [87].

Limitations of current hybrid-AM systems Hybrid-AM systems remain immature

and suffer from a host of challenges/limitations relating to:

(a) software & control — (explored further in Section 3.1.1) current manufacturing
software (printing hosts, slicers, CAD/computer aided manufacture (CAM), etc.) is
frequently regarded as proprietary technology, and as such protected commercially,
reserving development to resource intensive firms and hindering wide-spread adop-
tion/development /extension. The academic, open-source counterparts lack stan-
dardization in language (python, C/C++, Java, MATLAB, etc.) and platform (Ar-

duino, Raspberry pi, etc.) alongside user friendliness;

(b) material interfaces — the material properties of parts fabricated by AM are not
well understood. As such, predicting the multi-material interfaces and properties of

parts fabricated by hybrid-AM processes remains a challenge;

(c) complexity & agility — the complexity, cost and size of current hybrid-AM sys-
tems, in particular metal-based systems, result in a lack of flexibility and accessibility
for widespread R & D purposes. Furthermore, existing hybrid-AM systems are often
simply an aggregate of existing printers, susceptible to interfacing issues, as opposed
to a bottom-up designed system. The back-end of common AM machines prevents

adaption or manipulation;

(d) design freedom — design for additive manufacturing (DfAM) is still in its in-
fancy [88, 89], not to mention design for MMMT hybrid-AM systems. Systematic
frameworks have been proposed to help engineers organize complex material and
machine-related resources in the design process [56], but are still immature and have
not found wide-spread adoption [28, 56, 90]. Furthermore, a lack of design knowl-
edge and infrastructure is hindering the freeform advantage of hybrid-AM systems
to be fully exploited (e.g. CAD software is still based on, and promotes, traditional
methods like extrude (billet material) or rotate (lathe));
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1.4

collaboration — as high-value manufacturers move up the value-chain, to focus
on technologically advanced industries and products, the required complexity of
manufacturing solutions is likely to exceed the capabilities which can be provided
by a single vendor [91]. As such, a manufacturing paradigm shift towards a more
open-source, collaborative or modular manufacturing-scape, harnessing the latest

developments from a wide range of adjacent, complementing fields, is required; and

universality — the often praised universality of AM machines has by no means been
achieved. The endless permutations of users, technologies and applications related
to hybrid-AM systems will likely prohibit the development of a universal hybrid-AM
system [92].

Objectives for Part I

While developments in hybrid-AM systems are advancing in industry, a lack of open-

source, freely available hybrid-AM solutions, alongside the limitations outlined in Sec-

tion 1.3, are limiting research outcomes related to hybrid-AM at lab-scale/in academia.

As such, the primary objectives for Part I of this thesis are:

(a)

develop a modular manufacturing concept — to conceptualize a hybrid additive
manufacturing framework (hybrid-AM framework) with modularity, extensibility,
multi-functionality and automation as core principles. The framework must consider

associated workflows/data transfers as well as necessary interfaces;

construct a versatile hybrid-AM system — to design, build and commission
a modular, lab-scale MMMT manufacturing system (hardware, software & work-
flows) to facilitate research in hybrid-AM. The hybrid-AM system should act as
proof-of-concept for objective (a), and be specifically capable of, but not limited to,
multi-material additive manufacturing and in-line characterization to facilitate the

objectives of Parts II and III;
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Hybrid additive manufacture

framework, system and workflow

2.1 The framework . . . . .. . ... 13
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2.3 Hybrid-AM workflow . . . . . . . ... 17

2.1 The framework

Concept Figure 2.1.A schematically shows an overview of the new overarching, concep-
tual hybrid-AM framework. The framework is comprised of horizontal functions (control,
mechatronics and mechanical) and vertical modules (e.g. fabrication or characterization).
A selection of modules were chosen for proof-of-concept (PoC) purposes, in particular to
demonstrate multi-material and multi-phase! fabrication (see Part II of this thesis for
an application), alongside the demonstration of in-line? characterization (see Part III for
an application). In principle, the number and functionality of modules is not limited,
however in practice the mechanical design (described in Section 5) of the hybrid-AM sys-
tem will restrict the number of modules. It should be noted, that all modules (e.g. FFF)
have corresponding elements in all functions (e.g. tailored control algorithms, a designated
micro-electronics system and a physical extrusion head), represented as the nodes of the
matrix in Figure 2.1.A. The aggregate of each function across all modules forms the basis

of system components, which are discussed in detail hereafter:

Habrication using materials in at least 2 different states of matter (phases), e.g. solids and liquids.
2integrated within an existing manufacturing operation, i.e. does not require a seperate operation.
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e control (see Section 3) — a printing host to provide the logic and data manipula-

tion/analysis/etc. behind the hybrid-AM system;

e mechatronics (see Section 4) — a motherboard as interface between control and

mechanical functions; and

e mechanical (see Section 5) — the hybrid additive manufacturing machine (hybrid-

AM machine), i.e. the physical fabrication system.

Novelty Unlike conventional, cascaded/sequential manufacturing, the hybrid-AM frame-
work is characterized by modularity and interconnectivity as core principles. The frame-
work provides a novel, reconfigurable and extensible approach to digital fabrication and
characterization. For example, the unification of all control functions in a single, modular
printing host (described in detail in Section 3) may provide a platform to facilitate smart
and reactive manufacture by design. Parts II and III of this thesis bring out and exploit

these aspects explicitly.

14



Device design

\

Fused
o— filament *
fabrication

Modular
hybrid-AM
framework

. Dielectric
O imaging

Microelectronics |

o jon 4
Printing host e
[Section 3] Scientific
equipment

.

Functional device

Figure 2.1.A: A schematic overview of the modular hybrid-AM framework showing the
interaction of a selection of modules (FFF, DIW and dielectric imaging, indicated by *),
functions (control, mechatronics and mechanical, indicated by A) and system components

(printing host, motherboard, and hybrid-AM machine, indicated by 7).
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2.2 Principal design specifications for a hybrid AM system

Table 2.2.A outlines a selection of requirements that guided the design process of the
hybrid-AM system. The principal challenge lies in coordinating motion and functionality
through software interfaces (control systems), mechatronic systems and mechanical mech-

anisms. Modularity, versatility and robustness were considered to be the most important

attributes of the hybrid-AM system.

Hybrid-AM system requirements

Automated allow system capabilities to operate with a minimum of human assistance
Maintainable design for easy fault finding and repair
Reconfigurable allow for the easy, modular extension of system capabilities, by design, to
meet needs for materials science/engineering research
Non- . Operable designed for ease of use by an engineer
functional
Reliable repeatable, reliable operation of all functional modules
Safe operation in strict adherence to H&S requirements
Standardized provision of detailed engineering drawings for all components, and the use of
commercially available parts where possible
User friendly provide a simple graphical user interface (GUI) to guide the user throughout
AM (i.e. from g-Code generation to fabrication/characterization)
Multi-material  allow for multi-material, multi-technology (MMMT) fabrication of complex
3D assemblies
Integration support the integration of 3rd party scientific equipment (e.g. sensors, probes,
Functional/ measuring equipment, etc.)
technical
Host-based rely on a host-computer for processing and control to allow for e.g. reactive
or smart AM
Logging keep an accessible record of all manufacturing related parameters for debug-

ging and retrospective data analysis

Spatial control

allow 3D spatial/temporal manipulation in orthogonal axes X, Y and Z over
a build volume > 100 x 100 x 100 mm

Table 2.2.A: A selection of non-functional and functional/technical design requirements for the

hybrid-AM system.
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2.3 Hybrid additive manufacturing workflow

Step-by-step Figure 2.3.A depicts a simplified, functional flowchart of the hybrid-AM
workflow including a visualization of the digital thread (data transfers and processes, soft-
ware and file types). Detailed flowcharts for individual system components are provided in
the corresponding sections: printing host (see Section 3), microelectronics (see Section 4)
and hybrid-AM machine (see Section 5). The workflow relied on a host-based® control
approach and in its simplest form, with reference to labels in Figure 2.3.A and excluding

more complicated feedback loops, the workflow entailed:

e Device design — (1) conceptualization of a part or device (e.g. functional or multi-
material); (2) articulation and quantification of design specifications; (3) detailed 3D
device design in CAD software (i.e. multi-part assembly with respect to a mutual
origin); (4.1) exporting of a simplified surface geometry to meet the requirements
of slicing software (e.g. in .STL format); (4.2) definition of fabrication or print pa-
rameters such as material, speed, temperatures, etc. in designated slicing software
(e.g. in .INO format for Slic3r v1.3.0). Finally, from 4.1 and 4.2, the slicing software
could (5.1) calculate a layer-by-layer tool path and generate a chronological list of

machine commands i.e. the g-Code.

e Printing host — (5.2) definition of module specific parameters through the printing
host graphical user interface (GUI); from 5.1 and 5.2, (6) manipulation of the orig-
inal g-Code to reflect module specific parameters and finally; (7) numerical control

(NC)/communication with the hybrid-AM system.

e Microelectronics — (8.1) the firmware on a microcontroller interpreted the machine
command and in conjunction with (8.2) interpreting the current system status, de-
cided which action to make (e.g. if the command was to reach a desired temperature,
the firmware cross-checked the current temperature and decided to heat up or cool
down accordingly); (9) module specific break-out boards* amplified the logic signal

from the microcontroller in 8 to power the hybrid-AM machine.

e Hybrid-AM machine — (10.1) an analog signal caused actuation (e.g. stepper
motor motion) while (10.2) sensors reported back to the microcontroller or other
scientific equipment; (11) multi-material parts were fabricated layer-by-layer; and

(12) could then be extracted for (13) application and testing.

e Printing host (post-processing) — (14) throughout production, the system status
8.2 was logged and could influence NC in 7; (15) production and characterization

data (e.g. from scientific equipment) was analyzed and visualized.

3relies entirely on a single host computer/processor to coordinate all processes
4bundled, electrical components on a modular, replaceable motherboard
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Software requirements It follows that the minimum software requirements for imple-
menting the described hybrid-AM workflow were: (a) CAD software — to design/generate
3D parts and assemblies; (b) a slicing engine — to generate layer-by-layer tool-paths and
machine interpretable lists of commands (g-Code); (¢) a printing host — to communciate
with the hybrid-AM system; and (d) microcontroller firmware — to interpret and execute
commands from the printing host. Mature, commercially available software was used for
the device design stages i.e. SolidWorks 2017 as CAD engine, and Slic3r v1.3.0 as slicing
engine. A bespoke printing host (see Section 3) was developed bottom up to satisfy the

system requirements outlined in Section 2.2. An existing, open-source firmware (Repetier

v0.92.9) was modified (see Section 4.3.1) to meet system requirements.

/ Device design

1) Conceptualization
v
2) Specifications

v
3) 3D multi-part design slprt
\ 4 CAD
4.1) Simplified surface geometry STL
o
4.2) Print parameters INO
v slicer
5.1) Layer-by-layer tool path gCode
l @ Printing host
=
5.2) Module-specific parameters* mat
v
6) File manipulation* gCode
v
7) Numerical machine control

A
14) Production data logging mat
v

15) Data analysis and visualization*

Hybrid-AM workflow

..................................... .

Software

File type

— Data transfer/process
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A

@ Functional device

13) Application + test
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\{
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11) Multi-material fabrication*
v
12) Device extraction

ﬁ Scientific equipment*
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Figure 2.3.A: Functional flowchart of the hybrid-AM workflow. Note: * indicates steps which

differ significantly from conventional AM workflows.
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Section 3 outlines the design considerations for an adaptive ‘printing host’,
providing logic and control functionality across all ‘modules’ of the hybrid-AM
system. The printing host described here is a piece of computer software that
acted as interface between the user/engineer and the microelectronics system
described in Section 4. The printing host is interchangeably referred to as the

hybrid-AM app. The reasoning behind key decisions and selections is given,

and may provide a design guide that could be followed by other researchers.

3.1 The printing host in context

3.1.1 Purpose and functionality

The printing host sent, received and logged commands or queries to/from microelectronics
systems of ancillary devices (e.g. relating to the hybrid-AM machine or attached scientific
equipment such as a vector network analyzer (VNA), see Figure 2.3.A for context). It
provided a computer-based platform for the user/engineer to interact with all system
components of the hybrid-AM framework. Additionally, the printing host allowed for:
(a) debugging of machine commands and queries (i.e. the g-Code), (b) manual machine
control (e.g. for calibration purposes), (¢) production data logging/analysis (i.e. storing
a record of machine motions and responses), and (d) visualization of fabrication and

characterization processes.

Inputs The primary inputs to the printing host were: (a) user interaction with the
GUI (e.g. clicking of buttons or entering of parameters), (b) arrays of machine commands
(layer-by-layer tool paths or g-Code from slicing software i.e. label 5.1 in Figure 2.3.A),
(c) system calibration parameters (e.g. travel speeds and tooling off-sets), and (d) print

settings (e.g. extruder or build-plate temperatures).

Outputs The primary outputs of the printing host were: (a) a real-time GUI (visual-
izing machine commands/returns and system status), (b) communciation with the micro-
electronics system, and (c) a log of production and characterization data (e.g. hot-end

temperature profiles or a temporal/spatial record of the state of actuators).
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3.1.2 Literature review

Printing hosts A wide variety of open-source and proprietary printing hosts are avail-
able. Many printing hosts integrate the functionality of a slicer!, by either calling on
external slicing engines such as CuraEngine [93], Slic3r [94] and Skeinforge [95] or by
providing their own proprietary slicing engine such as Eiger [96] and Preform [97]. Com-
mon printing hosts for AM include: ReplicatorG — simple, based on the Skeinforge [98];
Simplify3D — compatible with most desktop printers [99]; Repetier host — freeware, sup-
ports remote access [100]; Ultimaker Cura — open source, compatible with most desktop
printers [101]; Printrun — python based [102]; Octoprint — open source, optimized for wire-
less communication [103]; and Siemens NX or Autodesk Netfabb — proprietary, mainly for
metal AM including advanced design optimization, build preparation, AM simulation and
CNC operations [104, 105]. Initial attempts at designing and implementing printing hosts
for bespoke hybrid-AM systems have been reported and are often based on Lab- VIEW?2.
For example: an overall process management system linking existing fabrication control
software (multi-SLA based on buildstation 4.0 [72]), the control of a MMST hybrid-AM
system (multi-FFF controlled by FDMotion [68]), and the control of both fabrication and

characterization methods (e.g. FFF and imaging techniques using Fabricator [87]).

Limitations of current printing hosts Sophisticated, open source printing hosts (i.e.
with an accessible, modifiable backend?®) designed specifically for hybrid-AM systems do

not exist. Some of the main limitations of current printing hosts include:

(a) modularity — software does not reflect the desired modularity and extensibility of
next generation hybrid-AM systems and is often optimized for a single use-case only

(e.g. FFF processing only);

(b) live control (packaging) — typically printing hosts send batches of commands to
a microelectronics system local on the machine, in the form of packages, until a
pre-specified buffer is full. This implies that the printing host does not necessarily
know exactly at which point of execution (i.e. command line) the microcontroller/-
machine is, resulting in a lag between sending a command and its execution. This
systematically prevents the incorporation of advanced, on-demand control/function-
ality (e.g. simultaneously interfacing with multiple ancillary devices enabling in-line

characterization) within the printing host [92];

'software to generate layer-by-layer tool-paths and machine interpretable lists of commands (g-Code)
2a systems-design platform for visual programming from National Instruments
3the layer within software providing control over data-access and data-manipulation functionality
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(c) data analysis — although data/commands are frequenlty logged throughout fabri-
cation, the analysis of this data in real-time has not been exploited to any significant

extent; and

(d) language — there is no standard for the language or style used to document printing
hosts, making interfacing or constructing functional/extendable libraries from pre-

existing hosts difficult.

Other software-related issues which follow from the slicing process, but are not specific to

the printing host, include:

(e) file restrictions — the boundary based file type .STL used in most printing pro-
cesses does not inherently allow for multi-material or multi-technology fabrication.
Furthermore this legacy file type does not promote collaboration and unnecessarily
complicates device designs by rasterizing all features with triangular facets. File
types including .3MF and .AMF have been proposed to remidy some of the faults, but

in practice have not been adopted as they suffer from similar issues [92].

22



3.2 Design requirements and implementation

App requirements The printing host, or hybrid additive manufacturing application
(hybrid-AM app), was designed to address some of the limitations of current printing
hosts (outlined in Section 3.1.2). Table 3.2.A provides a selection of principal design
specifications considered throughout development, in particular those relating to: (a-e) the
user interaction with the hybrid-AM app, (f-j) the architecture of the application, i.e.
the structure and hierarchy of underlying code, and (k-p) the desired app functionality,

i.e. the type of tasks which were required.

Hybrid-AM app requirements

(a) provide an intuitive, familiar and seamless user-interaction experience

(b) reflect the chronology of the hybrid-AM workflow (see Figure 2.3.A)

User
interaction  (¢) be automated where possible

(d) prevent non-permissible/destructive actions or machine commands

(e) provide an overview of progress/machine status at all times

(f) facilitate modular, extensible and scalable functionality

(g) written in verbose, self-explanatory and transparent manner

Architecture (h) bundled such that application and file reprositories are all in one place

(1) allow for multi-paradigm, cross-platform programming

(j) follow a logical, hierarchical architecture

(k) coordinate, analyze and log commands to/from multiple ancillary devices

(1) allow robust and repeatable operation of the hybrid-AM machine (see Section 5)

F " (m) allow for interrupt routines e.g. pause, restart, emergency stop
unction

(n) account for customizable machine set-up/configuration/calibration

(o) allow for manual override/control of ancillary devices

(p) provide overarching (system) and module specific (extensible) functionality

Table 3.2.A: A selection of principal design requirements for the hybrid-AM app related to

(a-e) the user interaction, (f-j) architecture and (k-p) function.
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Implementation A brief overview of how the app design requirements were imple-
mented is given below. References to subsequent sections providing more detail are pro-
vided, while labels (a-p) refer to Table 3.2.A.

User interaction To (a) provide an intuitive, familiar and seamless user-interaction
experience, a graphical user interface (GUI) with conventional, interactive user inputs such
as buttons and toggle switches was designed (see Section 3.3.1). The layout of the GUI,
(b) reflected the chronology of the hybrid-AM workflow (outlined in Section 2.3). Where
possible, default settings were provided or (c) automatically extracted/stored/analyzed
from associated files. All machine commands were screened /filtered to (d) prevent non-
permissible and potentially destructive/unwanted machine actions. The GUI displayed
all commands sent/received to/from ancillary devices in verbose pseudo-code?, alongside
providing an indication of the machine status at all times (see Section 3.3.1) for (e) showing

at what stage of the hybrid-AM workflow the user was at.

Architecture The modular architecture of the hybrid-AM app (see Section 3.3) al-
lowed for (f) extensible functionality. All code for the hybrid-AM app was (g) written in
a verbose, self-explanatory and transparent manner (see Figure 3.3.C and Section 3.3.3).
The hybrid-AM app was (h) bundled as a single, standalone application and unique file
repositories (by date) were created for each build/print/experiment to provide a logical
structure for the generated data (i.e. folders for printing logs and/or associated charac-
terization/design files). The hybrid-AM app was written in MATLAB: (i) allowing for
multi-paradigm® (e.g. procedural during fabrication, following a g-Code command line-
by-line, functional when referring to recurring commands and imperative in the assign-
ment /reference to global calibration values) and cross platform programming (mac and
windows). Furthermore the architecture was (j) simple and hierarchical (see Section 3.3)

by, for example, using mutually exclusive/non-recursive functions where possible.

4code that is interpretable by a user, but not necessarily executable by a machine
Ssee [106] for an introduction to programming paradigms
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Function The hybrid-AM app facilitated communication with multiple ancillary de-
vices and (k) coordinated, analyzed and logged commands by, for example, linking sensor
readings with gantry position (see Figure 3.3.C). For all critical, procedural commands,
confirmation was requested to (1) allow robust and repeatable machine operation. The
architecture allowed for high-priority (m) interrupt routines, such as pause, restart and
emergency stop, to suspend normal operation. The modular libraries of the hybrid-AM
app, (n) accounted for varying machine configurations and calibration values. The user
was able to, (0) manually override/control the ancillary devices/machines by directly send-
ing machine command lines (g-Code). Support for, (p) both the overarching system
requirements (e.g. gantry motion), and specific functional modules (e.g. monitoring the

temperature of nozzles) was provided (see Section 3.3.2).

3.3 Software architecture

Figure 3.3.A schematically illustrates how the constituent components of the hybrid-AM
app interacted, namely: (1) a GUI (see Section 3.3.1), (2) callbacks and functions (see
Section 3.3.2) as well as (3) properties (see Section 3.3.3). With reference to labels in
Figure 3.3.A, a series of inputs/outputs and data transfers dictated the operation of the
hybrid-AM app: (i) user interaction with the GUI (i.e. graphical components) upon which
(ii) relevent callbacks were prompted, (iii) executing functions/commands which could
(iv) modify/generate properties or (v) interact with ancillary devices. Finally, (vi) pro-

cessed information was visualized for the user in the GUI.

Programming language With foresight for the need of interfacing multiple devices/mi-
crocontrollers, alongside robustness and available support, MATLAB was chosen as pro-
gramming language for the hybrid-AM app. MATLAB is a proprietary, multi-paradigm
numerical computing environment based on C, C++ and Java. Principal benefits include:
GUI support (easy debugging and code generation), available, mature interfacing libraries
(e.g. with third party equipment), interfacing with other languages (i.e. allows subfunc-
tions/routines written in other languages to be called/run), and cross-platform support

(mac, windows).
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Figure 3.3.A: A flowchart of the hybrid-AM app and its constituent components: (1) the GUI,
(2) callbacks & functions and (3) properties. Labels (i-vi) are referred to in the text.
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3.3.1 The graphical user interface

A bespoke GUI (label 1 in Figure 3.3.A) was developed to allow for the control and
monitoring of the hybrid-AM machine in a single window. Principally, the GUI was
comprised of input fields (e.g. buttons, text or numeric inputs, toggle options) and output
fields (e.g. axes/graphs, character strings). Figure 3.3.B shows how these fields were
clustered: (i) a status dashboard provided an indication of workflow progress and which
modules were activated (colour scheme: green — completed, orange — in progress/active,
pink — requires user input, red — failed); (ii) toggles to connect /disconnect ancillary devices;
(iii) an indication of print progress and a button for an emergency stop, (iv) module
specific input fields for print parameters (i.e. label i in Figure 3.3.A), and (v) output fields

to visualize data such as machine commands or temperature profiles.

Status Connected Emergency
dashboard devices stop
() HybridAM App

Modules During print (general) SRR data visualization

Devices Pre heat Print progress
Hybrid-AM App v3.02 RN RARRA AR AR
Y Lmﬂew,mﬁ/ﬁ,w Hybrid-AM () Off (_JI) Connected Bed | 0 o] E1 & = w»
Iukas feber@coc.ox ac.uk
L J VNA () off (_JII) Connected e[ o o] E2 STOP
@ [ select Directory Workfiow | Calibration | SRR | SRRAutotune | SRI » MuliAMLog  Temperature | SRRLiveScan | Extractioncuve | PSF | EmptyVolumeScan | Map >
1100728 Baon Successu Port | COM4 (e SRRN | Communication with Hybrid-AM machine
[EoHome | [ sRRS
ocules) J Manual send:
@ sm 2 offsst [mm] \'E1 Home‘ SRRE |
@ SRR Autotune R [E2Home | | sRRW |
iy Sent
S ool e[ _olsm[zom
@ Replace extruders ES‘ u‘ o o] es o
@ Dring
@ Debugging EO‘ 03] E1] oes| 2] 10

Print preparation STl
@ calibration parameters ——
Repetier
Server
@ | Modify G-Code
Refeived

Machine calibration guidelines
Print (obtain from manual calibration of machine using RepetierServer)

off (_JI Print (D] 1) print 10x10x10 mm block centred on build plate using EO
2) touch nozzles/syringe tips to XY faces, record coordinates
3) use midpoint for slic3r XY offsets
4) touch nozzles/syringe tips/SRR on build-plate
5) use z-offset for correction values below, account for:
2-0.12 [mm] for <0.4mm nozzles
20,03 [mm] for >0.4mm nozzles
o Z-0.07 [mm] for SRR

- _J
~/"

Input parameters for functional Output fields
modules of hybrid-AM machine for verbose code

Post-processing

Data processing

Figure 3.3.B: A screenshot of the GUI for the hybrid-AM app showing: (i) a status dashboard,
(ii) toggles to connect/disconnect ancillary devices, (iii) an indication of print progress,

(iv) module specific input fields, and (v) output fields to visualize data.
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3.3.2 Callbacks and functions

Types of functions Functions (label 2 in Figure 3.3.A) are subroutines that are ex-
ecuted as a sequence of tasks defined by a statement block (example provided in Fig-
ure 3.3.C). They may have an arbitrary number (including none) of arguments/inputs
and return values/outputs. Here, callbacks are considered to be functions which are trig-
gered by the user and usually invoke/call further functions. The functions declared in the
hybrid-AM app may be classified along multiple dimensions (see Table 3.3.A): (i) by func-
tionality, (ii) location, (iii) module and (iv) trigger. In total, the hybrid-AM app referred
to over 70 user-defined functions (i.e. excluding default MATLAB functions).

Dimension Types Description Example
Data processing performs modifications to properties readLocation
Functionality — GUI visualizes properties for the user PlotSRR
Communication interacts with ancillary devices fprintfMultiAM
Global accessible from any function/application addpath
Location Member accessible at any point in the hybrid-AM app startupFcn
Embedded can only be referred to within a specified function insertCode
System applicable to overarching/system operations gCode_MultiAM
Module Fabrication specific to fabrication modules e.g. FFF or DIW DryingfieldsEnable
Characterization  specific to characterization modules e.g. SRR RecordVNA
User execution prompted by user (e.g. button callbacks)  STOPButtonPushed
Trigger
Internal functions called internally by hybrid-AM app fscanfMultiAM

Table 3.3.A: Dimensions and types of functions used in the hybrid-AM app.

Programming style Principles from object oriented programming (OOP) were con-
sidered throughout app development, in particular relating to: (a) encapsulation and
abstraction — functions only exposed high-level mechanisms, hiding internal implementa-
tion details. For example, the function responsible for sending a machine interpretable
command solely required the command (g-Code) and returned a status-flag indicating the
success or failure of command transmission, while actions such as logging or screening of
commands occured automatically within; and (b) inheritance — functions with predom-
inantly similar functionality were paired and differentiation for variations was provided
by an activation flag (e.g. to account for the slight difference in procedure when start-
ing or re-starting a print after a pause). Figure 3.3.C provides an example of a function
(RecordVNA) which queried data from an ancillary device (VNA) and related it to the
hybrid-AM machine gantry coordinates.
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%% Record data from VNA at location XYZ
% 09-10-2018

A Lukas Fieber

A Input: VNA serial object (VNA)

% XYZstring gCode of XYZ location
pA numReadings no. readings to average
A dataTable pre-existing array

yA Output: dataTable updated array

%___
% 1) Declare function
function [dataTable] =
RecordVNA (VNA,XYZstring ,numReadings ,dataTable)

%___

% 2) Initialize
flushinput (VNA) ; %clear VNA input buffer
temp = zeros(numReadings ,6) ; %initialize variables
n = length(dataTable{dataTable{:,'f0'}"=0,"'f0'}) + 1;

A
% 3) Prompt data from VNA
for h=1:numReadings 7 prompt VNA [numReadings] times
rs_send_command (VNA, ' : CALCULATE1 : MARKER : FUNCtion:
EXECute BFILter'); %bandfilter search
pause (0.1); %allow VNA to respond
[7,tempString] = rs_send_query(VNA, 'CALCulatel:
MARKer1:BWIDth?'); ’query data
temp(h,:) = str2num(tempString); J%convert data type
end; clear h tempString numReadings %clean up workspace

/A—
% 4) Extract/output data
dataTable{n, 'Time'} = datetime; Jrecord time
if ischar (XYZstring) %validity check
dataTable = readLocation(dataTable ,XYZstring,n);
end

dataTable{n, 'BandWidth'} = mean(temp (:,1));
dataTable{n, 'fO'} = mean (temp(:,2));
dataTable{n, 'QFactor3dB '} = mean(temp(:,3));
dataTable{n, 'Loss '} = mean(temp (:,4));
dataTable{n, 'LowerEdge '} = mean(temp(:,5));
dataTable{n, 'UpperEdge '} = mean(temp(:,6));

clear temp n Yclean up workspace

end

Figure 3.3.C: Example of code defining a function (RecordVNA) in the hybrid-AM app which
queried data from an ancillary device (VNA) and related it to the machine/gantry coordinates.
The function comprised: (1) declaration of the function, (2) initialization of variables, (3)
prompting of data from an ancillary device and (4) extraction/outputting of data in a relevant

format. Colour scheme: notes/annotations, keywords, strings and executable code.
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3.3.3 Properties

Data types Properties (label 3 in Figure 3.3.A) contain/store data of different types.
Table 3.3.B provides an overview of the types of data and corresponding class names that

were used in the hybrid-AM app. Data types were initialized/defined either manually

(pre-allocated to improve speed), or automatically by MATLAB.

Data type Class name Description

Structures struct, axes, Fields that store arrays of varying classes and sizes
serial object (i.e. a folder for other data types)

Numeric single, double Integer and floating-point data for signed and unsigned

uint32

numbers

Characters and strings

char, string

Text in character arrays and string arrays

Dates and time datetime Arrays of date and time values that can be displayed
in different formats

Tables table Arrays in tabular form whose named columns can have
different data types

Cell arrays cell Cells store arrays of varying classes and sizes

Function handles function_handle Scalar handle i.e. pointer to a function (@) to allow a
functon being invoked indirectly

Logical logical Used in relational conditions or to test state

Table 3.3.B: A selection of data types and class names used in the hybrid-AM app.
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Data location Throughout operation of the hybrid-AM app, properties were either
stored within the application (internal) or in a specified global directory on the printing
host computer (external). Figure 3.3.D shows a hierarchical overview of the first two tiers
of properties. Internal properties served the purpose of storing temporary data, whereas
external properties could be referred to even after a hybrid-AM app session® had been
terminated. For example, the serial objects created to enable communication between
the hybrid-AM app and hybrid-AM machine were only relevant for a single hybrid-AM
app session and as such were stored internally. Properties including calibration values
of the hybrid-AM machine, e.g. calibration offsets, could be carried over between

sessions, and as such were stored externally.

Internal External
(within application) (reference)
T 1l General structure Machine parameters Print parameters
(app) (MultiAMParameters) (PrintParameters)
1 ] 1
| GUI components | Auto Z-calibration Module overarching
(GUI) (Autotune) (Drying)
— (Interrupts)
| Reference to directory | Calibration offsets (ReplaceExtruder)
(Directory) (E_ Zcorrection) (ToolChange)
Tier 2
| Internal log | Port L Module specific
(Log) (Port) (SRR)
| Serial objects

(VNA) + (MultiAM)

Data type
Structure Numeric

Character/string (aa) Acronym used for file naming

Figure 3.3.D: An overview of printing host properties (internal and external). Structures
contain further nodes, and only the first two tiers of the hierarchy are shown here. Note, a copy
of the internal log was stored externally for debugging purposes after completion of a print,

but all other internal data was discarded after each session.

Sa temporary interactive information exchange, i.e. a session begins when a user initializes the hybrid-AM
app and ends when the user closes the hybrid-AM app
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Data hierarchy

An index of all user-controlled properties (i.e. excluding general graph-

ical components) associated with the hybrid-AM app was declared in the form of a

code-book:

an example is provided in Figure 3.3.E. The code-book provided informa-

tion about the hierarchy, class type and a description of the purpose of each prop-

erty. The naming convention followed by all properties was hierarchical, for example,

app.Log.initLog.Command referred to a local, tier 4 property called Command which was

stored in the structure initLog etc.

In total, the hybrid-AM app refers to over 130

properties in its current configuration (extendable depending on machine functionality).

Tier 1 Tier 2 Tier 3 Tier 4 Tier 5 Tier 6 Type Description

app. Log. gCode. n uint32 gCode line counter

app. Log. initLog. Command string String of received communication

app. Log. initLog. Time datetime Time of received communication

app. Log. initLog. table Log for communications with MultiAM machine during initialization
app. Log. Receive. n uint32 received information line counter (MultiAM communications)
app. Log. Receive. ReceiveLog. Time datetime Time of received communication

app. Log. Receive. ReceiveLlog. table log of commands received from MultiAM machine

app. Log. Sent. Homed logical Flags to indicate if MultiAM has been homed.

app. Log. Sent. n uint32 sent line counter (MultiAM communications)

app. Log. Sent. SentLog. Command cellstr Command sent (verbose)

app. Log. Sent. SentLog. Completed datetime Time SentLog.Command was completed by MultiAM

app. Log. Sent. SentLog. Confirmed datetime Time SentLog.Command was received/confirmed by MultiAM
app. Log. Sent. SentLog. Time datetime Time SentLog.Command was sent

app. Log. Sent. SentLog. table log of commands sent to MultiAM machine

app. Log. SRR. Autotune. Air. BandWidth double bandwidth of the bandpass/bandstop region [Hz|

app. Log. SRR. Autotune. Air. f0 double Resonance frequency of air [GHz]

app. Log. SRR. Autotune. Air. Loss double Magnitude of S21 [dB]

app. Log. SRR. Autotune. Air. LowerEdge double Lower band edge [Hz]

app. Log. SRR. Autotune. Air. UpperEdge double Upper band edge [Hz]

Figure 3.3.E: A selection of properties as recorded in the codebook, showing data

location/hierarchy, data type and a description of the purpose of the property.
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3.4 Software operation

This section outlines some of the unusual /unconventional functionality /features the hybrid-
AM app demonstrated throughout operation. Figure 3.4.A provides an overview of this
sub-section, entailing: (1) app initialization (creation of the classes, graphics environment,
etc.), (2) print preparation (definition of print paramters and pre-processing of machine
commands), (3) build (the physical manifestation of an object on the build plate) and
(4) data analysis (processing and interpreting data collected during build). Note, data
analysis does not necessarily occur strictly after the build phase is completed, but may

take place recurringly, in-line i.e. in between discrete build layers, with AM.

1) Initialization

1.1) Create GUI components, structures, global functions

1.2) Define/load app directory and allocate memory/set counters
1.3) Load calibration values and print parameters

1.4) Establish connection with auxiliary devices

b

2) Print preparation

2.1) Machine calibration and definition of machine parameters
2.2) Definition of module-specific print parameters

@ 2.3) Post slicing g-Code modification
Printing
host ‘
3) Build

3.1) System and module-specific initialization routines
3.2) Send/receive build commands
3.3) Log production/characterization data

)

4) Data analysis

4.1) Processing of production/characterization data
4.2) Visualization of processed data

Figure 3.4.A: A flowdiagram outlining the chronology of the hybrid-AM app in operation:
(1) app initialization, (2) print preparation, (3) build and (4) data analysis. Note: build and data

analysis may occur simultaneously; app termination is not shown.
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3.4.1 Initialization of the printing host

Launch Upon initializing the hybrid-AM app, a series of functions/commands were au-
tomatically executed (e.g. the startupFcn) to create GUI components (see Section 3.3.1),
declaration of global callbacks and functions (see Section 3.3.2) and definition of data
structures/properties (see Section 3.3.3). A directory (i.e. the location of external prop-
erties, see Figure 3.3.D) was specified by the user and, if available, information from
previous sessions, such as calibration settings (MultiAMParameters) or print parameters
(PrintParameters) was loaded. Memory was preallocated for data structures and vari-
ables (e.g. for production data logging) to prevent incremental resizing of variables and

speed up subsequent operations.

Communication with ancillary devices The user could initialize and terminate serial
communication with multiple ancillary devices in the hybrid-AM app GUI, for example
with the hybrid-AM machine through a universal serial bus (USB) protocol or to scientific
equipment, such as a VNA (see Part III), using virtual instrument software architecture
(VISA) and a high-speed LAN instrument protocol (HiSLIP). All commands sent /received
to/from ancillary devices were given a unique identifier (line number and timestamp) and
were logged automatically for data analysis/debugging purposes. For critical, procedural
commands, a confirmation of successful data transmission was required for the hybrid-AM

app to proceed (e.g. by returning the command number as part of a read receipt).

3.4.2 Print preparation

Machine parameters The hybrid-AM machine needed to be calibrated when the ma-
chine configuration was physically modified: the calibration process was guided in dedi-
cated GUI tabs in the hybrid-AM app and considered: (1) the microelectronics system,
(2) overarching mechanical systems and (3) functional modules. Step-by-step procedures
for the calibration process are provided subsequently in Section 5.6. Paramaters relating
to the overall machine calibration (e.g. the vertical, Z-axis offset [mm] of nozzles/tips)
were stored in an external property MultiAMParameters (see Figure 3.3.D) as input for

post slicing g-Code modifications (label 2.3 in Figure 3.4.A).

Print parameters The hybrid-AM app was comprised of libraries (both module specific
and permanent) defining print parameters specifically related to the machine motions/tool
paths (and not the overall configuration). Some of the permanent libraries available were:
(a) interrupts and logs — allowed the user to configure debugging functionality; (b) replace
extruders — facilitated renaming extruder declarations in the g-Code (e.g. to call a tool
change routine between multiple parts on the same layer); (c) drying time — for inserting

pauses between tool changes; and (d) tool change — to identify tool specific parameters
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when switching from idle to active (e.g. retraction distances). Some of the module specific
libraries used in Part IIT of this thesis included: (e) split ring resonator (SRR) — defined
meshing parameters for in-line characteriztion; and (f) SRR autotune — defined the scope
of an automatic bed-levelling tool. All of the parameters specified in the GUI of the
hybrid-AM app were stored in an ezternal property PrintParameters (see Figure 3.3.D)
as input for the post slicing g-Code modifications (see label 2.3 in Figure 3.4.A).

Post slicing g-Code modifications The sliced g-Code (from step 5.1 in the hybrid-
AM workflow, see Figure 2.3.A) provided the general sequence of machine commands,
and was modified/amended automatically by the app to reflect the machine parame-
ters (MultiAMParameters) and print parameters (PrintParameters). This additional,
post slicing step was necessary to implement the additional, unconventional functional-
ity of the hybrid-AM machine, not supported by traditional slicing software (e.g. in-line
characterization). The modifications (often to > 10,000 lines of g-Code) were auto-
mated within the hybrid-AM app: an overview of the steps entailed is provided in Ta-
ble 3.4.A. The process followed: (1) definition/loading of parameters (MultiAMParameters
and PrintParameters), (2) loading/importing of the sliced g-Code, (3) automatic extrac-
tion of metadata (e.g. extrusion speeds specified in the slicing software), (4) modification
to incorporate additional functionality of the hybrid-AM machine, and (5) saving of the
modified g-Code ready for execution. The modified g-Code included flags identifying to
which serial object (e.g. the hybrid-AM machine or a VNA) each command/query should

be sent to/received from.

3.4.3 During build

Initialization Prior to building a part, the hybrid-AM app orchestrated an initialization
routine dependent on the hybrid-AM machine configuration: (1) preheating of relevant
system components (e.g. heated bed and extruder nozzles), (2) homing of the gantry (to
determine a reference position for subsequent moves), and (3) module specific initialization
routines (e.g. priming of FFF nozzles or purging of DIW nozzles). Upon re-starting a

paused print, a subset of the initialization routine was repeated.

Send/receive commands The hybrid-AM app thereafter sequentially followed the
modified g-Code from Section 3.4.2, sending and receiving commands/queries to/from
ancillary devices (e.g. the hybrid-AM machine or VNA). All commands were logged and
received unique numbers for traceability and debugging purposes: one associated to its
position in relation to the overall progress/g-Code, and another in relation to the chronol-
ogy within the serial communication (the first line in a communication protocol was not

necessarily the first line of the overall g-Code e.g. to account for initialization routines).
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Step Description

identify search strings (keywords to recognize special actions e.g. layer/tool change)

1) Define/load variables  oad hybrid-AM machine calibration values (i.e. MultiAMParameters)

extract module specific parameters from the GUI (i.e. PrintParameters)

locate g-Code file in directory (pop-up window if multiple files exist)

load g-Code file into local workspace and convert into compatible data type
2) Load g-Code

screen g-Code to remove unknown/invalid commands (see Table 4.3.B)

rename tool declarations to allow for multiple parts on a single layer

extract slicing parameters from g-Code (i.e. amend PrintParameters)
3) Extract metadata

identify the location (command numbers) of layer and tool changes in g-Code

amend tool initialization routine (e.g. purge DIW tips or prime FFF extruders)

amend layer change routines to account for machine calibration

insert drying times between tool changes as specified

4) Modify g-Code amend tool change routines (e.g. drop and re-home build plate)

insert g-Code interrupts and pause-ability for debugging purposes

insert other module specific functionality

5) Save g-Code export a copy of the modified g-Code to the identified directory for future reference

Table 3.4.A: The steps involved in automatically modifiying machine commands (i.e. the
g-Code from slicing software) to incorporate the additional, unconventional functionality of the
hybrid-AM machine.
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Dynamic buffering Building highly resolved features required frequent machine com-
mands (multiple per second). To allow for some latency in communication, the firmware
and associated communications protocol allowed for a predefined buffer of commands to
be sent. However, this systematically induced a lag between when a command is sent
and actually executed. The implementation of dynamic buffering addressed this issue by
altering the buffer size to match needs, e.g. during in-line measurements, where synchro-
nizing machine location and readings is critical, the buffer could be reduced to a single
command to ensure the printing host knows at which stage of execution the machine is.
For printing highly resolved features, the buffer size was increased sufficiently to enable
smooth, non-stoccato operation. This was achieved by automatically including action-less

pause & wait commands (denoted by M400 in the g-Code/firmware) where applicable.

Log Throughout build, all communication with ancillary devices was logged in an in-
ternal property (Log, see Figure 3.3.D). The commands themselves, a unique line number
and timestamps indicating when a command was sent to, received by and executed by
(where applicable) an ancillary device was recorded. Commands were visualized in ver-
bose, human interpretable code in the GUI (see Figure 3.3.B), and saved externally when

a hybrid-AM app session was terminated.

3.4.4 Data analysis

Application-dependent The extent of data analysis conducted throughout build de-
pended on the application and desired functionality. In principle, the architecture of the
hybrid-AM app allowed for advanced, in-line data analysis (within MATLAB), and could
in principle facilitate reactive manufacturing. Advanced, in this context, refers to the
ability to draw on information from multiple ancillary devices in real-time (e.g. raw data
from sensors or pre-processed data from a VNA) while being able to use the computing
power of a printing host computer as opposed to being limited to the microcontrollers
on microelectronics systems. A proof-of-concept for advanced, in-line data analysis is

explored in detail in Part III of this thesis.
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3.5 Summary of the printing host

Functionality The hybrid-AM app provided a novel approach for host-based printing,
specifically designed for hybrid-AM processes. Ultimately, the hybrid-AM app sent, re-
ceived and logged all digital commands related to the hybrid-AM system and provided a

user-friendly, centralized platform for the user/engineer to interact with the system.

Novelty Some of the main, novel ideas implemented in the hybrid-AM app included:
(a) the modular, extensibile architecture — unlike conventional printing hosts, the hybrid-
AM app reflects the modularity and extensibility of hybrid-AM systems, provides an open
back-end, and the app architecture was designed specifically for easy modification/up-
grades; (b) advanced pre-processing capabilities — implementation of advanced machine
control which is currently not provided by conventional slicing engines/printing hosts (e.g.
smart tool-change routines, insertion of drying times when transitioning from liquid to
solid AM and support for an arbitrary number of functional modules); (c) simultaneous
communication — support for multiple machines/devices to run side-by-side to, for exam-
ple, facilitate real-time data collection during AM, including dynamic buffering to ensure
appropriate synchronization of all devices; and (d) advanced in-line data analysis — being
able to process and visualize large amounts of production and characterization data in

real-time i.e. during manufacture.

Future work Further development of the hybrid-AM app may be considered, in partic-
ular relating to: (a) reactive manufacturing — finding a suitable PoC application to exploit
the ability for advanced data analysis within the hybrid-AM app; (b) spatial control —
integration of a closed, feedback control system for gantry motion, using linear encoders
(already installed on hybrid-AM machine), and other functional modules (e.g. to allow the
detection of filament breakages using a filament speed sensor); (c) libraries — development
of further libraries to extend the functionality of the hybrid-AM app; (d) speed — improve-
ments to the app architecture (e.g. which variables are passed into which functions) may
further reduce latency in communication with ancillary devices; (e) remote access — inte-
gration with e.g. octoprint [103] to facilitate remote access of print jobs; (f) visualization
— provision of a graphical preview of the printing process to detect tip-clashes and other
avoidable defects (e.g. by integrating CNviewer [107]); (g) debugging — advance the set of
rules that determines if a command line is safe to be sent to an ancillary device; and (h)
streamlining — consider integrating the slicing process into the hybrid-AM app (i.e. unify
steps 5 and 6 in Figure 2.3.A).
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Modular microelectronics

Microelectronics

Figure 4.0.A: The microelectronics system within the hybrid-AM framework.
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Section 4 outlines the design considerations for a modular microelectronics
system. The system acted as electronic interface or ‘bridge’ between the
virtual (i.e. software, see Section 3) and real components (i.e. physical

machinery, see Section 5) within the hybrid-AM framework.

4.1 The microelectronics system in context

4.1.1 Purpose and functionality

The microelectronics system interpretted machine commands from the printing host (i.e.
g-Code commands from the hybrid-AM app) and translated these into electrical signals
to actuate the modules of the hybrid-AM machine (see Figure 2.3.A for context). This
entailed: (a) interpreting the current machine status (e.g. position of actuators or tem-
perature of components), (b) relaying the machine status to the printing host for logging
purposes, (c¢) comparing the machine status to the desired state (i.e. the command), and
(d) providing power/electrical signals to actuate motors/heaters/etc. accordingly. The
decision framework necessary to conduct these actions was documented in a piece of
software, the firmware, which operated on a microcontroller (described subsequently in

Section 4.3.1) at the core of the microelectronics system.

Inputs The primary inputs to the microelectronics system were: (a) commands from the
hybrid-AM app, communicated through a serial protocol (i.e. g-Code via USB), (b) power
supply for low voltage (5V for microelectronics and sensors) and high voltage (12'V for
actuators, cooling etc.) electrical devices, (c¢) analog signals from the hybrid-AM machine
(e.g. thermistor resistance/thermocouple voltage or switch circuitry), and (d) calibration

parameters for the hybrid-AM machine.

Outputs The primary outputs of the microelectronics system were: (a) the supply of
electrical signals (i.e. currents and voltages) to actuators/sensors/etc. in the hybrid-AM
machine, (b) communication of status (i.e. the print log) to the hybrid-AM app, and
(c) visual indication of the microelectronics system status through light emitting diodes
(LEDs).
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4.1.2 Literature review

Current microelectronics systems The maturity of microelectronics systems for AM
systems has developed significantly in recent years: from basic one-off prototyping boards
aimed at simply getting the job done, to sophisticated /integrated and powerful microelec-
tronics solutions with ever increasing and even modular functionality [108]. The market-
place is competitive, with frequent innovations and new approaches being demanded by
a quickly moving, tech savvy customer base. The microelectronics system can principally

be split into: (1) the control board or hardware, and (2) the firmware.

Control boards Control boards are comprised of a central processor (e.g. 8-bit AVR or
32-bit ARM architecture) and a host of connectors, drivers and other electronic compo-
nents. Control boards may differ based on: (a) the printer configuration (i.e. arrangement
of motors, heaters etc.), (b) available communication ports (e.g. wireless, USB or ether-
net), (c¢) the control board architecture (e.g. number of I/O pins, integrated or breakout
drivers) and, (d) firmware compatibility. Popular control boards include: Arduino Mega
2560 and RAMPS — a very common 8-bit prototyping board due to low cost [109]; RAMBo
v1.4 — integrated derivate of RAMPS, popular in commercial printers e.g. Prusa i3 MK 11
[110]; Smoothieboard — among the first 32-bit processor with proprietary firmware [111];
Panucatt Azteeg X3 Pro and X5 GT — based on smoothieboard, with built-in WiFi and
high current capabilities [112]; Duet WiFi — expandable, allows 1/256 microstepping [113];

and Revolve — powerful 1 GHz microcontroller with linux support [114].

Firmware The firmware is permanent software programmed into the read-only mem-
ory of a microcontroller (on the control board) to interpret machine commands from
the printing host. A variety of firmware exists, written in different programming lan-
guages (e.g. C++ or Python), compatible with a variety of hardware/control boards (e.g.
8-bit or 32-bit support), and providing different functionality (e.g. proportional-integral-
derivative (PID) control, delta/cartesian/etc. support, type of implemented g-Code com-
mands). Popular types of firmware optimized for AM include: Sprinter and grbl — simple
firmware for single-processor microcontrollers [115, 116]; Repetier — very mature, com-
patible with 8-bit and 32-bit microcontrollers, benefits from a large user base and asso-
ciated documentation/forums as well as a dedicated printing host (RepetierHost) [100];
RepRap — modular and wide range of functionality but only works on 32-bit ARM chips
[117]; Marlin — support for an immense range of 8-bit boards and good for cartesian print-
ers [118]; Smoothieware — easy to configure but lacks safety features of mature firmware,
compatible with 32-bit control boards [111]; Teacup — fast/responsive, 8-bit to 64-bit
compatible [119]; Klipper — experimental, kinematics pre-calculated [120]; and Redeem —

primarily python based, all-in-one solution with integrated printing host [121].
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Limitations of microelectronics systems Mature microelectronics systems designed

specifically to account for the modularity and flexibility of hybrid-AM systems did not

exist towards the end of 2017, when work for Part I of this thesis commenced. Some of the

main limitations of the microelectronics systems remain valid today, in 2019, and include:

(a)

expandability — microelectronics systems based primarily on printed circuit boards
lack the flexibility for retrospective expansion and repair. Even newer, modular
systems only provide room for expansion with predefined add-on boards by the

supplier, significantly limiting the capability of such systems for novel R & D;

computational power — the vast majority of microelectronics systems still run
microcontrollers with an 8-bit architecture, intrinsically limiting the computational

complexity of on-board calculations;

firmware — for microelectronics systems that do make use of more powerful 32-
or 64-bit microcontrollers, the corresponding firmware remains relatively immature
(e.g. missing safety features) and cannot yet draw on the knowledge-transfer benefits

of having a large user-base;

standardization — the decentralized, open-source development of AM systems
has led to countless combinations and permutations of electric devices, interfaces,
firmware/bootloaders on control boards. Although superficially very similar, most
microelectronics systems implement slightly different functionality or nomenclature,
making it difficult to standardize slicing processes or other print-preparation steps;

and

optimized for FFF — the majority of open-source firmware is written exclusively
for FFF. Although some attempts have been made to modify firmware for other
AM techniques, e.g. SLA using a marlin based firmware [122], both the control

parameters and structure/logic of firmware remains to be concerned with FFF only.
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4.2 Design requirements and implementation

System requirements The primary aim of developing a modular microelectronics sys-
tem was to provide a distributed control network [92], where modules may be added/-
subtracted to reflect the machine configuration, instead of having to redesign an entire
control board. Table 4.2.A provides a selection of principal design requirements consid-
ered throughout development, in particular those relating to: (a-c) architecture, i.e. the
structure of the control board and firmware, as well as (k-j) the functionality, i.e. the type

of capabilities the microelectronics system should have.

Microelectronics system requirements

(a) allow for easy, modular expansion of capabilities

Architecture (b) use standard/conventional electrical components where possible

(c) harness the available user-base knowledge for microelectronics systems

(d) verify the receipt of a command line to the hybrid-AM app

(e) compare the machine state with a command (g-Code)

(f) provide power to actuate sensors/motors etc. on the hybrid-AM machine

Function (g) allow for microstepping of bipolar stepper motors

(h) allow for PID control of binary elements

(1) allow automatic homing of the gantry

(j) comply with all H&S lab requirements

Table 4.2.A: A selection of principal design requirements for the microelectronics system related

to: (a~c) the architecture and (d-j) function.
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Implementation A brief overview of how the microelectronics system design require-
ments were implemented is given below. References to subsequent sections providing more

detail are provided, while labels (a-j) refer to Table 4.2.A.

Architecture The microelectronics system was constructed on solderless breadboards
around a central microcontroller to (a) allow for easy, modular expansion of capabilities.
Where possible, (b) standard/common electrical components for AM were used (e.g. K-
type thermocouples or 1.8°/step bipolar stepper motors, refer to Table 4.3.A for a list of
electrical devices used in the microelectronics system). A common, open-source firmware
was used as basis for firmware development (see Section 4.3.1) to (c) harness ongoing

developments of a large user-base [35].

Function The microelectronics system (d) sent a read receipt to the hybrid-AM app
to acknowledge the successful transmission of a command. To decide what actions to
make, the firmware (e) compared the machine state and command from the hybrid-AM
app (see Section 4.3.1) and (f) provided appropriate actuation/power to the hybrid-AM
machine using module-specific breakout boards (see Section 4.3.2). The breakout boards
selected for motion control support (g) micro-stepping of bi-polar stepping motors to
achieve smooth machine motion. MOSFET transistors were included to (h) facilitate PID
control of binary elements (e.g. using pulse width modulation (PWM) for controlling the
temperature of the heated build plate). Mechanical end-stop switches on all machine axes
(i) facilitated automatic homing of the gantry. The microelectronics system was encased
in an electronics box and all exposed wires were insulated to (j) comply with lab H&S

requirements.
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4.3 Architecture of the microelectronics system

Data/signal transfers Figure 4.3.A schematically illustrates the constituent compo-
nents of the microelectronics system and how they interacted, namely: (1) the microcon-
troller, (2) module specific breakout boards and (3) power/wiring solutions. A series of
inputs/outputs, i.e. data or signal transfers, dictated the operation of the microelectron-
ics system: (i) serial communication between the printing host and microcontroller via
a serial bus, (ii) instruction of the firmware, (iii) flagging/signalling of peripheral pins,
(iv) communication with module specific breakout boards which were (v) powered on ex-
ternal circuitry (e.g. using operational amplifiers) which finally, (vi) actuated mechatronic

components on the hybrid-AM machine.

& User < / Device

design
9 Printing host

(1) Microcontroller

(1.1) o (1.2) (1.3)
5"“'5: Serial bus Firmware Pin allocation
Micro- T
electronics i m J
(2)

breakout boards

N /

i o | (3)
Module specific 4+ Power / witing

O Hybrid AM
machine

:é SqenUﬂc
equipment

Figure 4.3.A: A flowchart of the microelectronics system and its constituent components:
(1) the microcontroller, (2) module specific breakout boards and (3) power and wiring.

Note, the labels (i-vi) are referred to in the text.
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Constituent components

Table 4.3.A outlines the purpose and examples of a selection

of electronic components which were used in the microelectronics system.

Component

Purpose

Example

(a) Microcontroller

provide embedded logic

Arduino Mega 2560 Rev3

(b) Stepper motor drivers

translate logic impulses to currents/voltages

Polulo A4988

(c) Transistors

allow PWM of binary components

Pchero 25 A MOSFET

(d) Bipolar stepper motor

actuation of gantry

RS Pro Nema 24 1.8° step

(e) USB interface

allow serial communication with computer

Molex USB A to B

(f) Voltage regulator

supply appropriate voltage to components

Texas Instruments 12V

(g) Linear encoder

feedback of system position®

Renishaw LM10 (1 pm)

(h) Mechanical switch

detect machine limits and allow homing?

Omron D2F01T micro-switch

(i) Power source (5V)

power for logic circuitry

Weho S-300 W-5V

(j) Power source (12V)

power for actuators, heating elements, etc.

Weho S-400 W-12V

(k) Silicon heated bed

heating of building plate

200 x 200mm, 150 W-12'V

(1) LED strips

lighting of overall system

Ustellar LED strips

(m) LED

signal system status (e.g. machine busy)

DiCUNO red, blue, white

(n) Resistors

filter and regulate currents/voltages

Various, e.g. 5k, 1 MQ

(o) Capacitors

filter and regulate currents/voltages

Various, e.g. 0.01 pF, 0.1 pF

(p) Breadboard

prototyping base for motherboard

ELEGOO solderless

(q) Electronics box

mechanical protection of microelectronics

Sourcingmap junction box

(r) Wiring

electrical contact between components

0.5 to 13 A (insulated)

(s) Terminal strips

simple rewiring/exchanging of modules

Saim 12 position dual row

(t) Fans

cooling of microelectronics (e.g. motor drivers)

Xinyujie 12V

Table 4.3.A: A selection of electronic components used in the microelectronics system, their

purpose and examples.

'not implemented but pre-installed for potential future applications

2calibrating the coordinate system of the hybrid-AM machine
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4.3.1 The microcontrollers

Overview Figure 4.3.B schematically depicts the microelectronics system and its central
microcontroller (an 8-bit ATMega 2560), hard-wired to a smaller microcontroller (ATMega
16U2) which allowed serial communication with the hybrid-AM app. Both microcontrollers
required the definiton of internal partitions (bootloader, firmware and application mem-
ory) and the allocation/declaration of peripheral pins for communication/actuation. The

microcontrollers communicated to each other using transistor transistor logic (T'TL).

C++
.ino °
.cpp .cpp —P * hex | = =
&I Firmware
h Compiler
Source files

Microelectronics

Sensors
Q - Ialals
USB - - TTL = =
< = B >-..-_ i ]
Printing S = -
LAY |
host \
Actuators
ATMegal6U2 ATMega2560
USB controller Microcontroller

Figure 4.3.B: The (i) firmware programmed into the main microcontroller and a schematic of
the (ii) data transfers between the printing host, within the microelectronics system and external

sensors/actuators.

Repetier firmware The main firmware was adapted from Repetier v0.92.9 (GNU pub-
lic license, open-source) [100], written in C++ and compiled using an Arduino integrated
development environment (IDE) to generate a machine readable .hex file (label i in Fig-
ure 4.3.B). The firmware was installed on the central microcontroller (ATMega 2560)
and configuration settings/variables were modified according to the hybrid-AM machine
configuration. The decision framework defined in the firmware was responsible for inter-
preting the state of sensors (label ii in Figure 4.3.B), and actuate the relevant sub-systems
to execute the command (g-Code) dictated by the printing host. Table 4.3.B provides a

selection of common g-Code commands implemented in the firmware.
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g-Code

Example

Description

G1 G1 X200 F100 gantry movement to coordinate X Y Z and/or extruder E at feedrate F[rate]
G4 G4 S1 wait/dwell for S[seconds] or P[milliseconds]

G28 G28 XY home all or named axes

G92 G92 X10.00 set current position to coordinates given

M104 M104 S230 T2  set extruder target temp S[temperature] T[extruder]
M105 M105 return current temperatures

M112 M112 emergency stop

M114 M114 query current position XYZ

M116 M116 wait for all temperatures to be reached

M140 M140 S90 set bed target temperature

M400 M400 wait until previous command has been executed

Table 4.3.B: Examples of common g-Code commands implemented in Repetier-based firmware
(based on NIST RS274NGC standard).
Firmware settings System-wide (e.g. relating to the gantry) and module-specific (e.g.
relating to fabrication modules) firmware settings were optimized for use with the hybrid-
AM machine (see Section 5), and principally related to: (a) motion — e.g. the number
of motor steps (bipolar motors) required to move the gantry by 1mm, the maximum
travel speed [mms~!], jerk [mms~!] or acceleration [mms~!] of mechanical components
in the hybrid-AM machine; (b) configuration — e.g. the number and location/offset of
extruders/tools, the I/O pin allocation and type of peripheral sensors or breakout boards,
direction of motion/actuation and the endstop configuration; (c) safety — e.g. timeout and
decoupling levels to report broken sensors when a specified temperature response has not
been achieved; (d) heating — e.g. PID settings for heaters or maximum heating/cooling
rates [°Cs~!] alongside the selection of appropriate heat managers and sensors (Semtec,
Epcos100K, etc.); and (e) module-specific settings — e.g. for FFF modules the maximum
extrusion speed [mm s~!], acceleration [mm s~2], extruder offset [mm], heating rate [°C s™!]

and steps/mm of filament or for DIW modules the number of steps/pL of ink dispensed,

retraction distances [uL equivalent] etc.

Advance algorithm A rarely implemented advance algorithm (within the Repetier
firmware [100]) was used to control the rate of extrusion in MEAM fabrication modules
(e.g. FFF). The algorithm de-coupled the MEAM module motor speed from gantry motion,
and instead, actuated the MEAM module to adjust its internal pressure. For example,
when using DIW to print thick, viscous fluids, the algorithm instructed the DIW module

to build up pressure within the dispensing syringe prior to gantry motion, to ensure ink
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was being deposited as the gantry started moving. Similarly, pressure was reduced be-
fore the end of a print move (i.e. with foresight of succeeding commands, and hence the
name advance algorithm), to allow time for the pressure within the barrel to equalize and
ultimately the syringe to stop dispensing when the gantry came to a halt. The implemen-
tation of this algorithm was particularly important for enabling liquid-tight encapsulation
of multi-phase devices in Part II, and to minimize the effect of bleeding edges when using

large, experimental FFF nozzles (@ >1.0 mm) in Part III of this thesis.

4.3.2 Module specific breakout boards

Breakout boards are modular circuit boards which could be easily added /removed from the
main control board, e.g. by means of pins or other temporary connectors (not soldered).
For example, all motor controllers (i.e. the device that translated a logic impulse or step
into actual current/voltages for the bipolar stepper motors) in the microelectronics system
were breakout boards (e.g. Polulo A4988), to allow easy replacement in the case of failure
as these are among the most common /predictable components that fail on AM machines.
Other breakout boards included transistor assemblies for powering heaters (e.g. iIS009 from
PChero, China) and thermocouple amplifiers (e.g. AD8495 from Adafruit, USA).

4.3.3 Power & wiring

The software package Fagle was used to plan/organize wiring and power provisions re-
lated to the microelectronics system. All connections/terminals and connectors were given
a unique identifier (examples provided in Appendix B.4). The design reflected the over-
all modularity of the hybrid-AM framework, e.g. a standardized 12 pin terminal block
for communications to/from functional modules aided quick module exchanges (see Fig-
ure B.4.3). To reduce the effect of micro-electronic interference, a series of low-pass filters
were included (e.g. to smooth signal tranmission for thermocouples). Figure 4.3.C pro-
vides an overview of the overall wiring schematic. Detailed schematics showing the pin
allocation of the central microcontroller (label iii in Figure 4.3.C), gantry control (label
viii) and an example for the wiring within a fabrication module (label ix) are given in

Appendix B.4.
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Figure 4.3.C: A overall wiring schematic for the microelectronics system showing: (i) the main

power supply, (ii) endstop microswitches, (iii) the central microcontroller, (iv) MOSFET

transistors for controlling heaters, (v) drivers for stepper motor, (vi) thermocouple amplifiers,

(vii) module specific breakout boards, (viii) gantry and heated bed mechatronic elements, and

(ix) other module-specific mechatronic elements.
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4.4 Prototyping and assembly

Prototyping Figure 4.4.A shows a photograph of the evolutionary prototyping process
(i.e. continually refined/rebuilt) as part of developing the microelectronics system. In par-
ticular the interplay between firmware and electronic devices was optimized at this stage,

e.g. addressing issues associated to interference and filtering.

Figure 4.4.A: Photograph of the prototyping process for the microelectronics system showing;:

(i) 5V and 12V power supply, (ii) FFF modules, (iii) solid state relays for switching binary
devices, (iv) the central microcontroller (Arduino Mega 2560 Rev3), (v) breakout boards on a

breadboard, and (vi) a thermometer for calibrating thermocouples/thermistors.
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Assembly Figure 4.4.B shows photographs of the final microelectronics system assem-
bly on the hybrid-AM machine. The microelectronics system was connected to a host
computer (label i in Figure 4.4.B) running the hybrid-AM app via USB. Terminal strips
(label ii) provided a centralized interface for all wiring related to individual functional
modules. The microelectronics system was assembled in a system enclosure (label iii) to

provide cooling, power supplies and protection from the lab-environment.

i Control computer

Figure 4.4.B: Photographs of the microelectronics system assembly showing: (a) breakout
boards and drivers for functional modules, (b) internal wiring, and (c) the microelectronics
system on the hybrid-AM machine frame: (i) the control computer running the hybrid-AM app,

(ii) module-specific terminal strips and (iii) the microelectronics system enclosure
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4.5 Summary of the microelectronics system

Functionality The microelectronics system provided a modular solution for translating
commands (g-Code) into electrical signals to actuate the hybrid-AM machine. Ultimately,
the microelectronics system acted as bridge between the hybrid-AM app (see Section 3)
and the hybrid-AM machine (see Section 5).

Novelty Some of the main, novel ideas implemented in the microelectronics system
included: (a) multi-tool support — the modular architecture of the microelectronics sys-
tem allowed for an arbitrary amount and type of functional modules to be controlled
by a central microcontroller, simply by adding more/or less breakout boards; (b) easy
repairs — the breadboard based system allowed for easy repairs, i.e. the replacement of
individual components as opposed to replacing the entire circuit board; and (c) advance
algorithm — the implementation of the advance algorithm within the Repetier firmware

allowed for superior control of viscous DIW.

Future work A series of upgrades may further improve the performance of the micro-
electronics system, including: (a) stepper drivers — an upgrade to stepper drivers with
higher current carrying capabilities to facilitate faster travel times, e.g. trinamic step-
per drivers such as TM2660 or DM566; (b) wireless communication protocol — to allow
integration with Octoprint [103] and remote access/monitoring of prints; and (c) 32-bit
architecture — replacement of the central microcontroller with a more powerful 32-bit chip

and corresponding firmware.

Developments As mentioned in Section 4.1.2, microelectronics systems are developing
at a fast pace. As such, the approach taken and described in this section would likely not
coincide with one that would be taken today, in 2019. At the time of conceptualization (late
2017), virtually all commercially available microelectronics systems were running a central
8-bit microcontroller on a printed circuit board (i.e. difficult to expand functionality) and
were limited to a maximum of 5 extruders. The desire to control more/an arbitrary
amount of modules was ultimately the motivation to design a custom microelectronics
system. Today, commercially available, modular microelectronics systems such as the
Duet3D [113] would provide a good starting point and would likely form the basis of an

equivalent microelectronics system.
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Section 5 outlines the engineering design considerations for a hybrid-AM
machine. The machine represented the physical/real domain within the
hybrid-AM framework, and ultimately was where 3D parts were

fabricated/characterized.

5.1 Purpose and functionality of the hybrid-AM machine

In the hybrid-AM machine, electrical signals from the microelectronics system (see Sec-
tion 4) translated into physical actions to, for example, fabricate and/or characterize
multi-material 3D parts. A frame acted as structural exoskeleton for all constituent sub-
assemblies of the machine, namely: (a) the gantry, providing spatial-temporal control of
(b), the build plate, which acted as substrate for hybrid-AM using (c), the functional mod-
ules, to deposit and/or characterize materials. The sub-assemblies are described in detail

in Section 5.4.

Inputs The primary inputs to the hybrid-AM machine were: (a) electrical signals (i.e.
currents and voltages) from the microelectronics system, and (b) material feedstock (e.g.

polymer filament for FFF or functional inks for DIW).

Outputs The primary outputs of the hybrid-AM machine were: (a) additively manu-
factured, multi-material parts, and (b) analog signals (e.g. thermistor resitance or ther-

mocouple voltage) to the microelectronics system.

5.2 Design requirements and implementation

Design requirements The hybrid-AM machine was designed and built based on ex-
periences from a proof-of-concept, dual-extrusion prototype (see Appendix A) and the
literature outlined in Section 1.3. Table 5.2.A provides a selection of principal design re-
quirements considered throughout development, in particular those relating to: (a-e) the
overall design, (f-j) spatial control, and (k, 1) manufacturability of machine components.
A brief overview of how the hybrid-AM machine design requirements were implemented
is given below. References to subsequent sections, providing more detail are given, while
labels (a-1) refer to Table 5.2.A.
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Hybrid-AM machine requirements

(a) allow for easy, modular expansion of capabilities

(b) provide support for > 5 functional modules

Design (c) allow for various substrates for AM (e.g. kapton, glass or aluminum)

(d) provide a heated build plate (20 to 130 °C) and reach desired temperature in <5 min

(e) comply with all H&S lab requirements

(f) provide 3-axis spatial control with resolution <50 pm/step

(g) provide an effective working envelope/building volume larger than 100 x 100x 100 mm

Spatial
control (h) prevent backlash in spatial control mechanisms

(i) allow simple machine and module calibration

(j) facilitate automatic homing of the gantry

Manufactur- () use standard/conventional mechanical components where possible

ability
(1) consider manufacturing capabilities at the workspace

Table 5.2.A: A selection of principal design requirements for the hybrid-AM machine.

Implementation A modifiable frame (a) allowed for easy, modular expansion of capabil-
ities, and (b) provided support for 9 functional modules (see Section 5.4). An exchangeable
build platform (c) allowed for various substrates for AM, and (d) was temperature con-
trolled (20 to 150°C). A polycarbonate (PC) shield around the frame and an emergency
stop routine, among other things, were installed to (e) comply with H&S lab requirements
(see Appendix B.1 for a risk assessment). The gantry (f) provided 3-axis spatial control
(£3.4pm in X and Y and £1.5 pm in Z) for the build platform, (g) with an effective work-
ing volume of 200 x 200 x 175 mm in the X, Y and Z axes respectively (see Figure B.3.4
in Appendix B.3 for axis definitions). Synchronous timing belts in the gantry system
allowed for (h) precise control and provided minimal backlash. The hybrid-AM app (see
Section 3) guided the user through (i) machine calibration steps, and (j) the gantry was
homed automatically through inclusion of axis end-stop switches. Standard/conventional
mechancial components were used to (k) facilitate interchangeability, while (1) the man-
ufacturing capabilities within the group and department were considered (e.g. design for

water-jet cutting) to ensure the majority of parts could be manufactured in-house.
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5.3 Overview of the hybrid additive manufacturing machine

Figure 5.3.A schem

and how they intera

atically illustrates the constituent aspects of the hybrid-AM machine

cted, namely: (1) the engineering design of the overall machine, (2) the

manufacture and assembly of machine components and (3) the calibration thereof. The

hybrid-AM machine operated/provided functionality through: (i) actuation of mecha-

tronic components by the microelectronics system (see Section 4), and (ii) sensors deliv-

ering information to external scientific equipment.

pmmmmm——e—

Figure 5.3.A:

Device

. N\
[ Vst / design
Micro- : s ﬁ Scientific

electronics equipment
’ (1) Engineering design \‘:
(1.1) (1.2) (1.3)
Fra.me + Gantryand 4 Functional |
build plate modules |
' 2) ‘e ‘e
Manufacture — ©) :
and assembly E : Calibration i

______________________________________________________________

A flowchart of the hybrid-AM machine and constituent aspects: (1) the

engineering design, (2) manufacture, assembly of machine components, and (3) calibration

thereof. Note, the labels i-ii are referred to in the text.
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5.4 Engineering design

General assembly Figure 5.4.A shows the general assembly of the hybrid-AM machine
and its main sub-assemblies: (i) the frame, (ii) the gantry & build plate as well as (iii)
functional modules. Figure 5.4.B shows how the functional modules were arranged with
respect to/interacted with the gantry € build plate. It should be noted, that unlike most
commercial MEAM machines, it was the build-plate that moves in this machine and not the
nozzels/extrusion heads. All parts and assemblies of the hybrid-AM machine were designed
in SolidWorks 2017. The assembly tree was structured in tiers e.g. where applicable a
tier 2 sub-assembly was comprised of tier 3 sub-assemblies and/or parts. Parts, i.e.
individual /single-material components, were considered to be the lowest/smallest element
of the assembly tree. An index of all primary mechanical parts associated with the hybrid-
AM machine is provided in the form of a bill of materials (BOM) in Appendix B.2.
Engineering drawings are provided in Appendix B.3. In its current configuration, the

hybrid-AM machine consisted of > 160 unique parts (>900 parts in total).

5.4.1 Frame

Exoskeleton The frame (label i in Figure 5.4.A) unobtrusively positioned all functional
modules with sufficient positional accuracy while allowing for easy capability expansion. It
acted as exoskeleton for the hybrid-AM machine and a transparent polycarbonate housing
shielded the user from potential hazards. The frame was based on the t-slot aluminum

extrusion system from Kanya, UK, and allowed height-adjustable working planes.

5.4.2 Gantry & build platform

Gantry The gantry (label iv in Figure 5.4.B) was a 3-axis, cartesian system based on
profile rails with linear bearings which moved the build platform (label v). Bipolar stepper
motors (NEMA 24, 1.8°/step) paired with interplanetary gear boxes (reduction ratio of
10:1) on the horizontal axes (X and Y) and a direct drive on the vertical axis (Z) achieved
a resolution of 3.4pum/step in X and Y and 1.5pum/step in Z (see Figure B.3.4 for axis
definitions). In its current configuration (i.e. with 1/16 microstepping), the gantry can

1 over the entire working envelope of 750 x 750 x

move at a maximum speed of 30 mm s™
200 mm. High resolution linear magnetic encoders (1 pm, LM10 from Renishaw, UK) were
installed for future positional feedback control and synchronous timing belts to minimize

mechanical backlash.
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(a)

Functional modules provided
fabrication and characterization
functionality to the hybrid-AM machine

Gantry & build platform provided
spatial/temporal control of a i
substrate used for hybrid-AM

The frame acted as an exoskeleton
for the hybrid-AM machine

>
& 10 cm
(b)
Tier 1 Genera‘yl(ja;sembly
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a— — — — — T—
Tier 2 1 (iii) Modules 1 (i) Frame 1 (i) Gantry & build platform |
ler 2 : (M) ] (F) P (G) 1

¢ Highlighted in drawing

(AA)  Acronym used for file naming
Figure 5.4.A: (a) A dimetric wireframe drawing of the hybrid-AM machine general assembly

(tier 1) and (b) a hierarchical representation of constituent components: (i) the frame, (ii) the

gantry & build platform and (iii) the functional modules.
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Figure 5.4.B: (a) A dimetric wireframe drawing of selected sub-assemblies (tier 3): (i) FFF, (ii)
DIW, (iii) dielectric characterization, (iv) the gantry, (v) the build platform; and (b) a
hierarchical representation of the constituent components of the Modules and Gantry & build

platform sub-assemblies (tier 2).
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Build platform The build platform (label v in Figure 5.4.B) provided a 200 x 200 mm
surface for fabrication. The build surface could be easily exchanged (e.g. borosilicate
glass or aluminum). A silicon heated bed (150 W) with integrated thermistor (type 100K
NTC 3950) controlled the temperature of the build surface (20 to 150°C), and copper
foil underneath the build surface provided electromagnetic shielding for the applications
discussed in Part III of this thesis. The build surface was levelled manually using wing-
nuts at all corners. The build platform was suspended on a central Z-axis cantilever, and
the design was lightweighted and stiffened (i.e. large 2°! moment of area) to allow for

higher frequency printing (jerk up to 5mms=2).

5.4.3 Functional modules

In principle, the functionality of modules for the hybrid-AM machine was unrestricted,
and as such, the following examples of fabrication and characterization modules are solely
indicative. Each module was comprised of control, mechatronic and mechanical aspects,
i.e. across all of the system components in the hybrid-AM framework (see Figure 5.4.C).
For example, a fabrication module had: (a) a library of print-parameters in the hybrid-
AM app, defining nozzle temperatures, extrusion speeds and other operational parameters;
(b) a sub-microelectronics system with drivers/amplifiers for motors, thermocouples and
other electronic devices; and (c) a physical/mechanical sub-assembly with motors, nozzles,
fixtures etc. The mechanical design and basic operating principle of selected fabrication
and characterization modules are discussed herafter. Details regarding the underlying
physics and further, detailed insight into the operating principles/limitations of the mod-
ules, as well as demonstrations of their use, are described in Parts IT and III. All functional
modules fitted into all locations on the frame (see Figure B.3.9). Modules were referred
to by the hybrid-AM app (and slicing software) based on their location: 0-8, addressed by

calling e.g. E4 for the module in position 4.
O = &
(- —g FFF
— / DIW
— O SRR

Figure 5.4.C: The functional modules within the hybrid-AM framework:
fabrication (FFF and DIW) and characterization (SRR).
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Fused filament fabrication Figure 5.4.D describes the FFF module and shows its
sub-assembly tree. In FFF, a thermoplastic filament, such as amorphous acrylonitrile bu-
tadiene styrene (ABS) or semi-crystalline polylactic acid (PLA), is heated above its glass
transition temperature in the hot-end i.e. print-head (180 to 250 °C) and pushed through
a nozzle (2 0.2 to 1.0mm). The extrudate solidifies (through polymer crystallization and
chain entanglement [123]) upon deposition onto the temperature controlled build platform
(20 to 150°C) to form 3D objects in a layer-by-layer manner. Principal benefits of FFF
include: (a) an expanding palette of processable materials (e.g. commercial thermoplastics
can be composited with functional materials [124-127]), (b) easy hybridization (through
the absence of a vat or powder-bed in FFF), (c) relatively simple, fast and economical
operation, (d) minimal heat input and post-processing required, and (e) good mechanical
strength of printed parts [70]. Challenges related to FFF include: (a) low mass loading of
functional filaments (composite functional filaments rarely exceed 30vol% of active ma-
terial [124]), (b) limited understanding of underlying processing science such as extrusion
dynamics and bead spreading (wetting, rheology), (c) geometric restrictions (e.g. print-
ing overhangs exceeding 30°), and (d) dimensional accuracy (thermal effects including

shrinking and warpage are difficult to predict).

FFF process considerations and feedstock requirements FFF process parame-
ters include print speed [mms~!], extrusion temperature [°C] and print path. Feedstock
material properties include melt viscosity [Pas] and elastic modulus [Pa]. Process and ma-
terial parameters influence the quality (tolerance, pores, surface finish, distortion, etc.) of
fabricated parts in a complex, and usually difficult to predict, manner [128-130]. Reviews
of the FFF process include: design considerations and process models [128]; materials,
dimensional accuracy and surface roughness [131]; as well as approaches to optimizing
process parameters [129, 132-134]. FFF feedstock materials usually come in the form of
a filament spool (& 1.75mm or 3.0mm). The primary requirement for the filament is to
allow for a mechanical feed mechanism to push the filament through the nozzle without
breaking and to reduce the liklihood of nozzle clogging, over print periods typically of

several hours.
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Figure 5.4.D: (a) A dimetric wireframe drawing of the FFF sub-assembly (tier 3) and

(b) a hierarchical representation of constituent components.
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Direct ink writing Figure 5.4.FE shows the DIW module and its constituent compo-
nents. In DIW (sometimes referred to as robocasting), a particle-loaded ink (e.g. con-
centrated colloidal/nano-particle suspension) is micro-dispensed using a syringe (electro-
mechanical actuation through a lead-screw motor) onto the build platform. Principal
benefits of DIW include: (a) inks with a high proportion of active/functional materials
(e.g. through phase inversion, freeze gelation [135]), (b) direct deposition of liquid and/or
gel materials, (c) flexible ink properties (relative to other AM technologies e.g. inkjet print-
ing (IJP)), and (d) easy hybridization due the lack of a powder or vat bed. Challenges
associated to DIW include: (a) post-processing is often required (e.g. sintering), (b) a
complex and not well understood deposition/drying process, and (c) the requirement for

stable suspensions/slurries which do not sediment /separate.

DIW process considerations and feedstock requirements DIW process param-
eters include: print speed [mms~1], extrusion speed [mLs™!], nozzle diameter & [mm]
and nozzle geometry (tapered, step). Feedstock material properties include mass loading
[vol%], curing parameters (thermal, UV, etc.) and rheological considerations (typically
visco-elastic gels) such as viscosity [mPas| or yielding behaviour [Pa] [136]. Functional
inks should allow for the formulation of stable suspensions without particle agglomoration
or sedimentation. In particular, the ink-wetting properties with a variety the substrates
needs to be considered (i.e. wetting substrates including paper invoke spreading of inks
due to uncontrollable capillary forces whereas non-wetting substrates such as polyethylene
terephthalate (PET) may lead to a coffee-ring effect) [137, 138].

Dielectric imaging Figure 5.4.F shows the dielectric imaging, or SRR module and its
constituent components. The near field dielectric characterization module was developed
based on a split ring resonator (SRR) probe [139]. The primary purpose of the module
was to characterize the spatially varying (3D) dielectric properties of a printed device
(e.g. for use in radio frequency (RF) optics) to provide insight on device manufacture,
conformance to intended design and to facilitate an accelerated design cycle. Commercial,
near-field magnetic field (I:i field) probes (label i in Figure 5.4.F, RF-R 50-1 by Langer
EMV, Germany) were connected to a VNA (controlled by the hybrid-AM app) and acted
as emitters/receivers of electro-magnetic (EM) waves. A shift in resonance frequency of
the SRR (label iii) was related to the dielectric permittivity of a printed sample (the
operating principle is described in detail in Part IIT).

65



(a)

Disposable syringe barrel
(3-10 cc) and piston

Lead screw motor for
direct, mechanical dispensing
of functional inks

i

Syringe mounting bracket
i with a single screw for simple
loading/unloading of syringes

3cm
(b)
Tier 3 Direct ink writing
(DIW2)
,,,,,,,,,,,, | I, I B,
Tier 4 ! (i) Lead screw motor | 3 (iii) Syringe mounting bracket !
! (LSM) | . (Sm) ;
Part o b
LOiEeI? e Plunger adaptor ' (ii) Piston | Base plate
plate T J
T p
Support bracket o (i) Barrel | Tip Fasteners

 Highlighted in drawing

(AA) Acronym used for file naming

Figure 5.4.E: (a) A dimetric wireframe drawing of the DIW sub-assembly (tier 3) and

(b) a hierarchical representation of constituent components.
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Figure 5.4.F: (a) A dimetric wireframe drawing of the SRR sub-assembly (tier 3) and

(b) a hierarchical representation of constituent components.
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5.5 Part manufacture and assembly

Manufacture Where possible, part manufacture was out-sourced and/or already com-
plete/available parts were purchased. The remaining, bespoke parts of the hybrid-AM
machine were fabricated in-house (within the Grant group). Figure 5.5.A shows pho-
tographs of the manufacturing process entailing: (a) definition of part specifications in the
form of engineering drawings (see Appendix B.3 for examples), (b) roughing to remove the
bulk of material (e.g. using a water-jet cutter), (c) finishing (e.g. tapped holes or specific
surface finish requirements) and, (d) validation of component dimensions/features with
the specifications from (a). Design for manufacture (DfM) was considered with respect
to the available machines in our workshop: a water-jet cutter, FFF printer, CNC mill &
lathe, power drills, and other conventional workshop tools. Suppliers for out-sourced parts
included: E3D, UK (FFF related parts); Nordson EFD, USA (syringes and tips for DIW);
Heason technology, UK (lead screw motors for the DIW module); Langer EMV, Germany
(near-field H-field probes for the SRR module); Macron dynamics, USA (gantry); Taybroh
Alloys, UK (cast aluminum plate for the frame); Kanya, UK (frame); and RS components,
UK (electronic components and fasteners). A full list of suppliers/part names is provided
in the BOM in Appendix B.2.

Assembly Figure 5.5.B shows photographs during the assembly of the hybrid-AM ma-
chine: (a) the empty frame and protective PC shielding, (b) the pre-assembled gantry as
supplied from Macron Dynamics, and (c) a selection of functional modules mounted on
the frame. Figure 5.5.C shows a photograph of the fully assembled hybrid-AM machine,
representative of its configuration at the time of publication. The hybrid-AM machine is
connected to a control computer (running the hybrid-AM app) and a VNA (ZNB 20 from
Rohde & Schwarz, Germany). A variety of fabrication and characterization modules are

mounted on the top plate of the machine.
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Figure 5.5.A: Photographs of the manufacturing process for in-house fabricated hybrid-AM
machine parts: (a) engineering drawings (see Appendix B.3), (b) water-jet cutter for roughing (in
particular for two dimensional (2D) parts), (¢) detailing using power tools and (d) a finished,

light-weight part.
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Figure 5.5.B: Photographs of the hybrid-AM machine during the assembly process:

(a) sub-assembly of the frame and protective PC shield, (b) the pre-assembled gantry, and (c) a

selection of fabrication modules mounted on the frame.
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Figure 5.5.C: A photograph of the assembled hybrid-AM machine connected to a host

computer (running the hybrid-AM app) and a vector network analyzer.
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5.6 Calibration

Table 5.6.A provides an overview of the main calibration settings required for the hybrid-
AM system. Individual parameters were stored in different locations, either: (i) the slic-
ing engine (in a metadata file PrintSettings.INO in Slic3r v1.5.0); (ii) the hybrid-AM
app (MultiAMParameters or PrintParameters entered in relevant tabs in the GUI, see
Figure 3.3.D); or (iii) the firmware (in the Configuration.h file of the Repetier-based

firmware, see Section 4.3.1). An exemplary, step-by-step instruction for evaluating the

tooling offsets (in X, Y and Z [mm)) is provided in Appendix B.5.

Slicing engine Hybrid-AM app Firmware
PrintSettings.INO MultiAMparameters and Configuration.h in
in Slic3r PrintParameters in MATLAB  Repetier-based firmware
Motion settings
Communication settings max speed [mms™1]
Physical constraints ports, baud rate acceleration [mms~?]
build plate dimensions [mm)] Tool change routine and jerk [mms~?]
and origin [mm)] bed drop [mm] steps/mm
System vibration limit [Hz] tool speed [mms—!] Safety features
tool clearance [mm] virtual-real tool replacement decoupling [°C min™!]
Sta_rt:,-up routine Debugging endstop configuration
additional g-Code pause ability, Wiring settings
debug console configuration pin allocation
motor directions
Standard print settings
infill/perimeter overlap [%)] .
layer height [mm)], etc. Tooling parameters Heat manager
Z offset [mm)], PID parameters
Fabrication| Feedstock settings tool configuration sensor type
tool/bed temp. [°C]
Purge settings Module specific
Tool configuration tool speed [mms~!] steps/mm or steps/pL
retraction distances [mm)] retraction distances [mm] linear advance parameters
tool offset in X and Y [mm]
number of virtual extruders
Tool settings
(X, Y and Z offsets [mm],
dynamic range [GHz])
Charact- Meshing parameters Meshing parameters N/A
erization layer height distribution scanning area [mm|
XY frequency [mm)]
layer frequency
Z drop [mm)]
number of readings

Table 5.6.A: An overview of the main calibration settings required for the hybrid-AM system

relevant to: the overall system, fabrication and characterization modules and stored in the slicing

engine, hybrid-AM app or the microelectronics system firmware.
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5.7 Summary of the hybrid-AM machine functionality

Work achieved The hybrid-AM machine provided a modular approach for implement-
ing multi-material, multi-technology (MMMT) manufacture at lab-scale. Ultimately, the
hybrid-AM machine was where multi-material parts were built. The machine was de-
signed from the ground up, in tandem with the printing host from Section 3 and the

microelectronics system from Section 4.

Novelty Some of the main, novel ideas implemented in the hybrid-AM machine included:
(a) modular, multi-tool support — a modular design with standardized inserts and inter-
faces for up to 9 complementary functional modules working side-by-side; and (b) moving
build platform — unlike most available AM systems, all of motion between tool tips/nozzles
and the build platform was due to the build platform moving. This approach significantly
simplified the calibration process when using > 2 nozzles, systematically prevented nozzle-
clashes and allowed for more sensitive and heavy extrusion heads to be used/investigated.
Futhermore, the stationary extrusion heads prevented unwanted oozing or dripping from
nozzles/tips during rapid machine motion/jerk (since it was not the extrusion head that

was moving/vibrating, but the build platform).

Impact & applications The modular, lab-scale hybrid-AM machine may be used to
further investigate concepts relating to hybrid-AM, and be of direct use for further mate-
rials science and engineering research within the Grant group. The machine formed the
basis/experimental set-up for the research presented and discussed in Parts IT and IIT of

this thesis.

Future work A series of upgrades may further expand/improve the functionality of the
hybrid-AM machine, including: (a) redesigning the build platform — a stiffer, even lighter
build platform would allow for more jerk and faster accelerations (without vibration) to
further reduce printing times, and allow more complex/rapid so-called retract on layer-
change printing moves to be investigated; (b) a more powerful heated bed — the integration
of e.g. a 500 W heated bed from E3D, UK, would speed up the response time of the build
platform for faster pre-heating, and potentially more complex drying cycles for liquid-DIW
prints; (c) reinforcements in the frame — further stiffening of the frame would allow for
higher frequency printing without vibration/ringing; and (d) functional modules — the
development of more functional modules will expand the capabilities of the hybrid-AM

machine.

73



74



Conclusions & outlook:
Hybrid-AM

The prospect of hybridizing individual AM technologies (and their respective benefits)
in so-called hybrid-AM processes promises to expand the already transformative impact
AM is having on high-value manufacturing: from supply chain simplification through
the unison of multiple manufacturing operations, to unprecedented control of the local

spatially varying material properties within printed, multi-material parts.

Novelty of work achieved An extendable, modular manufacturing framework was
established and a functioning lab-scale MMMT machine was constructed. The research
involved the interplay between the real/physical and virtual/software domain of additive
manufacturing. Only a few hybrid-AM systems have been reported specifically for R & D
purposes, and to the author’s best understanding, the modularity /reconfigurability across
hardware, software and associated digital workflows is unprecedented in academia. While
specific, novel ideas which were implemented in constituent sub-systems of the hybrid-AM
machine were described throughout (e.g. advanced pre-processing capabilities and dynamic
buffering for enhanced machine control), the critical development shown here lies in the
modular interplay between hardware and software, facilitating significantly more advanced
data analysis, insight and control of AM. The further impact of the work will only become
apparent when applied to specific applications: which now follows in Parts II and III of

this thesis.
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Part 11
Multi-phase additive manufacturing for

energy storage applications

/
/
/
/
/

/
/
/
/
/
//

Summary

Additive manufacturing (AM) may offer a flexible, cost-effective approach to address
conventional manufacturing limitations, such as time-consuming, high work-in-progress,
multi-step assembly. In principle AM can also allow more novel geometric or even bespoke
designs of structural and functional products. However, in terms of energy storage devices
such as batteries and supercapacitors, the benefits of AM have not yet been explored to
any significant extent. In Part II, multiple fabrication modules within the hybrid-AM sys-
tem from Part I were used to fabricate complete energy storage devices (electro-chemical
double layer capacitors, EDLCs) in a single, automated operation. The inherent flexibil-
ity of the hybrid-AM process provided an opportunity to address restrictions in geometric
form factor associated with conventional planar supercapacitor manufacturing approaches.
Functioning, ring-shaped EDLC devices were manufactured in a multi-material operation
comprising symmetric activated carbon electrodes in a 1M potassium hydroxide (KOH)
electrolyte hydrogel. Gravimetric and areal electrode capacitances were 116.4 + 0.6 Fg—!
and 599.2 £ 3.0mF cm~? at 10mV s~ !, with a columbic efficiency of 99.6 +0.4% in the
as-printed condition. These data compare sensibly with those in the literature. The
work aims to accelerate progress towards monolithic integration of energy storage devices
in product manufacture, offering an alternative fabrication process for applications with

irregular volume/shape and mass-customization requirements.
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7.1 Capacitor technology . . . . . . . . . . ... 79
7.2 Electro-chemical double layer capacitors . . . . . .. ... ... ... .... 82
7.3 The challenge of manufacturing EDLCs . . . . . . ... ... ... ..... 86
7.4 The promise of AM for the manufacture of EDLCs . . . . ... ... .... 88
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7.1 Capacitor technology

Rising demand for electricity FEver-increasing demands in global energy needs

(>10 x 101" Whyr~!, 4+2.1% in 2017) have been met through the unsustainable exploita-
tion of greenhouse gas emitting fossil fuels including oil, coal and gas (72 % of the annual
increase and 81 % of the global energy consumption in 2017) [140, 141]. Meanwhile, elec-
tricity has become an indispensable form of energy, following the electrification of leading
industry nations in the 1880’s and then global industrialization. However, strengthen-
ing global environmental awareness and concern [142] mandates a radical rethink of how
we generate, store and use electricity [143, 144]. Technological advancements, including
photovoltaics and nuclear energy, aim to make electricity generation carbon-neutral [145,
146], whereas consumer electronics and ubiquitous digitization are providing us with more

ways to consume electricity [147].

Capacitors To bridge both temporal and geographic gaps in electricity generation and
consumption, various electro-chemical energy storage (EES) devices have been developed
[148]. For applications with short charge/discharge times (ms to min) and long cycle-
lives (>> 1000 cycles), capacitors have dominated. Capacitors are passive, two-terminal

electrical devices that can store, filter and regulate electrical energy.
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Types of capacitors Many types of capacitors have been developed since the original
Leyden Jar in 1745 (see [149, 150] for a brief history of capacitors and supercapacitors).
They are commonly classified by their: (a) internal electric field distribution (linear, asym-
metric or localized), (b) size (geometric dimensions, total capacitance, or energy/power
performance), (c) internal architecture (hybrid, symmetric or asymmetric), (d) primary
charge storage mechanism (electrostatic, pseudocapacitive or intercalation pseudocapaci-
tive), (e) design (coin-, wound- or pouch-cell, cylindrical or prismatic), or (f) a combination
thereof (a-e). Table 7.1.A provides an overview of the main types of capacitors, a schematic
of their internal electric potential distribution, their primary charge storage mechanism,
specific examples of devices, the constituent components and common materials within,
as well as an overview of the conventional, industrial manufacturing process to fabricate

such devices.

Supercapacitors Of the available capacitor types, supercapacitors (sometimes referred
to as ultracapacitors), have attracted significant attention, in particular in the pursuit
of devices with simultaneously high-energy and high-power performance. Supercapaci-
tors may provide up to 2-3 order higher energy densities than conventional electrolytic
capacitors (~ 1072 Whkg™!) and have power (~ 10> Wkg~!) and cycling performance
(> 10° cycles) superior to ion-batteries [151]. The supercapacitor market has matured
significantly recently, with developments including new and improved electrolytes [152],
and nanostructured electroactive electrode materials [148, 153, 154]. The devices are used
in applications such as regenerative braking in electric or hybrid vehicles, intermittency
levelling in smart grids, and rapid transit rail or buses, all making use of their high power
and reasonable energy density capabilities [150, 155, 156]. An overview of the performance

of commercially available supercapacitors may be found elsewhere [157].

Types of supercapacitors Supercapacitors may be differentiated based on their: (a)
electrolyte (organic, ageuous or ionic), (b) electrode materials (one dimensional (1D), 2D
or 3D carbons [158]; endohedral, planar or exohedral carbons; metal oxides, conducting
polymers or composites [154, 159-162]), (c) application (e.g. consumer electronics, auto-
motive or aerospace), (d) configuration (symmetric, asymmetric or hybrid), and (e) charge

storage mechanism.

Charge storage mechanisms within supercapacitors The various types of superca-
pacitors make use of different charge-storage mechanisms: (a) electro-static — the physical
adsorption of electrolyte ions onto a polarized electrode surface to satisfy local electro-
static equilibrium in an electric double layer (EDL); (b) pseudocapacitive or surface redox
— reversible, fast faradaic surface reactions giving rise to a capacitive term i.e. charge

electric potential; and (c) intercalation pseudo-capacitive — fast intercalation of cations
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Electrostatic
(non-polarized)

.

Electrolytic
(polarized)

Schematic
and internal e
electric + b - + —E
potential © ‘Ho B
L . ° 9 ) aa
distribution 2 o 3 w
+— Jras}
(o] (@] c
@ <@ <
| w
| \
Dielectric Oxide layer
(dielectric)
Charge
storage Electrostatic across dielectric Electrostatic across oxide layer
mechanism
) ) Aluminum oxide
Film (metalized polymer) .
Examples ) ) Tantalum oxide
Foil (ceramic) . . .
Niobium oxide (solid electrolyte)
Electrodes: etched Al foil
Components £ 4/ odes: Al foil or metalized fim  Dielectric: metal oxide Al:Os
G GO | o s e | Electrolyte: solid lid
materials ielectric: ceramic or polymer ectrolyte: solid or non-soli

Film stretching/foil casting

Metallization/roll-screen printing

Conventional Film/foil slitting
manufacturing

process

Attachment of terminals (shoopage)

Assembly /insulation

Winding/stacking (slightly offset)
Compression/thermal post-treatment

Separator: cellulose

Anode foil etching

Oxide forming (anodic oxidation)
Foil slitting/attachment of terminals
Winding/coiling

Electrolyte impregnation (vacuum)
Assembly/sealing/insulation
Artificial aging

.

Electrochemical
(supercapacitors)

Electrolyte

Porous electrode

__Porous electrode

Electric double layer,
surface redox

Electrostatic within EDL
(Pseudo-capacitive / surface redox)
(Intercalation pseudo-capacitive)

Electro-chemical double-layer (EDLC)
Pseudo-capacitor
Hybrid

Current collector: etched Al, Ni or
stainless steel foll

Porous electrode: active material
(activated carbon), conductive additive
(carbon black), binder (PVDF/PTFE).

Electrolyte: aqueous, organic or ionic
Separator: cellulose or glass-fibre

Foil etching/primer

Slurry casting of electrode
Calendaring/drying

Foil slitting/punching
Winding/stacking
Electrolyte impregnation
Assembly/sealing/insulation

Artificial aging

Table 7.1.A: A summary of the main capacitor types showing: schematics of device architecture

and their internal electric potential ¢, distribution, the associated primary charge storage

mechanisms, device examples, device components and common materials as well as

the manufacturing process.
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in the bulk, active electrode material but not limited by diffusion of cations within the
crystalline framework of active material [163, 164]. Comprehensive reviews of the under-
lying physical electrochemistry [153, 163, 165] and recent advances [164, 166, 167] have
been published elsewhere. It should be noted that many supercapacitors make use of a
combination of charge-storage mechanisms (so-called hybrid supercapacitors), frequently
resulting in misleading naming conventions [168]. A widely accepted publication clearly
defines the boundaries [169]. In Part IT of this thesis we will consider a specific type of su-
percapacitor, the electro-chemical double layer capacitor (EDLC), as a model EES device.
When referring to EDLCs in this thesis, it means supercapacitors which predominantly

store energy in an electro-static manner, i.e. in the EDL only.

7.2 Electro-chemical double layer capacitors

EDLC architecture & functionality Conventional EDLCs consist of (at least) two,
symmetric (identical anode and cathode), ultra-high surface area electrical conductors
(porous electrodes) separated by an ion permeable but electrically insulating membrane
(separator). The porous electrodes are connected to an external circuit by electrical con-
ductors (current collectors). The entire cell is immersed in an ion-conducting liquid or gel
(electrolyte) and encased with an insulator (housing). The primary requirements of these

key components are:

(a) Porous electrode (active material + conductive additive + binder) — to provide
maximum ion-accessible surface area [m? g=1] for electro-static charge storage while
retaining good electrical conductivity (intra- and inter-particle electron conductiv-
ity), alongside good chemical and mechanical stability throughout cycling. The
binder provides mechanical cohesion and stability between active particles and the

current collector, but may have an undermining effect on performance [170, 171];

(b) Separator (porous membrane) — to electrically insulate electrodes from one another
while allowing electrolyte ions to shuttle between the electrodes during charge/dis-
charge. The separator should provide [153]: mechanical stability to allow for cell
assembly, high porosity (>50%) for good electrolyte ion mobility, high thermal sta-
bility, and be as thin as is practical to reduce the length of ion pathways. Coating
of the electrolyte/separator layer is often considered one of the most difficult stages
in capacitor manufacture [172]. A study on the influence of separator properties on

electrochemical performance of supercapacitors can be found elsewhere [173];

(c) Electrolyte (salt + solvent) — to provide a source of ions allowing the local electro-

static equilibrium to be satisfied at the electrode-electrolyte interfaces. The primary
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requirements include high ionic concentration [molm~3] and intrinsic ionic mobil-
ity, a wide operating window, or electro-chemical stability window (ESW), in terms
of potential [V] and temperature [°C], and a small solvated ion radius [nm] to in-
crease surface accessibility into porous electrodes [162]. There are a wide range of
electrolytes including aqueous (e.g. polyvinyl alcohol (PVA) hydrogels [174, 175]),
organic [176], and ionic liquids [177], however safety (flammability) concerns related
to non-aqueous liquid and some gel-based electrolytes create an imperative for the
use of solid electrolytes in some energy storage applications. Reviews of electrolyte
types [152] and specifically hydrogel polymer electrolytes (frequently used in AM

processes) can be found elsewhere [178];

(d) Current collector (electrical conductor) — to supply electrons to and from an
external circuit to polarize the electrodes. The current collector should have excellent
intrinsic electron conductivity [Sm™!], good adhesion to the porous electrode to

reduce internal resistance, as well as chemical inertness to the electrolyte; and

(e) Housing (encasing) — to encapsulate the complete cell arrangement with sufficient
mechanical strength for service, and to prevent electrolyte leakage. Furthermore,
this passive component should provide degradation resistance over the entirety of

intended shelf and operation life.

Over-arching, general requirements applicable to all EDLC components include: minimiza-
tion of H&S (e.g. toxicity of embodied materials) and environmental impact (ecological
sourcing, end of life disposal), regulatory adherance (compatibility with current legislation
for product manufacture), process-ability, chemical stability, cost and shelf life. Generally,
EDLCs can operate over a wide range of temperatures (—40 to 85°C), that is difficult to

achieve for other electrochemical devices such as ion-batteries.

Energy storage in an EDLC The electric double layer (EDL) may be described as
the localized accumulation of electrolyte ions in proximity to an externally polarized elec-
trode. Given the high chemical stability of the materials, this arrangement is induced to
satisfy electrostatic equilibrium (as opposed to Nernstian thermodynamic equilibrium in
other EES devices). The phenomenon is schematically shown in Figure 7.2.A for a flat
electrode. Note, in EDLCs the electrodes are ultra-high surface area, porous materials. A
simplified! variation in the internal electric potential ¢. distribution, with distance from
the electrode, is shown in Figure 7.2.A(a). The schematic shows the ¢, distribution based
on the Stern model [179], combining both the Helmholtz model (label ii in Figure 7.2.A)

lexcluding effects such as: ion deficiency due to diffusion, surface re-dox reactions leading to pseudo-
capacitance of specifically adsorbed ions, Thomas-fermi screening distance and effects of electron
spilling.
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[180] and Gouy-Chapman model (label iii) [181, 182]. Although some energy is also stored
in the orientation of molecular dipoles within the electrolyte (label i), the vast majority of
energy within an EDLC is stored within the highly confined compact layer (as capacitance
is inversely proportional to the separation distance of charge). The compact layer may be
defined as the region between the electrode surface and the outer Helmholtz plane, i.e. the
closest distance of approach for oppositely charged ions to reside. The resulting, effective
polarization plane separation distance of 0.2 to 0.8 nm (a function of the solvated ion radius
@ [nm]) gives rise to significantly higher capacitance compared with other capacitors (up
to 5000 F, approximately x100 more specific energy than electrolytic capacitors). Fur-
ther away from the electrode, the Gouy-Chapman diffuse layer governs the distribution
of electric potential. In this layer, ions are thermally distributed following the Boltzmann
principle (dependent on ionic concentration, temperature etc.). The EDL exists at both
electrodes, as shown in Figure 7.2.A(b), and non-ideal faradaic losses (often referred to as
internal resistance, or IR losses) may take place in the bulk electrolyte and/or across the

separator.

(a) (b)

0.5 nm 1-100 nm thermally distributed ions,
f(@ ion) Boltzmann principle f(ionic conc., temp)

Solvent |
adsorbed dipoles |
oriented by E in EDL |
2 Electric
cElectronte double -
ion layer =
l

Compact layer ;
(Helmholtz layer) I =

>

+ + +

Non-ideal
faradaic losses
(IR losses)

Gouy-chapman I =
diffuse layer 'I" —-

\¢ Bl |

e Porous electrode Separator

FF o+ o+

Figure 7.2.A: A schematic of: (a) the internal distribution of electric potential ¢, in proximity
to an electrode within an EDLC, highlighting the primary charge storage mechanisms (i-iii)
following Stern’s model, and (b) the internal distribution of ¢, within the entire cell.
Adapted from [163].
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Key performance parameters EDLC performance parameters (also applicable to
other types of capacitors) include: capacitance [F], operating voltage [V], impedance [?],
time constant [s], energy stored [J], power [W], dissipation factor [%], cycling stability (ca-
pacitance retention [%] after >10,000 cycles), charge transfer resistance or electrical series
resistance (ESR) [Q], self-discharge behaviour [V/ min], and cost [$ F~!]. Absolute perfor-
mance is often normalized to active material weight (g71), electrode area (cm~2) or device
volume (mm~2). Electrochemical parameters are frequently evaluated by: cyclic voltam-
metry (CV), constant current charge/discharge (CCCD), and electro-chemical impedance
spectroscopy (EIS). An excellent overview of the instruments and measurements required
to estimate key performance parameters, alongside common inconsistencies in evaluating
these, is given in [183]. Further guidelines outlining conventional experimental methods

and how to interpret data are given in [183-189].

Lack of standardization Unfortunately, performance parameters, and the evaluation
thereof, are not well standardized. Therefore data in many publications can only be used
to inform what AM techniques are being explored in the context of energy storage devices,
and there are difficulties in making robust quantitative comparisons, particularly between
research and commercial performance. International Electrotechnical Commission (IEC)
norms for the standardized testing of capacitors have been published [190], however access

to these and their adoption, especially in academic environments, is often limited.
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7.3 The challenge of manufacturing EDLCs

Principal challenge The global capacitor market is expected to grow significantly, at
~22 % per year, to USD 4 billion by 2022 [156]. It is a competitive, high-volume mass
market with many suppliers including: Asahi Glass (Japan), Batscap (France), Maxwell
Technologies (USA), Murata Manufacturing Co. Ltd. (Japan), NEC corporation (Japan),
Nesscap (South Korea, Canada), Nippon Chemicon (Japan), Panasonic (Japan) and Sam-
sung Electro-Mechanics (South Korea). Manufacturing challenges arise from the perpet-
ual desire for increased performance (increased capacitance, lifetime and energy/power
density) at reduced cost. Meanwhile, the environmental requirements (operating temper-
atures, exposure to stresses, device size restrictions) and regulatory environment (ecolog-
ical sourcing of materials, manufacturing health/safety, end of life) are becoming more
stringent /demanding. While the different types of capacitors and corresponding manufac-
turing approaches (outlined in Table 7.1.A) each bring their own challenges, such as effec-
tive electrolyte impregnation in supercapacitors or crack-free fabrication of thin ceramic
films in multi-layer electrostatic capacitors, the principal challenge in capacitor manufac-
ture remains the same: to engineer macroscopic components (devices), with designed and
highly resolved, multi-material, electro-active sub-structures that cost-effectively meet the
required performance [148]. The manufacturing technologies must be scalable and finan-

cially attractive to significantly penetrate the price sensitive energy storage device market.

Recent focus in advancing EDLC manufacture The majority of work concerning
the manufacture of EDLCs has addressed: the synthesis of cost-effective, high-surface
area electrode materials [159, 162], the improvement of interfaces between, for example,
the electrode and electrolyte [191] i.e. interfacial resistance, as well as advancements in
electrolyte bio-compatibility and safety [152, 192]. The slurry casting-based manufacturing
and assembly process itself however, has received surprisingly little attention [193] and has

therefore remained largely the same for many years [194].

Current manufacturing process EDLC electrodes are commercially manufactured in
a mature, roll-to-roll mass-manufacturing process synonymously known as either doctor
blading, slurry casting or slot-die coating (similar to how Li-ion batteries are fabricated)
which entails [153, 194]: (1) current collector foil (e.g. Al foil 15 to 40pm for organic
electrolytes and Ni or stainless steel (SS) for aqueous electrolytes) etching, alongside the
application of a conductive primer (~1pm carbon black), to increase the surface area
and reduce ESR respectively; (2) doctor blading or slurry casting of active material (e.g.
activated carbon from wood [195] or coconut [196] precursor, activated by water vapor

with up to 2000m?g~!), conductive additive (e.g. ultra-fine carbon black particulate),
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binder (e.g. 10 wt% polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE))
and a fugitive solvent (e.g. N-Methyl-2-pyrrolidone (NMP) and/or isopropyl alcohol (IPA))
to a preset, constant thickness (50 to 150 pm) by a passing blade; (3) drying (e.g. along
a drying tunnel on a conveyor) and calendering (i.e. compression through heat pressing)
of the porous electrodes; (4) electrode and current collector foil slitting or punching;
(5) winding or stacking of current collector, electrodes and porous (50 to 90 % porosity)
separator (e.g. 15 to 50 um paper of solvent-spun cellulose or recycled cellulose fibres for
organic [197], or 30 pm glass-fiber-based for aqueous electrolyte [198]); (6) impregnation of
the cell with liquid or gel electrolyte (organic, aqueous or ionic); (7) multi-step assembly
and sealing involving welding; and finally (8) artifical ageing at elevated temperatures

before testing and packaging.

Limitations of current EDLC manufacturing Some of the limitations of the current,
commercial EDLC manufacturing process include: (a) limited geometric design freedom —
the inherent planar form-factor restrictions of slurry casting techniques for electrode fab-
rication restrict the device architectures possible (flat, wound or coin-cell configurations)
[199]; (b) homogeneous electrode morphology — the intrinsically stochastic micro-porosity
and tortuous pore morphology of electrodes fabricated using conventional slurry methods
hinders optimal use of electro-active materials (especially at ultra-fast charging rates) due
to limited ion mobility [148]; (c¢) performance hindering binders — the need for a binder
(e.g. PVDF) to hold the porous, particulate based electrode together and onto the current
collector reduces the performance theoretically achievable by the active materials [200];
and (d) expensive cell assembly — the multi-step assembly-process required to fabricate
EDLCs, induce high up-front capital costs and long product lead-times [201]. Overcoming
these limitations may further help exploit the attractive features of supercapacitors and

secure their use in a wider range of emerging applications [202].

Novel manufacturing approaches Only recently, (since ~2010) have initial, trans-
formative approaches to the manufacture of supercapacitors, as a way to enhance perfor-
mance, gained traction and attention in R & D [123, 148, 193, 203, 204]. To address the
limitations associated with the conventional roll-to-roll manufacturing method, printed
power sources and specifically printed EDLCs are being developed. AM ideas and ap-
proaches, while not yet penetrating significantly into the energy storage sector, offer op-
portunities to address the manufacturing limitations. Furthermore, AM may allow direct
integration of the devices into printed products, alongside free-form device fabrication and
even cost-effective mass-customization [204, 205]. While the full potential of AM technolo-
gies for the fabrication of capacitors is still unclear, possible advantages and disadvantages

are now described.
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7.4 The promise of AM for the manufacture of EDLCs

Advantages of AM for capacitor fabrication With respect to the fabrication of ca-
pacitor devices and components, the spatial and temporal material manipulation abilities

of AM techniques may allow for:

(a) Increased geometric design freedom — the sequential, layer-by-layer deposition
of functional materials allows for the fabrication of geometrically complex, multi-
material (ceramic, plastic, metal) devices such as capacitors [130]. Such devices may
demonstrate novel geometric form factors (e.g. periodic or interdigitated electrode
capacitor configurations) for improved performance (through, for example, shortened
ion diffusion pathways) and allow for the utilization of irregular volumes for energy

storage [206];

(b) Nano- to macro-scale control of material properties — AM technologies may
provide an economical approach to control material properties over a wide range
of length scales (from e.g. aligned carbon nanotubes (CNTs) in extrudates to large
hierarchically structured devices). Nano- to micro-scale architectures have already

been demonstrated for other applications [207-209];

(c) Functionally gradient devices — the spatial control of material properties (e.g
porosity and morphology) may allow AM processes to provide additional function-
ality of capacitors through functional gradients [78] or heterogeneous designs. The
potential benefits of graded electrodes in energy storage devices [210] and Li-ion bat-

teries specifically [211] as well as supercapacitors [212] have begun to be explored;

(d) Direct manufacturing integration — the direct integration of capacitor manu-
facture in product manufacture may facilitate novel, more compact electronic device
designs. Integrated manufacture may allow for on-chip printing [213] and direct

manufacture of energy storage devices on crowded micro-devices [205];

(e) Process flexibility — in terms of material feed-stock properties (e.g. paste, powder,
laminate, filament, suspension), AM processes may provide unprecedented versatil-
ity. The shortened overall manufacturing lead times achievable with AM techniques
may promote rapid prototyping for capacitor designs and allow the rapid testing of

novel materials combinations.
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Disadvantages of AM Some of the main drawbacks of AM technologies for the fabri-
cation of capacitors include: (a) relatively high cost (current high-throughput, roll-to-roll
techniques are highly efficient and productive), (b) intrinsic anisotropy of material prop-
erties (strength, conductivity, etc.) resulting from the line-by-line or layer-by-layer depo-
sition and sequential integration/application of materials, (c) limited scalability (discrete
machines with preset working envelopes), (d) immature technology (AM process dynam-
ics have not yet been fully understood and in particular feedback control approaches are

generally absent), and (e) low material throughput (e.g. [m? h~!] of electrode).

Examples of AM for EDLCs Only a few, recent, top-level publications review AM
for energy storage applications e.g. [123, 148, 193, 203, 204]. The author has reviewed AM
technologies specifically for capacitors elsewhere [214]. Table 7.4.A provides a summary
of examples, where AM techniques have been reported for the fabrication of individual
capacitor components (or relevant, related applications), alongside a subjective indication
of the current suitability (suitable - green, unsuitable - red) of the AM technology for
fabricating individual capacitor components. MEAM processes, such as FFF [215] and
DIW [216, 217], are among the most widely used processes, partly due to their relatively
low capital and running costs, broad range and quickly expanding palette of processable
materials, along with generally no need for significant heat input during processing or

chemical post-treatment of printed parts [128, 218|.

Hybrid-AM for EDLCs Capacitors are multi-material devices and as such, developing
a MMMT or hybrid-AM approach may be desirable and arguably necessary to fabricate
complete devices. Hybrid approaches allow each component to be fabricated in a preferred,
optimized way, and even for entire devices to be fabricated in a single operation. Criti-
cally, they rely on a good understanding and careful study of how different AM processes
interact, especially the interactions of the different materials e.g. at interfaces. General
requirements for MMMT for fabricating EDLCs include: (a) materials should form good
inter-particle bonds, once deposited, without the need for additional compression such as
calendaring (rolling), (b) fabrication routes should not require any post-processing (e.g.
thermal curing) which may degrade some already printed parts of the assembly, and (c)
processes should not be vulnerable to contamination of feedstock through the introduction
of a multi-material component (e.g. vat-based systems). It follows that, in general, powder-
bed or vat systems are intrinsically /systematically unsuited for MMMT approaches as they
are mono-material, and that nozzle/dispensing technologies such as MEAM or material
jetting processes are suitable. Challenges in MMMT approaches are often associated with
the sequential, layer-by-layer, deposition of compositionally discrete layers, and ensuring

the right behaviour/nature of the associated material interfaces.
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Capacitor component
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Table 7.4.A: Examples of AM technologies, split by process categories, used for the fabrication

of capacitor components (dielectric, current collector, housing, electrolyte and porous electrode).

The colour-code gives an indication of the overall suitability of an AM technique for the

fabrication of the component, spanning from suitable (green) to unsuitable (red).

Note: * indicates that the example given is in another energy storage related application

and t indicates the example is for applications further removed from capacitors

but of potential relevance.
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Complete capacitor devices fabricated by AM First attempts to fabricate complete
capacitor devices, using only additive technologies have been made: (a) interdigitated
solid-state electrolyte capacitor - IJP [257]; (b) thin film capacitor - IJP [246]; (c) stacked
non-polarized capacitor - FFF [125]; (d) 2D material thin film capacitor - IJP [250]; and
(e) hydrated graphene oxide (GO) micro-supercapacitor - direct laser write (DLW) [202].
Nevertheless, the research-scape related to MMMT AM of energy storage devices remains
very immature, and the fabrication of complete capacitor devices is currently confined to
proof-of-concept work. Most devices suffer from poor long-term cycling performance as

well as the need for additional encapsulation (to prevent electrolyte from leaking) [257].

7.5 Objectives for Part II

Part II seeks to demonstrate how existing EDLC materials can be used in MEAM pro-
cessing techniques (FFF and DIW) to fabricate or print functioning, form-factor free
electro-chemical energy storage devices in a single operation. The following objectives are

addressed:

(a) explore multi-phase processing science — to develop quantified understanding
of underlying MEAM processing-science, such as melt and extrusion dynamics, ex-
trudate spreading as well as bonding processes between successive layers, to enable

multi-phase AM, i.e. the layer-by-layer deposition of solid-gel-liquid combinations;

(b) formulate printable inks — to demonstrate how existing EDLC materials can be
used to formulate enhanced material combinations specifically designed for MEAM.
The objective is to investigate the links between chemical formulation, slurry rheol-

ogy and cell performance;

(c) print an energy storage device — to fabricate or print functioning, form-factor
free EES devices in a single, automated manufacturing operation using MEAM tech-
niques, and characterize their electro-chemical performance. The objective is not to
achieve energy storage behaviour (e.g. gravimetric capacitance, cost, lifetime) that
is superior to the mature slurry cast electrodes and devices commercially available,
but to demonstrate encouraging performance in a novel form factor impossible by

current approaches;

(d) investigate various geometric form factors — to explore novel cell arrangements
and geometric form factors, and characterize the influence this has on cell perfor-

mance.
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Materials & methods

8.1 Materials & ink preparation . . . . . . . .. ... oL 93
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8.1 Materials & ink preparation

Functional inks were prepared on the day of EDLC manufacture as outlined hereafter. Un-
less otherwise stated, chemicals were sourced from Sigma-Aldrich UK and, where possible,

industry standard materials were used.

Electrode A two-step mixing process was adopted from [270], that accounts for the
typically cuboid shape of commercial activated carbon particles used in supercapacitors.
A water-insoluble binder was chosen to allow for the fabrication of aqueous electrolyte
EDLCs in atmospheric conditions, and the binder content was chosen as low as possible
to maximize electro-chemical performance while preserving electrode stability [170]. The
method was: (1) mixing of activated carbon (YP8OF from Kuraray, Germany), conductive
additive (carbon black 99.9% from Alfa Aeser, UK), a solvent with high boiling point
(NMP, CAS 872-50-4) and a low boiling point (IPA, CAS 67-63-0) in a weight ratio of
0.8:0.2:2.5:7.5 at 250 rpm for 20 min; (2) addition of a binder (PVDF, CAS 24937-79-9)
dissolved in a solvent (NMP) to the slurry at a weight ratio of 0.05:2.5:11 and mixing at
250 rpm for 20min. A ZrOy pot with 8 ZrOy balls (&1 cm) was used in a planetary ball
mill (Pulverisette 6 from Fritsch GmbH) to prepare the slurry. The electrode slurry was
back-loaded into a syringe (Nordson EFD Optimum 3 cc barrel) ready for DIW.
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Electrolyte hydrogel A thickening agent (PVA, CAS: 9002-89-5) was mixed with de-
ionized water and a salt (potassium chloride (KCl1), CAS: 7447-40-7) at a weight ratio of
5:100:14.9 at 90 °C, 400 rpm for 1h to synthesize a 1 M hydrogel electrolyte. The hydrogel
was cooled to room temperature and back-loaded into a syringe (Hamilton 1002RN 2.5 mL
barrel) ready for DIW.

Current collector A commercial conductive ink based on Ag nano-particulates (IINK-
SSX from IIMAK, USA) was back-loaded into a syringe (Nordson EFD Optimum 3 cc
barrel) ready for DIW.

Housing A PP filament (Centaur PP from FormFutura, The Netherlands) was used for
FFF fabrication of all of the supercapacitor housing elements. The filament was dried at

50°C for >5h prior to printing.

8.2 Manufacturing sequence

For the purpose of printing EDLCs, the hybrid-AM machine from Part I was fitted with
two FFF modules and three DIW modules. Entire EDLC (supercapacitor) devices were
manufactured as follows, with an example geometry and manufacturing sequence schemati-
cally depicted in Figure 8.2.A: (1) FFF of 2 rectilinear, orthogonal base layers (each 200 pm
high, 100 % infill), as well as external and internal walls (200 pm high, 800 pm and 400 pm
wide respectively), to assist (2) DIW of the current collector ink which was (3) dried at
a 80 °C bed temperature for 100s yielding typical current collector thicknesses of 20 pm.
Thereafter, (4) FFF of housing walls sufficiently high (600 pm) for (5) DIW of an electrode
layer, before (6) drying of the electrode at a bed temperature of 70°C for 500s yielding
typical electrode layer thicknesses of 40 to 120 pm depending on the specified extrusion
multiplier. Steps 5 and 6 were repeated for the desired number of electrode layers before,
(7) FFF of the housing walls to allow for, (8) DIW of the electrolyte hydrogel before
finally (9) sealing of the device using FFF. The nozzles were tapered polyethylene (PE)
tips @0.58 mm for electrode and current collector inks, a tapered PE tip ¥1.6 mm for the
electrolyte hydrogel and a hardened steel @0.4 mm nozzle with a titanium hot-end for FFF
of the housing. An animation and videos of the manufacturing sequence can be viewed
at: https://youtu.be/mmDfWsusjYw
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(a)

Print speed Bed temp.
(c) Component Method fom s oL <1] tq)

Housing FFF, 18 1.9 70
Electrolyte DIW; 10 13 70

Housing

Electrolyte
PVA hydrogel

Electrodes
Layered electrode

Activated carbon + binder
+ conductive additive

Housing

Housing Current collector
Polypropylene Silver based ink

Current collector DIW;

10 cm

Housing FFF, 18 1.9 80

Figure 8.2.A: (a) Isometric render of the demonstration AM EDLC highlighting the unusual
geometric ring form factor and functional elements, (b) cross-section of the EDLC orthogonal to
the print direction, depicting the arrangement of different colour-coded materials, and
(¢) the corresponding colour-coded table showing the manufacturing sequence

and a selection of key processing parameters.
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8.3 Cell characterization

8.3.1 Electro-chemical performance evaluation

To evaluate key electro-chemical performance parameters, cyclic voltammetry (CV), con-
stant current charge/discharge (CCCD) and electro-chemical impedance spectroscopy (EIS)
measurements were carried out on as-printed, full-cell EDLCs using a potentiostat (Gamry

600), following the guidelines given in [183].

CV The rate performance of printed EDLCs was evaluated by applying a linear voltage
ramp across working and counter electrodes over an electric potential window ¢, € [V, V1]
for 10 cycles at constant scan rates v € [5,10,25,50,100] mVs~!. The current response
i(V') of the cell was recorded where Vj = 0V and V) = 1V such that all components
remained within their electro-chemical stability window (ESW). From Equation (8.1), the
total cell capacitance Cp.; was estimated by trapezoidal numerical integration (MATLAB)

and normalized by active material mass, electrode footprint area and number of electrodes:

1 i
Cort = 55775 fv i)y (8.1)
The efficiency of charge-discharge cycles was evaluated by comparing the electrons required
to charge Qcharge and received during discharge Qgischarge, €xpressed —as
0 = Qdischarge/ Qcharge- Cycling performance was investigated at v = 25mV s~! by evalu-
ating the columbic efficiency of charge and discharge cycles, as well as capacitance retention

over 250 cycles.

CCCD After conditioning the printed EDLC cells to 0V for >60s, a constant current
of i € [0.5,1,2] Ag~!, normalized to the total mass of active material in the EDLC cell,
was applied to the cell to charge to a working potential of ¢, > 1V and then immediately,
without dwelling, discharge to a working potential of ¢. < 0V. The steady-state drop in
working potential AVy, was evaluated by extrapolating the 2 to 5 % discharge states to the
moment of current reversal Ai = 2|i|. An interpretation of the electrical series resistance
(ESR) was derived following a conventional method (ESRcccp = AVss/At) [183].

EIS An oscillating, time harmonic excitation wave with amplitude V, = 5mV was ap-
plied to the EDLC cells at open circuit voltage (Vo = 0V) over a range of frequen-
cies f € [1072,10%] Hz according to V; = Vp + Vsin(2rf x t). The temporal cur-
rent response i(t) of the EDLC was recorded and using Ohm’s Law in complex form
V « [Re(Z) 4+ Im(Z)], attenuation |Z| and phase shift 6 as function of frequency were

recorded. Under the assumption that the electro-chemical system behaved pseudo-linearly
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over the small excitation wave, parameters including the ESR were evaluated following
[189]. A Randles equivalent circuit was fitted to EIS spectra to determine the Warburg

diffusion coefficient.

8.3.2 Physical characterization

Electrode weight 250nL of electrode ink was dispensed into a petri dish of known
weight, heated above the boiling point of all solvents (250 °C )and dried for >1h. The net
dry-weight of active material [mgpL~!] was used to estimate the electrode weight from
relevant commands in the machine code i.e. the weight of active material in a device was

estimated from the calibration of the weight dispensed per unit volume.

Rheology The rheology, in particular the shear-thinning behaviour of electrode inks,
was characterized and optimized using a rheometer (Ametek Brookfield DV2-T). The
cone spindle set-up was selected to: (a) apply DIW relevant shear-rates 4 € [0.5,50] s™1;
(b) allow small sample sizes <1 mL to be evaluated; and (c) allow the use of a rheological
continuum assumption [271], that is, the particle loaded ink can be considered pseudo-

homogeneous.

Electrode morphology The morphology of as printed electrodes was investigated by
scanning electron microscopy (SEM) (JEOL JSM-6500F). A cross-section of an EDLC
printed without electrolyte, and coated with 5 nm of platinum (Pt), was used to investigate
the interfaces between functional components, alongside the evaluation of electrode and
current collector thickness. Whitelight confocal microscopy (NanoFocus pSurf) was used
for 3D surface measurements of electrodes and printed features over areas of 1.5 x 1.5 mm

with depth ranges of up to 250 pm.

Printed features Printed features were observed using an optical microscope (Leica
M165C). X-ray tomography (XRT) (North Star Imaging Imagix 150 kV) was used to
investigate the spatial arrangement of printed features within complex 3D EDLC cells
at 51 pm voxel size. For improved contrast and visualization purposes, LFP, acting as
a contrast agent principally due to attenuation by Fe, was added to the electrode ink
and an Al filter was placed in front of the X-ray source to partially absorb low energy
photons. The surface roughness and thickness of printed features was evaluated using the

aforementioned confocal microscope.
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Results & discussion

9.1 Overview of results . . . . . . . . .

9.2 Key materials and processing considerations . . . . . . ... ...

9.2.1 Ink preparation and rheology . . . . . .. ... ... ... ... ..

9.2.2 DIW processing parameters . . . . . . . . . . .. ...

9.2.3 Drying of DIW fabricated components . . . . . . . .. .. ... ...

9.2.4 Achieving encapsulation . . . . . . ... ... oL

9.3 Characterization of as-printed EDLCs . . . . . ... ... ... .. .....

9.3.1 Physical characterization . . ... ... ... ... ... ... ... .

9.3.2 Electro-chemical characterization . . . . . . . . . . . .. . ... ...

9.4 Cell configuration . . . . . . . .. L L Lo
9.4.1 Thick electrodes . . . . . . . . s

9.4.2 Parallel cell arrangements . . . . . . . . ... ...

9.4.3 Form factor free EDLC fabrication . . . . . . ... ... ... ....

9.1 Overview of results

Functioning EDLC devices with a variety of form factors, cell configurations and elec-

trode thicknesses were fabricated in a single, automated hybrid FFF-DIW manufacturing

operation using the hybrid-AM machine from Part I of this thesis. The fabrication pro-

cess avoided the need for any cell assembly and packaging steps, potentially allowing for

direct integration into 3D printed systems and components. The devices were typically

fabricated in under 30 min. Key materials and processing considerations for repeatable

AM of EDLCs are discussed hereafter. The characterization of as-printed devices, and

exploration of electrode thickness, cell configuration and geometric form factor is also

discussed.
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9.2 Key materials and processing considerations

9.2.1 Ink preparation and rheology

Rheology of printed inks The relationship between rheology and printability for par-
ticle loaded inks involves the complex shear rate profiles the inks are exposed to during
fabrication, which are associated with the varying print speeds and geometric features
of narrowing DIW tips. Conventional cone-plate rheological characterization allowed for
tuning of the ink compositions to allow for repeatable DIW fabrication. Figure 9.2.A(a)
shows a plot of apparent viscosity as a function of DIW-relevant shear rates for the inks
used in Part IT of this thesis (see Section 8.1 for optimized compositions). The electrode
ink showed significant shear-thinning behaviour, comparable with that reported for other
particle loaded inks [272], whereas both the electrolyte and current collector inks behaved

in a quasi-Newtonian manner.

DIW tip selection To select a DIW tip for responsive and repeatable printing of the
electrode ink, the internal pressure gradient of various geometries was simulated using
commercial, multi-physics finite-element software (COMSOL). A non-Newtonian power
law (Equation (9.1) [271]) with consistency coefficient m = 5700kgm~'s~! and flow
behaviour index n = 0.265 was used to approximate the viscosity u response as a function

of shear rate 4 of the electrode ink according to:

p=m(y)""! (9.1)

The difference in steady-state internal pressure build-up, for tips with identical inlet/outlet
cross-sections and constant volume flow-rate, is shown in Figure 9.2.A(b) for a conventional
tip with a discrete, internal step, and in Figure 9.2.A(c) for the preferred, tapered tip. This
helps to explain the experimentally observed lag/unresponsiveness during DIW printing
with a standard-step tip, and the undesirable oozing of inks as the pressure gradient

equalized when the tip was idle.

Particle size and agglomerates A critical, determining factor in the rheological be-
havior of particle loaded ink suspensions is the formation and structure of any agglomerates
[273]. To reduce the liklihood of nozzle clogging and thereby improve printability, with-
out increasing the DIW tip diameter to retain the print resolution, agglomerates in the
electrode ink were broken down using a relatively low-energy, wet ball milling technique.
Stirring balls acted to apply shear stresses in order to disperse active material and con-
ductive additive agglomerates, while breaking up such agglomerates [270]. Figure 9.2.B
shows SEM micrographs of the commercial activated carbon (YP80F), (a) before and (b)
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after ball milling, confirming that particles were not significantly damaged by limited time
ball milling, and larger agglomerates were substantially broken up. In a second step, ball-
milling also dispersed the conductive additive (20 wt% carbon black) and binder (5wt%
PTFE), as shown in Figure 9.2.B(c). There was enhanced printability of ball-milled elec-

trode inks when compared with inks prepared using conventional pestle and mortar [274].

9.2.2 DIW processing parameters

Factors influencing DIW  Printed current collectors acted as the interface between the
external circuit and the internal workings of printed EDLC cells. Current collectors had
to be compatible with AM and the various other materials in the device, good electrical
conductors, and provide a low contact resistance with the subsequent C-rich electrode
material. Ag-nano-particulate based conductive inks have attracted significant attention
for printable electronics due to their ability to sinter at low temperatures, comparable
with the heated bed temperatures used in FFF processing (< 100°C), and their relatively
low electronic resistivity (< 29pQecm™!) when compared to other conductive materials
suitable for AM without post-processing [253]. However, the quality of the DIW current
collector tracks not only depended on the bonding/sintering processes between Ag particles
within the conductive ink, but also on the processing parameters and repeatability of the
DIW process. In particular, the: (a) surface roughness and surface energy of the substrate
layer; (b) nozzle-substrate separation distance; (c) bed temperature; (d) rheology of the
conductive ink; (e) DIW retraction settings; and (f) the DIW extrusion speed all had a
critical impact on the quality /function of the current collectors. The effect of a selection
of these parameters is shown in Figure 9.2.C, including undesirable features such as (a)

smearing, (b) and (c) variable track width and (d) optimized conditions.
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Figure 9.2.A: (a) Rheological behaviour of DIW inks for EDLC manufacture and simulation of
the pressure gradient within DIW tips of different geometries: (b) standard step and
(c) tapered tip.

Active material + Conductive additive
Activated carbon YP80F Carbon black (20 wt.%)

Ball mill
250rpm

¥ Ball mill
250rpm

+ Binder
PVDF (5 wt.%)

Figure 9.2.B: SEM micrographs showing (a) typical agglomerates in raw activated carbon
(YP8OF from Kuraray), (b) broken down activated carbon particles after low energy, wet ball
milling, and (c¢) ink morphology including well dispersed C conductive additive
and a PVDF binder.
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Figure 9.2.C: Micrographs highlighting printing defects of Ag-based ink printed on PP
substrates as a function of DIW processing parameters: (a) nozzle-substrate separation distance
too small leading to tip clash and smearing, (b) DIW print speed too fast for pressure build-up in
barrel and tip to equalize, (¢) unreliable retraction parameters leading to material build up at the

beginning of a print, and (d) optimized print conditions.
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Optimum printing parameters For a FFF fabricated PP substrate with optimized
process parameters to achieve low surface roughness (R, = 0.5pm parallel to print di-
rection and R, = 6pum perpendicular to print direction) the following DIW processing
parameters yielded best results when using a tapered PE tip (@0.58 mm): tip-substrate
separation distance 120 to 150 pm; extrusion speeds of <2mms~! depositing <0.1 pLs™!;
and retraction volumes of 0.6 to 1.0pL at 1pLs™! in between current collector track
prints. For too small tip-substrate separation distances (<50 pm), DIW tip clashing with
the substrate led to areas of poor quality, smeared prints and high electrical resistance (see
Figure 9.2.C(a)), whereas with too large tip-substrate separation distances (>200pnm) the
current collector tracks suffered from poor initial ink-substrate contact leading to inter-
mittent tracks. DIW printing speeds exceeding 5mms~! led to unrepeatable tracks, in
particular in geometrically complex areas (see Figure 9.2.C(b)). A lack or excess of ink due
to non-optimized retraction settings was most noticeable towards the beginning and end
of a current collector track (shown in Figure 9.2.C(c)). The optimization of the DIW pa-

rameters outlined resulted in repeatable and consistent prints (shown in Figure 9.2.C(d)).

9.2.3 Drying of DIW fabricated components

Cracking of thin films Figure 9.2.D shows the effect of bed temperature, as proxy for
the electrode drying rate, on electrode morphology. The electrodes were fabricated using
the ink composition outlined in Section 8.1, and processing parameters adjusted to achieve
dry-film thicknesses of 120 + 20 pm. Electrodes dried at bed temperatures exceeding 90 °C
showed substantial crack formation, whereas no or minimal crack formation was observed
for electrodes fabricated at a bed temperature of 80°C. Any further reduction in bed
temperature, i.e. drying rate, merely resulted in longer drying times, slowing down the
fabrication process. The shrinkage cracks appeared as the capillary force-induced stress
profile exceeded the particle network strength [275] during the evaporation of fugitive
solvents. Cracks can adversely impact device performance by, for example, increasing

internal electrical resistance due to reduced contact area [276].
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Figure 9.2.D: Optical surface roughness maps of dried electrodes at different bed-temperatures

with an electrode ink equivalent solvent boiling point of 130 °C.
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9.2.4 Achieving encapsulation

A comprehensive study on the impact of various FFF printing parameters on the print
quality was conducted and is summarized in Figure 9.2.E. To fabricate fully encapsulated
EDLCs, as schematically shown in Figure 8.2.A (step 9), it was necessary to print a liquid-
tight layer of impermeable polymer directly onto the DIW processed electrolyte hydrogel,
which was wet and non-rigid. A visual overview of the main FFF processing parameters

impacting the print quality on this type of wet substrate is given in Figure 9.2.F.

Processing parameters The FFF extrusion speed and acceleration had to be fast
enough for bridging of the extruding, molten filament over the gap filled with gel. However,
bridging parameters must not be too fast to jeopardize extrusion stability or to prevent
sufficient heat-transfer from the FFF hot-end to liquefy the filament. For a bridging gap
of 10mm i.e. over the trench containing the printed electrode and gel electrolyte (step
9 in Figure 8.2.A), extrusion speeds of 10mms~! and effective acceleration (including
jerk) of 50 mms~2 gave best results. To compensate for the rapid cooling of the polymer
extrudate on deposition onto any underlying liquid or gel (at room temperature), a slightly
elevated extrusion temperature (= +15 °C relative to free-space prints) was required. The
separation distance between nozzle tip and the gel had a strong impact on all subsequent
layers printed onto the gel due to either sagging of the polymer bridges (too large separation
distance) or excess dried electrolyte gel that caused a rough surface finish and print defects.
The extent of infill overlap (label 7 in Figure 9.2.F) with existing perimeter print lines was
an important parameter: overlap parameters, expressed in terms of FFF nozzle diameter,

in the range 40 to 60 % yielded best bridging results.

Material selection and compatibility A thickening agent (5 wt% PVA) was used to
increase the electrolyte viscosity sufficiently to support subsequent bridging, that then
allowed complete encapsulation of the cell (steps 8 and 9 in Figure 8.2.A respectively).
PVA was chosen because it is non-toxic, cheap and chemically compatible [178] with
the underlying electrode (step 5 in Figure 8.2.A) and the over-bridging polymer (step
9 in Figure 8.2.A). PVA also acts as a hydrophilic binder [174] to maintain long-term
cycling performance by binding with the water in the electrolyte gel. PP was chosen as
the housing material primarily due to its favorable bridging abilities and relatively inert
chemical response when compared to conventional FFF materials such as ABS and PLA.
The non-polar nature of the methyl side groups in the macro-molecular chains of PP
improved chemical resistance towards polar liquids such as alcohols, organic acids, ester
and ketones [277], which are commonly used as solvents in electrode slurries or conductive
inks, including those used here (NMP).
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Figure 9.2.E: An overview of FFF print parameters, and their effect on print quality.
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Figure 9.2.F: The relative impact of a selection of FFF processing parameters on different

aspects of process stability when printing on a wet substrate.
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9.3 Characterization of as-printed EDLCs

Physical and electro-chemical characterization was conducted on as-printed EDLC devices
fabricated using the single operation hybrid FFF-DIW approach outlined in Section 8.2.
Figure 9.3.A(a) schematically shows the linear EDLCs that were fabricated in order to
assess basic supercapacitor behaviour (and for process optimization) before the more com-

plex multi-layer ring EDLCs in Figure 8.2.A were fabricated.

9.3.1 Physical characterization

Figure 9.3.A shows SEM micrographs of (b) a cross-section of a linear EDLC (two parallel
trenches each filled with Ag, then activated carbon, then electrolyte gel); (c¢) and (d) the
interfaces between the PP housing — Ag-based current collector — C-based electrode. Fig-
ure 9.3.A(b) shows how K™ and OH™ in the electrolyte hydrogel pass between the anode
and cathode during operation, with short circuit avoided by the dividing wall of housing
between the electrode tracks. Note the bridge printing of the housing by FFF over the
top of the electrolyte hydrogel to seal the cell (see Section 9.2.4). Printing parameters
were selected to achieve electrode thicknesses of 100 4+ 10 pm, similar to the thickness of
commercial EDLCs, and current collector thicknesses of approximately 25 pm. Note the
minimum width of features/components fabricated by DIW (e.g. current collector and
electrode) was limited by the choice of DIW nozzle diameter (i.e. @0.58 mm reported
here) and ink spreading behaviour (determined by surface energy and substrate proper-
ties). Through the addition of fugitive solvents to dilute the functional inks, there was
no observable lower limit (< 5pm) to the minimum layer thickness, other than ultimately
the size of deposited particulates. The difference in morphology, from a relatively smooth,
monolithic housing to the micron sized the Ag-flakes in the current collector led to poor
contact adhesion between these two elements. Although this is likely to have little effect
on the electro-chemical performance of a cell, as the housing is an inactive component, im-
proving the current collector-housing interface should be addressed for applications where
mechanical integrity is required over long life-times. Figure 9.3.A(d) shows how Ag-flake
based current collector was completely dried prior to DIW of the electrode (no intermix-
ing). The primary particles of the activated carbon in the electrode and the Ag-flakes had

comparable dimensions that facilitated a well-matched inter-locking C/Ag interface.

109



Current
collector

1

1. Electrodes

3. Housing
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Figure 9.3.A: (a) Colour-coded schematic of the plan view of a functional supercapacitor
(EDLC) in a linear configuration for physical and electro-chemical testing, (b) SEM micrograph
of a cross-section of a linear EDLC (running in and out of the page) highlighting the ion diffusion
paths in the electrolyte gel between electrodes, (b,c,d) show the colour-coded functional elements
at different magnifications including (1) the C-based electrodes and (2) the Ag-based current
collector fabricated by DIW, as well as (3) the PP housing fabricated by FFF.
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9.3.2 Electro-chemical characterization

CV Figure 9.3.B(a) shows cyclic voltammograms for an as-fabricated linear EDLC as a
function of scan rate from 5 to 100mV s~!. The plots were quasi-rectangular and indicate
acceptable EDLC-type behaviour (ideal EDLCs show classic rectangular cyclic voltammo-
grams). Deviations from ideal performance arose due to internal resistances, and possible
underlying non-reversible chemical reactions, the nature of which could not be resolved
by similar tests on various materials in isolation but probably relate to Ag-ink/KOH hy-
drogel reactions. Nonetheless, their contribution was vanishingly small. By integration of
the data in Figure 9.3.B(a), the gravimetric electrode capacitance was 116.4 + 0.6 Fg~!
at 10mVs~! based on the total weight of active material, activated carbon (YPSOF)
and conductive additive (carbon black). Note that it was not possible to weigh the
amount of active material in the device directly, and was instead estimated on the vol-
ume dispensed and prior calibration. The areal and volumetric electrode capacitance was
599.2 + 3.0mF/cm? and 61.7 + 0.6 mF/mm? at a scan rate of 10mV/s, normalized by
electrode foot-print area and electrode volume respectively. The devices showed cycling
efficiency n of 99.6 4 0.4 % over all tested scan rates and capacitance retention of 97.1 %
over 250 cycles at 25mV s~!. The performance demonstrated is comparable to reported
symmetric carbon-carbon EDLCs [153, 163].

CCCD Figure 9.3.B(b) shows the corresponding galvanostatic charge/discharge behav-
ior at 0.5, 1 and 2 A g~!. The inset shows the ESRcccop, often referred to as IR drop on
voltage reversal, which was estimated at 3.2Q at 1 A g~!'. Otherwise the profiles were near-
linear, showing good capacitor-only (electro-static charge/discharge) behaviour, although
once again with a slight deviation from linearity suggestive of possible minor underlying

side-reactions.

EIS Figure 9.3.B(c) shows the EIS spectrum of a linear EDLC prior to cycling. A
Warburg diffusion coefficient of 0.8, and an ESR of 13.2Q) at 1kHz was estimated. The
relatively low diffusion coefficient, when compared to liquid-electrolyte cells, which may
be close to the ideal coefficient of 1.0, can be explained by the use of a thickening agent
(PVA) in the electrolyte hydrogel to achieve AM processability, as well as the relatively
long ion diffusion paths (see Figure 9.3.A(b)) in the printed cells.
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Figure 9.3.B: Electro-chemical performance of as-printed, single cell EDLCs showing

(a) rate performance from CV curves, (b) CCCD profiles and (c¢) an EIS spectrum.
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9.4 Cell configuration

The increased geometric flexibility inherent in AM processes opens a multitude of possi-
bilities, with a vast design and parameter space, and as such the following section is by
no means exhaustive and serves only to indicate what is possible by AM of energy stor-
age devices by focusing on: (i) thick electrodes, (ii) parallel cell arrangements, and (iii)

form-factor free EDLC fabrication.

9.4.1 Thick electrodes

Ion mobility within thick electrodes The electrode DIW extrusion multiplier was
doubled to increase the dried electrode thickness, from 97 4 to 180 + 5 pm, for a batch
of linear EDLCs (Figure 9.3.A(a)). Figure 9.4.A(a) shows the resulting Nyquist diagram
from EIS now with a lower gradient Warburg element for the thicker electrode (180 pm) (an
extended, comparatively shallow EDL formation slope), presumably due to lengthened ion-
diffusion paths within the thicker electrodes. The equivalent electrode resistance, including
the current collector resistance contributions, increased from 12.8 to 16.1 Q2 (+26 %) when
approximately doubling the electrode thickness. This indicated that the principal resis-
tance was probably due to the current collector-electrode interface (which was unchanged).
The thicker electrodes also undermined rate performance, as shown in Figure 9.4.A(b).

The columbic efficiency was not affected significantly.
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Figure 9.4.A: Effect of electrode thickness on electro-chemical performance in an AM linear

EDLC: (a) Nyquist plot of EIS spectra and (b) rate performance.
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9.4.2 Parallel cell arrangements

Internal resistance Figure 9.4.B(a) shows photographs and cross-sectional schematics
of linear EDLCs with 1 pair of electrodes (device 1) and 2 parallel pairs of electrodes (device
2). The EIS spectra, shown in Figure 9.4.B(b), revealed that the internal resistance of the
device with 2 pairs of electrodes (device 2) reduced to approximately a third of the device
with 1 pair of electrodes (device 1), from 12.8 to 4.1, and not simply to a half which
was observed when connecting two devices with 1 pair of electrodes in parallel (Kirchoff’s
law). Assuming that the electrode resistance was unchanged in both arrangements, since
electrodes were fabricated using identical processing parameters, this reduction in internal
resistance can be explained by the existence of a third set of ion diffusion pathways in

device 2, schematically shown in the cross-sections of Figure 9.4.B(a).

Rate performance The gravimetric capacitance at relatively slow charge-discharge
speeds (v < 10mVs~!) did not alter significantly, as expected for quasi steady-state
systems where the EDL is fully saturated. However, due to the significant reduction in
overall electrolyte resistance, the performance of the supercapacitor with 2 pairs of elec-
trodes (device 2) was notably superior to the device with only 1 pair (device 1) when the
scan rate was increased. The increased capacitance, indicated by a larger area enclosed
by the cyclic voltammograms and highlighted by label (i) in Figure 9.4.B(d), was due to
the larger available surface area (more active material) in device 2. The improved rate
performance, indicated by label (ii) in Figure 9.4.B(d) was likely a result of the short-
ened average ion diffusion paths in the bulk electrolyte. At fast charge-discharge rates
(v > 100mVs™!) both cell arrangements were only able to utilize a fraction of the theo-

retical maximum capacitance due to ion mobility limitations in the viscous electrolyte.
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Figure 9.4.B: Electro-chemical performance of a 2-electrode linear EDLC (device 1) and a
connected, 4-electrode linear EDLC (device 2): (a) photographs of a completed, enclosed device 1
and incomplete open device 2 revealing the electrode arrangement of device 2, alongside
cross-sectional schematics highlighting the ion diffusion pathways, (b) Nyquist plot of EIS

spectra, (¢) CV rate performance for device 1 and (d) CV rate performance of device 2 showing

the increased capacitance (i) and improved rate performance (ii) of a multi-cell arrangement.
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9.4.3 Form factor free EDLC fabrication

An arbitrarily shaped 3D ring EDLC, impossible by conventional means, was fabricated
in a single manufacturing operation, through the sequential manufacture of 4 and 2 elec-
trodes (see Figure 9.4.C(a), individual manufacturing steps outlined in Section 8.2). The
fully functional device was fabricated in 32 min. Through extension of this 3D fabrication
approach, the geometric permutations available are endless and may offer interesting solu-
tions for applications with irregular volumes, for example in medical implants, aerospace,
defence and satellite applications. XRT scans (see Figure 9.4.C(b)) confirmed that the
spatial arrangement of printed EDLC sub-components matched their intended location,
with the relatively X-ray absorbing Ag-based current collectors and LiFePO,4 containing

C-based electrodes strongly resolved by X-ray adsorption contrast.

Figure 9.4.C: (a) Photographs of sequential manufacture and (b) XRT renders of 3D spatial

arrangement of EDLC components. (a;) Housing base layer (FFF) and current collectors (DIW),
(ag) electrodes (DIW) in cavities, (ag) stacking of printed EDLCs, (by) complete device, (bs)
cross section showing stacked EDLC cells and (bg) current collector bridge connecting stacked
cells. An animation and videos of the manufacturing sequence can be viewed at:
https://youtu.be/mmD{WsusjYw
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10

Conclusions & outlook:
AM of EDLCs

Impact & applications AM for the fabrication of energy storage devices, such as
supercapacitors including EDLCs, may be a promising approach for high-value, niche ap-
plications where maximizing the utilisation of irregular volumes becomes desirable (e.g.
powered miniature devices including medical micro-implants). Furthermore, the prospect
of assembly-free, monolithic integration of printed energy storage devices in, for example,
crowded micro-devices or on-chip applications, as well as the easy, lab-scale assessment
of unconventional materials combinations and device architectures make the pursuit of
fabricating functional devices through AM techniques worthwhile. AM of energy storage
devices may provide opportunities in new decentralized manufacturing solutions, with em-
phasis on material waste minimization and reduction in part specific tooling requirements.
However, in the field of mass-market, ultra high area coated electrodes for conventional
supercapacitor device fabrication it is unlikely that AM will be able to rival conventional

manufacturing processes in terms of economic viability, throughput and efficiency.

Novelty of work achieved In Part II of this thesis, a novel, single-operation manufac-
turing process to fabricate fully functioning, form-factor free supercapacitor/EDLC devices
using a hybrid, multi-phase AM approach has been demonstrated. In-depth understanding
of the underlying MEAM processing-science was developed and key materials/processing
considerations were discussed. New functional inks were synthesized from commercial
EDLC materials, and the devices fabricated by the automated hybrid-AM process were
characterized. Some indicative experiments of how the inherent flexibility in AM processes
may be used to explore a previously unachievable geometric parameter space was shown.

The achieved performance when normalized by likely price and considering scalability
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issues, cannot yet rival current mature mass-production methods, but nevertheless, the
speed and ease of prototyping using hybrid-AM may allow for the development of novel

materials arrangements.

Future research Remaining challenges in the field of multi-material, multi-phase AM
for capacitors include: (a) greater understanding of the processing science (e.g. rheol-
ogy, surface/interfacial energy, drying dynamics) governing individual MEAM techniques,
alongside (b) insight into the interaction of materials in hybrid-AM systems, (c) the fab-
rication of devices with flexible, conformal substrates for new markets and applicatiosn
(e.g. wearable electronics), (d) extension of the printable materials palette to advanced
functional materials, and (e) in-operation quality control techniques for responsive process
development. Specifically with respect to AM of energy storage devices, the development
of printable separators (ion permeable, electron insulating) would allow for designs that
facilitate shorter, more efficient ion diffusion pathways while allowing more freedom for
the fabrication of fully /arbitrary 3D cell configurations. The ability to control the surface
energy of FFF extrudates and DIW inks would allow engineering of the many interfaces
between inks and polymers that are implicit to multi-material manufacturing schemes.
The layer-by-layer nature of AM techniques can also facilitate the investigation of hetero-

geneous or structured electrodes with enhanced performance [212, 262].
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Part 111
In-line characterization

of dielectric properties

N

Summary

AM techniques are used increasingly for the direct fabrication of microwave devices, such
as graded index lenses and dielectric resonator antennas, which have spatially-varying
dielectric properties (i.e. relative permittivity) that are difficult to manufacture using
traditional methods. However, there is no effective method to characterize the spatial
distribution of permittivity within the printed component, either during manufacture or
once the component is complete. Therefore it is not possible to confirm the extent to
which the manufactured spatial distribution of permittivity meets the intended design. In
Part IIT of this thesis, a split ring resonator (SRR) surface mapping technique is directly
integrated into an AM process using the hybrid-AM environment from Part I, to make
non-destructive in-line measurements of the local dielectric permittivity (e,) within 3D
objects as they are formed. These data are then reconstructed into 3D dielectric “images”
of the printed component. Detailed insights into the dielectric imaging principle, data
processing/analysis, as well as limitations and opportunities related to the technique are
described. The work aims to accelerate the design-make-test cycle for advanced microwave
devices, and suggests the possibility for real-time, closed-loop control of dielectric proper-

ties during AM.
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Introduction:

Electro-magnetic characterization

11.1 Characterization of material propertiesin AM . . . . . ... ... ... ... 121
11.2 Additive manufacturing of radio frequency devices . . . .. ... ... ... 123
11.3 Electro-magnetic characterization techniques . . . . ... .. .. ... ... 123
11.4 Objectives for Part IIT . . . . . . . . . . . ... .. ... ... .. .. .... 124

11.1 Characterization of material properties in AM

The need for data in AM Despite significant progress in the utility, flexibility, speed
and accuracy of AM or 8D-printing technologies, a common, un-met requirement described
in review papers and by practitioners is the desire for greater availability of real-time data
associated with the evolution of properties within a printed part [278, 279]. For example,
in the case of powder bed fusion techniques (such as SLM that use metallic powders and
a laser to selectively fuse the powder), the in-situ real-time distribution of temperature
both at fine scale in/near the beam/powder interaction volume, and at the macro-scale
over the entire developing 3D object [280-283], is considered useful to understand and
ultimately control the tendency for defects such as voids and pores, stresses and distortion,
and surface finish [284]. More generally, real-time data could be used to: (a) verify the
integrity of parts manufactured by AM (i.e. for quality control (QC) or quality assurance)
[285, 286]; and (b) facilitate reactive manufacturing and to close the loop for dynamic

error mitigation by response to live production data [87, 287].
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Existing techniques Measurement or metrology systems used in AM processes are
generally used to either monitor the manufacturing system parameters (such as bed/nozzle
temperatures, deposition speed or rheological properties of extrudates [286, 288, 289]), or
characterize the properties of the printed part (e.g. relating to the internal distribution
of mechanical material properties [290]). The latter techniques may be further classified
as: (a) in-line/in-situ or ex-situ (e.g. integrated strain sensors [290] or post-print XRT
analysis [291]), (b) destructive or non-destructive [124, 285], and (c) direct or indirect
(e.g. using a proxy such as mechanical impedance for identifying build defects [292]).
Different techniques may also be needed for different material classes [139, 293], speed of
measurement (e.g. high-speed optical sensing for material jetting [294] or thermography
for electron beam melting [287]), and depend on the property of interest, such as strain

and temperature [295], tensile properties [296] or surface roughness [297].

Challenges & limitations In terms of integrating these metrology systems directly into
AM processes, challenges include: (a) spatial restrictions — the physical space available to
place sensors in the apparatus, especially near the deposition/build zone, is often severely
constrained; (b) temporal penalty — acquiring data may be relatively slow so the produc-
tion rate is undermined; (c) material restrictions — many characterization techniques are
restricted to certain material classes e.g. metals [285, 293]; and (d) data analysis — there
is limited understanding of the relationships between the properties that can be measured

in the AM environment and the final component properties that are required.

Dielectric imaging In Part III of this thesis, the dielectric permittivity (e,) of just-
printed polymers is investigated in real-time. The local permittivity and its spatial dis-
tribution is of interest because €, along with the magnetic permeability (u,) control the
refractive index (n) of the material according to n = /&, .. The control of the refractive
index allows the single-operation, direct fabrication (using AM) of novel optical devices
for microwave or RF applications [124, 298, 299]. It should be noted, that €, may also be
a useful proxy measurement of printed properties in other non-metallic AM applications,
for example in detecting printing voids. Although there are various well-known character-
ization techniques for measuring ¢,, their incorporation in-line with an AM process has

not been reported, and most are unsuitable for the AM environment.
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11.2 Additive manufacturing of radio frequency devices

Microwave or RF devices that rely on the controlled spatial variation of EM properties
include invisibility cloaks, graded index lenses or dielectric resonator antennas [300-303].
However, engineering progress towards realizing such devices has been slow due to the
limitations imposed by conventional manufacturing approaches that are required, for ex-
ample, to create periodic resonant structures (e.g. metals or ceramics) at sub-wavelength
spacing and at large scale [304]. Because AM forms parts incrementally, layer-by-layer, it
provides an opportunity to overcome these conventional limitations by depositing /building
different materials at different locations and with sufficient, sub-GHz wavelength resolu-
tion. For example, FFF has been used to print selectively in different places a variety
of particulate composite materials, each with a different ¢, to form a graded index lens
[124]. Other approaches include IJP or assembly of heterogeneous metal-polymer com-
posites [305]. Moreover, the layer-by-layer nature of AM can be exploited by measuring
each layer, or each track within a layer, in-line and throughout build [87, 290], and then

reconstructing these data in 3D.

11.3 Electro-magnetic characterization techniques

EM characterization Techniques for characterizing the EM properties of dielectric
materials and devices have been reviewed frequently [306-308] and may generally be clas-
sified as: (a) resonant or non-resonant (e.g. split post dielectric resonator (SPDR) [309] or
parallel plate capacitors [310]), (b) free-space or guided (e.g. scattering patterns [311] or
waveguide measurements [312]), and (c) reflection or transmission (e.g. a 1-port coaxial
probes [313] or 2-port striplines [314]). Other attributes of EM characterization tech-
niques include: (a) the sampled frequency range (e.g. narrow- or broad-band), (b) the
required resolution, (c) sample preparation requirements (e.g. surface roughness/finish or
sample dimensions), (d) the nature or type of the material (i.e. solids, gels or liquids),
(e) destructive or non-destructive (i.e. requiring physical modification/contact with the
sampled part), and (f) cost. Novel approaches to measuring the spatial &, distribution of
a solid surface include a 2D mapping technique using a SRR [139] and a technique based

on multi-angle reflection ellipsometry [315].
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Limitations of current EM characterzation techniques Of the available EM char-
acterization techniques, only few might be considered suitable for easy, direct integration
into AM processes, and limitations include: (a) danger of cross-contamination and dam-
aging of the printed part through probe contact; (b) the need for controlled ambient EM
environments; and (c) stringent requirements on surface roughness and other geometric

tolerances.

11.4 Objectives for Part III

Part I1I shows proof-of-concept for a non-destructive, non-contact dielectric imaging tech-
nique, in-line with an AM process to characterize the spatial distribution of dielectric

permittivity (e,) within a printed part. The following objectives are addressed:

(a) engineer a non-destructive dielectric probe — to engineer and characterize
a non-destructive, non-contact probe to measure the dielectric permittivity of an
as-printed substrate, suitable for direct integration in-line with MEAM processes;

and

(b) demonstrate 3D dielectric imaging — to demonstrate proof-of-concept for the
real-time, non-destructive acquisition of dielectric data during AM (in three dimen-
sions), providing quantified insight into the internal distribution of the local dielectric

permittivity within a printed part.
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Materials & methods

12.1 Hybrid-AM . . . . . o e 125
12.2 Electro-magnetic characterization techniques . . . . . .. . ... ... ... 128
12.3 Simulation . . . . . . .. 130

12.1 Hybrid additive manufacturing

Hybrid-AM machine With reference to the labels in Figure 12.1.A(a), the hybrid-AM
machine from Part I of this thesis was fitted with: (i) an in-house built split ring resonator
(SRR) module (see Section 5.4.3) connected to (ii) a VNA (ZNB20, Rohde Schwarz, Ger-
many) and (iii) a computer running the hybrid-AM app from Section 3. Multiple (iv)
fabrication modules including FFF extrusion heads were installed for the purpose of fabri-
cating multi-material devices on (v) a temperature controlled build platform. The primary
parameters describing the geometry and operation of the SRR sensor are shown in Fig-
ure 12.1.A(b) and (c).

Control software The printing host, or hybrid-AM app, (see Section 3 in Part I) was
configured for simultaneous control of the hybrid-AM machine and a VNA | i.e. to send, re-
ceive and log commands or queries to/from the various micro-electronic and measurement
sub-systems. The printing host provided a computer-based platform to interact with all
system components and also allowed for: (a) debugging of control commands and queries
(i.e. the g-Code), (b) manual machine control (e.g. for calibration purposes), and (c)
analysis and visualization of production/characterization data. A screenshot of the print-
ing host GUI showing some of the input/output tabs specifically designed for dielectric

imaging, is shown in Figure 12.1.B.
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(b) Constant Description

Af 0.005 GHz Frequency sweep resolution
g 0.55 mm Air gap in SRR

h 1 " Thickness of SRR ring

R 10 " Internal radius of SRR

w 2 “ Width of SRR ring

q 0.5 " Ring-sample separation

S 8 " Probe separation

t 0.2 " Layer thickness

Figure 12.1.A: (a) A photograph of the hybrid-AM machine showing: (i) the SRR probe
connected to (ii) a VNA, (iii) a control computer, (iv) functional modules including FFF
hot-ends and (v) the temperature controlled build platform. (b-c) The primary geometric and

operating parameters used for the SRR probe.
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Figure 12.1.B: Screenshot of the GUI for the hybrid-AM app showing (i) the status dashboard
and activated functional modules, (ii) connected devices, (iii) module specific tabs for inputting

parameters and (iv) live 3D contour plots of the SRR data during print.

Device design and fabrication The hybrid-AM workflow from Section 2.3 in Part I
was followed: 3D parts for AM were designed in CAD software (Solid Works 2017) before
being exported as surface geometries (.STL files). Open source slicing software (Slic3r
v1.3.0) was used to generate a layer-by-layer, machine interpretable code (g-Code), which
was thereafter automatically modified by the printing host (post-slicing modifications,
see Section 3.4.2) to: (a) reflect calibration values for the hybrid-AM machine, and (b)
include tool-paths and other commands for automatically characterizing the device as
it formed (i.e. using the SRR probe). AM parts were fabricated using a FFF hot-end
(TitanAero from E3D, UK with a @0.6 mm brass nozzle) with a commercially available
polymer filament (Natural PLA from Spoolworks, UK) with e, = 2.71+0.06 at print speeds
of 30mms~!, and nozzle/build-platform temperatures of 192°C and 40 °C respectively.
The ¢, of printed PLA was considered to be independent of temperature at frequencies in

the low GHz spectrum [219].
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12.2 Electro-magnetic characterization techniques

Split ring resonator probe Figure 12.2.A schematically illustrates the operating prin-
ciple of the SRR probe: (a) two H field probes (RF-R 50-1, Langer EMV, Germany) were
placed at equal distance from a single Cu split ring resonator (SRR), at a separation dis-
tance s = 8mm and connected to a VNA using flexible coaxial cables (1m SMA-SMA,
Langer EMV, Germany); (b) the probes induced an electric field (E field) across the SRR
and its fundamental resonant frequency (fp) in free space was evaluated by searching for
the local maximum in transmission (S2;) over a frequency sweep f € [1.5,1.9] GHz at
specified resolution Af < 1 MHz; (c) fo was then influenced by the presence of an intro-
duced material with €, > 1 in the fringing E field across the SRR air gap that resulted in;
(d) a shift in fp that was recorded by the VNA. Finally, (e) contributions related to the
sample €, were isolated from other factors and, (f) by post-processing of the SRR resonant

frequency map fo(X); a (g) spatial permittivity map e,(X) was obtained.

EM properties of printed filaments For validation, the intrinsic dielectric permit-
tivity of the printed PLA filament was measured using conventional Nicolson-Ross-Weir
(NRW) waveguide methods according to [316]. Reflection and transmission data was col-
lected from a 2mm thick sample (printed using FFF, 100 % infill) which was placed in a
rectangular waveguide (No. 18094-SF40, Flann, UK) operating in mode T'E over the
frequency range 12 to 18 GHz.
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Figure 12.2.A: A schematic illustration of the SRR operating principle depicting: (a) the SRR,
(b) the E field in free space and (c) under the influence of a material ,> 1, (d) the resulting
shift in resonant frequency A fy, (e) a sub-set of parameters influencing the resonant frequency,
(f) an equivalent circuit for interpreting the frequency shift, and (g) the resulting spatial

permittivity map.
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12.3 Simulation

Full-wave EM simulations of the SRR system were conducted in Comsol Multiphysics. The
geometry of the SRR probe was derived from a CAD model with dimensions comparable
to the experimental set-up shown in Figure 12.1.A. The H field probes were modelled as
simplified, planar (2D) rings of @10 mm, equi-distant from the SRR with a probe-probe
separation distance s = 8 mm and lumped port impedances of 50 €2 to model the coaxial,
SMA connectors used in experiments. The SRR was modelled as an ideal, perfect electric
conductor in free space (without the SRR holder, see Figure 12.3.A), and all surfaces were
considered to be perfectly flat. The quasi-infinite, spherical finite elements model (FEM)
boundary was defined as a perfectly matched layer (PML). The FEM mesh size was limited
to < A/5, and areas of interest (e.g. between the SRR gap and sample) were refined by
a factor of 4 to provide mesh-independent solutions. The SRR resonant frequency fo
was determined numerically using a coordinate search f € [1.5,3] GHz, maximizing for
the port transmission parameter Sop, i.e. fo at max(S21), to an optimality tolerance of
S21,48 < 0.005 (approximately equal to the nearest 1 MHz to match the VNA sweep
resolution used in experiments). Figure 12.3.A shows that the transmittance response
S21(f) of the simplified, simulated SRR probe matched the experimental data closely,

with experimental and simulated values of fy matching to within +£2 MHz.
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Results & discussion
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13.1 Overview of results

The key steps involved in measuring the spatial distribution of dielectric permittivity (&)
within printed parts were: (i) the resonant frequency (fp) of the split ring resonator (SRR)
was measured (i.e. sampled at discrete locations layer-by-layer and in-line with AM), (ii) a
deblurring post-processing step was applied to enhance the spatial resolution, and finally
(iii) an extraction model was applied to obtain a 3D, spatial &,(X) map of the printed
object. Figure 13.1.A schematically shows steps (i) to (iii) above, alongside corresponding
3D contour maps of experimental data showing the resonant frequency for: (a) an empty
build platform, termed f,.f(X), (b) an arbitrary 3D shape (PLA, 100 % infill), termed
fo(X), and (c) the same shape after deblurring, termed fy4(X). Note that the 3D data pre-
sented in Figure 13.1.A is a reconstruction of successive X-Y imaging planes incrementing

in the Z direction.
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(a) Empty volume (b) During print (c) Deblurred map
fref(i) fO (i‘) fod (i‘)

30 N

e

Resonant frequency f

All dimensions BT ] [GHZ]
in {mm] 1.70 1.82
In-line characterization
(i) Measure (i) Deblur (iii) Extract [ Spatial &. map }
Demonstrator
object
I e e I T S N A

Additive manufacture

Figure 13.1.A: A schematic flowchart of the steps (i-iii) involved in the non-destructive, in-line
dielectric characterization technique and 3D contour maps of resonant frequency (fy) data for:
(a) an empty build f,.r(X) (free space), (b) during manufacture of the demonstrator object,
showing the permittivity contribution of the printed part fo(X), and (c) the sample data

after deblurring foq(X).
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13.2 Measurement: In-line sampled frequency map

Figure 13.2.A(a) shows a photograph of the SRR probe in relation to a printed demon-
strator during the later stages of fabrication. Figure 13.2.A(b), (¢) and (d) show raw,
unprocessed experimental resonant frequency data from in-line measurement: (b) is a
Y-Z plane in free space showing only the (weak) permittivity influence of the build plat-
form, i.e. fref(X), and (bz) is the same Y-Z plane but now with the additional contribu-
tion/influence of the printed object, i.e. fo(X); (c) is a X-Y plane of fy(X), and (d) is the
reconstructed data in 3D showing the location of the preceding 2D sections shown in (b)
and (c). The local resonant frequency was influenced by: (i) the native or intrinsic fy of
the SRR probe, (ii) contributions from the overall ambient environment/system, and (iii)
a contribution from the just-printed part (referred to as peripheral contributions). Factors

(i-iii) are now described in Sections 13.2.1 to 13.2.3 respectively.
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Figure 13.2.A: (a) A photograph of the SRR probe during operation and (b-d) raw,

unprocessed experimental resonant frequency data from in-line measurements: (by) a Y-Z plane
showing only the contribution of the build platform, (bs) the same Y-Z plane with additional
contributions from the printed part, (c¢) a X-Y plane of the frequency data in (bz) and (d) a 3D

contour map showing the location of the cross-sections in (b) and (c).
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13.2.1 Geometric factors influencing the intrinsic resonant frequency

The intrinsic resonant frequency of the SRR (i.e. fy for an ideal, singly split ring res-
onator in free space with permittivity and permeability ey and pg respectively, excluding
any peripheral contributions) may be modelled as an equivalent electronic L-C' circuit as
expressed in Equation (13.1). The total capacitance of the resonating system Cyy is given
by Equation (13.2): the sum of the parallel plate capacitance Cgyq) (across the air gap),
and the capacitance of the SRR surface Cp;,y. The magnetic inductance L as well as
Cyap and Cying may be expressed analytically from [317], see Equations (13.3) to (13.5),
as a function of geometric SRR parameters (ring width w, thickness h, internal radius
R and air gap g, defined in Figure 13.2.B(a) and (b)). Figure 13.2.B(c) shows a plot of
the analytical equations for geometric parameters comparable to those used for the in-line
dielectric characterization technique. R,, was defined as the average radius of the SRR,
ie. Ry =R+ w/2.

1
air — 13.1
Ctot = Cgap + Cr'mg (132)
hw

Cyap = €0 <g> +egh+w+g) (13.3)

4
Cring = 220 [h T, <R>] (13.4)

™ g

S8R, 1
L= m |In [ —— ] — = 13.

WYESE
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Figure 13.2.B: (a-b) Definition of the SRR parameters used, and (c) the intrinsic resonant

frequency (fo) of the SRR in free space as a function of the geometric parameters.
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13.2.2 Considerations related to the SRR system

The control system (e.g. meshing distribution/density and NC parameters) as well as the
calibration of the SRR system (e.g. mechanical offset, perpendicularity of the probe to the
print-bed) influenced the quality of 3D SRR measurements (i.e. the raw data: f,.f(X) and
fo(X) in Figure 13.1.A).

Meshing A series of time-saving measures were implemented in the automated meshing
process to speed up the sampling: (a) a coarse, 9-point mesh and skipping of sampling
layers for the empty volume scan f,.;(X), and (b) a variable mesh density with a high res-
olution core (where the printed part was) and a coarse perimeter. Figure 13.2.C illustrates
the different mesh densities. To generate a map with uniform denisty, missing data points
were interpolated using a spline algorithm. Applicable metadata (e.g. the size and location

of the printed part) was automatically extracted from the g-Code by the hybrid-AM app.

s

Coarse mesh Fine mesh
[ J { J { [ J { J { J { J { J
[ J { J
(2) ;
QL
S
= [ J { J { [ J { J
o
SRR =
[ J { J

Sampling points (b) (C)

End view

ST ST S ST ST

Empty volume scan During print

Figure 13.2.C: Schematic illustration of the meshing process showing (a) an end-view of the
SRR in relation to the sample and sampling points, (b) the coarse mesh used for scanning

fref(X) and (c) the fine mesh used for scanning fo(X).
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Electro-magnetic shield and equivalent bed permittivity The build platform was
comprised of a glass plate (4 mm thick borosilicate glass, e,= 4.6 [318]), a heated silicone
bed with internal electronics (heaters, sensors, wiring) and mechanical fixtures (e.g. Al
bars and insulation material). Figure 13.2.D(a) shows that the recorded fy was noticably
influenced by the silicon bed and fixtures which may be interpreted as unwanted back-
ground noise (~ 25% of the dynamic range DRyp.q for e, € [1,5]). An EM shield (Cu
foil) was inserted between the silicon bed and glass plate to reduce this effect (see Fig-
ure 13.2.D(b)). The introduction of Cu with very high dielectric permittivity (e,— o0)
and the influence this had on the reference frequency fopeq was considered. To simplify
the extraction model, the build platform was considered to have an equivalent permittivity
of e,= 5.6 (see Figure 13.2.E).
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Figure 13.2.D: Experimental data for an XY-scan of SRR resonant frequency fy for an empty
build-plate showing: (a) build plate, consisting of a glass plate and heated bed, not parallel to
build-plate motion, (b) the addition of a copper shield as electric conductor and (c) build plate

with copper shield parallel to motion.
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Figure 13.2.E: (a) Simulation data showing the resonant frequency (fy) as a function of
separation distance ¢ for (b) various build-plate configurations: (i) a borosilicate glass plate with
a Cu shield and (ii) a simplified build platform of quasi-infinite thickness with an overall

equivalent permittivity of ¢, = 5.6.
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13.2.3 Peripheral contributions

Permittivity dependence While both the intrinsic fy of the SRR, and any ambi-
ent environment /systematic contributions were considered to remain constant throughout
sampling, the shift in fy with position, i.e. fy(X) in Figure 13.2.A, was attributed to a
change in the local environment (i.e. the peripheral conditions) sampled by the SRR. This
arose due to distortion of the fringing fields associated with the induced E field across the
SRR gap (schematically illustrated in Figure 12.2.A(c)) when close to materials with a
permittivity different from air. This may be interpreted as a change in total ring capaci-
tance (contribution of Cesy in Figure 12.2.A(f)), and leads to the measured shift in fy. By
simulating the SRR close to an ideal, quasi-infinite material with user-specified, varying

EM properties (¢, € [1,50]), a logarithmic relationship between fy and e, was established:

8f0 . Me
Oe, Er

(13.6)

where M. was a best-fit coefficient dependent on the SRR geometry. Data to support
Equation (13.6) is shown subsequently in Figure 13.4.A(b).

Probe-sample separation distance Both simulation and experiment showed the SRR
resonant frequency was sensitive to the probe-sample separation distance (¢q). Equa-
tion (13.7) below expresses the relationship between fy and ¢ that was established by
simulating a quasi-infinite sample (i.e. all sample dimensions exceeding the sampling vol-

ume size) with e, € [1, 10] for ¢ > 0.05 mm:

Ofo  exp(Mg x ¢")

13.
9 o i (13.7)

where n = 0.1 and M, < 0 were best-fit coefficients. Data to support Equation (13.7)
is again shown subsequently in Figure 13.4.A(c). In other words, the closer the SRR
was to the sample (i.e. ¢ — 0), the more noticable (larger Afy) the contribution of the
sample to the frequency shift (i.e. a stronger signal). However in practice, when the SRR
was too close to the printed part (¢ < 0.2mm), inevitable surface printing imperfections
(e.g. stringing, blobs and zits) came into physical contact with the SRR, invalidating
readings by possible deformation of the SRR. Figure 13.2.B provides an indication of
the sensitivity of fy to changes in ring geometry. Therefore, a probe-sample separation
distance ¢ € [0.5,1Jmm was identified as a reasonable compromise between attaining
sufficient signal strength (dynamic range) while preventing occasional surface undulations
from touching the SRR. The probe-sample separation distance used for all data shown

here was ¢ = 0.5 mm.
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Surface roughness Given the comments above, the surface roughness of printed parts
using optimized printing parameters was evaluated using whitelight confocal microscopy
(NanoFocus pSurf) as R, = 0.7 um parallel to the print direction and R, = 6.4 pm per-
pendicular to the print direction. The effect of typical surface roughness on the SRR signal
was therefore considered to be negligible due to the large difference in roughness length

scale when compared with the probe-sample separation distance (¢) ~ 0.5 mm.

Automatic calibration Let fj ,i be the intrinsic resonant frequency of the SRR in free
space, and fo peq be the resonant frequency of the SRR at a separation distance ¢ between
the SRR and the build platform (see Figure 12.1.A(c) for a definition of ¢). Simulations
indicated that for a probe-sample separation distance ¢ = 0.5mm, the shift in fy (i.e.
the dynamic range DRpeq = fo,air — fobea) should equal DRyeq = 140 MHz. In order to
accurately and repeatably reach the chosen probe-sample separation distance of 0.5 mm in
practice, the build platform approached the SRR in small increments (Z-steps of > 3.4 um)
while monitoring the shift in fy. Once DR = 140 MHz was reached, with knowledge of
fo,air and fo peq, the best-fit coefficients M, and M, in Equations (13.6) and (13.7) could
be obtained. Experiments showed that the desired probe-sample separation distance could
be achieved repeatedly to within +5pm. The calibration process is shown schematically
in Figure 13.2.F.
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Figure 13.2.F: (a) The influence of probe-bed separation distance ¢ on the SRR resonant
frequency and (b) a screenshot of the control software GUI for initiating the automated SRR

calibration process.
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Sampling volume The signal (fy) recorded at point X was not only influenced by the
dielectric properties of the desired sampling point directly below the ring split, but also
by the aggregate contribution of a large, weighted sampling volume that influenced the
E field. Figure 13.2.G(a) shows the simulated SRR sampling volume, which was approxi-
mately hemi-spherical. It is this sampling volume effect that explains the blurring in the
fo maps at the object edges in Figure 13.2.A. The sampling volume in Figure 13.2.G(a)
was modelled as a distribution directly proportional to the simulated magnitude of the
E field within a dielectric material (i.e. a 3D, point spread function (PSF) o |E|). The
shape/dispersion and in particular the penetration depth (in the vertical Z-axis) of the
sampling volume was a function of the material €, (a higher €, resulted in a more shallow
sampling volume). The sampling volume associated with a SRR operating at wavelength
A ~ 15cm (2GHz in free space) was approximately A/11 (i.e. ranging from —7 to 7mm
in the PSF in Figure 13.2.G(a)). This provided a good estimate of the default spatial res-
olution of the characterization technique, i.e. the minimum achievable distance between

two fully decoupled measurements.

(a) (b)
Intrinsic frequency
SRR - Width w = Th.icknes_,s h
— Airgap g — Orientation
. — Radi
Electric field Desired e
strength |E| sampling Peripheral contributions
point

— Sampling volume
- Permittivity of sample &,

0 - Previous layers + bed
g — Separation distance q
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10 10 Systematic

0 X [mm] — VNA resolution Ar
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Figure 13.2.G: (a) A 3D contour-plot of simulation data showing the sampling volume (linearly
proportional to the magnitude of the induced E field within the sample, i.e. point spread function
(PSF) o |E|) for an ideal, quasi-infinite material with e, = 3, and (b) an overview of the primary

factors influencing the resonant frequency (fp) of a SRR.
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13.3 Deblurring: Improving spatial resolution

To account for the blurring and to enhance the spatial resolution of the resonant frequency
map fo(X) (i.e. step ii in Figure 13.1.A), a post-processing method referred to as deblurring
was developed and entailed: (a) the expansion and enhancement of fy(X) in space, (b) 3D
deconvolution thereof using a single, approximated point spread function related to the
shape of the sampling volume shown previously, and (c) contraction of the expanded,

deconvoluted map to generate a refined frequency map fyq(X) matching the original size

of fo(X).

Expansion of the measured data set To enhance the sampling resolution despite
the relatively large PSF (comparable in size with the object features), it was imperative
to taper the edges of the data set. This was necessary to minimize the ringing effect
induced by deconvolution [319]. To preserve information near the edges of fy(X), the data
set was expanded/extrapolated before being tapered. Figure 13.3.A shows an expanded
data-set (prior to deconvolution) and highlights how data from an empty volume scan
(fres in Figure 13.1.A), alongside fo qir and fopeq (from the automatic calibration process

described in Section 13.2), was used to extrapolate the data.

Edges tapered to reduce Addition of air buffer
ringing after deblurring fo = fo,air
[GHZz]
182 — Raw, samEIed
data fo (%)
2 40
§ ~ Edges expanded using
£ average empty volume data
§ 0 fO(Z)zfref(Z)
x
N ’ 50
1.70
0 x [mm]

Addition of build platform -50
fo = fopea forz=<0

Figure 13.3.A: The expansion and enhancement of 3D experimental data (fo(X)) with tapered
edges, addition of air and build platform buffers alongside extrapolation of edges using reference

data for an empty scan (frcf).
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Resonant frequency fo and foq [GHZ]

Deconvolution The PSF from Figure 13.2.G(a) was used to deconvolute the newly
expanded, tapered frequency map from Figure 13.3.A in a single iteration. It should be
noted that the sampling volume in Figure 13.2.G(a) was truncated in the vertical Z-axis to
account solely for the contribution of already printed layers (i.e. beneath the SRR at the
time of measurement) resulting in an asymmetric PSF with a step-function: PSF= 0 for
Z > 0. Figure 13.3.B(a) shows a plot of fj as a function of X for the X-Z section shown in
Figure 13.3.B(b), indicating the effect of deconvolution in the resulting maps for fy 4(X).
With reference to the labels in Figure 13.3.B, deconvolution led to: (i) a reduction in the
range of resonant frequency within a single material, and (ii) much improved dielectric

isolation of the build-platform contribution.
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Figure 13.3.B: Deblurring of experimental data showing: (a) various sections of data
(raw/unprocessed fy data and deblurred fo; data) at different heights and (b) the location of the

X-Z sections taken from the 3D reconstruction.

148



Resonant frequency fo [GHz]

Resolution limit To quantify the improvement in spatial resolution due to deblurring,
consider the SRR with resonant frequency foqir in free space, and with fys when in
proximity to a large sample (¢, > 1 and all dimensions exceeding the size of the PSF).
The dynamic range (DR) for this system is defined as DR = | fo 4ir — fo,s|. We define the
spatial resolution of the SRR technique as the step (in X) required to resolve a 10 % shift
in fo when transitioning across a physically sharp interface between the sample and air,
i.e. Afyg =0.1x DR. Using this definition, for a sample with &, = 10, deblurring achieved
a spatial resolution improvement of at least x1.6, from £6.4mm or A\/11 to 4.0 mm or
A/18 where A is the resonance wavelength of the SRR. Figure 13.3.C shows supporting
simulation data to assess the spatial resolution limit of an ideal SRR. It should be noted
that the spatial resolution was dependent on ¢, because the simplified PSF function used
in deblurring was itself related to the fringing E fields of the SRR, which were again

dependent on &,.
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Figure 13.3.C: (a) Simulation data showing the spatial resolution limit of the SRR in the
x-axis, (b) a schematic of the experimental setup used for simulation, (¢) the PSF used for

deconvolution and (d) an indication of the impact deconvolution had on spatial resolution.
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13.4 Extraction: Interpreting the resonant frequency

Extraction model A model to translate the frequency maps to dielectric permittivity
(e,) maps (i.e. step iii in Figure 13.1.A), while taking into account the SRR probe-sample
separation distance ¢, was derived from Equations (13.6) and (13.7). The eztraction model

is expressed in Equations (13.8) and (13.9) below and is shown graphically in Figure 13.4.A:

de = f07air — DR x exp (Mq X qo'l) (138)

DR = M. In(e,) (13.9)

where fo qr is the intrinsic resonant frequency of the SRR in free space (see Figure 13.2.B),
DR is the dynamic range as a function of dielectric permittivity (g,), g is the sample-SRR
separation distance, and M, and M, are sensitivity factors related to ¢ and €, respectively.
Combining Equations (13.8) and (13.9) yields:

fO,air - de

In(e,) = M. % exp (M, x §07) (13.10)

The eztraction model allowed for an extraction curve (i.e. £,(fp) at constant ¢, see label
i in Figure 13.4.A(a)) to be deduced for any specified experimental set-up. The dynamic
range DR in Equation (13.9) is a logarithmic best-fit over a sample permittivity range
gr € [1,50] and is shown for ¢ € [0.5,2]mm in Figure 13.4.A(b). The relationship between

resonant frequency fy and probe-sample separation distance ¢ is shown in Figure 13.4.A(c).
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Figure 13.4.A: (a) A 3D surface plot showing the extraction function for converting SRR
resonant frequency foq into permittivity e, while accounting for SRR, probe-sample separation
distance ¢. An indicative (I) extraction curve at ¢ = 1 mm is highlighted, alongside (II) the

dynamic range DRp.q associated to the build platform and (IIT) data points from simulations.

Cross-sections highlighting contours at (b) ¢ = [0.5,2Jmm and (c) &, = [1, 5.6, 10] are also shown.
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Demonstration Figure 13.4.B shows a 3D spatial ¢,(X) map of a printed demonstra-
tor with deliberately varying local fill density to provide a range of local €,, between
air (€rqir = 1) and printed PLA (e, pra = 2.71). The demonstrator, shown in Fig-
ure 13.4.B(a) and (b), comprised a @20 mm sphere (100 % infill) centered within a 40 mm
cube (25 % infill). The dimensions of printed features could be deduced from the €, map in

Figure 13.4.B(c) and (d) to an accuracy of £2mm. The average ¢, measured for the 25 %

dense box around the sphere was 1.46, in excellent agreement with a Wiener’s formula

based estimate of 1.43 [320].
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Figure 13.4.B: Photographs showing (a) a printed object with varying infill density, and (b) the
dielectric imaging module/sensor and object during the later stages of fabrication. Experimental
data showing (c) the measured spatial permittivity map ¢,(X) using SRR measurements of fj

only, and (d) a typical X-Z planar cross-section of &, (X).
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Conclusions & outlook:

In-line characterization

Novelty of work achieved The layer-by-layer nature of AM processes presented an
opportunity to integrate a surface-based characterization technique in-line with device fab-
rication. In Part III of this thesis, the automated integration of a novel, non-destructive
dielectric characterization technique in-line with FFF has been demonstrated. Using data
obtained during manufacture, it was possible to reconstruct 3D images of the spatial dis-
tribution of dielectric permittivity within a printed part. The non-contact, sub-wavelength
EM characteriztion technique was based on a split ring resonator (SRR) and allowed for
real-time assessment of local material properties, which could immediately provide a form
of quality control to validate part conformance to intended design, at least in terms of
the permittivity design. To the authors best knowledge, this is the first reported dielec-
tric imaging technique specifically designed for integration in-line with AM, and is the
first technique capable of measuring/visualizing the 3D variation in dielectric permittivity
within a printed part. The imaging principle and its limitations have been discussed in

detail and proof-of-concept experimental data presented.

Impact & application The methodology shown here could be easily extended to in-
tegrate other surface-based techniques in-line with AM processes. In particular, the non-
contact /non-destructive nature of the dielectric imaging technique may offer opportuni-
ties for other AM applications e.g. for monitoring deposition, curing or defects in soft
materials, or mapping property changes due to combinations of materials. However, the
resolution of the current technique, even after post-processing, was insufficient to detect
sub-mm features or small printing defects. Where high spatial resolution is needed, the
time penalty from point-by-point scanning over a surface may become significant (approx-
imately 1sec per point using the apparatus reported here). However, both constraints are

likely amenable to further optimization through hardware/software improvement.
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Future research This proof-of-concept study has shown that there are some generic
challenges related to integrating characterization techniques into AM, and in particular
include: (a) the need for open, accessible control software that readily allows for plug
and play sensor integration and data sampling, (b) a greater range of characterization
probes compatible with a wider range of materials and AM processes, and (c) the need
for sensor/hardware/software strategies that avoid slow point-by-point scanning of the
printed area. Specifically with respect to 3D dielectric imaging using a SRR in-line with
AM described in this paper, a proof-of-concept demonstration of closed-loop feedback
control, i.e. immediately responding to potential (relatively large) printing defects, could
now be realistically considered. The investigation of other EM material properties, such
as the dielectric loss tangent, may be considered by, for example, relating the quality
factor of the resonant transmission signal S2; to the loss tangent in an analogous manner
to the method described in Part III for relating fy to &,. Furthermore, increasing the
operating frequency of the SRR system (i.e. using a smaller ring) will lead to improved

spatial resolution and may allow the detection of smaller printing defects.
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Research summary: Parts I to 111

The following objectives were addressed in this thesis:

Part I — Hybrid additive manufacturing framework

(a)

Construct a versatile hybrid-AM system — an extendable, modular manufac-
turing framework was established and a functioning, lab-scale multi-material, multi-
technology (MMMT) machine was designed, built and commissioned. The critical
development lied in the modular interplay between the real/physical and virtual/-
software domain of additive manufacturing (AM). The hybrid-AM system facilitated

significantly more advanced data analysis, insight and control of AM processes.

Part IT — Multi-phase additive manufacture for energy storage applications

(b)

Investigate multi-phase AM processing science — in-depth understanding of
underlying material extrusion additive manufacturing (MEAM) processing-science
was developed, and key AM materials/processing considerations were discussed. The
new insights enabled controlled, layer-by-layer deposition of solid-liquid-gel combina-

tions using fused filament fabrication (FFF) and direct ink writing (DIW) techniques;

Print a complete energy storage device — a novel, single-operation manufac-
turing process to fabricate fully functioning, form-factor free supercapacitor devices
(electro-chemical double layer capacitors, EDLCs) using a multi-phase AM approach
was demonstrated. The technique provided an opportunity to address inherent re-
strictions in geometric form factor associated with conventional planar supercapac-
itor manufacturing approaches, and provides an alternative fabrication process for

applications with irregular volume/shape and mass-customization requirements.
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Part III — In-line characterization of dielectric properties

(d) Engineer a non-destructive dielectric probe — a dielectric probe based on a
split ring resonator (SRR) was extended to operate without contact (non-destructive)
and in-line with material extrusion additive manufacturing (MEAM) processes. The

probe enables measurement of the dielectric permittivity (&,) of as-printed polymers;

(e) Demonstrate 3D dielectric imaging — proof-of-concept for the real-time, non-
destructive acquisition of dielectric data (in three dimensions) during AM was demon-
strated. The technique provided quantified insights into the internal distribution of
the local €, within 3D objects as they are formed and suggests the possibility for

real-time, closed-loop control of dielectric properties during AM.

Future research While specific recommendations for future research associated to the
inidvidual objectives were outlined throughout, the following over-arching ideas may be
considered: (a) to extend the functionality of the hybrid-AM machine by developing and
integrating further functional modules (e.g. a fabrication module to deposit photo-sensitive
materials, or a characterization technique to monitor the surface roughness or thermal
stresses during AM), (b) to explore the vast unexplored parameter space in printed energy
storage devices (e.g. associated with geometric form-factor, heterogeneous electrodes or
complex materials-processing combinations), and (c) to harness the additional, advanced
data-processing capabilities during AM to demonstrate closed-loop manufacturing (e.g. to

improve compliance of a printed part with its intended design).
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Afterword

Hybrid-AM is an exciting field of research, with new ideas and approaches emerging fre-
quently, and an endless pool of potential applications to target. It has been shown that
entire functional devices consisting of multiple, different materials can be manufactured
in a single, automated manufacturing operation. The full implications this may have in
terms of new technologies being developed, and on the manufacturing value chain as a

whole, remains impossible to predict.

This thesis has sought to answer most of the questions raised in the preface, includ-
ing: ‘can we print an energy storage device?’ (yes), and ‘can we characterize the internal
material properties of a part as it is being printed?’ (also, yes). However, after dedicating
3 years of research to the field of hybrid-AM, I am now left with a new set of queries.

7

The questions have shifted from ‘s it possible to..” and ‘can we..’, to wondering what the
implications of emerging hybrid-AM processes will be. Where will the impact of hybrid-
AM be most noticable? How will hybrid-AM methods be integrated into conventional
value chains? Who will be the first to utilize the additional functionality of hybrid-AM?
When will ‘design for hybrid-AM’ become an area of interest? And is single-operation

manufacture really what we should be aiming for?

As mentioned early on in this thesis, we are merely beginning to understand the impact
fabricating parts additively, as opposed to subtractively may have (not to mention the
potential impact of any hybrid systems). And while I cannot claim that this thesis has
changed that to any significant extent, I do hope that the work provides a step in the right
direction, providing ideas and tools for the further exploration of novel manufacturing

concepts, and perhaps inspiring new applications and technologies related to hybrid-AM.
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Appendix A

Conceptualization of the hybrid

additive manufacture machine

Dual-extrusion prototype Figures A.1 and A.2 schematically depict a prototype built
for proof-of-concept of dual-extrusion. Lessons learned were implemented in the hybrid-
AM system outlined in Sections 3 to 5 of this thesis. The prototype was comprised of
a FFF and DIW nozzle and was designed, built and calibrated to fit onto an existing,
commercial FFF printer (Makerbot Replicator). The general assembly consisted of 66

components, 36 unique parts and cost approximately 300.£.

General assembly Successful design features included: (a) combining FFF fabricated
components (e.g. irregularly shaped fixtures) with purchased/pre-fabricated parts (e.g.
bipolar stepping motors), and (b) the overall system functionality/integration with exist-
ing firmware. Design flaws included: (a) cooling and choice of materials in the assembly,
(b) vibration and resonance for small movements (e.g. infill), (c) tip-clash and contam-
ination issues between the 2 nozzles, (d) not robust wiring and (e) a heated bed which
did not remain flat at high temperatures due to polymer cantilevers. The hybrid-AM
machine (outlined in Section 5) addresses these issues, for example: tip-clash is prevented
by moving the build platform as opposed to the functional modules, a significantly more
robust /revised wiring system (outlined in Section 4), and a central axis for supporting the

build platform, preventing cantilever issues.

FFF With respect to the FFF nozzle, the hot-end from E3D worked well and the modular
ecosystem of heaters, nozzle tips etc. proved useful. However the module suffered from
oozing during inaction, no filament force control and a temperature limit of 250°C. The
FFF module in the hybrid-AM machine (outlined in Section 5.4.3) is based on an improved
extruder system by E3D (Titan Aero) with titanium hot-ends and a more robust setup,

e.g. to allow printing up to 300 °C.
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DIW Syringe loading worked well using the FFF fabricated fixtures and controlling
extrusion through a stepper motor by manipulating the g-Code also worked. However,
DIW suffered from significant backlash and issues related to the drying of ink at the nozzle
tip. The DIW modules in the hybrid-AM machine outlined in Section 5.4.3 have a direct
lead screw motor attached to minimize issues with backlash, and the printing routine

includes a syringe purging step to prevent dry ink to influence the print quality.

Demonstrators The successful fabrication of complex arrangements of 2-materials in
different phases, such as the enclosure of a liquid in a polymer housing in single manufac-

turing operation (see Figure A.2(b)) ultimately formed the basis for Part II of this thesis.

Figure A.1: Isometric wireframe drawing of the general assembly for a dual-extrusion prototype
showing: (1) bipolar stepper motor for FFF, (2) base plate sub-assembly, (3) plastic extruder
sub-assembly (E3D, UK), (4) bipolar stepper motor for DIW, (5) syringe barrel 2.5mL,
and (6) syringe plunger.
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(a)

y o

Direct Ink
Writing

P Fused Deposition
Modelling

2 cm

Figure A.2: (a) A cross-sectional render of the multi-phase (FFF-DIW) extrusion head
developed for prototyping, (b) a photograph of the dual extrusion head on a commercial AM

machine and (c¢) initial demonstrators showing liquid (printed by DIW) enclosed in a polymer
(printed by FFF).
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Appendix B

Technical documentation

B.1 Risk assessment

Outline of Work/Activity: Fused deposition and direct ink writing additive manufacture

Review date:

Location: 195.20.08

Assessor Name: Lukas Fieber Signature: Date: 11/12/17

Authorised By: Prof. Grant Signature: Date:

Hazard Who Might Be Existing Control Measures What Further Action is By

Harmed? Required? Whom /When?

General Students, staff All users must be trained to operate this Training of users Lukas Fieber —

and post docs process. No work can be carried out after as appropriate
work hours.
Electrical Low voltage operating system, all electronics

hazards — risk of
electric shock

Airborne fumes
or powder — risk

of inhalation
Heat — risk of
skin

burn/irritation

Mechanical
moving parts —
risk of injury

contained within insulated box / no free wire
showing / wiring mounted away from user.

Refer to COSHH form of specific chemicals,
in general materials will not be heated beyond
their safe processing temperature and there is
no risk of airborne fumes.

Engineering control for hot ends — protected
from accidental contact. Hot bed
temperatures will not exceed 120*C, additive
manufacture machine contained within PC
frame to prevent accidental contact.

Additive manufacture machine contained
within polycarbonate frame to prevent
accidental contact. Parts move very slow
(max 40mm/s).

Table B.1.1: Apparatus risk assessment form for the hybrid-AM machine.
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B.2 Bill of materials

PART NUMBER

DESCRIPTION

SUPPLIER

SA FrameKanya

M_Top Plate

M_SRR2_ VerticalBar

M SRR2_ Support Clip
M_SRR2_ SRR Holder
M_SRR2_ Split Ring

M _SRR2_SA_Coax Probe
M _SRR2_ ProbeChuck

M SRR2 Horizontal Bar

M _SRR_ SplitRing Fixture

M _SRR_ HorizontalBar

M _SA  Terminal Connectors
M _FDMH_ Vertical Bar

M _FDMH_ Stopper

M _FDMH_ Horizontal Bar
M_FDM_SA_Titan Aero 1.75
M _FDM _Aero Holder

M_DIW2_ Pistonl0cc_ NordsonEFD _ 7012025

M_DIW2_ Motor Mount Plate
M _DIW2_ Plunger adaptor
M_ DIW2_ Module Support

M DIW2_ Module Base Bar

M _DIW2_ Tip20GA TT 023 _NordsonEFD 7018:
M _DIW2_ Barrel10cc_ NordsonEFD _ 7012007

M _DIW_SA Lead Screw Motor
M_DIW_S2.5_Syringe Short Needle
M_DIW_S2.5_Syringe Luer Lock Adapter
M_DIW_S2.5_Syringe 2.5mL Body
M_DIW_S2.5_Base Plate Syringe Holder
M _DIW _ Plunger Adaptor

M _DIW_Motor Mount Plate

M_DIW_ Module Base Plate

M DIW _ Column

G_SA_Macron MCS-R15-750-750-750-200
G_M _Z Endstop Probe

G_M _Z Endstop Holder

G_M_Y Endstop Holder

G_M_ X Endstop Holder

G_M _ Split Ring Collar

G_M_NEMA23

G M LB _Z Axis L-Bracket Vertical Plate
G_M_LB_Z Axis L-Bracket Triangle
G_M_LB_Z Axis L-Bracket Base Plate
G_M_ Kanya Small L-Bracket

G_BP_Z Axis Holder

G_BP_Spring M3

G_BP_SA_Clip

G_BP_Heated Bed Heater
G_BP_Heated Bed Glass

G_BP_ Heated Bed Base

G_BP_Heated Bed

Frame Sub Assembly
Modular Top Plate
Vertical bar for probe support
Support clip for probes
Holder for SRR

Split ring resonator (SRR)
Near-field H Probe (co-axial)
Chuck for near-field probe
Base plate for SRR2 module
Fixture for SRR

Base plate for SRR module
Terminal Connectors

FDM Holder Vertical Bar
FDM Holder Stopper

FMD Holder Horizontal Bar

P-KANYA 17-7871
M-TAYBROH
M-STORES
M-PRINTED IN LAB
M-PRINTED IN LAB
M-STORES
P-Langer RF-R 50-1
M-PRINTED IN LAB
M-STORES
M-PRINTED IN LAB
M-STORES
P-AMAZON B0007P08VK
M-STORES
M-PRINTED IN LAB
M-STORES

E3D Titan Aero 1.75mm filament Sub Assembly P-E3D TITAN-AERO-ST-175-12V

Module Plate for Titan Aero Extruder
10cc Piston

Motor Mount Plate

Plunger Adaptor

Support Bracket

Base Plate

Tip gauge 20

10cc Barrel

Lead Screw Motor with NEMA 17 motor
Needle, Kahnetics 18 or 21 Gauge
Male Luer Lock Adapter, Hamilton
Syringe Body, Hamilton 1002RN 2.5mL
Syringe Holder, Printed in Lab

Plunger Adaptor for Lead Screw
Motor Mount Plate

Module Base Plate for Syringe

Column for Motor mount Plate

Gantry from Macron Dynamics 750x750x200
Probe for Z endstop

Holder for Z endstop

Holder for Y endstop

Holder for X endstop

Split Ring Collar

Motor for Gantry

Z Axis L-Bracket Vertical Plate

Z Axis L-Bracket Triangle

Z Axis L-Bracket Base Plate

Small connector bracket Kanya

Z Axis holder

M3 Spring

Binder Clip

Silicon Heater 200 x 200150W

Print Surface

Platform for Heated Bed

Conductive Plate for Heated Bed Heater

M-STORES
P-NORDSON 7012025
M-STORES

M-StORES

M-STORES

M-STORES
P-NORDSON 7018216
P-NORDSON 7012007
P-HEASON 207-08332
P-RS 400-3895 / 400-3889
P-SIGMA 26293

P-SIGMA 2219-3-U
M-PRINTED IN LAB
M-STORES

M-STORES

M-STORES

M-STORES

P-OLSEN ACTUATION PODJ2017550
M-PRINTED IN LAB
M-PRINTED IN LAB
M-PRINTED IN LAB
M-PRINTED IN LAB
M-STORES

P-RS 535-0445
M-STORES

M-STORES

M-STORES

P-KANYA

M-STORES

P-E3D M-SPRING
P-AMAZON B000KJKIH6
P-E3D E-HEATER-MAT-SQUARE200
P-E3D M-BED-GLASS-214x214x4mm
M-RS 194-1132
M-STORES

Table B.2.1: A bill of materials (BOM) showing major mechanical components of the

hybrid-AM machine. Note: fasteners and control components have been excluded. In the supplier

information: parts with P refer to purchased/outsourced components whereas M refer to parts

which were fabricated in-house.
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B.3 Engineering drawings

Figure B.3.1 schematically highlights a selection of engineering drawings for the hybrid-
AM machine which are shown in this section (Figures B.3.2 to B.3.9). The assembly tree
is structured in tiers e.g. where applicable a tier 2 sub-assembly is comprised of tier 3
sub-assemblies and/or parts. For example, the part M_FDM_Aero holder is a part in the
tier 3 sub-assembly FDM which in turn is part of a tier 2 sub-assembly modules. File
names including the acronym SA refer to a sub-assembly (independent of tier). Note,
reference to the tier 1 general assembly is omitted, as all files refer to this. In the sup-
plier information provided for all sub-assemblies (tier 2 and below), parts with P refer to

purchased /outsourced components whereas M refer to parts which were fabricated in-house.

Ther il General;assembly
(GA)
,,,,,,,,,,, —
,,,,,,,,,,,, o [ P E
i i Modules i Frame '!Gantry & build platform;
Tier 2 0 o ! \ i i
] (M) i (F) . (G) :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
] Lo
Tier 3 Gantry Build platform
(MD) ] (BP)
,,,,,,, | — | | 1.
i Fused filament'; Spool holder Direct ink writing ;r Direct ink writing ; | Split ring resonator |
(FDM) : (FDMH) (DIW) ' (DIW2) I (SRR2) i

Part i Top plate

i1 Drawing provided in this section

(AA)  Acronym used for file naming

Figure B.3.1: An overview of the engineering drawings shown in this section.
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(3

DIMETRIC VIEW

T

UNLESS OTHERWISE SPECIFED: | FINIH
DIMENSIONS ARE IN MILLIMETERS
SURFACE FNIH

ANGULAR:
NAVE SIGNATURE.

DRAWN | LUKAS FiEBER

CHKD | LUKAS FEBER

APPVD)

MFG

Qs

3 2 1
EMI PART NUMBER DESCRIPTION Qrv.
1 |SA_Modules Modules sub-assembly 1
2 |SA_Gantry Gantry sub-assembly 1
3 |SA_FrameKanya Frame sub-assembly 1

NOTE:

- Mechatronic sub-assemblies (motherboard,
wiring) are excluded for clarity.

- Fasteners between sub-assemblies are

excluded for clarity.

DATE

17012018

01032019

DEBURR AND
BREAK SHARP

MATERIAL

SEE PART DRAWINGS

WEIGHT

DO NOT SCALE DRAWING REVISON 6

e

Hybrid-AM machine
General assembly

DWG NO.

GA_General Assembly | A3

SCALEI10 SHEET 1 OF 1

Figure B.3.2: Engineering drawing of the hybrid-AM machine general assembly

(acronym used for file naming GA, tier 1).
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8 / 6 S 4 3 2 1
ITEM

NO PART NUMBER DESCRIPTION Supplier QTY.
1 |M_Top Plate Modular top plate M-TAYBROH 1
2 |M_SA_Fused Deposition Fused deposition module sub-assembly|SEE PART DRAWINGS| 3 F
3 |M_SA_FDM Holder FDM spool holder sub-assembly SEE PART DRAWINGS| 3
4 |M_SA_Direct Ink Writing Direct ink writing 1 sub-assembly  |SEE PART DRAWINGS| 2
5 |M_SA_Direct Ink Writing 2 Direct ink writing 2 sub-assembly SEE PART DRAWINGS| 2
6 |M_SA_Split Ring Resonator 2|  Split ring resonator 2 sub-assembly  |SEE PART DRAWINGS| 1
7 |ISO 4762 M5x 16 - 16N M5 x 16 Socket head P-RS 281-085 [}
8 [ISO 4762 M5x12- 12N M5 x 12 Socket head P-RS 281-079 22
9 |WasherISO 7089 - 5 M5 Washer P-RS 525-931 26 E
&)
N~ N
N
\
DETAILA |
SCALE 1:1
p
C
DETAIL &
SCALE 1:1
Note:
- Fused deposition modeling (FDM)
filament spools [Part: M_FDM_Spool]
removed for clarity.
B
ISOMETRIC VIEW N OENSIONS ARE N MLETERS | SREA SUARP DO NOTSCALE DRAWNG Revsion 9
TOuERACES: e
h e
A sonare | onte me
ORAWN]  LUKAS FiEBER 0042018 Modules sub_ossembh/
| Lukas reser oros 201
e
o A
an WATERAL WG o, 3
SEE PART DRAWINGS SA_Modules
wecH: scaiETs SeeT 107 1

Figure B.3.3: Engineering drawing of the modules sub-assembly

(acronym used for file naming M, tier 2).
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8 / 6 S 4 3 2

e PART NUMBER DESCRIPTION supplier QY.
1 |G_SA_Macron MCS-R15-750-750-200 |Gantry from Macron Dynamics 750x750x200|[P-OLSEN ACTUATION, PO DJ2017550| 1
2 |G_SA_Build Platform Build platform sub-assembly SEE PART DRAWINGS 1
3 |ISO 4762 M3 x 8 - 8N M3 x 10 Socket head P-RS 280-997 4
4 |ISO 4762 M4 x 16 - 16N M4 x 16 Socket head P-RS 281-041 2
5 |ISO 4762 M5x 16 - 16N M5 x 16 Socket head P-RS 281-085 4
6 |WasherISO 7089 - 3 M3 Washer P-RS 189-620 4
7 |WasherISO 7089 - 5 M5 Washer P-RS 525-931 4
Y
oa)
DETAIL A
SCALE 2:1
DETAIL &
SCALE 2:1
OENSIONS ARE N MLETERS | SREAK SUARP DO NOTSCALE DRAWNG RevsoN 4
SURFACE FNSH
Note: . 5
-Linear encoders (Renishaw LM10, 1 um accuracy) % ANGULAR
on X and Y axis are not shown. B A sonare | onte e
- Some fasteners [Part: ISO 4762 m4 x 16 - 16N] oRaWN| ks FEsER 1212207 Gantry sub-assembly
are not shown for clarity. CHRD | Lukas Feaer oroe2019
e
o
aa WATERAL BT a3
SEE PART DRAWINGS SA_Ga nfry
wecH: schiETs SeeT 107 1

Figure B.3.4: Engineering drawing of the gantry sub-assembly

(acronym used for file naming G, tier 2).
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/ 6 5 4 3 2 1
e PART NUMBER DESCRIPTION Supplier Qry.
1 |M_FDM_Aero Holder Module plate for titan aero extruder M-STORES 1
2 |M_SA_Terminal Connectors Terminal connectors P-AMAZON B0O0OO7P0O8VK 1
3 |M_FDM_SA_Titan Aero 1.75 E3D Titan Aero 1.75mm filament sub-assembly|P-E3D TITAN-AERO-ST-175-12V| 1
4 |ISO 4762 M3 x 10 --- 10N M3 x 10 Socket head P-RS 660-4636 4
5 |Washer ISO 7089 - 3 M3 Washer P-RS 189-620 8
6 |Hexagon Nut ISO - 4032 - M3 - W - N M3 Hex nut P-RS 560-293 4

UNLESS OTHERWISE SPECFIED: | FINIH
DIMENSIONS ARE IN MILLIMETERS
SURFACE FNIH

NAVE SGNATURE
ORAWN | LUKAS FiEBER

CHKD | LUKAS FEBER

ApPVD)

MFG

aa

DATE
12122017

01032019

DEBURR AND

BREAK SHARP

MATERIAL

SEE PART DRAWINGS

WEGHT

DETAIL a

SCALE 2:1

m

DO NOT SCALE DRAWING

sub-assembly

REVISON

" Fused deposition module

“M_SA_Fused Deposition| A3

SCALEZ3

SHEET 1 OF 1

Figure B.3.5: Engineering drawing of the fused filament fabrication (FFF') sub-assembly

(acronym used for file naming FDM, tier 3).
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DIMETRIC VIEW

5 4 3 2 1
T PART NUMBER DESCRIPTION Supplier Q.
1 |M_DIW_LSM_Lead Screw Lead screw P-HEASON 207-08332 1
2 |M_DIW_LSM_Motor NEMA 17 Motor for lead screw P-HEASON 207-08332 1
3 [M_DIW2_Motor Mount Plate Motor mount plate M-STORES 1
4 |M_DIW2_Module Support Support bracket M-STORES 2
5 |M_DIW2_Plunger adaptor Plunger adaptor M-STORES 1
6 |M_DIW2_Syringe Bracket_NordsonEFD_7360610|  Syringe mounting bracket P-NORDSON 7360610 1
7 |M_DIW2_Piston10cc_NordsonEFD_7012025 10cc piston P-NORDSON 7012025 1
8 |M_DIW2_Barrelll0cc_NordsonEFD_7012007 10cc barrel P-NORDSON 7012007 1
9 |M_DIW2_Tip20GA TT 023_NordsonEFD_7018216 Tip gauge 20 P-NORDSON 7018216 1
10 |[M_DIW2_Module Base Bar Base plate M-STORES 1
11 |[M_SA_Terminal Connectors_Centralé Terminal connectors P-AMAZON B0O0O7P08VK 1
12 |ISO 4762 M4 x 16 - 16N M4 x 16 Socket head P-RS 281-041 6
13 [ISO 4762 M3 x 16 - 16N M3 x 16 Socket head P-RS 281-013 4
Washer ISO 7089 - 3 M3 Washer P-RS 189-620 4
Modified DIW module
Improved capabilities include:
- Geometry of syringes allows for shear-thinning inks
and reduced liklihood of clogging
- Tapered tips available
- Disposable syringes (3cc and 10cc option)
- Allows user to look at DIW process during print
END VIEW
SCALE 1:4
OENSIONS ARE N MLETERS | SREAK SUARP DO NOTSCALE DRAWNG RevsoN 5
SURFACE FNSH
OLERANCES
e
A sonare | onte me ) .
DRAWN | LUKAS FIEBER 0072018 Direct Ink Wrmng 2
CHKD | LUKAS FEBER 08032015 Sub Assembly
PP,
e
an WATERAL WG o, . "
M_SA_Direct Ink Writing 2 | A3

SEE PART DRAWINGS

WEIGHT SCALEZ3 SHEET 1 OF 1

Figure B.3.6: Engineering drawing of the direct ink writing (DIW) sub-assembly

(acronym used for file naming DIW2, tier 3).

170



Probe segc;ralion distance:
-25 [m

m;
(depending on chuck used)

ISOMETRIC VIEW

4 3 2 1
T PART NUMBER DESCRIPTION Supplier Qry.
1 |M_SRR2_SA_Coax Probe Near-field H probe (co-axial) P-Langer RF-R 50-1 | 2
2 |M_SRR2_VerticalBar Vertical bar for probe support M-STORES 1
3 |M_SRR2_Support Clip Support clip for probes M-PRINTED IN LAB 1
4 |G_M_Kanya Small L-Bracket| Small connector bracket Kanya P-KANYA 1
5 |M_SRR2_Horizontal Bar Base plate for SRR2 module M-STORES 1
6 |IM_SRR2_SRR Holder Holder for SRR M-PRINTED IN LAB 1
7 |M_SRR2_Split Ring Split ring resonator (SRR) M-STORES 1
8 |M_SRR2_ProbeChuck Chuck for near-field probe M-PRINTED IN LAB 2
9 |Washer ISO 7089 - 5 M5 Washer P-RS 525-931 2
10 |Washer ISO 7089 - 3 M3 Washer P-RS 189-620 2
11 |ISO 4762 M5 x 16 - 16N M5 x 16 Socket head P-RS 281-085 2
12 |ISO 4762 M3 x 30 - 18N M3 x 30 Socket head P-RS 293-331 1
13 [ISO 4762 M3 x 16 - 16N M3 x 16 Socket head P-RS 281-013 4

UNLESS OTHERWISE SPECIFED:
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINIH
TOLERANCES!

UNEAR:

ANGULAR:

FNISH

NAME SIGNATURE

ORAWN|  LUKAS FEBER
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DETAIL a

SCALE 3:1
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MATERIAL ow

SEE PART DRAWINGS
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Figure B.3.7: Engineering drawing of the split ring resonator (SRR) sub-assembly

(acronym used for file naming SRR2, tier 3).
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6 ) 4 3 2 1
e PART NUMBER DESCRIPTION Supplier Qry.

1 |G_BP_Heated Bed Base Platform for heated bed M-RS 194-1132 1
2 |G_BP_Z Axis Holder 7 Axis holder M- CHECK STORES 1
3 |G_M_Z Endstop Probe Probe for Z endstop M-PRINTED IN LAB 1
4 |G_BP_Heated Bed Glass Print surface P-E3D M-BED-GLASS-214x214x4mm| 1
5 |G_BP_Heated Bed Heater Silicon heater 200 x 200150W P-E3D E-HEATER-MAT-SQUARE200 | 1
6 |G_BP_Heated Bed Conductive plate for bed heater M- CHECK STORES 1
7 |G_BP_SA_Clip Binder clip P-AMAZON BOOOKJKIHé 4
8 |G_BP_Spring M3 M3 Spring P-E3D M-SPRING 4
9 [ISO 7046-1 - M3 x 30 - Z --- 30N M3 x 30 Countersunk flat head P-RS 124-7190 4
10 |ISO -4032-M3-W-N M3 Hex nut P-RS 560-293 8
11 [ISO 4762 M3 x 16 - 16N M3 x 16 Socket head P-RS 187-1235 4
12 |Washer ISO 7089 - 3 M3 Washer P-RS 189-620 8

i/

C000g)

00000

loe}

DETAIL A

SCALE 3:2

UNLESS OTHERWISE SPECIFED: | FINIH
DIMENSIONS ARE IN MILLIMETERS
SURFACE FNIH

NAME SGNATURE | DATE
DRAWN| LUKAS FEBER 17012018
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QA MATERIAL

SEE PART DRAWINGS
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SCALE 2:1
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DO NOT SCALE DRAWING REVISON

"Build platform sub-assembly

""G_sA_Build Platform

SCALET2 SHEET 1 OF 1

Figure B.3.8: Engineering drawing of the build platform sub-assembly

(acronym used for file naming BP, tier 3).
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B.4 Control circuit diagrams

GND | |
| IGHTING_12
GND

HB_HEATER _GND
GND
_MA
3x
- Omron D2F-O1-T 150W Heater
- NEMA 24 bipolar st !
1.8'/stepIpo arsiepper HB_THERMISTOR
- 12V heated bed, m
silicone 200x200
100K Beta 3950
HB_HEATER
—
1.1 ohm
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=z
g e AJ
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Figure B.4.1: Control circuit diagram of the gantry and build platform sub-assembly.

174



ARDUINO_MEGA2560

Y VIN] -y 13 B
2 Vel 5y 14x3) f4
- Vel gy 15(Rx3) 2
5V 5V@2 16
o A 16(1x2) (2
AREF] 3.3V 17(RX2) 15
=H AREr 18(Tx1) 2
RESET 19
T S| Reser 19(Rx1) |22
—~ AO(RXO) 20(sDA) [E2
EQ T AU A1(Tx0) o1scl) &
E1 T A2l pp R
E2 T A3l A3 o3 |23 EOQ HEATER SIGNAL
E3T =AM ., os |24__E1 HEATER SIGNAL
EaT = AN 40 o5 |22 E2 HEATER SIGNAL
-1 R o5 |26 E3 HEATER SIGNAL
Al a7 o7 [BL—F4 HEATER SIGNAL
A8 ps o8 |28
A9 g 20 B2
ALY Aqg 30 [ X_DIR
AL p gy SO €11 X_STEP
A B SP 30 2 Y_DIR
A13| o gl 0 Y _STEP
AL p1g 3¢ 4 _DIB
ALY At5 35 |32 _STEP
A o(rxo) o £ E0_DIR
- 1xo0) a7 L EQ_STEP
2, s |28 E1 DIR
3l 3 a0 P2 E1 STEP
4 0 | E2 DIR
| a Eo_STEP
o . o |2 E3 DIR
vl 4 |43 E3 STEP
e Y a4 E4_DIR
| IS 45 |45 E4 STEP
9 40 46 A8
AR a7 L
12 4 P8
GND anbeol o o )
GND GNDet] ~\p P T ENABI F_STEPPER
GND GND@2] -\ 51 |BL X MAX
GND GND@3] -\ 50 |22 Y _MAX
GND GNDe@4] -\ 53 |28 Z_MIN

ARDUINO_MEGA_R3FULL

Figure B.4.2: Control circuit diagram showing the pin allocation of the main microcontroller

(ATMega 2560) in the microelectronics system.

175



o B [ 1% s = 1m P B
ENRNEEEEERER
dododod 279719719
HHHHSdy (S0
ala]olalH _JHH [FYH
uul J944 (g4
HEHHAYHE |SdF
o Auda | HE (S
JI g9gd9d9 =
Z ] L L g
=z
=
EXTRUDERO &[T SEe]
=
- Red LED Sl a
- NEMA 17 bipolar stepper & /L"I
- 30W heater ©
- K-type thermocouple “
0.9%/step
EQ_STFPPFR_1B NEMA 17
EQ_STEPPER_1A : g
2
p (‘\ﬁ B
i T 298 |
Q o éa Ho |9
ogdul (2
an o 1 -
] ] HHTOAAG
& & ddddad
] ] i i il o ks
[= [=
1% 1%
[ u
30W Heater
EQ_HEATER_GND EO_HEATER PRINTER_12\
T
4.6 ohm
Thermocouple
EO_T_MINUS EQ_T_PLUS
(o]
o
=
N
Fan
GND COOLING_12V

Figure B.4.3: Control circuit diagram of a FFF module.
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B.5 Calibration of functional modules

X-Y-Z offset of functional modules To determine the location of module heads/
tips/etc. with respect to each other, the following calibration process was conducted: (1)
homing of the gantry (i.e. g-Code command G28 XYZ), (2) calibration of a FFF module
following best-practice [321] (usually the module in position 0), (3) printing of a 10 x 10 x
10 mm cube (FFF) centered on the build platform, (4) recording of the XY location where
nozzles/syringe tips/etc. of all other modules come in contact with all vertical faces (Y-Z
and X-Z) of the printed cube, (5) using the midpoints of of the measurements from (4) as
X and Y offsets in the slicing engine or hybrid-AM app (see Table 5.6.A), and finally (6)
recording the Z coordinate (in the hybrid-AM app) where the nozzle/syringe tip/etc. of
all modules touch the build plate following best-practice [321].
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