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Abstract

Additive Manufacturing (AM) has changed the manufacturing world by opening
doors to develop structures that were either not possible before or extremely complex with
regular manufacturing. This work investigated Powder Bed Fusion AM which allows the
creation of complex structures for metal parts using high performance materials. Industries
such as aerospace have seen benefits in using AM, not only in designing but replacing parts
for aging aircrafts. Polyaryle Ether Ketones (PAEK) materials, in a Fused Filament
Fabrication (FFF) system, were used because its mechanical performance is close to that
of aluminum and the applications for aerospace and biomedical industries. Printing of
PEEK and PEKK can be difficult due to the high melting point required of the materials.
The recent availability of soluble support has allowed the printing of lattices with
overhanging features. Density can be optimized to have a balance between weight and

strength for aerospace structures and implants.

3D printing has been applied in a variety of ways, from printing with material
extrusion printers and stopping the print to embed electronics in the structure and then
resuming the print, to printing components in vat photopolymerization (VPP) printers in a
jigsaw-like way, with cavities to fit electronics and overmold together, which will leave
the components inside the structure. A lot of research has been done on wearable
electronics, for things like cortisol, H>S, haptic feedback, pressure sensors and others, due
to the demand for smaller electronics. The flexibility provided by AM, allows for these two

well studied technologies to be combined into one, 3D printed wearable electronics.
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Chapter 1.0: Introduction

In this dissertation work, a laser powder bed fusion system was used to track the
spatter ejected as specimens are built. Spatter is a known contaminator as the particles
ejected from the melt pool are bigger than the powder particles, if the ejected particles
(soot) fall back into the build platform, instead of away from it, this soot can lead to
impurities (voids, thicker layers, etc.) in the specimen. Using an open-source computer
vision (OpenCV) allows us to find the position, direction, and velocity of the spatter to
create a basis quality control. In order to find how often the soot is staying within the build
platform, an algorithm was developed which would find the spatter once it moves away
from the melt pool. Differences in brightness in newer or older spatter were leveraged to
build in a threshold within the code that allowed the spatter to be tracked once, with the
goal of only tracking the spatter once, rather than multiple times so accurate statistical data
could be collected. Another research work included a design of an elastomeric lattice
structure which was additively manufactured (AM) with stereolithography. One had the
goal of showing a proof of concept of a wearable 3D printed electronic which detects
impacts. By embedding electronics in an elastic lattice structure, data gathering is possible
for applications such as cushion on helmets to detect impact as well as the position of the
impact. Lattice structures allow a part to have comparable mechanical properties, at a
fraction of the weight. Optimizing specimens for lattices also decreases the material usage,
thus lowering costs. Due to the freedom of design allowed within AM, customization can
be done with relative ease to suit particular people. Helmets linings are being customized

for an individual by scanning the head of the user, which is inputted into a software that



customizes the cushion to make thicker lattices in important parts of the head, while making
thinner lattices on parts where is not as necessary. The second had the goal of designing a
3D printed wearable electronic. In order to find out the feasibility of this, a sensor was
chosen for its utility, testing was done to find out how well the parts would adhere between
each other as well as the strength of the printed specimens (both bind together and printed
as one) and the adherence of inks to the printed part (for electrical connections).
Stereolithography consists of a vat which contains the liquid photo reactive resin, this was
leveraged in order to bind the printed specimens as one. Applications for the wearable
electronics include sensors such as cortisol or CO2. A third and last research work
consisted of designing lattices which would be additively manufactured in a material
extrusion printer. Four different PAEK materials were used with the goal of understanding
the mechanical performance of each by performing tests such as tensile, compression and
impact were performed. PAEKSs are known to have higher strength than polymer counter
parts (ABS or PLA) and have been used as substitutes for metals such as steel and
aluminum and are also lighter than metals. PAEKSs can be used in medical applications like
cranial implants due to their low moisture absorption but can also be used in aerospace and

high impact situations.

1.1 Spatter Analysis in Powder Bed Fusion

This work [1,2] was published in the 29" Annual Solid Fabrication Symposium and
in Progress in Additive Manufacturing with the candidate as co-author in collaboration
with research colleagues. The goal of this research project was to create the basis for an

automatic monitoring system by determining the size, direction, and age of particles. If the



spatter particles are bigger than the powder particles back spatters will occur. This will
contaminate the build and potentially creating problems such as cavities or impurities in
the printed part. By monitoring the spatter, the quality of the part can be determined. In this
work I was the primary person that tracked the spatter recorded from the high-speed
cameras of the laser powder bed system with OpenCV.

It is well studied how defects such as spatter, residual gas porosity, balling and
recoaters affect laser powder bed fusion [3-8]. In situ and nondestructive methods
monitoring was studied in [9]. For the research presented here, the hypothesis is that the
spatter should move away from the build and not contaminate the build. Due to the fact
that the spatter is larger than the powder particles if they land on the build, it could create
voids or it can affect subsequent layers [5,6,10,11]. Surface roughness is one of the effects
of spatter being on top of the build [12] and it can also increase the layer thickness [13].
The recoater blade could be damaged from these particles. Changes in density and
chemistry can happen if the particle doesn’t land away from the build and can affect

melting behavior due to the different sized particles.

In situ monitoring has been researched aimed towards feedback control, implications
and spatter behaviors has been studied [ 14—18], but none of these have added stereovision
to understand the trends of spatter. Spatter has been studied with welding, and while it has
given some insight regarding additive manufacturing, the processes are not the same. Other
research has studied what happens at the melt pool [19—24], however this is out of the scope
of this research work. It has been found that the scan path affects the amount and direction
of spatter [25-29]. The goal in this research work is to identify the spatter and determine if

a build is ruined with the intent of evaluating the system as it prints [30,31].



There has been research done using high speed photography to characterize spatter,
with rates between 1,000-6,000 fps for laser [17,18,32]. Another research used 100,000 fps
in which it was seen that the spatter is caused by the entrapment of particles by the gas flow
in the chamber [33]. X-ray imaging gave insight into the balance between Marangoni flow

and the recoil pressure forces that create the spatter and keyhole defects.

1.2 3D Printed Lattices

This work was published in Additive Manufacturing with the candidate as first author
[34]. The goal of this research work was to provide a proof of concept of the combination
of high-coefficient-of-restitution elastomer lattices infused with an accurate, high-
response-rate sensor. The material is a proprietary photocurable polymer targeting a
printed commercial shoe and printed by Formlabs. Any printable elastomer could have
been used in this experiment, but the Rebound® material [35] was particularly interesting
due to the natural application as insole for a shoe. By having electronics in wearable parts
(helmets, insoles, bracelets, etc.) feedback from certain activities can be gathered, e.g.,

position of head collision during a football game.

1.2.1 Printed Elastomeric Lattices

This work was published as a chapter in IEEE Access [34]. New durable elastomeric
materials are now available for 3D printing and the combination of process and material is
enabling a new class of consumer-anatomy-specific wearable applications. The freedom
of additive manufacturing (the formal term for 3D printing) is facilitating generative
designs in which complex geometries are created with full spatial and even compositional

freedom. Additive Manufacturing has been leveraged to fabricate form-and-fit prototypes
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in arbitrary geometries for decades. The integration of electronic components within these
shapes has been pursued since the 1990s providing advances in antennas, biomedical
devices, smart wearables, prosthetics, electromechanical devices, and satellites [36—47]. In
3D printed electronics, conductors serve as interconnect between embedded electronic
components and research has focused on implementing interconnect with a variety of
methods including micro-dispensing, ink jetting and aerosol jetting of conductive inks
[45,48,49] as well as by the structural embedding of bulk conductors inserted directly into
additively-manufactured dielectric substrates [50,51]. The integration of these 3D printed
structures with electronics have three manufacturing strategies: (a) during fabrication with
process interruptions, (b) after fabrication with the insertion of components into structural
cavities, or (c) after the fabrication with components interposed between two printed
structures that are subsequently polymer overmolded together. 3D printed electronics have
included process interruptions of the additive manufacturing for both the component
placement and interconnect printing. Within the context of additive manufacturing, lattices
are the focus of significant research as the structures (a) provide a tailored weight-versus-
strength balance and (b) can be fabricated to include strut-size variation — gracefully
modulating the density and mechanical response from one side to the other within the
structure [52—56]. Introducing wires into these mechanically beneficial structures for the
embedding of electronics is an inevitable marriage, a combination well suited for aerospace
applications in which light weighting is paramount. Other applications that stand to benefit
include wearable electronics, in which soft and resilient elastomers provide dampening for

comfort and safety. In both applications, sensing in these structures provides



unprecedented infernet-of-things data acquisition for structural health monitoring in

aircraft or health and activity monitoring for the public.

Vat photopolymerization (VPP) is the original form of additive manufacturing out of
the seven processes defined in the ISO/ASTM taxonomy [57]. The technology was
commercialized by 3D Systems in the 1980s (and contemporaneously invented in Japan
and France). VPP provides intricate features as photocuring is completed with the spatial
resolution provided by a laser beam in most cases or by UV projection in others. The
surface finish is also outstanding as the original feedstock is a liquid photopolymer in a
vat. Although the materials are relegated to photochemistry, the material performance has
steadily improved over the last four decades and the diversity of materials now includes
durable elastomers with high coefficients of restitution, well suited for energy-return
applications to improve athletic performance (e.g., running shoes). By tailoring the
mechanical performance of these materials with lattice engineering, the VPP elastomer

structures can be further enhanced for human application. Figure 1 illustrates a sole printed

Figure 1. New Balance shoe with a latticed outer sole printed by Formlabs with
Rebound (photo from formlabs.com).



for the New Balance shoe in which the insole was fabricated by Formlabs (Boston, USA).
With embedded electronics, state-of-the-art 3D printed shape-to-fit wearables will be

imbued with unprecedented programmable functionality.

Using standard vat photopolymerization and thermoplastic extrusion, previous work

has demonstrated 3D printed electronics using both printed inks and embedded wires for

interconnection [46,49-51,58—65]. Ink conductors can suffer from low conductivities as

the curing temperature is limited by the max temperature of the polymer substrate;

conductive inks have been used to connect components and sensors and provide substantial

manufacturing flexibility (e.g., conformally deposited, etc.). Copper wires, on the other

hand, can be directly introduced (a) during the structure fabrication, (b) after fabrication

by inserting wires into press-fit channels or lattice cavities, or (c) between two mating

structures that are subsequently overmolded (polymer welded) together. This paper

focuses on the second approach which includes weaving a pair of wires in adjacent unit-

cell layers through an elastomer lattice to serve as a complex capacitor. The structure

demonstrates the concept regardless of the method of conductor insertion. The capacitor

was measured with a relatively high sampling rate (250 Hz) and serves as a proxy for the

dynamic deformation of the layer that separates the two wires.



1.2.2 PAEK Lattices

This work was published in Crystals with the candidate as first author [66]. The goal
of this research work was to show the importance of support structures in specimens with
overhanging features as well as validation of experimental results with FEA simulation.
By having a reliable simulation model, future iterations can be performed with confidence.
The candidate was the primary person that designed the lattices in nTopology and Netfabb
as well as performed the testing (tensile, impact, and compression), key calculations and

took optical images of the samples.

Poly (ether-ether-ketone) (PEEK) is a melt-processable semi-crystalline
engineering polymer that transforms from amorphous in its melt state to crystalline
structure during the solidification process. PEEK displays high strength, stability,
stiffness, and high- temperature performance. These engineering-grade thermoplastics,
when formed with traditional methods, can potentially replace non-ferrous metals (such
as aluminum) in some applications, providing high wear resistance and low friction
coefficient benefits [67,68]. Furthermore, these thermoplastics are flame-, smoke- and
toxicity-qualifiable materials, making them most sought out in industries such as

aerospace, electronics, automotive, health care, oil and marine [69—75]. PEEK has a high
thermal degradation resistance with a continuous working temperature of up to 260 °C

and a melting point of 343 °C [76—79]. Since the 1980s, PEEK has been used for medical

applications such as orthopedics and dentistry [80-90].

Although the properties and performance of these thermoplastics have been well-

studied in the context of traditional forming methods, the use of 3D printing requires



further investigation in order to fabricate geometrically complex high-performance
structures. The limitations of manufacturing these polymers include shrinkage due to
crystallization [91,92] and high melting temperatures. Given these difficulties, reports
of additively manufactured (AM) PEEK have been performed on extrusion printers
[93,94] and by powder bed fusion [95,96]. It has also been determined that extrusion
printers offer a more economical solution compared to powder bed fusion for
manufacturing lightweight structures. Investigations of optimal PEEK printing

parameters have been performed to avoid warping with the nozzle and chamber

temperatures of 400 °C and 130 °C, respectively. An investigation on the influence of
thermal post-processing on printed PEEK structures highlighted that the tensile strength

strongly depends on the post-thermal treatments [97].

Three-dimensionally printed PEEK was found to have tensile strength of 56.6 MPa
with compressive strength of 60.9 MPa and compressive modulus of 0.7 GPa, and the
flexural strength and modulus were determined to be 56.2 MPa and 1.6 GPa [98]. In
contrast, additive manufactured CF-PEEK was reported to have tensile strength of 125
MPa, tensile modulus of 4.1 GPa [99], flexural strength of 519.2 MPa and flexural
modulus of 26.9 GPa [100]. The increase in the mechanical properties of PEEK vs. CF-
PEEK could be attributed to the addition of the carbon fibers, which have been known to
enhance material properties. Consequently, carbon fibers have been included as fillers
to reinforce the polymers’ feedstock for additive manufacturing [101]. This has
dramatically improved their mechanical performance such as strength, stiffness and
fatigue [102,103]. Beyond PEEK, poly- ether-ketone-ketone (PEKK) is also of interest in

additive manufacturing. PEKK can serve in many applications due to the flexibility in
9



tuning the melting temperature, crystallinity and crystallization rate [104]. After
conducting thermal and rheological analysis and impact tests, PEKK was demonstrated to
be printed at large scales [105]. Three-dimensionally printed PEKK reported tensile
strength of 90.6 MPa, tensile modulus of 2.92 GPa, compressive strength of 97.5 MPa
and compressive modulus of 2.36 GPa [106]. The flexural strength and modulus were
reported to be 127 MPa and 2.72 GPa, respectively [107]. On the other hand, CF-PEKK
had a tensile modulus of 2.9 GPa and a flexural modulus of 3 GPa, which depends on the
number of fibers and their size [108]. In a study conducted by Fischer, the mechanical
properties of PEKK were found to be enhanced by adding carbon fibers in a laser

sintering system [109].

In the current contribution [66], complex lattice structures were fabricated using high
performance PEEK- and PEKK-based thermoplastics with the benefit of soluble support
material formulated to be compatible with the printing of engineering-grade, high-
temperature filament. Tensile, flexural and compression testing were completed on
standard coupons and low-velocity impact tests were performed on lattices which included
internal features with long overhanging spans. Lattices in additive manufacturing often
require sacrificial support material for features such as overhangs and bridges [110].
Dimensional compliance was evaluated using a CT scan. Finally, ANSYS simulations were
performed and were in good agreement with the experimental results, and consequently,

the design space of a wide range of potential lattice architectures can be explored virtually
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to optimize the balance between strength and weight for specific biomedical or aerospace
applications. This simulation platform can be further used to explore the mechanical

performance of additional configurations without the need to run experimental testing.

1.3 3D Printed Wearables

Implementing electronics systems that are conformal with curved and complex
surfaces is difficult with traditional fabrication techniques. Olivas et al., described a novel
approach of fabricating stiff structures with integrated circuits [111]. Using 3D printing
and embedding them with electrical components, can provide electronic prototypes that
can be rapidly fabricated, in comparison with the time frame that takes to build traditional
breadboard prototypes [44]. However, the geometric freedom and mass customization
provided by additive manufacturing can transform the biomedical and consumer markets.
As of the writing of this proposal, new elastomeric materials are now available for a variety
of additive manufacturing processes. Given the previous work in stiff 3D printed
electronics (coupled with these new processes and materials, opportunities are now
available to print smart, complex geometries (including lattices and anatomy-specific
shapes) with embedded electronics to fabricate next-generation wearables. The proposed
dissertation focused on exploring a design and fabrication methodology to create

unprecedented customer-specific electronics.

1.3.1 Additive Manufacturing Technology
Additive Manufacturing (AM) is a technology based on building up layers of a

material, a polymer, metal or even ceramic using a computer-aided design (CAD).
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Traditional manufacturing techniques where material is reduced (reductive or subtractive
manufacturing), tends to take longer and can be more expensive. 3D printing can produce
lighter products but just as strong [112]. There are many benefits of additive manufacturing
over traditional manufacturing such as requiring less amount of material, as well as
generating multi-material parts and biomedical objects; 3D printing can also reduce the
time and cost of manufacturing [113]. VPP machines had its origins in the 80s; therefore
the technology is relatively new, but has substantial potential to be optimized to reduce
printing time in the near future [114]. VPP printers are already achieving shorter print times
by increasing their layer size, although, the higher the layer thickness is, the more the
resolution of the part is compromised. In principle in VPP a tank is filled with a

photoreactive resin (monomer), a build platform lowers into the tank and a laser scans a

CAD pattern, the wiper moves right to left to clear any material left by the previous layer

]

Figure 2. Vat photopolymerization 3D printer from
Formlabs
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(in case of defects) and a new layer bond to the previous one. In Figure 2 an example of a

VPP machine is presented.

After a print is done, the components undergo post processing, which includes an
IPA wash (the time in the wash will vary with the material) and after the IPA wash, the
parts will go through a UV cure (the time and temperature are material-dependent) that
maximizes the mechanical properties of the materials. The effects of the curing process
have not been studied in depth, though a white paper published by Formlabs on the curing
process of the resins reports an increase in tensile strength and Young’s Modulus (Figure
3) with a higher wavelength [115]. The previously mentioned study was done on various
types of resins, and all showed the same trend. The data collected on the paper by Formlabs
led to the confirmation of the suggested curing settings for the resins available now (as they
keep updating recipes and the suggested settings change). The information reported in
Table 1 is important to know because electronics have an operating temperature up to

105°C and tend to deteriorate at 150°C. Though electronic components can handle short

Modulus (ksi)

Ultimate Tensile Strength (psi)

== 3650m 44C 100l == 3650m 44C
200000
~4#=385nm 44C == 3850m 44C
1,000.00 == 405nm 44C 50 =8~ 4050m 44C
000 0
0 0 « L % 0 30 80 90 120
Time (min) Time (min)

Figure 3. Effect of UV curing and effect of Young’s Modulus on clear resin. The tensile strength and modulus
increase with curing time and increased temperature [115].
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periods of time at high temperatures in cases like soldering, with temperatures exceeding

220°C.

Table 1. Formlabs suggested UV curing settings for the different types of resins [115].

Resin Temperature (°C) Time (min)
Standard Resins 60 60
Castable 45 120
Tough 45 30
Flexible 45 30

Carbon 3D has a related technology subsumed by vat photopolymerization, with
Digital Light Synthesis. Carbon 3D has a relatively large build volume and fast printing
process, allowing for high-volume manufacturing. Carbon 3D leases their M1 printer
(Figure 4) for $40,000 a year with a variety of add-ons, including the Smart Part Washer

for $10,000/year and the Printer Industrial Accessory Pack that includes the UV Curing

Figure 4. Printers made by Carbon 3D. https://www.carbon3d.com/products/carbon-3d-printer-pricing/
14



Floor lamp [116]. On the other hand, Formlabs’ Form 3 can be purchased for $4,999 with

the Form Wash and Form Cure, items needed for post-processing [117].

Figure 5. Outsoles by Adidas developed through CLIP from Carbon 3D (photos from carbon3d.com).
A variety of companies are using the technology by Carbon 3D to develop their

products, from helmet liners, with Riddell, outsoles for Adidas (Figure 5), glasses, dentures
and even furniture, with Ikea doing an ergonomic line for computer comfort; Formlabs is
working to develop the next generation of New Balance shoes. Since Formlabs can be
purchased and does not have to be leased, different types of resins -apart from the ones
proprietary to Formlabs- can be used and the users have full control of the machine
(including hardware modifications), since an option exists to run in open mode (to use
development resins). Formlabs machines are also less expensive; therefore, the concern of
damaging the machine decreases. The ability to use a wider variety of materials, opens the
possibility of R&D which would otherwise be limited in Carbon 3D, due to restrictions

from licensing agreements.

1.3.2 Wearable Electronics

Electrochemical sensors show promise as wearables for a wide variety of
applications, as a result of high performance, possibility of manufacturing at smaller scales
and low cost [118]. In Figure 6, Manoor et al. developed a wearable sensor to detect
bacteria on tooth enamel; the sensor is graphene based on a bioresorbable silk film (Figure

6a). Figure 6b displays the passive wireless telemetry system consisting of a planar
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meander line inductor and interdigitated capacitive electrodes integrated onto the

graphene/silk film. In Figure 6c, the sensor can be seen transferred on a human molar and

on to muscle tissue Figure 6d [119].

Figure 6. (a) Graphene based sensor on a silk substrate; (b) Close up of sensor), (c) Sensor transferred to a molar and
(d) to muscle tissue [119].

1.3.2.1 2D flexible and stretchable electronics

The interest in flexible and stretchable wearable electronics, as well as elastomeric,
transparent materials that can adhere to skin, opens doors to develop fibers, temperature
sensors and applications in biomedicine [120—124]. Fan et al. [124] demonstrates that
unlike previously studied serpentine patterns, fractal designs can be engineered to
accommodate enhanced strain along a selected dimension. For the designs in Figure 7,
uniaxial deformations along x-axis and y-axis, were done, the ‘all horizontal’ pattern

showed 31% stretchability in the x-axis and 9% y-axis, while the ‘all vertical pattern’

All- Mostly- _— Mostly- Varti
Horizontal Horizontal Half-and-Half Vertical All-Vertical
X-axis 31% 16% 16% 11% 9%
y-axis 9% 12% 13% 14% 33%

Figure 7. Different configurations of fractal designs and their respective axis stretchability [124].
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showed stretchability of 9% in the x-axis and 33% y-axis. A combination of both patterns
(50% of vertical and 50% of horizontal pattern) was done, and it showed a 16%

stretchability in the x-axis and a 13% in the y-axis.

1.3.3 Sensors and Feedback

Defined as a device that responds to physical stimulus and transmits a resulting
pulse [125], sensors enable the development of real-time information systems and
integrated into digital eco-systems [126]. Sensors have been well studied, though, as a part

of this dissertation, a handful ones will be used.

1.3.3.1 Pressure Sensors

Pressure sensors were developed for a variety of applications like consumer
electronics, rehabilitation for people with chronic conditions as well as wellness, safety
monitoring, home rehabilitation and home efficacy of treatment [122]; other applications
include embedding sensors in shoes or an implant that obtains data from a patient [127—

130]. In Figure 8, graphs of the responses of the types of elastomeric sensors are shown.
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Figure 8. Graphs with output results of a sensor placed on the neck and arm [122].
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1.3.3.2 Chemical Sensors

Cortisol is a key metabolic regulator of which increased intracellular levels have been
implicated in type 2 diabetes and obesity [131]. Prolonged exposure to high levels of stress
releases cortisol, which can be used for estimation of physiological stress [132]. Cortisol
is an important biomarker of stress and detection is also important in sports medicine, but
the current methods of detection are limited [131]. Cortisol sensors have been developed
using multiple non-invasive methods [133—-135]. Gold nanowires were functionalized to
enhance the sensitivity and selectivity of cortisol detection and were used to enhance
electron transfer between electrodes. The biosensor was fabricated with aligned gold
nanowires acting as the working electrode, the counter electrode was platinum deposited
on a silicon chip and the reference electrode was a silver/silver chloride [131]. Tuteja et
al. developed a non-invasive, portable, Bluetooth-enabled cortisol sensor (shown in Figure
9), using electro-reduced graphene oxide as platform [135]. The type of connection shown
allows the device to gather data and send to an application to be displayed for the user

[135].

Figure 9. Portable, handled potentiostat assembled with Bluetooth communication and
battery operation. [135]
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As a known toxic gas, detection of H»S is crucial, exposure can lead to personal distress at
low concentrations and may cause death when the concentration is higher than 220 ppm
[136]. H2S detection has been studied since the 70°s using MOSFETS [137] to more recent
research with highly sensitive and selective nanowires [138]. Mubeen et al. detected H»S
by electrodeposition of gold nanoparticles on single-walled carbon nanotubes (SWCNTs)
and the gas sensors could detect H,S in air at room temperature at 3 ppb [139]. ZnO sensors
were fabricated by using ZnO nanorods and prepared by hydrothermal method to detect

H>S, with a detection of 50 ppb [140].

1.3.3.3 Haptic Feedback

Skin is a known receptor for communicating information; sensations like pressure
and vibration are carried to the brain via nerves. Tactile feedback can be used to encode
pressure from a prosthesis to the skin of a user [141]. Efforts to restore limbs have been

made by agencies like DARPA for people who have suffered amputations. The modular

— g T o

3D Printed Pill

Embeddeg sensor 50 micron
W | aerosol jetted
. silver trace

Unpackagedw '
microprocessor die

Figure 10. Examples of 3D printed electronics (a) conductive ink connections (b) magnetic flux sensor with
embedded electronics and conductive ink (c) 3D printed CubeSat (d) 3D printed pill with embedded sensor
[51,146].
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prosthetic limb (MPL) was developed by Johns Hopkins University, which can mimic the
natural function of a human limb [142]. Vibromotors are embedded within the socket,
which acted like a closed loop sensory feedback actuator, as the prosthetic hand grasps an
object, the prosthetic fingers will transmit a signal to the residual limb [143,144].
Sanfilippo et al. developed a wearable, integrated circuit with haptics, which has biometric

and medical monitoring, as well as feedback to the user on the state of their health [145].

1.3.4 3D Printed Electronics

Fabricating structures and interrupting the printing process to embed electronics
has been previously studied [50,51,58,59,146]. Hybrid 3D printing combines direct-ink
writing with electronic components to build soft and hard electronics, which can produce
soft robotics, biomedical devices as well as wearable electronics [147]. In Figure 10, there
are examples of 3D printed parts (Figure 10a and Figure 10b [148]), which were
subsequently embedded with electronics and connected with direct writing. The image in
Figure 10c, was a 3D printed circuit board [149]. Figure 10d displays a 3D printed pill

which has aerosol jetted traces as well as embedded electronics.
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Chapter 2.0: Background

2.1 Ultrasonic and thermal embedding for polymer Additive
Manufacturing

This review paper was published in Additive Manufacturing Processes with the
candidate as first author [150]. The goal was to compare different methods for embedding
wires into 3D printed structures, as well as compare with techniques like aerosol jetting to

determine benefits and what applications each of them are best suited for.

The field of 2D printed electronics has been the focus of intense research as far
back as the 1980s [151] but has generally been relegated to flat, planar surfaces. Aerosol
jetting and micro-dispensing have been the dominant processes used to selectively deposit
inks onto a variety of surfaces. These inks can be functional, which can include behaving
as conductors, dielectrics or even semiconductors [152,153]. These direct-write
technologies have eliminated the need for creating hard tooling like masks, and
consequently, have digitized the printing process. Since the 2000s, direct writing processes
have also been leveraged to provide 3D printed multi-functional electronics structures
[154—-156]. Both vat photopolymerization and thermoplastic extrusion 3D printing have
been used to create geometrically complex dielectric structures which serve as an electrical
device substrate. During interruptions in these processes, ink deposition can provide a
network of conductive paths to connect electronic components, create antennas, and even
fabricate sensors and actuators. Using material extrusion, Malone and Lipson [157]
demonstrated a circuit and clever electromechanical applications by using an open-source

fabrication system that dispensed multiple materials, including conductors and dielectrics.
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Navarrete et al. [158] used conductive inks deposited via a syringe into partially-fabricated
stereolithography structures. Espalin et al. [50] extended the use of conductive inks into
extruded thermoplastic structures. 3D printing and conductive ink dispensing have been
investigated together for well over a decade with microdispensing [40,159,160], ink jetting

[161-164], and aerosol jetting [60].

Although functional inks provide a large measure of manufacturing flexibility
(conformal printing, printing on steps, and a high-degree-of-freedom deposition
motion), conductive inks are relegated to lower performance when combined with 3D
printing due to the general limitation of the maximum allowable temperature of the
substrate upon which inks are printed. In the case of polymer substrates, curing
temperatures are generally limited by the heat deflection and/or glass transition
temperatures of the polymer substrate and these limited temperatures are dramatically
lower than the melting temperature required for the nano- and micro-particle metal inks
to approach bulk-like metal behavior. Conversely, traditional electronics rely on plating
processes, which provide relatively thick bulk copper. The reduced conductivity of
printed inks is generally not a problem for low electric current applications, like battery-
powered sensors systems; however, as electric current is increased, a potential drop
forms across the resistive printed path, which reduces the operating voltage from one
end to the other. This voltage drop results in lower performance and unintentional power
loss in the form of heat. Furthermore, the heat can impact the reliability of the conductor
through accelerated aging.

Several solutions have been investigated for increasing the conductivity of

electrical traces embedded into 3D printed polymers. Low-temperature metal alloys
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(solders) have been printed with modified thermoplastic extrusion heads in legacy-fused
deposition modeling systems [165] and also through injection of molten metal into cavities
in polymer structures [166] to provide an interconnection that leverages channel geometries
only possible with 3D printing. These channels can be formed in arbitrary 3D circuitous
paths throughout a structure. Although these alloys, in both research efforts of low
temperature metals, tend to have higher conductivity relative to conductive inks, the
electrical performance disappoints in comparison with bulk plated copper used in
traditional electronics, and only provides about half of the conductivity. In traditional
PCBs, these solders are used ubiquitously but only at the point of contact between a
component and the board, thus minimizing the impact of the reduced conductivity as the
length is minimal, and consequently, the accumulated resistance is almost zero.
Alternatively, the use of laser direct structuring to allow for selective plating on 3D printed
substrates has been demonstrated and relies on plating processes similar to traditional PCBs
but in the context of 3D structures; however, plating requires wet processing, which is often
not appropriate for 3D printing, particularly in the context of embedded electronic

components.

The W. M. Keck Center for 3D Innovation at the University of Texas at El Paso
created 3D printed electronic circuits in the early 2000s [4,6] and serves as the first Satellite
Center of America Makes, the federal institute on additive manufacturing based in
Youngstown, Ohio. The group printed electronics using a variety of ink dispensing
technologies [111,154,167] on structures printed with a wide range of additive
manufacturing processes [44,50,62,158]. Furthermore, the group also attempted to

selectively cure the conductive inks to provide improved performance without damaging
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the substrate with excessive temperatures. Techniques included microwave heating, laser
sintering, and even ohmic curing [168,169] all of which were selective and primarily
affected the conductive ink only. However, the most dramatic improvement in conductivity
was accomplished by inventing an embedding approach for submerging wires into
thermoplastics. Competing directly with traditional electronics in terms of cost and
performance, embedded wires use bulk material submerged within printed structures. Wire
is selectively heated or vibrated and embedded flush to the top surface of the substrate
during a printing interruption. Wires are available in a wide range of diameters ranging
from 30 microns to several millimeters, or even larger. Once the wires are embedded -
flush to the top surface - no obstructions are introduced which could interfere with
subsequent printing. Figure 11 shows 36-gauge (127 micrometer diameter) wires

submerged flush to the top surface of a polycarbonate substrate.
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Figure 11. Wires embedded within the top layer of a polycarbonate 3D printed substrate [37].

Figure 12 shows two implementations of the wire embedding with ultrasonic
energy on the left and thermal embedding on the right. The left picture illustrates the
technique is not limited to flat surfaces. Using thermal embedding wires were integrated in
3D printed plastic structures that together are stronger than those fabricated with traditional
injection molding, eliminating the anisotropic strength differences that can often
compromise 3D printed polymer structures [50].
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Figure 12. Examples of conformal ultrasonic (left) and thermal (right) wire embedding [150].

2.1.1 Wire Embedding in Additive Manufacturing

The wire embedding process has manifold benefits for 3D printed electronics.
Wires as small as 80 microns in diameter (40 gauge) to as large as 0.6 mm (22 gauge)
have been used, but there is no limit on diameter. For any size, 3D printing can
accommodate the filament by directly submerging the filament into the thermoplastic
substrate or including a trench that is slightly smaller than the wire to offset the material
displaced by submerging the wire. Other metals such as nickel titanium have also been
used with shape memory alloy function for providing two geometrical configurations
and leveraging shape memory or nickel chrome as heating elements in structures for
thermal management. In the following section, the mechanical and electrical

performance of the embedded wires are compared with other conductive ink processes.

2.1.1.1 Improvements in electrical conductivity

As the gold standard for conductive traces in traditional electronics, printed
circuit boards (PCBs) provide typically 37 microns of bulk copper thickness (one ounce
copper plating). Table 2 shows a comparison of a variety of methods of introducing

electrical traces in 3D printed structures. The first row of data is a typical PCB example.
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A trace that is four mils (~ 100 microns), running for 10 cm with one-ounce copper
plating) would accumulate almost a half of an ohm of resistance. More advanced plating
processes (modern cell phone circuit board for instance) can reduce the trace width to
provide higher and tighter routing densities with more traces per area. The reduction in
width would increase the resistance. For higher current density cases, plating can be
increased to two ounces, which would cut the resistance in half by doubling the thickness
of the film and therefore the cross-sectional area. In either case, the first row of Table 2
is a good starting point to serve as the gold standard for comparison for the 2D and 3D

printed electronics.

The next two rows of Table 2 are examples of nano-particle silver and copper
inks. Both are generally expensive due to the small particle size which reduces the
sintering temperature required to provide improved conductivity in the context of
restricted curing temperatures. In each case, the resistance is at least an order of
magnitude higher than the gold standard for the same geometries in traditional
electronics. Often, the thickness used when ink manufacturers report the ink electrical
performance is 25 microns (one mil) to provide a standard sheet resistance. Sheet
resistance (for a given thickness) allows for the convenient calculation of resistance. A
100-micron wide trace running for 1.0 cm (100 squares based on the aspect ratio) would
have the same total resistance as a trace that is 200 microns wide traversing 2.0 cm, if
the two sheet resistances and thicknesses are equal. To calculate the total resistance,
divide the length by the width to determine the squares, and multiply by the sheet
resistance. Sheet resistance is well suited for semiconductor electronics as the resistance

depth profiles in silicon wafers can be simplified to a single sheet resistance reported in
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ohms per square. However, conductive inks are more appropriately reported with
resistivity since inks can be formed into more complex geometries. One integrates the
cross-sectional area of a conductor through the course of the conductive path and
multiplies by the resistivity in ohms per meter to find the full resistance in ohms. Ink
manufacturers are inconsistent in reporting between the two methods and 25 microns is
the standard thickness for screen printing technologies; however, ink jetting and aerosol
jetting are typically less than 10 microns of thickness after several printing iterations.
Consequently, the larger thickness used in the sheet resistance often results in
mistakenly improved reported resistance.

The next three rows in Table 2 show different gauges of embedded wire and the
reported resistances and routing densities are theoretically the same or better than
traditional electronics. The mechanical structures have the additional benefit of structurally
integrating with the substrate and can even be used to improve the anisotropy that normally
impairs the strength of 3D printed structures in the direction of the build; however, this
would require embedding at the end of the process in the z direction. Alternatively, during
process interruptions, the embedded wires can be used to improve the X and Y axes
strength and can be integrated at many different layer heights. Espalin et al. [9] reported
improving 3D printed thermoplastic structures to the mechanical properties equivalent to
injected molded parts and Balderrama-Armendariz and MacDonald [170] highlighted the

potential for improving the flexural endurance of a 3D printed living hinge.

Finally, the last row of Table 2 shows laser direct structuring (LDS) which holds a
lot of potential for providing selective plating of traces with one layer of low-cost copper

plated on 3D structures and even for multiple layers of conductors embedded in a single
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3D printed structure [171]. The technology is well understood for smart card fabrication
with injection molding, but the technology has utility for 3D printing as well. However,
the challenge remains that the surface roughness must be minimal, as a non-smooth surface
can impair the plating process and cause electrical discontinuities (opens) [172]. For LDS
to be applied to 3D printing, the structure must be additively manufactured with a special
thermoplastic that includes functional additives. The additives are activated selectively by
a laser, which can define a pattern on the superficial surfaces of the structure for plating. A
wet plating process is then required to plate the selected sections of the surface that were
energized by the laser. The process can be repeated for multiple layers of interconnect and
the laser can even trace from a previous layer to a new layer providing unprecedented
freedom in design and interconnect topology. Beyond surface roughness requirements (Ra

less than plating thickness), a second problem is the requirement to subject the structure at

Table 2. Conductivity comparison between methods of introducing conductive traces in 3D [150].

Case Cross Section Length  Resistance (Q)

One-ounce copper PCB, 4 mil trace 37u thick, 100u wide 10 cm 0.45

Silver Ink [173] 25u thick 100u wide 10 cm 4.73
Copper Ink [174] 25u thick 100u wide 10 cm 20.3
Extruded solder 25u thick, 100u wide 10 cm 2.86
40-gauge copper wire 80u diameter 10 cm 0.33
36-gauge copper wire 120 diameter 10 cm 0.15
32-gauge copper wire 200u diameter 10 cm 0.05

Laser Direct Structuring bulk copper 37 thick, 100u wide 10 cm 0.45
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intermediate stages of fabrication to the wet process of plating. Switching between the
additives and plating processes would be slower and could also affect any components that

were embedding as well (e.g., electronics chips, sensors, etc.)

2.1.1.2 Improvement in mechanical strength

The potential for improving the strength of the 3D printed structure may be more
important than the original intention of providing communications and power transmission
within 3D printed electronics. By embedding what becomes in effect a structural
reinforcing agent, polymer structures that are often compromised mechanically in the z
direction can be improved [36]. Figure 13 shows tensile strength comparisons between a
range of materials that are available to both additive manufacturing and plastic injection,

and in many cases exceeds the theoretical limits expected while only increasing the weight
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Figure 13. Comparison of the increase in yield strength of plastic injected and
FDM ABS with ABS with embedded wires [150].
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of the structurally marginally with additional wire. Furthermore, 3D printed living hinges

were investigated and the concept of a wire-braced hinges was mentioned in [175].

2.1.2 Applications of Wire Embedding in Additive Manufacturing

A wide range of applications has been demonstrated using a combination of
thermoplastic extrusion printing coupled with wire embedding. Simple DC power
transmission was one of the first low-hanging fruit applications of wires, as the potential
exists to provide a large cross section of electrically conductive material to reduce ohmic
losses; therefore, the process allows for applications with high electrical current
densities (see satellite with solar panels in Figure 14. Table 3 shows a list of applications

of additive manufacturing with embedded wires.

Figure 14. 1U/ 3U cubesat mechanical structures with embedded electrical bus and solar panel [150].
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Table 3. Applications of additive manufacturing with embedded wires [150].

Applications Count of Applications Associated References
Antennas 3 [176-178]

Propulsion 1 [41]

Solar Cells 5 Fig. 14

Thermal management 1 [179], Fig. 15
Mechanical reinforcing 1 [50]

Satellite interconnect 3 [180-182]

Capacitive sensors 1 [183-185]

Flexural endurance 1 [170]

Thermal management is an opportunity in additive manufacturing as the potential
exists to introduce microfluidic channels and heating elements within structures.
Furthermore, additive manufacturing can allow geometrically complex structures with
large surface area-to-volume ratios. In [179], thermoplastics were improved with additives

that provided intentionally anisotropic thermal conductivity. Directional thermal

Figure 15. ISOGRID structure with embedded Nichrome elements for heating and an embedded microcontroller to control
the temperature based on an embedded sensor. The three cases show the microcontroller indicating different temperatures
using an RGB LED on an external surface [150].
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conductivity was posited to direct thermal energy within additive manufacturing satellite
structures. Satellites are a particularly interesting case of thermal management due to
operation in a vacuum. In Figure 15, an ISOGRID structure includes heating elements
(nichrome wire), temperature sensors, and a programmable microcontroller to provide real-
time closed loop control of temperature. ISOGRID structures are commonly used as
lightweight, rigid structures well suited for space applications. Thermal radiators are
particularly important in space where the vacuum affects the convective heat transfer. 3D
printed thermal radiators were proposed in [179] and included phase change materials, such
as paraffin wax to act as a heat tank. Polymer radiators can be created with increased
surface area and wires can be embedded through the radiator to transfer heat to the tank. A
patent has captured the idea of suspending wires within a cavity inside of a 3D printed
structure [186]. The cavity can be filled with a phase change material for improved thermal

energy storage.

Given the freedom of 3D printing, many electronics application areas stand to
benefit from embedded wires. The most obvious cases include digital communication and
power transmission lines that constitute most traces on PCBs. However, as antennas
provide structures with the 3D transmission and reception of electromagnetic signals, these
structures may benefit more than other applications from the spatial freedom. Many
antenna examples exist which have used inks in 2D and 3D printed structures [49,159,187—
189]. With embedded wires in 3D printed substrates, linear antennas such as spirals have
been created [176]. Surface geometry antennas such as patches have been realized with
either wire meshes or copper foils. Meshes can be directly submerged into the structure

and improve the structural integrity [177]. With a spatial periodicity that is sufficiently
32



dense, the discontinuity of the mesh does not affect RF performance for current commercial
applications. Surface roughness can impact RF performance as the skin effect at high
frequencies interacts with the roughness [178]. Mesh discontinuities or surface roughness
are considered non-disruptive electromagnetically below one tenth the wavelength of
consideration. Mesh spacings are generally smaller than 1 mm, and consequently,
electromagnetic periods of 1 cm (10x the spacing period) correspond to frequencies around
30 GHz. Alternatively, copper foil can be embedded in a recessed cavity and then
subsequently embedded with additional thermoplastic printing, but this leads to a
significant area between thermoplastic layers that are not mechanically bonded. If used
judiciously, this approach can provide for bulk copper with smooth surfaces in the interior
of robust dielectric substrates. An important application for antennas in 3D are phased array
antennas with spherical or other complex geometry to allow for beam steering over a wide
angle but without moving parts [190]. Figure 16 shows bulk metal antennas in 3D printed

structures [190-192].

Figure 16. Examples of bulk metal (foil) antennas in 3D printed structures [190-192].
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Even propulsion has been functionalized in 3D printed structures. Although rocket fuel is
ill advised for use in the heated envelope of high-performance thermoplastic extrusion
systems, Busek Inc. provides microthrusters which only require high voltages in a vacuum
to ablate a microliter of Teflon material to provide thrust. The thrusters are inert at
temperatures below 200 °C and are only activated with the application of over 2000 volts
[41]. Figure 17 illustrates a 3D printed structure with the thruster ignited. In this case, a
high voltage pulse was required to create the change in electric field, which would not be
possible with conductive inks due to voltage drop across the resistive path. The high
voltage connection requires the conductivity of bulk copper with a relatively large cross

section of wire (22-gauge AWG).

Figure 17. High voltage propulsion with embedded wires [41].

Sensors have been embedded into cavities and electrically connected by inks or
wires for well over a decade in 3D printed structures; however, in some cases the embedded
wires themselves act as the sensor and in [183,185], capacitive sensors have been realized
with a single side of a capacitor. The one-sided capacitance can be interrogated easily by a
microcontroller. By creating an oscillator, the capacitance of the wire can directly affect

the frequency of oscillation. Any change in the surroundings of the wire affects the local

34



permittivity - raising or lowering the permittivity. Water has been detected in microfluidic
channels of 3D printed structures with capacitive sensing. In addition, the salinity of the
water can be determined: fresh water versus sea water for instance. Figure 18 [185] shows
a microfluidic structure using the capacitive sensing. Two inlets allow for a range of
salinity of the water with a source of clean water and saltwater joining at a mixing junction.
The fluidic channels are internal to the rectangular structure and the capacitive sensing is
embedded beneath the channels but remaining internal to the structure. One wire exits the

structure and is measured by a microcontroller as the single side capacitor.
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Figure 18. Capacitive sensing for clean water versus salt water [185].

2.1.3 Conclusions

While ink jetting has been used for 2D printed electronics for decades, the required
low viscosity inks have a relative high resistance, which leads to voltage drops in the power
line. These drops may not be problematic for low power applications; however, many
applications require larger supply currents which will impact the quality of the power
transmission. Consequently, an embedded wire process was developed, providing bulk-

like PCB performance. The process of embedding wires not only improves conductivity
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but also the mechanical strength of the structure. The wires can act as a reinforcement in
the structure. This reinforcing can be potentially aligned in the z-direction which has
historically been the weakest axis for 3D printed structures. The variety of applications of
wire embedding is diverse, including DC power transmission, antennas, propulsion,
thermal management, mechanical reinforcement, signal interconnect, capacitive sensors,
and flexural reinforcement. The advantages of embedding wires are increased conductivity
for electrical communication and the transmission of power, improved routing density as
wires can be embedded in proximity, increased strength as wire can act as a reinforcing
agent for both tensile and flexural strength and increased reliability relative to inks in terms

of accelerated aging.

2.2 Aerosol Jetting for Multifunctional Additive Manufacturing

This review paper was published in Additive Manufacturing Processes with the
candidate as co-author [193]. The goal was to compare aerosol jet and inkjet printing and
show applications based on the performance of each technique. Aerosol Jet Printing (AJP)
is a direct-write technology commercialized by Optomec and also belongs to the additive
manufacturing (AM) category material jetting - a process in which droplets of build
material are selectively deposited [57]. AJP has generally been used for printing
interconnects for electronics on planar as well as complex surfaces. Direct-write
technologies enable the digital deposition of electronic materials, and by directly following
a preset path in a data-driven manner, hard masks or subsequent etching processes are
eliminated [153]. In 1998, Optomec Inc., born from the US Department of Energy’s Sandia
National Laboratories, submitted the first application for a patent on a Direct Write™

System, which was published in 2006 [194]. This initial disclosure describes focusing
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atomized particles to provide selective deposition. Subsequently, the patent application for
the Miniature aerosol jet and aerosol jet array was filed in 2004, which further refined the
concept and extended aerosol jetting to an array of printing heads for increased deposition
rates with multiple materials [195]. In 2015 alone, Optomec had sold 50 aerosol jet
printers, up from 32 printers in the year before [196]. Until recently, AJP systems had been
commissioned primarily in academic institutions, however, Optomec announced that Lite-
On Mobile Mechanical, a Taiwanese electronics manufacturer of antennas and sensors,
began operating AJP systems in a factory in China [196]. Other industry partners working
with AJP are GE Healthcare Systems [197], Draper Labs [198], Lockheed Martin and
General Electric [199]. Furthermore, given that Optomec was born out of a national
laboratory, it is not surprising that AJP systems have a significant footprint in national

laboratories in both the USA and China [200,201] .

2.2.1 Aerosol Jet Printing

AJP deposits a wide variety of materials onto a diversity of substrates without
requiring conventional masks or thin-film equipment. The printing is a non-contact digital
process, enabling traces to be deposited over steps and on curved surfaces, and therefore,
the process is well suited for printed electronics and multi-functional, geometrically-
complex structures [37,202], and more specifically, when talking about additive

manufacturing in which surfaces are not necessarily planar, but can be curved and complex.

The process includes two hardware stages of the atomizer and the deposition head.
To generate the mist of ink droplets, most systems provide a selection for one of two

atomizers: either ultrasonic or pneumatic. The aerosol is generally described as a

37



suspension of fine solid particles in liquid droplets transferred in air or other gases [63] and
is transferred to the deposition head via a carrier gas such as nitrogen. A virtual impactor
is used to filter droplets based on size. The aerodynamically-focused flow exits the
deposition head through a nozzle and is deposited onto the substrate which is typically at a
standoff distance of several millimeters [40]. The depth of focus is maintained throughout
the standoff distance, and consequently, as the deposition head traverses a surface with
undulating features that are within the stand-off distance, fine features can be maintained.
The deposition head can furthermore be conveyed with a five-axis stage providing
additional control of printed lines on complex surfaces such as spheres and similar doubly

curved surfaces.

The nanoparticles in commercial metal inks are typically 20 nm in diameter and the
particles are captured in liquid aerosol drops which are typically around one micron in
diameter. Metal nanoparticles inks based on Ag-, Cu- or Au-particles have been
successfully demonstrated [203,204], as well as conductive polymers like poly (3, 4-
ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT: PSS) [205] and dielectric
materials like Poly(methyl methacrylate) (PMMA) and Polyimide (PI) [203]. Even single
walled carbon nanotubes were successfully printed with AJP [206,207], which are difficult

to print with inkjet printers due to the agglomeration and clogging of the inkjet nozzle.

The atomized ink forms a defined aerosol flow and is transported through the deposition
head. During ejection from a ceramic nozzle with a diameter ranging typically between
100 pm to 300 um, the aerosol is aerodynamically focused with an additional sheath gas in
the deposition head. When the flow is deposited onto the substrate, the non-gaseous

components remain on the surface and form a liquid viscous film that is converted into a
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solid structure in subsequent post-processing steps through thermal vaporization or

sintering (see Figure 19).
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Figure 19. Sketch of the aerosol deposition head, depositing aerosol flow onto a substrate [193].

2.2.2 Literature Review of Applications of Aerosol Jetting

A literature review in the database SCOPUS, which claims to be the largest abstract
and citation database of peer-reviewed literature (including scientific journals, books, and
conference proceedings), was conducted using the search terms “aerosol jet” for searching
in titles, abstracts and keywords in October 2018 to identify the most relevant articles.
Thirty-six articles were included in this review based on (A) relevance to aerosol jetting
applications; (B) comparisons between aerosol and ink jetting; and (C) minimum threshold
of citations of 25 (see Appendix) of [193]. By selecting according to the number of
citations, the most impactful papers were identified, however more recent papers which
have yet to be cited sufficiently were not evaluated. Figure 20 illustrates the number of
publications per year for all articles regardless of citations to provide a sense of increased
research interest in aerosol jetting; however, the literature review was confined to highly

cited works to ensure focusing on only high impact articles. More comprehensive details
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on numbers of citations, authors, and journals can be found in a table listed in the Appendix
of [193]. With a wide range of printable materials, a diversity of prototype devices has been
printed. Passive components include capacitors, sensors, and even 3D lattice electrodes
for batteries [45,207-210]. A diversity of active devices such as silicon solar cells and
transistors have been fabricated as well [152,209,211-215]. Electrically-conductive
transmission lines for radio frequency applications and antennas are possible using AJP

[49,216], where radio frequency is defined as electromagnetic operation above 1 GHz.
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Figure 20. Publications per year without filtering for number of citations [191].

Table 4 shows a list of applications investigated in the articles which described
aerosol jet-based prototypes. Some articles focused solely on the demonstrations of ink
properties, while others examined the usability of AJP for specific applications. However,
all but one application associated with printed electronics and are directly extensible to
more conformal additive manufactured substrates, which enables electronics on and within
geometrically complex substrates. AJP can be applied in multiple layers with alternating
conductive and dielectric layers as required to provide high signal routing densities. With
simultaneous access to both conductive and dielectric inks, a conductive trace can be

created, and a second conductive trace can cross over without shorting by applying an
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intermediate dielectric bridge. One recent paper describes extending aerosol jetting to 3D
fabrication for micro-scale lattices in battery application [210]. The only exception from
the focus on electronics is [217] in which printing of a combination of Red, Green, and
Blue (RGB) circles for security purposes enabled the authentication of documents (e.g.

certificates and banknotes) by fabricating difficult to clone colored structures and patterns.

Table 4. Aerosol jetting applications [193].

Count of
Applications Applications  Associated References
Antennas 2 [45,49]
Electrolyte-Gated Transistors 3 [152,209,218]
Molded Interconnect Device 2 [45,219]
Photodetectors 1 [220]
Ring Oscillators 1 [221]
Authentication (RGB circles) 1 [217]
Sensors 4 [222-225]
Solar Cells 5 [211-215]
Technology Demonstrations 7 [46,64,204,226-229]
Thin-Film Transistors 10 [207,230-238]

Figure 21 shows examples of aerosol printed Electrolyte-Gated Transistors (EGT) and
Thin-Film Transistors (TFT). Both were partially printed, and different materials were
used including carbon nanotubes, PEDOT: PSS and ion gels. The transistor function of

both devices was successfully demonstrated and the printed EGT was shown as a promising
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Figure 21. Printed EGTs, (a) describes the printing concept and the EGT devices and (b)
shows optical pictures of a printed P3HT film, PEDOT: PSS and ion gel electrolyte
transistors. (c) Thickness-controlled P3HT film characterized by optical microscopy [152].

approach for creating logic gates in flexible and stretchable electronics — well suited for

biosensing applications. The TFT transistor provided an example of hysteresis free

behavior and an impressive on/off ratio of 10°, which allows for high drive current for
higher performance, while simultaneously limiting the leakage currents of the off
transistors, providing longer battery life when idle. The aerosol-jet-printed TFT
demonstrated a charge carrier mobility of 1 cm?/Vs — sufficient to enable applications for
all-printed carbon-nanotube-based TFT on flexible substrates with unprecedented

geometric freedom without requiring hard tooling (e.g. optical masks and molds) [230].
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Figure 22. (a) Shows the schematic of a TFT which was partly printed with AJP and (b) a transistor fully printed by AJP
[230].

2.2.3 Comparison to Ink Jetting

Inkjet Printing (IJP) as printing technology shares many of the features when
compared to AJP. 1JP is also a material jetting technology in the ISO/ASTM taxonomy of
additive manufacturing technologies, and like AJP, IJP is also considered a direct-write
technology with material transfer in the form of droplets. 1JP is an established technology
in graphical 2D printing and has been increasingly applied in the field of printed
electronics. Ink jetting can manufacture devices such as transistors, integrated circuits,
thin-film solar cells and memory storage. 1JP, similar to AJP has been used to demonstrate
similar antenna applications [65,239,240]. However, 1JP is relegated to flat planar surfaces
based on the required fixed standoff distance of the print surface from the array of print

heads [64].

A literature review in the database SCOPUS, was conducted using the search terms

(“aerosol jet print” AND (“ink jet” OR “inkjet”). The search was limited to titles,
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abstracts, and keywords and resulted in 48 matches. After the review of abstracts, 19
articles were included in the full text review process as these articles contained content
about both printing technologies. However, only six articles included relevant data for
comparison, which were selected for the comparison literature analysis. After the text
analysis, two additional articles were added to the review which did not result from the
original search but met the inclusion criteria of comparing AJP and IJP and were cited in

the article by Seifert et al., so a total of eight articles were reviewed.

The following performance indicators are considered for the comparison of AJP to 1JP
because these aspects were the most mentioned within the included articles and were
therefore identified as being the most relevant for a comprehensive performance
assessment: First, printing process: the process of depositing ink onto a substrate,
distinguishing between continuous or discontinuous processes. Second, line width: the
minimum feature size in terms of widths of printed lines. Third, overspray: the
unintentional scattering pattern outside the intended printing line enlarging the line width,
potentially resulting in shorts between two minimally spaced conductive lines. Forth,
complex surface compatibility: the aspect is defined as the possibility of printing onto 3D
objects through variations in the inclination angle enabled by a multi-axis stage. Fifth,
printable materials: the diversity of materials printable by a process. Sixth, deposition rate:

the speed (kg/hr) at which the material is being delivered.

A summary of the results of the literature review with respect to the defined performance

indicators for both AJP and IJP are compiled in Table Sand described below.
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Table 5. Performance Indicator Comparison [193].

Performance Indicator

Aerosol Jet Printing

Inkjet Printing

Printing process
Line width (one single line)

Overspray

3D ability

Printable materials

Deposition rate

continuous,
vector-based scanning

>10 pm to 5 mm

sprinkle spots resulting in a
somewhat blurry line

excellent because of high
nozzle to substrate distance of
< 10 mm and ability to tilt
deposition head

high variety because of wide
range of viscosities from
0.7 mPa-s to 2500 mPa-s
and particle sizes < 1 um,
no clogging possible

<0.25 mm3s’!

continuous or drop on demand, raster
scanning mode

20 pm to > 5 mm

high edge sharpness
without spray

moderate because of smaller nozzle
to substrate distance of
1 mm to 2 mm, due to the size of the
deposition head it’s only applicable
on flat surfaces
restricted because of low range of
viscosities from
2 mPa-s to 100 mPa-s
and particle sizes ~ 50 — 200 nm,
higher likeliness to clogging
continuous: < 60 mm?3s™,
DOD: < 0.3 mm?3s™

While 1JP is a well-known and established technology in graphical printing which

has been increasingly applied in electronics printing, AJP is a more recent and thus less-

established technology [64]. Both are worth considering for similar applications in the field

of printed electronics, if the substrate is flat and thin for IJP. While IJP has evolved to

realize the manufacturing of devices such as antennas, transistors and integrated circuits,

thin-film solar cells, and memories [64], AJP has been applied for the manufacturing of

UV-detectors [240], antennas [65], and electronics [197]. The front side metallization of

crystalline solar cells is already an example for high volume production [202] and current

research with a focus on the application of AM for electronic production could demonstrate

the applicability of AJP for flexible electrical line structures and circuits [64].
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AJP is distinguished by a continuous printing process which is interrupted by a
shutter to generate desired structures based on a vector-based scanning mode. A computer
controlled shutter defines the areas of the substrate which are being printed and those where
the aerosol flow is interrupted [64]. [241] defined the deposition of build material on the
substrate in AJP as being “kinetic bombardment of atomized droplets”. IJP can be
performed either as a continuous jetting or by drop-on-demand (DOD) from a multi-nozzle
array [153,220,241]. The fabrication of structures is based on raster scanning, as opposed
to the vector-based mode in AJP [64]. While the continuous aerosol stream in AJP requires
interruption by a shutter, in a continuous IJP stream of ink drops, each drop is individually
selected to deposit spots on the substrate while the drops which are not selected are fed into
a gutter and recycled. In the DOD process, the nozzle is individually addressed to generate
a single drop of ink which then travels in a straight line from the nozzle to selectively

deposit on the substrate [241].
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Figure 23. (a) An aerosol jet printer, Aerosol Jet 5X from Optomec. (b) Printing nozzle. (c)
Printed lines Ag-lines. The core line width is in the range of 10 um. An overspray of ink around
the printed lines is visible and not unusual.[193]

2.2.3.1 Printing capabilities

Often the variety of applications which can be printed using direct-write
technologies is dependent on the resolution required to print fine lines. For AJP, Goth et

al. stated that fine structures even below 50 pm can be printed [219] while Kalio et al.
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printed around 40 um wide lines [242] and some other articles report line widths as narrow
as 10 um [153,242] (see Figure 23) and even thinner in careful laboratory conditions [241].
The widest features were 150 um wide [153,241], but there are nozzle configurations which
allow a maximum line width of 5 mm [241]. Line widths between 10 um to 100 pm and
line heights between 100 nm and 5 pum per layer are generally generated using this

technology [202].

The minimal line width achievable with IJP is not as fine as AJP. While, Rodriguez
et al. report line widths as narrow as 40 um [243], lines of 50 to 100 pum width [219] and
line widths from 20 um down to 5 um were published by other authors [241]. With the
ability to print lines finer than 10 um, AJP is more effective than IJP (limited to 20 um).
Consequently, AJP is preferable for generating fine electronic structures. However, AJP is
affected by overspray, an even scattering pattern of smaller sprinkle spots around the
centric large splat, which occurs outside the printing line [211,244]. This undesirable aspect
may limit the use of AJP for applications where tight line-to-line pitch is required, as in

printed transistors [245]. In IJP, a similar ink spray reflects nozzle clogging [244].
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Figure 24. Investigation about the accuracy of ink jet printed (IJP) and aerosol (AJP)printed
pattern [64].
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Normally, droplets in IJP are distinguished by their high edge sharpness with no overspray
[64]. In AJP, due to droplets converging inside the nozzle and impacting the sheath gas,
will divert, thus overspraying. A comparison about the sharpness of aerosol jet printed dots

and ink jet printed dots is shown in Figure 24 [64].

Both AJP and IJP are non-contact processes which enables 3D implementation. The
conformal and complex surfaces possible by 1JP are limited [153] by the rather small
nozzle to substrate distance of 1.0 mm to 2.0 mm [244], AJP offers an excellent 3D printing
capability [153] as the technology employs a nozzle to substrate distance of < 10 mm [244]
enabling deposition of material on non-planar surfaces with a two dimensional gantry
[243]. Furthermore, AJP is particularly suited to 3D applications due to the use of multi-
axes deposition motion without contact [153], a unique advantage. The possibility exists
to build three-dimensional electrodes for batteries [210] or bond microchips [239] with an
unprecedented geometric freedom. In Saleh et al, architectures for batteries electrodes
were built by designing a microlattice, which was subsequently build, using AJP. It was
demonstrated that these structures had better performance than solid block electrodes.
Figure 25 shows the process of manufacturing these structures, first by assembling the
nanoparticles in the 3D space (Figure 25A), followed by building the microlattice (Figure
25B) and a FIB image in which pores of 100um or more are expected from printing [210].
One example of the freedom of aerosol jetting is the use of a 5 axis system to print an
antenna on a dimpled golf ball (Figure 26), which would not be possible with ink jetting

[246].
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2.2.4 Ink requirements

Regarding the choice of material, AJP allows higher viscosities and larger particle sizes
and loadings than 1JP, resulting in a broader range of printable material [64]. Within the
limit of the system almost any arbitrary ink systems is usable as no physicochemical
transformations occur during the actual print process. However, requirements include that:
(a) the ink is not chemically reactive; (b) the dispersion needs to be stable; and (c) the
dynamic viscosity needs to be within a specific range although different authors report
different viscosity ranges. The necessary minimal viscosity is reported to be between
0.7 mPa's to 1 mPa's while the maximal viscosity ranges between 1000 mPa‘s to
2500 mPa-s [153,220,241-243]. Many researchers differentiate between the two available
atomizers [153,220,241-243]. While inks with lower viscosity ranging from 0.7 mPa-s to
20 mPa-s can be printed using the ultrasonic atomizers, the pneumatic atomizer requires
inks with viscosities between 1 mPa-s to 2500 mPa-s [241]. The printable materials in an
IJP process are more restrictive because of a maximum permitted dynamic viscosity in a
lower double-digit range [247]. While a restriction of the ink viscosity below 20 mPa-s
seems to be common understanding [219], [244] reported that ink jetting of inks with
viscosities up to 100 mPa-s can be realized. Both [241] and [153] differentiate the limits
for continuous and DOD processes. For continuous IJP, printable ink viscosities <10 mPa-s
or 2 mPa-s to 10 mPa-s were reported [241]. Whereas the viscosities printable with DOD
processes range between 10 mPa-s to 100 mPa-s or < 40 mPa-s [153]. In general, the
printable viscosities in AJP are about two orders of magnitude higher than in IJP - enabling

a wider range of printable materials.
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(A)

Silver NPs (30-200 nm)

(B)

Pointwise printing Thermal sintering Final porous
(C) raw microlattice 2hrs at 350°C printed anode

S pm

Nanoparticles printed in 3D space at 3D structure after sintering FIB section showing internal porosity of
microscale the solid truss members
Figure 25. (4) Schematic of the fabrication of battery electrodes (B) Formation of the microlattice in 3D. (C) SEM

images of 3D printed Li-ion electrodes lattices and FIB image of porosity [210)].
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Figure 26. Five axis aerosol jetting on a sphere [246].

2.2.5 Economic aspects

As with other AM technologies, both AJP and IPJ suffer from a severe limitation
regarding the effective processing speed. Although AJP has a maximum speed of 200 mms-
't0 300 mms™! [241,242], the deposition rate is low with up to 0.25 mm? s'! and the process
speed is usually in the range of several mm/s [153,241]. While [64] claimed that the speed
of AJP is higher than that of a drop-on-demand IJP as the AJP process is based on the
generation of a continuous mist of droplets, they also state that the maximum axis velocity
of the IJP process is higher than the axis velocity of AJP. The deposition rate for both the
continuous and DOD 1JP are higher than that of AJP. In a continuous process, IJP can
deposit up to 60 mm?s’! with a single nozzle [153,241]. In a DOD process, the deposition
rate of up to 0.3 mm?s™! is still higher than AJP, so that much more printing time is required

to fabricate the same number of devices with AJP compared to IJP. The limited deposition
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rate has a significant impact on profitability and scalability of AJP. While the scalability
(i.e., with the integration of many nozzles in an array) and thus large-area deposition are
well-established in 1JP, parallelization is challenging for AJP because of the nozzle and

print head size and accessories [64].

Another restriction of the profitability of AJP compared to IJP is the investment
cost for the AJP system. Compared to a similarly equipped IJP system with only one
nozzle, similar accessories, and axis system, an AJP system is far more expensive because
of the additional functional units required for the generation of the droplet mist and the
focused carrier gas stream [64]. Optomec offers four different aerosol jet printers with
investment costs ranging from $195K USD to $495k USD [196]. In comparison, Stratasys
ink jet printers start at as low as $18K USD. The production series is the most expensive
with $206K USD for the Objet500 Connex3 and $607K USD for the Objet1000 [196]. The
build volume of the Objet1000, 1000 by 800 by 500 mm (39.37 by 31.49 by 19.69 in.), is
substantially larger than the largest build volume of aerosol jet printers, 200 by 300 by 200
mm (7.87 by 11.81 by 7.87 in.). This is the build volume of the Aerosol Jet 5X, the most
expensive aerosol jet printer available. However, the Aerosol Jet 5X includes five axes of
freedom and can therefore print onto double curved surfaces, which is not possible on any

ink jet system - so true comparisons are difficult.

2.2.6 Conclusion

AJP is advantageous as an alternative technology with respect to the printing
resolution when compared to IJP. The tightly focused continuous stream results in a finer
feature definition with minimal line widths when compared to either of the IJP processes.

The ability to print on complex surfaces is enabled by the AJP standoff distance that can
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be adjusted between 1 mm to <10 mm, instead of the limiting fixed distance required in
inkjet printing systems. Furthermore, AJP can be tilted on a five-axis gantry providing
printing capabilities on the complex geometries fabricated by additive manufacturing. The
diversity of printable materials increases the range of applications with AJP particularly
for academic and specialized applications in prototyping and small-batch, mass customized
production. For flat surfaces with larger minimum feature sizes and tight economic
constraints, [JP will be more suitable. Conversely, AJP is better suited for niche

applications requiring fine spatial resolution and wider material choices.
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Chapter 3.0: Methods and Materials
3.1 Spatter Analysis in Powder Bed Fusion

3.1.1 Camera set up for stereovision

A pair of high speed cameras, with a relative low cost were used for this research
(FPS1000 by The Slow-Motion Camera Company) [1,2]. A housing to hold the cameras,
avoid movement, and increase standardization made from ULTEM™ 9085 was designed
and printed. The lens used was 18 mm lens and it had an aperture of f4.5. The images were
taken with the maximum pixel count the camera allowed of 1280x720. In Figure 27a, the
printer used in this research work is shown (EOS M290). Figure 27b shows the camera
holder with the dimensions used, Figure 27¢ shows the stereovision schematic. The EOS
M290 was used with a 18% Ni maraging 300 steel powder with a laser power of 285W, a

scanning speed of 960 mm/s, hatch spacing of 0.11 mm and 40 um layers.

Figure 27. (a) EOS M290, (l;) camera holder with measured dimensions and (c) stereovision schematic, which shows
distance to the build plate and corresponding angle [1,2]
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3.1.1.1 Finding position and direction of the spatter with stereovision and
Epipolar geometry

The distortion coefficient and the calibration matrix K come from the intrinsic
parameters [ 138], this information were taken from one camera calibration. The calibration

matrix is given by,

X 0 Cx

K=10 f, ¢ Equation 1
0 0 1
i 0 o .

K = g fy, Cz] Equation 2
0 0 1

camera calibration matrices are K and K’, focal length in pixel fx, fi’, fy, fy’ which is
measured in pixel units, cx, ¢x’, ¢y and ¢y’ are points usually at the middle of the picture.
Computer vision (OpenCV) was employed to detect fifty points on a checkerboard
pattern (Figure 28). These intrinsic parameters are used for the stereo calibration. Then
concurrent images will determine the extrinsic parameters. Rotation (R), translation (t), I

is the identity matrix, P and P’ are 3x4 projection matrices (extrinsic parameters),

P = K|[I|0] Equation 3

P' = K'[R|t] Equation 4
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Figure 28. Two checkerboard patterns between pictures from different perspectives [2].

This rectification has the required information for a geometric transformation between the
pictures and creating horizontal epipoles. In order to triangulate points in the images,
projection matrices were used. By employing this method, a pair of row and column values
for the two matched points are translated into a three-dimensional point within the build.
After locating the two points that represent the beginning and end of the spatter, the speed,

direction, and age of the spatter can be calculated.

Figure 29. To ensure quality of algorithm (50.01 mm top, 9.99 mm bottom). Red text represents the 3D coordinates for the first point,
the green for the second and the blue represents the 3D distance between both. OpenCV was used to measure the values and print
the text on the pictures [2].
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Aiming to verify the calibration, two images of caliper were captured (Figure 29).
From these images the distance between the caliper was calculated, the first image
measured 50.01 mm with a calculated distance of 50.69 mm for a 1.34% error. The second
image, we measured 9.99 mm and with the stereovision measuring 9.986 mm, with a 0.04%

of error.

3.1.2 Computer vision (CV) algorithm

The CV algorithm was used to find spatter and average vector lengths in a laser
powder bed fusion system. The exposure time for each frame was 500 pS, due to over
exposure the spatter was smeared in the image, which is a flaw that was used as an
advantage to calculate the average velocity. Within the algorithm to identify the spatter,
the images were converted into grayscale with a threshold to find all the bright features.
Spatter became darker as it aged (moved further from the melt pool), thus thresholding
allowed for the code to track the spatter once. A filter that identified the location of the
melt pool in the image was used to locate high-aspect ratio contours, if the long line contour
projected back through the melt pool, the location of the spatter was recorded and
everything else was ignored. By finding the location of spatter from two different
perspectives, its three-dimensional location can be calculated with epipolar geometry. With

a known known length over the know 500 uS exposure time, the velocity can be calculated.
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3.2 3D Printed Elastomeric Lattices with Embedded Deformation
Sensing

3.2.1 Lattice Design with Embedded Capacitive Sensor

Lattices have attracted substantial attention in recent research as additive
manufacturing can fabricate these structures more easily than traditional methods.
Modulating the density of the structures by varying strut or beam size throughout the lattice
has been achievable by the combination of AM and advances in CAD software, both of
which have dramatically improved particularly for generating complex geometries. Many
lattice unit cells have been explored for optimizing stiffness or compression performance
while minimizing the overall weight of the structure [54,248-253] and the exploration has
included functionally-graded lattices that can modulate the effective density for tailoring
the mechanical and electromagnetic response [250,253-256]. In this study [34], a simple
uniform hexagonal lattice was used (50 mm x 50 mm x 24 mm to replicate an internal pad
within a typical American football helmet). The sensor conductors were introduced after
VPP fabrication, and many previous examples have been demonstrated of interrupting AM
processes and incorporating wires and electronics components within printed structures.
These process interruptions provide substantial freedom in embedding components in
arbitrary locations; however, for the purposes of the proposed inter-layer capacitance
sensor, introducing the wires after fabrication was possible and allowed for rapid
reconfiguration in order to examine many topologies. Figure 30 shows the lattice that was
designed — primarily for the subjective sense of comfort for human contact in the context
of the Rebound® material. Furthermore, the hexagonal unit cell provided a self-aligning

collection point for the wires. An intentional design feature, triangular notches are in the
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Figure 30. Elastomer lattice with electronics and the unobtrusive pair of wires acting as a
sensor. The red board (MSP430 Launchpad) can be reduced to a single 5mm x Smm chip with
a coin battery. The polymer material is used in 3D-printed commercially available [34].

voids of each cell, and the wires naturally settled at the midpoint of the cell when pulled
tight. By placing wires at two levels — precisely in the middle of each later — the pair of
wires were separated by the consistent height of a single cell, midpoint to midpoint (7.5
mm). Furthermore, the lattice had a large see-through void to facilitate the ease of weaving
wires at either layer. Only one type of lattice was considered as the interest focused on the

response of the capacitance sensor rather than the impact performance of different lattice

Figure 31. The yellow wire is the top plate, and the red is the bottom plate of a capacitor. The gray lattice is a dielectric
elastomer lattice, the deformation which can be indirectly determined by measuring the capacitance [34].
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structures which would be based on their structural configuration. Further research will be
done for different lattice arrangements to test their dynamic performance. To form a woven
capacitor within the lattice (Figure 31), the configuration of both wires through the lattice
must be identical in the X-Y plane to accumulate as much “sensor” capacitance as possible.
In this case, changes in the sensor capacitance directly translate into deformation. The
capacitance of the wires outside of the lattice is extraneous and dilutes the measurements
and decreases the sensitivity. The actual wire route can enable the monitoring of the
deformation in arbitrary sections of the lattice including specific cells, quadrants, rows,
columns and even the average deformation of the entire layer (Figure 32). Moreover, the
capacitors can be placed on horizontal planes as shown in this study, but also, in vertical
planes as well - and any combination of the two to provide diagonal deformation
measurement. The only recommendation is that the spacing distance between the wires be
maintained as the pair of wires travel through the lattice, otherwise, the regions with closer
sections will contribute more to the sensor capacitance, and therefore, exert an increased

influence on the measured value.
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Figure 32. Isometric (4) and bottom view (B) of a lattice with an alternative configuration in four quadrants for selective
sensing. The selectivity can be extended to any combination of cells in both vertical and horizontal configurations [34].
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3.2.2 Inexpensive and Embeddable Capacitance Measurement

The capacitance that forms between the pair of wires is proportional to the length
of the routes and inversely proportional to the height of the unit cell that separates the wires.
Figure 33 shows the cross section of the two wires that form a capacitance which increases
with accumulation of the length of the wires. The capacitance is also proportional to the
permittivity of the dielectric which in this case is a mixture of the elastomer and air. This
project measured the relative capacitance between the wires to serve as a proxy for
deformation. By using a relaxation oscillator, the number of oscillations per any 4.0 ms
period provided an inverse of the capacitance and a value linearly proportional to the
distance between the wires as shown in Figure 33 and described by equation 5. The 4.0 ms
period allowed for a good compromise between displacement resolution and sampling rate.
The plate-capacitor assumption is only approximate, as the wire shape used in the study
has a comparatively large amount of fringing fields which changes the effective overlap

area between the electrodes [257].  One inexpensive approach for embedding the

Figure 33. Dimensions used to calculate
capacitance of two-wire capacitor [344].
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measurement electronics directly into the lattice includes the Texas Instruments
MSP430G2553 with fully integrated capacitive sensing — a chip that only requires an
additional battery and the two sensor wires. The chip includes an internal relaxation
oscillator that is “slugged” by increases in the external capacitance which increases as the
pair of wires are compressed together. The circuit oscillates fewer times during a precise
duration as determined by a periodic interrupt and a counter is used to count the number of
oscillations between the periodic timer interrupts. Figure 34 shows the schematic for the
basic circuit used and data was transferred with a virtual serial port through a USB cable
to a computer for analysis and graphing, but the data acquisition could easily be enhanced
with a wireless radio protocol like Bluetooth. Additionally, two LEDs (red and green)
were also used to indicate when a binary threshold of compression was detected, and this
could be further enhanced by blinking the LED with a frequency proportional to the amount
of the single-layer displacement. This indication could be used for identifying an athlete

that may be injured during a game or marathon - due to excessive accelerations.

3.2.3 Quasi-static Loading

Compression tests were conducted on a Universal Instron machine 5500R at a
loading rate of 2.0 mm/min at room temperature. Here, the lattice system was placed
between two flat fixtures and during the testing the capacitance was captured on a laptop

connected to the MSP430 through an emulated serial port through a USB cable. The lattice
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structure was subjected to consecutive loading and unloading cycles to ensure repeatability

in the system.

parasitic capacitance.

The frequency of

oscillation decreases

with increases in the
p——

Periodic interrupt timer

Oscillator \ j set to read oscillator
) counter every 9 mS
chip 16 bit Timer
Top wire in lattice pin
| = A\
16 bit counter
Parasitic
capacitance

gnd

Bottom wire in lattice MSP430 Microcontroller

Figure 34. Oscillator-based capacitance measurement [34].

3.2.4 Dynamic Impact with High-Speed Video

Low velocity impact tests were performed on a falling-weight impact tower using
a mass of 4.25 kg dropped at four different heights: 50, 100, 200 and 400 mm. The impact
tests were recorded at 2000 frames per second providing a temporal resolution of 500 uS
using a high-speed video camera (Olympus i-Speed3). The capacitance measurement was
performed at 4mS sampling. By synchronizing the data measurements with the high-speed
video which showed the physical distance between layers, the sensor accuracy was
evaluated. Furthermore, the low-velocity impact provided an assessment of the durability

of the lattice with the embedded sensor.

3.3 Thermoplastic Extrusion Additive Manufacturing of High-
Performance Carbon Fiber PEEK Lattices

Polyetheretherketone (PEEK) has been the focus of substantial additive
manufacturing research for two principal reasons: (a) the mechanical performance
approaches that of aluminum at relatively high temperatures for thermoplastics and (b) the

potential for qualification in both the aerospace and biomedical industries. Although PEEK
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provides outstanding strength and thermal stability, printing can be difficult due to the high
melting point. Recently, high-temperature soluble support has enabled the printing of
lattices and stochastic foams with overhanging features in these high-performance carbon
fiber thermoplastics, in which density can be optimized to strike a balance between weight
and strength to enhance performance in applications such as custom implants or aerospace
structures. Although polymer powder bed fusion has long been capable of the combination
of these geometries and materials, material extrusion with high-temperature sacrificial
support is dramatically less expensive. This research [66] provides a comprehensive
mechanical analysis and CT- scan-based dimensional study of carbon fiber PEEK lattice

structures enabled with high-temperature support and including model validation.

3.3.1 Feedstock Material

This work studied the mechanical performance of four different 3D-printed
systems of the polyaryletherketone (PAEK) family: amorphous PEEK (labeled as
“PEEK” in this work), PEKK, semi-crystalline PEEK (SCP) and carbon fiber PEEK (CF-
PEEK). The build material used commercially available off-the-shelf PEEK, PEKK and
CF-PEEK filaments, with 1.75 mm diameter. The thermal characteristics of the

investigated material have been extensively reported [104,258-260]. PEEK has a glass
transition temperature of 143 °C and a melting point of 343 °C. Similarly, PEKK material
has a glass transition temperature of 165 °C and melts at 300 °C. CF-PEEK material

displays a T, at 150 °C and a Tr, at 340 °C (Table 6).

64



Table 6. Printing parameters of PAEK materials for proper printing [66].

Material Print Temperature = Chamber Temperature Build Plate Temperature
PEEK 430 °C 140 °C 140 °C
SC-PEEK 430 °C 140 °C 140 °C
CF-PEEK 415°C 140 °C 140 °C
PEKK 390 °C 140 °C 140 °C

3.3.2 Printing Process
A 3DGence Industry F420 fused filament fabrication (FFF) unit was used to print the

PAEK materials. The printer used in this study featured fully enclosed heated chambers

capable of reaching over 180 °C, which is required to provide a stable temperature

environment to print PAEK structures. The printer also features a dual nozzle printhead

system to print at temperatures ranging from 190 to 500 °C. The dual-nozzle modules
printed the primary high-temperature build materials as well as a sacrificial support
material. Both printheads used stainless steel nozzles 0.4 mm in diameter. The infill was set

as 100%, layer thickness at 0.15mm, and printing process parameters as presented in Table

6.

Support material used in this effort was a styrene-acrylic copolymer. The material
dissolves in alkaline solutions of 11-12 pH, leaving no residue after 3 h. The mode of
operation is based on converting anhydrides to acids and polymer chain disintegration by
dissociation. The exact reason for styrene-acrylic or similar support material compatibility
to the PAEK family of polymers is still under investigation, but ample anecdotal evidence
suggests that sufficient bonding occurs. Without soluble support, the range of geometries

would be significantly limited for these high-temperature thermoplastics. Here, ahexagonal
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lattice was printed with and without support to emphasize the necessity of sacrificial

support in printing complex structures with overhanging features.

3.3.3 X-ray Computed Tomography (CT scan) for Geometry Compliance
X-ray CT scanning was completed with a GE Nanotom S system at the Stellenbosch
CT facility in South Africa [261]. The entire sample was scanned at 100-micron voxel
size, with X-ray settings of 100 kV and 150 pA using 3000 projection images, acquired at
500 ms each (in one full rotation of the sample). Reconstruction was completed with a GE

Datos 2.3 and visualization was performed in Volume Graphics VGSTUDIO MAX 3.3.1.

3.3.4 Mechanical Testing Coupons and Methods

In this work, the dimensions and testing setup of the lattice flexural specimens
were based on the work performed by Li and Wang [262], while the compression lattice
specimens followed the ASTM D1621 standard, and the tensile specimens the ASTM
D638. All tests were performed on an Instron 5500 R. A previous study on various lattice
structures was completed in [263], in which the mechanical performance was compared

among different architectures, and the octet lattice demonstrated a promising stretching-

10.00nm

Figure 35. (a) Three-dimensionally printed lattices investigated in this work: octect design for
compression and flexural testing. (b) Hexagonal design with long unsupported spans for studying the
utility of soluble supporting material [66].
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dominated behavior (Figure 35). Figure 35b shows the hexagonal lattice with long
unsupported spans to highlight the need for sacrificial support. A tensile test was performed
only on the carbon fiber PEEK system to evaluate the fundamental mechanical properties
to support the FEA modeling. The carbon fiber PEEK was selected for modeling due to the

outstanding ductility observed during preliminary testing.

3.3.5 Mechanical Modeling

Numerical simulations of carbon fiber PEEK were performed using ANSYS® (version
19.2, ANSYS, Canonsburg, PA, USA), a commercial finite element analysis (FEA)
software, to evaluate the fitting of the material to a multilinear isotropic hardening (MISO)
model and to reproduce the results of the experimental tensile and compression tests. A
MISO model considers a uniaxial case of loading through a piecewise stress—strain curve,
which starts from the origin and has positive stress and strain values. MISO assumes that
an element is composed of several segments with common total strain and modulus of
elasticity, which differs according to each yield strength segment [264-266]. Thus, the
observed tensile behavior for each printing direction is fitted to sets of modulus elasticity,
yield strength and stress—plastic strain listed in Table 7. The first simulation considered a

CAD model of the D638 Type IV tensile test specimen generated and imported into

ANSYS®, where the MISO material model with the mechanical properties listed in Table
7 were used. Boundary conditions included one end of the specimen fully restricted while
the remaining end had a displacement aligned with the centerline of the specimen to track

it.
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Table 7. Mechanical properties of carbon fiber PEEK fitted to an isotropic-hardened material model for simulations
with ANSYS FEA [66].

X Printing Direction Y Printing Direction Z Printing Direction
E =5183 MPa E =7982 MPa E =3636 MPa
€p oy €p oy €p oy
(x103) (MPa) (x103) (MPa) (x103) (MPa)

0.0 19.2 0.0 32.7 0.0 20.0
2.8 31.6 1.8 44.5 2.5 27.9
5.4 41.1 3.0 52.0 5.1 34.8
7.2 46.1 54 63.9 8.5 43.15
10.7 52.3 7.6 72.7 - -

- - 10.8 80.2 - -

- - 12.8 81 - -

The second numerical simulation included the geometry of the octahedral lattice, which

was built and imported into ANSYS®. In this case, symmetry conditions were imposed
to reduce computing time. Other boundary conditions included displacement restrictions
to the bottom surface and a downward displacement of the top body to generate a 50%
compression of the lattice (Figure 36). Moreover, the mechanical properties and material

model described for the Z printing direction case were here defined (Table 7).

A Displacement
B Displacement 2
€ Displacement 3 D a y
D Displacement 4

Symmetry regions

0.00 20.00 40.00 (mm)
I

Figure 36. Symmetric geometry and boundary conditions for the lattice specimens [66].
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3.4 Wearable electronics

This research work consisted of applying a sensor into a 3D printed structure and
test functionality. To accomplish a wearable electronic, various things were considered,
the first one was the printer and its availability, the second was the material for the printer,
the third was the sensor to embed in the 3D printed part, the fourth was how to connect the
electronical components and the fifth was the final design to implement and use the

wearable electronic.

3.4.1 Additive Manufacturing

Due to availability and polymer welding properties of its materials, a Formlabs
printer was used to print the components to be used as a wearable. The components were
3D printed in clear and flexible resin, but it is possible to print the components in Carbon
3D or 3D Systems, if beneficial. The Formlabs printer was chosen due to the variety of
materials available clear, flexible, and high temperature (to name a few) and the high

resolution available 25 um and 50 um, for clear and flexible, respectively.

3.4.2 Sensor Selection

The first objective was to select a type of sensor; three different types of sensors
were considered, a cortisol, H»S, capacitance and strain sensor. Due to the nature and
applications, the strain sensor as studied by [147] was chosen as the focus of this study The
development of the sensor started using the circuit according to Valentine et al [ 147] which
consisted of a microcontroller, resistors, LEDs, a crystal with a strain sensor (Figure 37),

on Figure 38 is the schematic based of the circuit.
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Figure 37. Microcontroller, resistors, LEDs, a crystal with a strain sensor [147].

3.4.3 Interconnection of electronics

Several methods of connecting the electronical components with each other are
available. The use of wires is beneficial due to their low resistivity and relative flexibility.
However, inks provide a flexibility in terms of design and applications, with inks the design
of interconnection can be more complex. The downside with inks is their relative high
resistivity. Four different inks were considered Antimony-Tin-Oxide (ATO) Paste,
conductive ink with Graphene, Nano Molybdenum and ANI ATO ink. Each were analyzed
on a flexible substrate to determine the best performance such as adherence and resistivity.
To test the performance of the inks, a sample with straight and “fractal” trenches were
designed as shown in Figure 39 [124], the design allowed to test the efficiency of the ink
after being pulled ten times and if the type of design (straight vs fractal) affected

performance. The fractal design, in theory, should allow for higher stretchability
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(comparing with straight line design), thus the ink should not break, or break less, than

with the straight line.

ATMega 328

Figure 38. Schematic of the sensor in Figure 37, which shows
electronical components [147].

3.4.4 Polymer Welding Study and Optimization

A polymer welding process was developed, this study consisted of printed half
tensile bars, based on ASTM D638 Type IV, in three materials, clear, flexible, and high
temperature, which were the ones more relevant to this research. These three materials
were chosen due to the usefulness of this project, both the clear and the high temperature,
allowed for the electronics to be built on, with the high temperature, allowing operation at
higher temperatures than the clear, on the other hand, the flexible allows for wearability in
a bracelet, clip, for example. The multicomponent structure allowed testing of adhesion of

the materials with themselves (i.e., clear-clear) and with each other (e.g., clear-flexible;

71



note clear-high temperature polymer welding was not performed as it had no use for this
study). Half tensile (Figure 40) bars were printed to overmold and test strength of the full
printed part versus the overmolded part, a total of five samples per combination were

tested.

Figure 39. Flexible samples designed to test performance of the four inks, (top) straight line should bi
more than (bottom) “fractal” design which should stretch in the direction of arrows.

11IC pOLYyINCT WCIULllE process COLSISICU Ul ldKig Cdlll 11d11-LCIIS1IC Ddl, ICS1I1 was
added to the middle area to be bonded and then pressed against the second half-bar, the full
bar was then (carefully) placed inside of the curing machine at 60°C for an hour. During
the process inside the machine, the resin would bond the two pieces to each other. Once
the parts were welded, they were polished as some of the resin used for the polymer
welding made the part uneven and could instigate a break in the wrong place thus producing

wrong results.

Figure 40. Example of the design of the half-tensile bars overmolded. The gray side shows one mate
(e.g., flexible) while the lighter one shows a second material (e.g., clear).



Chapter 4: Results and Discussion
4.1 Spatter Analysis in Powder Bed Fusion

Using a selective laser melting printer a build was done as two cameras outside of
the front port of a EOS M290 recorded [1,2]. The placement of the cameras would be better
inside the build chamber, however in this research work the external perspective allowed
for access to the cameras. Further research includes integration of the cameras within the
build chamber of a 3D Systems ProX 320 which has a larger chamber. The cameras inside
the build chamber are a cause for concern since there is a pressure gradient at the beginning

of the build, potentially causing problems with the electronics.

4.1.1 Subsequential comparing with one image of the spatter tracking
The spatter was tracked over several frames (3 mS instead of 0.5 mS) as an alternate
way to measure velocity as well as determining the way the direction and the velocity
changed over a certain time frame. Since the exposure time was 500us and the imaging
period is 1000 ps, it was expected that the length of the spatter would be half of the distance
traveled frame to frame. Figure 41 shows three different particles which were recorded in
three sequential frames. The image at the top has all frames tracked, the green one
corresponds to the first frame, the blue to the second and the red to the third. The period is
known to be twice the exposure time, meaning the smeared images have similar length.
This agrees for the faster particle ejecting to the right as well as with the slower one on the
left (see Figure 41). Because the third frame has the dimmest spatter, there was an increase
in noticeable noise. It is known that capturing one spatter per frame would be easy due to

the fact that the brightness of the spatter depends on the age. A threshold could be set on
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the algorithm, to capture certain spatter.

Overlay of all three frames with each frame colored

Figure 41. Subsequent imaging of one camera to show how tracking the spatter can be acquired in a single picture [1].

4.1.2 Using a stereo image to find velocity and direction of the spatter
Figure 42 shows a coupled frame image of spatter being ejected from the melt pool
to demonstrate spatter monitoring. In images from both cameras, three spatter were paired.
OpenCV identifies regions with high intensity (white) that have large aspect rations and
project to the melt pool. Ejected particles will follow a ballistic trajectory. Changes in

velocity is negligible over the 500 ps. Two points are found for each spatter, where it
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begins and where it ends, as such each point has a row and column value. By determining
the position in two different cameras, from different perspectives, the 3D location can be
obtained through Epipolar geometry. With a known 3D location, a direction vector can be
calculated, while the velocity can be calculated by dividing magnitude of the vector in

millimeters with the 500 ps exposure time.

Figure 42. Tracked spatter, with different sizes and directions, in stereovision [1].

By knowing where the spatter starts and where the melt pool is in a three-
dimensional space, distance from the melt pool and spatter can be calculated. The age of
the spatter can be found with the known distance and velocity, the less bright the particle,
the older it is. This decrease in brightness is used to identify the spatter within the software
one time, to avoid multiple counts for statistical purposes. Spatter particles that are too
bright as well as the ones that are not bright enough, are excluded. Figure 42 shows both
cameras where significant spatter was recorded. Table 8 has the values of the three-

dimensional direction as well as the velocity for the spatter tracked in Figure 42.
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Table 8. Data from the spatter tracked in figure 42 with their respective direction and velocity [1].

Particle

Start ([x,y,z], mm)

End ([x,y,z], mm)

Direction ([x,y,z], mm)

Velocity
(m/s)

1.1
1.2
1.3

Avg Particle 1
2.1

2.2

23

Avg Particle 2

3.1
32
33
Avg Particle 3

[0.6590, -7.590, 3.301]

[3.025,-10.40, 6.017]

[5.182, -13.21, 8.668]

[2.415, -7.800, 3.881]

[6.730, -10.21, 8.902]

[10.62, -12.39, 13.70]

[-0.650, 19.04, 19.16]
[-0.4195, 20.98, 21.06]
[0.1509, 22.43, 21.52]

[2.875,-10.20, 6.840]

[5.249, -12.80, 9.481]

[7.160,-15.17, 12.85]

[6.730,-10.21, 8.902]

[10.62,-12.39, 13.70]

[14.49,-15.15, 16.85]

[-0.305, 20.65, 20.36]
[0.1509, 22.43,21.51]
[0.1678, 24.66, 24.05]

[2.216,2.610, 3.539]

[2.223,2.392, 3.463]

[1.978, 1.960, 3.463]

[4.315,2.410, 5.021]

[3.893,2.176, 4.802]

[3.866,2.768, 3.141]

[0.3452,1.604, 1.198]
[0.5704, 1.451, 0.4597]
[0.01691, 2.227, 2.535]

9.85
9.52

10.0
5

9.81
14.0

13.1

11.4

12.8

4.06
3.25
6.75
4.69

4.1.3 Validation of the velocity using stereovision

To corroborate the accuracy of the code used in tracking, three images were taken

as the laser was turning corners and moving opposite to the hatch. In these images, three

times the measurements were seen, and the spatter was tracked through three frames before

they were too dim to track. The spatter was found with the code, however, start and end

points were manually verified to calculate the average of the velocities and magnitude of
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the respective vectors (Table 9). The averaged velocity was found to be 9.38 m/s was

calculated consistent with literature [33].

Table 9. First ten spatters detected on the edge of the specimen as the laser moves in an opposite position [2].

Particle # Start ([x, y, z], mm) End ([x, y, z], mm]) Magnitude Velocity (m/s)
(mm)
1 [-1.496, 4.867, 6.798] [-1.553, 7.087, 10.83] 3.97 7.93
2 [-1.463, 7.379, 8.989] [-1.877,9.662, 12.96] 4.60 9.19
3 [-2.822,10.69, 14.07] [2.903, 12.64, 17.27] 3.76 7.51
4 [-0.8661, 2.997, 1.628] [-1.175, 4.841, 2.921] 2.27 4.5
5 [-0.5894, 4.635, 5.372] [-0.724, 7.155, 9.521] 4.86 9.71
6 [-0.4848, 4.122, 0.4827] [-2.188, 7.403, 4.562] 5.51 11.01
7 [-0.3990, 1.863, 1.249] [-0.6433, 3.815,3.573] 3.04 6.09
8 [0.2354,2.790, 4.426] [4.839, 5.104, 5.590] 5.28 10.56
9 [-1.895, 5.238, 10.37] [0.6655, 9.580, 16.50] 7.94 15.88
10 [-0.8180, 4.122, 2.336] [-1.135, 6.360, 5.510] 3.90 7.79
Avg. velocity population (n= 50) 9.38
St. dev. P population (n= 50) 4.42
Maximum 27.60
Minimum 2.98

4.1.4 Statistical velocity calculation and spatter imaging

At 10001fps a video lasting seven seconds generated 7000 paired images. The
algorithm was run through this video, in which spatter was detected allowing for
calculation of the magnitude and velocity. Figure 43 shows the results of the spatter
tracked in the video, which is shown in three-dimensions which was normalized to the
center of the melt pool. Spatter detected (10,447) in the video recorded (7s), includes
duplicates. Although the multiple detections allow for accurate measurement of the

average velocity, this will make the averaged velocity lower due to the fact that faster
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spatter is counted less times. False positives are mostly seen above the melt pool. By
manually inspecting these, they were observed to be soot originated by the spatter.
This soot was found to be directed downwards instead of up and away from the melt
pool. An automatization process would allow for ignoring these results. A statistical
analysis of the first ten detections is shown in Table 10, which is like the detections in
Table 9. The average velocities were found to be 9.73 m/s, which agreed (3.66%

difference) with previous data.

Spatter Tracker
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Figure 43. 3D graph of the 10,44 7-spatter found, with the same initial point. [2].

The algorithm as is does not sort the spatter into different categories, so
determining which image the spatter belongs to is not possible. An examination feature
which allows to determine these high and lows is being added to the algorithm Figure
44 shows the histogram with the results of the behavior spatter with velocities between

1.5 and 14.5 m/s.
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Table 10. The first ten data points from those matched in Figure 43 are shown with their respective velocities and

magnitudes [2].
Particle # Start ([x, y, z], mm) End ([x, y, z], mm]) Displacement Velocity
(mm) (m/s)
1 [-1.496, 4.867, 6.798] [-1.553, 7.087, 10.83] 1.61 3.23
2 [-1.463, 7.379, 8.989] [-1.877,9.662, 12.96] 4.18 8.35
3 [-2.822, 10.69, 14.07] [-2.903, 12.64, 17.27] 2.28 4.55
4 [-0.8661, 2.997, 1.628] [-1.175, 4.841, 2.921] 2.14 4.29
5 [-0.5894, 4.635, 5.372] [-0.724, 7.155, 9.521] 10.13 20.25
6 [-0.4848, 4.122, 0.4827] [-2.188, 7.403, 4.562] 2.11 421
7 [-0.3990, 1.863, 1.249] [-0.6433, 3.815,3.573] 1.30 2.60
8 [0.2354,2.790, 4.426] [4.839, 5.104, 5.590] 1.48 2.97
9 [-1.895, 5.238, 10.37] [0.6655, 9.580, 16.50] 4.76 9.53
10 [-0.8180, 4.122, 2.336] [-1.135, 6.360, 5.510] 1.84 3.68
Avg. velocity population (n= 10,447) 9.73
St. dev. P population (rn=10,447)
Maximum 6.74
Minimum 79.64
0.26
Spatter Velocity Histogram
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Figure 44. The quantity of spatter (10,447) was plotted against the frequency of velocity calculated [2].
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4.2 3D Printed Elastomeric Lattices with Embedded Deformation
Sensing

Both quasi-static compression and dynamic impact testing were explored to
evaluate the accuracy of the capacitive sensing to measure the extent of deformation. The
tests were repeated, and it was observed that the lattice shape returned to the original form
after the quasi-static compression tests. Similarly, when subjecting the part to dynamic

testing, the sensor and the lattice immediately returned to the original form [34].

4.2.1 Quasi-Static Testing

The quasi-static testing evaluated sensitivity and accuracy of the sensor. The lattice
was compressed at 2.0 mm/min until reaching a compression force of 500 N, which
represented a lattice displacement of 12 mm. The value of 500 N was considered based on
previous research performed on impact forces experienced on shoes during running [267].
The capacitance measured in this test was used as a proxy for the compression
displacement of the measured single cell layer (7.5 mm thick). Figure 45 shows the
recorded displacement from the Instron and the capacitance sensor after subjecting the part
to a limit of 500N. The figure shows the linear displacement of the Instron machine at rate
of 0.033mm/S, which corresponds to the loading rate of 2.0 mm/min used during the
testing. This displacement is associated to the constant compressive extension applied to
the entire lattice structure. The right axis of both Figure 45 A and B are linearized functions
which translated the measured relaxation oscillator cycles to the extent of deformation.
The cycles are inversely proportional to the capacitance which is inversely proportional to
the distance between the capacitor plates. Consequently, the cycles can be linearly and

directly converted to the magnitude of deformation starting from no deformation (zero
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Figure 45. Quasi-static compression (2 mm per minute) to 500 N. (4) Displacement of compression testing vs time and (B) Force of 500N
gives a displacement of 12mm. Green is full lattice deformation with a return after reaching the limit force. Blue is the calculated single layer
deformation based on the capacitance measured for that layer over the same compression cycle. [34]

load) and ending in the deformation for the maximum load, a distance of 3.5 mm as

measured from image analysis. In contrast, the capacitance sensor shows an exponential
profile during the testing but is limited to an intermediate layer only. Here, it was observed
that during the initial compression, most of the displacement took place on the top and
bottom of the lattice part, with a reduced extension at the center of the structure where the
sensor was placed (see Figure 46). As the testing continued, the central part of the lattice
was exposed to a larger displacement, resulting in a rapid deformation on the sensor as

shown in Figure 47A. A full load-unload cycle under a loading rate of 2.0 mm/min is shown

Figure 46. Compression testing showing a larger deformation at the boundaries than at the center of the lattice
where the capacity sensor was located [34].
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in Figure 47B. The figure shows typical non-linear elastic and viscoelastic behavior
accompanied by an energy dissipation profile displayed by the hysteresis loop;
characteristics commonly observed on elastomers [268]. Indeed, this type of behavior is
known from both electrical and mechanical systems and has been extensively studied by
use of several models [269-271]. Included in the figure is the calculated deformation from

the capacitance sensor, where it is observed that the system displays a minimal hysteresis,

since no mechanical loads were imposed on the wires.

Figure 47. High-Speed video of four different drop tests: 50 mm [1 m/s] (4), 100 mm [1.4 m/s] (B) and 200 mm [2 m/s]. [34].

4.2.2 Dynamic Testing

The lattice structure was subjected to a series of impact velocities ranging from 1.0 to 2.8
nm/s. Here, the lattice deformation was recorded on a high-speed video camera. From the
video, the frame associated with the maximum compression at a given drop height was
identified (Figure 47). The wires on the lattice were visible in the video, and therefore the
distance between them at their closest points was measured in terms of the number of
pixels. For each video, prior to impact, the pixel difference between the visible wires at

each layer is measured to provide the uncompressed case. Then, a frame in each video was
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identified that included the pixel distance was 193 and correlated to the full unit cell height
of 7.5 mm — for approximately 38 microns per pixel on the front surface of the lattice given
the lattice size and camera position. The capacitance measurement was inversely
proportional to the distance between the wires which represents the capacitor plate
thickness. For this project, the calculated distance was normalized for the uncompressed
case. Figure 48 shows a normalized representation of the deformation from the pixel
heights in the videos and the normalized proxy for the capacitance measured between the
two woven wires and distinct layers. From the figure, it is observed that both profiles show
similar trends. The figure also shows that the sensor is sensitive enough for recording
diverse impact energies. Indeed, at an impact energy of 16.6 J, the sensor recorded a
deformation two times larger than the recorded at 2.1 J. This clearly highlights the potential
applications of this inexpensive sensor to be used on high impact energy conditions as those

found on contact sports such as American football.

Height of Layer at Max Compression and Drop Height

E From Video
I From Capacitance

11}

Height of Layer (normalized to uncompressed)

Pre-Impact 50 100 200 400
Drop Height (mm)
Figure 48. Pixel height and capacitance proxy serving to measure compressive
deformation [34].
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4.3 Thermoplastic Extrusion Additive Manufacturing of High-
Performance Carbon Fiber PEEK Lattices

A series of mechanical tests were performed to demonstrate the applicability of a
myriad of applications possible for the materials studied in this research work [66].
Additionally, the use of recent and commercially available sacrificial soluble support has
broadened the geometries that are now possible. Through CT scanning, the improvement
in dimensional compliance with the addition of high-temperature support material was

demonstrated.

4.3.1 Computer Tomography to Evaluate Geometrical Compliance
Compliance to the intended geometries was evaluated using a CT scan as shown
in Figure 49. The lattices included long unsupported spans which, without support
material, can cause printability problems. In the CT scan image in Figure 49a the lattice
was printed with support material and the down-facing surfaces are well-defined.

However, the image in Figure 49b highlights defects in red, as drooping occurred during

filament extrusion without soluble supports. As some fraction of the material on these

Figure 49. (a) Lattice with supports and (b) without supports. Red coloring indicates geometry error approaching and
exceeding positive deviation of 0.5 mm. Unsupported spans are as long as 7 mm on the down-facing surfaces for this structure.
Drooping is evident without support [66].
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bridges was detached from the lattice, an unintentional decrease in the cross-section
occurred and mechanical performance was expected to be reduced. For more pathological
geometries with long bridging or overhanging features, the structures may not be possible
to fabricate at all without the benefit of high-temperature support material. A video
flythrough is included here of the CT scan, which clearly shows the challenges of the down-

facing surfaces printed without support.

4.3.2 Mechanical Properties

Compression and flexural tests were performed on lattice structures based on the
octet unit cell using the amorphous PEEK, semi-crystalline PEEK, carbon fiber PEEK
and PEKK. Figure 50 shows the stress—strain curves of the compressed lattice structures,
where the degree of densification on the amorphous PEEK, CF-PEEK, and PEKK is
observed. From the figure, the lack of ductility of the semi-crystalline PEEK when
compared to the other materials is clearly observed. Figure 50 also summarizes the

compressive strength and modulus of the four investigated materials. The semi-crystalline

25 - W Compression Strength (MPa)
Compression Modul us (GPa)
E 20
s
£
c 15
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2 10 4
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S
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§ 51
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Figure 50. (a) Stress—strain of the investigated lattices under compression conditions. (b) Compressive strength and modulus of the lattice
structures investigated based on four different PAEK constituents: amorphous PEEK, semi-crystalline PEEK, carbon fiber PEEK [66].
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PEEK resulted in the highest strength and modulus, a mechanism associated with the
stronger and stiffer effect of the spherulites in the polymeric structure [97,272]. The
fracture profile of the lattices following the compression testing is shown in Figure 51,
where the ductility features of the amorphous PEEK are observed. Because of lack of
crystallinity in the structure, the PEEK lattices reach the densification point without a
visible fracture as shown in Figure 5la,c [272]. In contrast, the semi-crystalline PEEK
displays a clear failure across the lattice struts as shown in Figure 51b. Figure 51c also
shows the compressive profile of the carbon fiber PEEK lattice, where a large degree of
plasticity is observed. This ductility could be associated with the amorphous constitution of
the system and probably with the incorporation of additives within the carbon fibers.
Compression of PEKK lattice structures has resulted in the crack propagation within the

struts of the walls of the structure, as shown in Figure 51d. The flexural results of the

10.00mm

Lens: ZS20:X20|
S: Z520:X Lens: 2520:X20 —_—
Magnificaion.X5.8 Magnification: X5.1 10.00mm

10.00mm

Lens: Z520:X20!
[Magnification: X5.2)

Figure 51. Lattice structures samples after compression testing. (a) amorphous PEEK, (b) semi-
crystalline PEEK, (c) carbon fiber PEEK and (d) PEKK [66].
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investigated lattices are shown in Figure 52. Here, PEKK, amorphous PEEK and carbon
fiber PEEK have similar flexural strength and modulus. The lowest flexural strength was
recorded on the semi-crystalline PEEK, with a strength lower than 20 MPa. This
unexpected result is the subject of future work. It could be theorized that the lower strength
could be associated with a sensitivity under the tensile condition faced at the bottom
section of the flexural testing. This susceptibility could have induced an initial fracture on
the lower face of the specimen followed by catastrophic rupture through the entire
specimen. In contrast, its high degree of crystallinity resulted in the highest flexural

modulus among the different materials investigated.
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Figure 52. Flexural strength and modulus of the lattice structures investigated based on four different PAEK systems [66].

Figure 53 shows the lattice materials after the flexural testing. The samples
highlight that the flexural performance is governed by the tensile section of the

specimens. It is interesting to observe that the amorphous PEEK and PEKK shown in
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Figure 53. Optical micrographs of the fractured flexural specimens. (a) Amorphous PEEK, (b) semi-crystalline PEEK, (c)
carbon fiber PEEK and (d) PEKK [66].

Figure 53a, display a similar fracture mechanism, with the crack initiating on the opposite
face and propagating towards the loading point. The strength and modulus are also
similar. As in the case of the compression testing, the benefit of the PEKK could be
associated with its performance at higher temperatures and characteristic of higher shock
absorbance compared to PEEK. Figure 53¢ also shows the similar yielding fracture profile
on the carbon fiber PEEK and semi-crystalline PEEK systems. It was observed in this
flexural testing that due to the high strength of the materials, there was an indentation
from the node from during three-point bending testing, this could be resolved by adding
an elastic layer between the node and the specimen or do a four-point testing as to spread

out the force over a larger area. These fracture modes were also observed in the samples
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subjected to the flexural testing under a SEM. Figure 54 images illustrate that the carbon
fiber PEEK displays a ductile ploughing fracture mechanism. Similarly, the sample shows
a high degree of fiber—matrix adhesion. No fiber pull out is observed; in fact, the carbon

fibers remain attached to the matrix, with a fracture across their cross-sectional area.

Figure 54. Eimages ffrctured ﬂe)ic})%;samples for (a) Carbon fiber PEEK and (b) semi—crystallinEEK.
Included in the figure are the markings highlighting the ductile and brittle profile of the materials [66].
Based on the quasi-static mechanical results, preliminary impact testing is
underway on the investigated materials, particularly on the carbon fiber PEEK and PEKK
materials. A falling-weight impact tower with a 50 kN Kistler load cell was used to conduct
low-velocity impact tests. To induce different impact energies, an impactor mass of 16 kg
was dropped from different heights. The samples were placed at the bottom of the impact
tower and hit by a flat hemispherical impactor of 15.7 mm diameter. The impacts
performed in the tests were with energy increments and then correlated to the changes
observed in the force—time curves with the damage exhibited on each material. A high-
speed video camera was used to record the impact and velocities of about 1.7 m/s were
recorded, representing an impact energy of about 25 J. Figure 55 shows the recorded data

from the load cell, where it is observed that the semi-crystalline PEEK displays a large

impact force of about 25kN. This resulted in about 16 J of absorbed energy when the
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Figure 55. Force—time plots of the impacted PEEK, PEKK, SC-PEEK and CF-PEEK under 25 J at velocities of about
1.7 m/s [66].

displacement data from the video camera was incorporated in the calculations,
representing about 64% of the impact energy. Additional impact events at superior energies
resulted in a destruction of the samples. In contrast, the PEKK, amorphous PEEK and
carbon fiber PEEK absorbed between 31% and 40% of the impact energy. This suggests
that except for the SC-PEEK, the other systems are still capable of supporting higher
impact energies before reaching their fracture points. Figure 56 shows the impact event
of the CF-PEEK lattice under 25 J. It is observed that the part shows some degree of
buckling on the unit cell at the bottom of the structure. However, the system recovers most
of its original conformation, since only 0.8 mm of residual displacement was recorded on

the sample.

The impact testing is still under investigation to explore the optimal impact

properties of these high-temperature materials produced with soluble supporting
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Figure 56. Impact event of the CF-PEEK lattice structure. (a) Deformation of the lattice inducing a buckling mechanism shown by the
arrow in the unit cells at the maximum deformation; (b) recovery of sample after the impact test, showing a high degree of elasticity; (c)
force-displacement curve showing the limited residual displacement induced on the lattice structure [66].

materials. A full manuscript will be submitted displaying the detailed procedure and
results. Considering the quasi-static mechanical tests and the preliminary impact results,
simulation work was performed on the CF-PEEK system, due to its ability to withstand
high mechanical and impact forces and its use on structural applications under high-
temperature conditions. With the high-fidelity modeling foundation here studied, a
diversity of lattices and stochastic foams—now possible to fabricate with sacrificial
support material—can be evaluated virtually to reduce the duration of the overall design

and prototype cycle.

4.3.3 Simulation Results of Carbon Fiber PEEK

The numerical simulation of carbon fiber PEEK lattices under compressive

conditions was carried out in ANSYS® 19.2. The simulations were performed once a
confidence in the simulation modeling was established. Here, the initial model evaluation
was performed on solid tensile bars experimentally evaluated under quasi-static

conditions. The tensile strength analysis for carbon fiber PEEK was performed for three
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different print orientations: the x- (with a 45° infill), y- and z-axes, with three samples per
orientation, which were found to be 51.12 (£0.75) Mpa, 80.94 (£0.25) Mpa and 40.64
(£5.56) Mpa, respectively. In this evaluation procedure, three samples for each printed
direction were tested for determining the tensile strength. As expected, the value for the
z-axis displays the lowest strength due to the anisotropy associated with the 3D printing.
Further heat treatment optimizations for the z-axis are being investigated to enhance the
strength in this direction. The highest strength resulted from the y-axis, where the printing
was aligned to the tensile direction. It has been widely reported that the alignment of the
carbon fibers in conjunction with the polymer chains yields the highest mechanical strength
on longitudinally oriented 3D-printed parts [273,274]. The failure micrographs of the
fractured tensile carbon fiber PEEK samples are shown in Figure 57. The specimens show
that the coupons printed in the x- and y-directions display a higher degree of plasticity than

the z-orientation. The figure includes the stress—strain plots of the CF-PEEK system
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Figure 57. Micrograph of carbon fiber PEEK tensile bars with their respective tensile strength for (a) x-axis with 45° infill, (b) y-
axis and (c) z-axis. Included in the figure are the (d) stress-strain curves of the carbon fiber PEEK [66].
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printed in the three different orientations, where it observes the brittle profile of the

samples printed in the z-direction.

Following the experimental analysis of the solid 3D-printed parts, the stress—strain
curves of the printed carbon fiber PEEK material in the x-, y- and z-directions were
simulated using the MISO model (see Figure 57d). The figure shows that the experimental
data compare well (in shape and values) with their corresponding models, where the
average differences are 7%, 6% and 13% in x-, y- and z-directions, respectively.
Therefore, the ANSYS appointed material (MISO) model and properties were used in the
lattice model with confidence. One overarching motivation for this work is to optimize
the simulation of mechanical properties of the complex geometries enabled by the

sacrificial soluble support material.

Figure 58 shows the simulated compression profile of the lattice structure. These
progressive stress—strain data are plotted in Figure 59 and compared with the experimental

data obtained on the compressed carbon fiber PEEK lattice. Although Figure 59 shows
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Figure 58. Simulated sequence of deformation in the y-axis of the lattice specimen: (a) Initial compression and (b) Near
full densification [66].
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numerical results with steeper elastic sections, the plateau and densification sections of the
model display both shape and values similar to the experimental results. The absorbed
unitary energy calculated at the densification point was 7570 kJ/m3 for the experimental

data and 7640 kJ/m3 for the numerical model, which represents a difference of less than
1%. Therefore, the numerical simulation of the lattice represents an accurate model ofthe
experimental results and can be further used to optimize the design and performance of

alternative PAEK lattices.
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Figure 59. Numerical versus experimental stress-strain curves of the octahedral carbon fiber PEEK lattice [66].

4.4 Wearable electronics and applications
4.4.1 Tensile Testing

Full printed parts were compared with their overmolded counterparts. The tensile
strength of the clear resin was found to be 62.53 MPa, which agrees with 65 MPa as

reported by Formlabs. The clear-clear welded measured at 33.17 MPa. Similarly for
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flexible, its tensile strength was found to be 2.81 MPa, Formlabs reported a tensile strength
of 7.7-8.5 MPa, however, their tensile rate was approximately 500 mm/min, the standard
rate for testing rigid plastics (ASTMD638) is 5 mm/min, this rate was kept constant through
the entire study, thus lowering the tensile strength measured of the flexible material. As
combinations of materials were made, the rate was kept constant as to decrease the
variables that would affect the mechanical properties that were measured. The welded pair
of flexible resin was measured at 0.74 MPa, while for high temperature was 41.49 MPa,
which is lower than the 58.3 MPa reported by Formlabs, this can be attributed to the post-
curing process, the different materials have different curing times and temperatures, to keep
variables constant, all materials were cured at the same temperature and times, thus
affecting the measured mechanical properties of the high temperature resin, its welded
counterpart tensile strength was found to be 28.94 MPa. The nomenclature of the
overmolded parts is as follows clear overmolded (CO with its own resin), high temperature
overmolded (HTO with its own resin), clear and flexible overmolded (CFO, overmolded

with clear resin), flexible overmolded (FO with its own resin) and high temperature and
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Figure 61. Tensile fractured polymer-welded samples (a) clear-flexible and (b) high temperature-flexible.

flexible overmolded (HTFO, overmolded with high temperature resin). For the
combinations of materials, the strongest material was chosen as the overmolding agent to
ensure higher performance, e.g., CFO was overmolded with clear resin as it has 62.53 MPa
of tensile strength versus 2.81 MPa of flexible (see Figure 60). The values measured of the
tensile strength of these materials is comparable to the value reported by Formlabs [275],
the tensile strength of the flexible material is lower than reported due to the parameters
used for testing, our testing parameters were constant through all samples at 2 mm/min
while Formlabs performed the flexible tensile test at 508 mm/min, due to the nature of the
flexible material the rate of testing highly affects the value of its tensile strength. Optical

imaging of the polymer welded tensile bars after testing was performed is shown in Figure

2.00mm 2.00mm

Lens: Z520:X30) Lens: ZS20:X30)
Magnification: X30.0) Magnification: X30.0)

Figure 62. Polymer welded clear-flexible specimens after tensile testing (a) clear half and (b) flexible half-
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61. Figure 61a shows clear and flexible breaking at the welded area while Figure 61b shows

high temperature and flexible breaking at the weaker material, flexible.

Figure 63. Polymer welded clear-flexible specimens after tensile testing (a) high temperature half and (b)
flexible half.

Figure 62 and Figure 63 show the cross section fracture after tensile testing. Figure
62 corresponds to a fractured clear-flexible specimen, in which it is visible the fracture
through part of the flexible section (correlating with Figure 61a) it can be determine that
the polymer weld was done succesfully as the sample fractured through the flexible
material, close to the welded area. Figure 63 a fractured high temperature-flexible sample
is shown, in a similar fashion, the fracture happened through the flexible material, however,
unlike the clear-flexible, it was observed from Figure 61b that the welded are held and the

fracture happened through the flexible material, far from the welded area.

4.4.2 Interconnect optimization

Figure 64 shows the printed specimens after applying ink. Table 11 shows the resistance
of the different inks once deposited on straight and fractal trenches. All the inks were tested
with straight trenches and after finding the ink that performed better, the process was then
repeated for that ink on a fractal trench. Once the ink dried the resistance of the samples

were measured and averaged, after this process, the samples were subjected to ten pulls
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and the resistance was measured again and compared. It was expected for the resistance to
decrease after a force was applied on the sample, the purpose was to determine how much
the resistance was lowered by and find the ink that performed best for the project. From
this testing it was concluded that the conductive ink with graphene was the most stable

throughout the experiment.

Figure 64. Printed flexible samples designed to test performance of the four inks, (top) straight line
should break more than (bottom) “'fractal” design which should stretch without significant breakage.

Table 11. Resistance comparison between inks before and after pulling.

Before pulling (kOhm) After pulling (kOhm)
Inks Straight “Fractal” Straight “Fractal”
ATO Paste 10600 - 19000 -
Nano-Molybdenum 9800 - 0 -
ANI ATO 0 - 0 -
Graphene 1.38 2.56 0 3.59

4.4.3 Sensor
In Figure 65, the sensor as designed by [147], was built on a breadboard. this
method aided in the development process of the sensor to troubleshoot with ease, errors in
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Figure 65. Microcontroller circuit based on Valentine et al. [147] built
on breadboard for troubleshooting

the circuit. The microchip ATM328 was programmed with an Arduino to turn on the LEDs
in sequence, imitating the change in voltage that will happen on the circuit once pressure

is applied to it. The circuit was re-designed to accommodate on a 3D printed part (Figure

—
Figure 66. Schematic of the circuit shown in Figure 65, built in Solidworks
to print a part with the appropriate cavities for each component.
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Figure 67. Solidworks design of Valentine et al. [147] strain sensor.
Cavities for electronics are shown.

66) This drawing could also be used to aerosol jet the connections on the printed part, as
opposed to manually adding ink as is done in this work. Aerosol jetting will allow for better
and more precise connections as discussed in the literature review. The design for the 3D
printed part was made based on the circuit previously built and fitted on a 50 x 37 x 5 mm
part (Figure 67). Figure 68 demonstrates the final 3D printed part, printed using flexible
resin with a resolution of 50 um. In this figure, the cavities for each of the electrical

components is shown, the connections will be subsequently made with ink.

TN

b3k

Figure 68. 3D printed circuit design. The cavities seen are where the
electronics would be placed.
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Chapter 5: Conclusion
5.1 Spatter Analysis in Powder Bed Fusion

In conclusion, this research [1,2] shows a methodology using low cost cameras to
track spatter and gather statistical analysis for laser powder bed fusion. Stereovision is
shown to be a reliable way to get data about the spatter particles such as, age, velocity,
direction, and size. This research was accomplished at relative low cost and with open
sources. The beginning of an automation system has been done. The system was used to
gather data in real time to understand the behavior of the spatter where utility on measuring
performance of the process is possible. The proposed system shows to be reliable to collect
data of the spatter by using stereovision. Initial statistical results collected agree with
previous research and can now be taken in real time. By using the stereovision setup
allowed for increased accuracy in the measurements such as velocity and quantity.
5.2 3D Printed Elastomeric Lattices with Embedded Deformation
Sensing

A sensorized elastomer lattice was demonstrated [34]; it was shown that the sensor
measures both high-performance mechanical response while exhibiting accurate static
measurement of deformation and reasonable low-velocity impact sensing. By combining
both the mechanical benefits of lattice structures coupled with embedded intelligence and
sensing, new anatomy-specific smart wearables are now realizable. The elastomer material
used in this work is durable, and consequently, the resulting structures require sensors and
electronics fabricated and integrated in novel manners to survive in harsh environments.
By increasing the sampling rate of the data acquisition, the response of the system can be

improved; however, the current implementation with 4.0 ms sampling was sufficient for
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low-velocity applications that might be typically experienced in the soles of shoes while
running. Future work will include the testing of the system at higher impact energies, such
as those recorded on full contact sports such as an open field tackle in American football,
as well as the full integration of electronics into the lattice to avoid interference with the
activity. Data transfer will be enhanced by including wireless communications with a

protocol such as Bluetooth or Zigbee.

5.3 Thermoplastic Extrusion Additive Manufacturing of High-
Performance Carbon Fiber PEEK Lattices

The compression and flexural tests of 3D-printed amorphous PEEK, semi-
crystalline PEEK, carbon fiber PEEK and PEKK lattices based on an octet configuration
were performed in this research work [66]. These lattices were manufactured using an
extrusion process with the first open-market soluble support material compatible with
aromatic ketone structures. A soluble sacrificial support was used to print octet and
hexagonal lattices and support compatibility was demonstrated with high-temperature
PEEK/PEKK polymers. CT scan analysis showed that printed lattices without support
material resulted in overhanging sections with defects. In contrast, the incorporation of
sacrificial supporting material resulted in lattice structures without defects and with well-
defined dimensional accuracies. Carbon fiber PEEK material has shown a distinctive
ductile performance. The system did not present signs of fracture under compression even
at displacements beyond the densification region. The preliminary impact testing results
suggest this material can have potential applications in the field of blast and ballistics. The
plateau and the densification sections of the numerical results display both shape and values

similar to the experimental results with absorbed unitary energy calculated at the
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densification point of 7570 kJ/m3 for the experimental data and 7640 kJ/m3 for the
numerical model, which represents a difference of less than 1%. Semi-crystalline PEEK
resulted in the highest compressive strength of 21.01 MPa and modulus, a mechanism

associated with a higher degree of crystallinity, of 0.361 GPa.

5.4 Wearable Electronics

In this research work it was demonstrated the possibility of polymer welding specimens by
printing individual parts, using the liquid resin as a binder and placing it in the UV cure to
solidify it as well as get the printed specimens to their final mechanical properties. The
tensile samples were 3 mm thick as established from ASTM D638, the possibility of using
thicker specimens exists, with the translucent materials like clear and high temperature
such that the UV can still penetrate, however the thicker the material the harder the UV to
penetrate. Applications for polymer welded specimens include sensors in wearables such
as bracelets, in which the bracelet is printed from a flexible material and the components
are placed on a harder material such as clear or high temperature and the two are polymer
welded together for functionality. Other applications include embedding electronics in a
show sole or a helmet lining, by doing this the force exerted on both can be determine with
the electronic safely polymer welded in the structure with no notice from the user. The
tensile properties from the half polymer welded specimens show that while successful the
union is weaker than the full tensile bar, however if the surface area in the contact area is
increased, this value should increase as well and have a union as strong as the full tensile
bar or higher. Graphene ink showed the more stable-constant performance through the
testing, meaning connections with this ink are possible and would be useful from a

wearable electronic standpoint, while its value is not comparable with those of wires, it
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showed values lower than some of the other inks tested. The “fractal” design showed
promising results by allowing the ink to be stretched and bend without significant
difference. Increasing the number of layers applied to the throughs will decrease the

resistance value, meaning a lower value can be found.

5.5 Future of Additive Manufacturing

Additive manufacturing had its origins in the 1980s with vat photopolymerization, since
then several other technologies (e.g., material extrusion, powder bed fusion, binder jetting) have
started to make their way into commercial applications. Additive manufacturing is also being used
in medical, for customized prosthesis and dentistry (e.g., Invisalign®). Aerospace and automotive
are examples of industries integrating AM into their research areas to later add into production
lines. 3D printing is also being consumer products like shoes (e.g., New Balance with Formlabs)
which allows customization. Traditional manufacturing is best suited for large-scale production,
while additive manufacturing is better for low-scale customizable production. With 3D printing
integration in commercial aspects like shoes, cars, rockets, construction and even toys, its
availability is increasing and with it its price is decreasing making it easier to access by average
people. The applications of 3D printing are limited by the imagination of the user. As it becomes
more widespread, the public can start having access to it and with those, endless possibilities of
applications. CAD software is widely available, making it possible for anyone to learn to design
and see their drawing come to life with a 3D printer. Having access to 3D printers can also ease
problems for people who have the imagination of building parts to solve their problems, but limited
resources. Additive manufacturing has become an important part in our lives as medical advances

are now possible, better, and faster production of everyday items as well as entertainment.
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6.0 Future Work
6.1 Wearable Electronics

The goal of this research project was to demonstrate the versatility of additive
manufacturing by adding a circuit that could detect, in this case, pressure (or bending as
was the original circuit). To achieve this, various Formlabs materials were tested to
determine which one would perform for this application, clear resin and high temperature
were chosen to have a hard, unbendable base which would allow for connections to remain
unbroken in the case of a wearable piece and the flexible resin allowed for bendable ends.
However, flexible parts were also tested with the goal to have the flexibility of using non-
hard surfaces to build circuits on. The flexible resin would also allow for a lattice structure
to be printed with the circuit on one of the faces (Fig. 93). A graphene ink performed better
against stretching and maintained a reasonable resistance when compared to its

counterparts.

6.1.1 Programming

The ATM328 microchip requires programming done with an Arduino in which LEDs turn
on in sequence as the voltage changes by manipulating the potentiostat, thus emulating what will
happen once the circuit is scaled down as reported by Valentine. Once this programming is
completed, the circuit can be scaled down and electronic components fitted on the 3D printed part.
Once components are well fitted into printed part, more debugging will happen as errors are

expected to arise particularly from the ink connections.

6.1.2 Cavity Component and Adhesion
A study of adhesion of component-in-cavity needs to be performed which will

allow for improved development of the assembled 3D printed part. During this study, an
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enhanced placement of components will be established to ensure repeatability when
assembling circuits on 3D printed parts and assure adhesion. Considering the existing
Solidworks design, various iterations (both in design and print) are required to ensure a

proper fitting of each of the components required.

6.1.3 Sensor Platform Demonstration

After the troubleshooting of the circuit in the breadboard are completed and the
circuit is successfully scaled down, the LEDs in the sensor will have to turn on in sequence
as a pressure is being exerted on a printed part. A proposed design for the demonstration is
a lattice in which will have the circuit on the top face, the strain sensor on one side (Figure

69). However, this sensor could be fit various other applications.

Figure 69. Lattice design with cavities for electronics.
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