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Summary

In this thesis, a new technology and methodology is presented that can be applied
to create the next generation of complex in vitro models for a range of high value
applications.

Aerosol Jet printing is an emerging direct write technology. It can replace
established fine feature patterning techniques with a digitally-driven, agile method.
Aerosol Jet printing has advantages over other patterning technologies as it can
deposit most liquids, solutions and suspensions in specific customisable designs
on planar and non-planar surfaces. By automating the print process and
establishing a range of enabling procedures, the technique was applied to pattern
acellular structures in freeform patterns. These were used as culture substrates
and shown to influence the growth and movement of cells in culture.

The fundamental engineering and validation of the apparatus is presented in this
thesis. The design, development and testing of the automation system is reported,
as well as the enabling procedures such as substrate production, alignment
camera design, and control code generation. The automation system was
experimentally proven to be capable of a minimum incremental movement of
<10um and had a backlash of 25um in the print region. The alignment camera is
capable of distinguishing features as small as 5um. The control code generator
was capable of producing high fidelity designs from mathematical equations or
digital designs. These digital designs could be updated within hours, compared
to a physical template which can take weeks to update if the production is
outsourced.

To enable reliable micro-scale printing over long periods the material formulation
and operating parameters are established. From an initial choice of three

functional materials, an ink based around the conductive polymer poly(3,4-
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ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was used as the
print feedstock. When using this functional material, pertinent operating
parameters were investigated for their effect on the deposit geometry. Increasing
the material flow rate through the machine or increasing the size of the nozzle
orifice was found to enlarge the deposit, whereas increasing the scanning speed
under the print head, or increasing the focusing sheath gas diminished the
deposit. During a multivariable design of experiment with a 100pum micron nozzle,
the line cross sectional areas were measured between 6 and 10um?2. The two
most notable results were that the geometry is enlarged when the atomiser gas
was increased, and diminished when the sheath gas was increased.

Finally, this thesis explores the ability for the deposited features to control the
tethering and growth characteristics of cells in culture. The primary focus of the
experiments was the HCT-116 colorectal cancer cell lines, which were
encouraged to grow into the printed shapes including lines, dots, sharp angles,
arcs, circles, and different pitched lines. Subsequently, the functionality of this
method across eight different cell lines was proved. Baby Hamster Kidney, L929,
primary Human Dermal Fibroblasts, HCT-116, RAW, C6, EA.hy 926, and HT-29
cells were all observed to preferentially tether to the deposited patterns and grow
into shapes defined by them. The manner of the interaction was dependent on
the cell type, however, a preferential response was seen across the full range of
endothelial, fibroblast, neuronal and macrophage cells.

Finally, HCT-116 cells were patterned with high fidelity on curved surfaces, and
with freeform patterns over areas larger than 2.5mm?2. These experiments proved
the apparatus is a viable method to produce complex in vitro models used to
replicate in vivo conditions in applications such as pre-clinical drug evaluation,

tissue engineering and fundamental biological studies.
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Chapter 1  Introduction and Motivation

This thesis summarises the development of a new manufacturing process for in
vitro cell culture substrates. In vitro cell culture is performed as an attempt to
model in vivo environment. However, many routine cell culture assays are
performed on flat featureless glass or plastic substrates, which are a poor model
of the natural cell milieu. Flat, featureless substrates are unsuitable for many
applications because in natural growth the cells do not grow in isolation. In natural
growth cells experience interactions with multiple distinct cell types and extra
cellular molecules, which provide structural and biochemical support. Further, the
cells experience changing stimuli based on the stage of the growth cycle [1] .The
key to producing realistic in vitro models is to depart from simplistic traditional
artificial cell culturing substrates in which cells fail to recapitulate the environment
and phenotype of the tissue of origin [2].

There is an increasing demand for the capability to create advanced in vitro cell
models with greater complexity [3]. Advanced models will expand the range of
physiological conditions that may be studied in vitro, particularly as an alternative
to expensive and time consuming in vivo animal models [4]. The paradigm shift,
away from using animal models, will also increase the rate of research by
circumventing the need to adhere to animal safety and ethical regulations
associated with animal testing. However, this drive toward more complex
synthetic modelling at the micro scale cannot be met by traditional manufacturing
processes. Engineers and biologists must collaborate to produce these complex
cell culture substrates with suitable accuracy and speed to screen a range of
interactions. There is a competitive advantage to manufacturing technologies that

can be adapted to a range of scenarios.



Processes that deposit material directly onto a surface remove the need for a
template and several intermediary steps associated with manufacturing at the
microscale (Figure 1.1). The broad category of processes that deposit directly
onto the substrate are known [5§ ] I6 BW
processes material is dispensed directly from the print head onto the substrate.
By translating the substrate underneath the deposition head traces of material
are produced. The design of the deposited material is controlled by a digital script
which contains the instructions for translating the substrate, and the controls
required for other commands, such as on/off patterning [6]. By updating the digital
script, the design can be changed without a fundamental change to the
production process. The reduction in processing steps also reduces the
possibility of error by reducing the number of data formats and parties involved in
the manufacturing process. These new manufacturing capabilities will enable

novel and desirable substrates to be produced. When used in biological studies,

surface treatments at this micro level give the ability to model the cell environment.

The increased capability compared to other processes can be used to study,

model, and apply key biological phenomena.
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DW processes are compatible with a wider range of substrates than template and
stamp based processes, as the material is deposited directly onto the surface of
the substrate. Notably textured surfaces, and non-planar surfaces can be
patterned, and these are desirable in many high value fields such as tissue
engineering, healthcare and aerospace [9]. Once applications have been proven
in a laboratory environment, DW processes are suitable to scale up due to the
small number of processing steps. For example, if several print heads are
combined into a single machine the machine throughput increases, and can also
incorporate several feedstock materials [10].

The materials that can be printed are limited only by the ability to transition the
desired bulk material into a medium that is suitable to print with [11], [12]. Most
DW processes require a feedstock of liquid material which is produced by
dissolving, suspending of nanoparticles in a liquid (i.e. a colloid), or melting. This
material stock contains a functional material suspended in solvents and may
contain other additives. This material feedstock is called a n ¢ and ti$ the
properties of the ink is one of the fundamental drivers for most operational
decisions [13].

A promising DW process that is compatible with a wide range of feedstock
material viscosities is known as Aerosol Jet Printing (AJP). This process is unique
in the family of commercialised DW systems as it transitions the liquid feedstock
(containing the functional material) into an aerosolised state prior to deposition
onto the substrate. This atomisation step can be achieved in different ways
depending on the material characteristics of the feedstock. Low viscosity inks
(1-5mPats) are atomised through ultrasonic energy, higher viscosity inks (5-
500mPats) are atomised using a system based on pneumatic shearing. After

transportation to the print head the aerosol is focussed and accelerated toward



the substrate where it is deposited. The focussing head produces a collimated jet
of material, giving a working distance of 1-5mm [14]. Due to the unique
atomisation and focussing steps AJP overcomes the limited compatible materials,
and the difficulties in patterning non-flat substrates, and the significant lead-time
and costs of turning around new pattern designs associated with other patterning
techniques.

By developing the automation and enabling procedures for AJP, the time taken
to deliver new cell culture substrates is reduced compared to traditional
techniques. These can be tailored to model conditions as described by the

biologists, enabling more realistic cell culturing to take place.

1.1 Project Vision

The machinery and procedures described in this report were developed to
support the EPSRC funded project EP/L02067X/2. The vision of the project was
to progress high value biological applications by the creation of bespoke
apparatus and ancillary procedures. For example, these capabilities may be used
to manufacture models for pre-clinical drug evaluation [15], tissue engineering
[16], and fundamental biological studies [10]. In this thesis the apparatus and
methods to produce high fidelity surface treatments were developed. These
surface treatments were used as specialised cell culture substrates that
encourage cells to grow into high fidelity complex features. The manufactured
substrates had to enable new studies, but also be compatible with existing
biological assays to ensure validity of the analysis.

The developed apparatus and methods produced surface treatments of
biocompatible and cell adherent material onto non-cell adherent substrate, to
influence biological response at the microscale. As it was a new automation

apparatus the machine had to be characterised and the essential parameters for



controllable deposits identified. In addition to stable printing, the designs had to
be updateable to meet changing biological needs. These were communicated
from the biologists and implemented by the engineers. The manufacturing
apparatus was to be capable of printing structures that combine the specificity
and fidelity required for in vitro models with the speed of manufacture to
incorporate these structures into routine testing. The machine was to have scale
up in mind, and the potential for the production capability to apply these in vitro

models to high value applications.

1.2 Objectives

The final developed platform was to have the ability to provide focussed surface
treatment onto a range of substrates with micron-scale accuracy. This direct write
process was then to be applied to specific biological testing, the requirements of

which were driven by collaborative partners. The main objectives were:

1 A comprehensive review of Aerosol Jet Printing.

1 Design and production of a modular system capable of directed chemical
treatment, including 3 axes of movement and alignment capabilities.

1 A methodology to formulate new inks for Aerosol Jet Printing.

1 A methodology for achieving controllable and designable deposition of any
new ink introduced to the system, including identification of significant
process inputs and responses.

1 Ascertaining an operational window for reliable printing of lines with
defined geometries of a single material.

1 The use of such surface specific requirements to show a response from
an identified cell groups.

1 Printing of desirable structures, as directed by collaborative partners.



1.3 Challenges

The first and most significant challenge was the incorporation of the AJP process
into an automated manufacturing apparatus. This was fundamental to producing
micro-scale features that this project required. This challenge was tackled by
thorough characterisation, validating that the stage was suitable for the
application. Controlling the acceleration profiles and speeds was a factor in
enabling reliable print results. A body of work defining and standardising the
actuation meant that the automation apparatus was understood and the
capabilities defined. These criteria were taken into consideration when designing
the cell culture substrates.

Secondly, there are a range of factors that can affect the success of the printing

with AJP, such as:

1 Print material and substrate material interaction

1 Control of the gas flow rate ratios

1 The speed at which the substrate is moved under the head
1 The distance between the print head and the substrate

1 Environmental and drying conditions

In addition, inhomogeneous mixing and solvent evaporation of the material
feedstock caused process variation. These challenges were addressed by using
the literature to identify the key processing variables, and then defining the trends
when altering processing conditions. Combined with reliable stage movement,
this enabled definition of process parameters to enable consistent printing of
micro-scale features.

Thirdly, some substrates were not suitable for printing on in their natural state.

Improper matching of the surface energies had a deleterious effect on line quality



and caused defects such as bulging. In these cases, surface chemical alterations
of the substrate to match the ink properties were essential to the project.

The fourth challenge was to analyse and define the printed features once they
had been printed. A range of metrology equipment was used to measure the
printed geometries including white light interferometry, optical microscopy, atomic
force microscopy, and scanning electron microscopy. No standardised method of
reporting the geometry of Aerosol Jet printed features exists, so a range of data
was reported in line with the best practices from the literature.

The fifth challenge was to produce and update substrates to meet the
requirements of internal biological testing. In Particular, the speed of turnaround
was challenging to produce throughout the project. In addition, the stringent
requirements of cleanliness and sterility and the changing designs from different
collaborators had to be addressed. To speed up the production and alteration of
designs a new program was developed in Python, which could take either
equations or digital design data, and output machine control code. At the
beginning of the project, the designs needed to be simple so that they could be
coded manually, and complex requirements took between 2 to 3 days of
development. By the end of the project, new designs could be output within an
hour and the complexity of the design was not a factor in the length of time it took
to develop. In addition, scaling and batch production increased the throughput of
printed substrates. The biological testing was performed in a different laboratory
to the manufacturing, and therefore a cleaning and sterilisation procedure was
developed for the manufactured parts. After sterilisation procedure the parts were
sealed and taken for biological testing.

Finally, using the printed substrates in a biological application required both the

substrate manufacturing and existing biological methods to be adapted. Many



trials were required to define these new protocols and ensure that the cell
consistently reacted to the printed features. In addition, the requirements of the
biological testing meant that tight sterilisation and transportation procedures had

to be defined.

1.4 Thesis Layout

The background and motivation for the work is described above in Chapter 1.
Chapter 2 presents an overview of Direct Write and Hybridisation. It then gives a
detailed review of AJP technology, and its key applications. Finally, the current
state of the technology for applying direct write processes to pattern cell cultures
is discussed.

Chapter 3 Defined the methods for blank substrate production, surface alterations
and post processing. Then, the method for key analytical techniques and
biological protocols are described.

Chapter 4 discusses the core principles of AJP technology, the mechanical
design and fabrication of the automation apparatus from componentry, and the
development of the ancillary procedures and the hybridisation of the technologies
that enabled the production of the cell culture substrates. This chapter also
defines the methods to produce the machine control code and the printed
substrates.

Chapter 5 explores the experimentation required to define new printing inks and
presents the formulation for a stable printing ink. The characterisation identified
significant parameters of the bespoke automation apparatus. The parameters
and their interactions are assessed through the experimentation. The
incorporation of non-planar substrates and electrical stimulation of the substrates

is shown.



Chapter 6 presents stable printing conditions for lines of several geometries.
Printed substrates are proved to be non-toxic and the cells are viable. Limitations
in terms of manufacturing capability, and the response of cell cultures are defined.
Outside these limitations, cells respond exactly to the printed features, even over
large areas and complex designs. By incorporating many tests onto a single
substrate, the rate of testing was increased. Nine cell lines were assessed, and
the method was proven with all eight adherent cell lines. A range of functional
tests are presented which pave the way for new understanding in these biological
systems.

Chapter 7 concludes the thesis and suggests relevant avenues for future

research.

Table 1.1: Report overview summary

Chapter Subject Contents
1 Introduction Motivation.
Vision.
Challenges.
2 Literature Overview of Direct Write, and Hybridisation.
Review Review of applications of Aerosol Jet Printing.

Overview of alternative Aerosol Based Direct
Write technologies
Overview Applying Direct Write to cell culture.

3 Methods Overview of substrate production, analytical
techniques and biological protocols.
4 Machine Mechanical design and fabrication of apparatus.
Development Aerosol Jet Printing integration.
and Machine code generation.
Characterisation
5 Process Print material development.
Specification Experiments to determine operational conditions

Printing onto non-flat substrates.
Compatibility with electrical stimulation.

6 Applying Printing geometrical features.
Technology Use as cell culture substrates.
Compatibility with multiple cell types.
Cell culturing on non-flat substrates.
Demonstration of high fidelity cell patterning

7 Conclusions Concluding remarks.
Recommendations of further work.




Chapter 2 Literature Review

This chapter provides an overview of the Aerosol Jet Printing (AJP) process by
identifying its place in the wider direct write (DW) field, summarising the
underlying principles, and reviewing the applications of the technology. The
competitor technologies to AJP are discussed, as is the application of DW to cell
culture.

DW technologies cover those which selectively deposit a range of materials to
produce freeform patterns without the requirement for any tooling or masks [6].

The development of DW technologies was accelerated by the U.S. Defence

Advanced Research Proj ect sintdggtechConfornialu nd e d

El ectronicsd project, which aimed to
depositing a diverse range of materials onto virtually any substrate [17]. Notable
technologies developed from this project are Matrix-Assisted Pulsed Laser
Evaporation Direct Write T often abbreviated to MAPLE-DW [18], nScrypt [19],
3De [17], Direct Write Thermal Spraying [20], and Maskless Mesoscale Materials
Deposition (M3D, now rebranded as Aerosol Jet printing) [21]. The AJP process
was devised and patented by Optomec Inc (USA), who now sell the apparatus
directly and through distributers internationally. Due to the nature of the project
the primary use for many of the DW technologies was, and continues to be, the
production of electrical circuitry [22]. DW technology is increasingly used in other
applications that require the deposition of functional [23], [24] or structural inks
[25], [26] directly onto a substrate.

DW techniques compete with more traditional template and mask based
processes for surface modification [27]. Surface features are routinely produced
using a range of template driven techniques including photolithography and soft

lithography.[8], [28]i [32] However, these processes have restrictions which
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include limited compatible materials, significant lead-time and cost of turning
around new pattern designs, the geometrical complexity of achievable patterns,
and the difficulties in patterning non-flat substrates. A major contribution of DW
is that by removing the templates it enables higher orders of patterning complexity
while providing currently unobtainable degrees of flexibility and responsiveness
to design changes. In addition, throughput is increased as many ancillary
procedures associated with template driven manufacturing, such as spin coating
and mask alignment, are not required [2].

Within the DW technologies, the new AJP process is attractive, as it can print any
material that can be transitioned from the liquid/suspension state to an aerosol
state [33]. Therefore, it can print most liquids, solutions and suspensions in
specific customisable patterns [34]. AJP can be automated, requires few
processing steps and has a large and flexible stand-off distance compared to
other DW technologies [35]. This means it is compatible with a wide range of
substrate shapes, such as steps and curves. As the material is only printed where
required, the material usage is lower than some other manufacturing techniques
[36]. Through changing process parameters or rastering, AJP is used to produce

fine features (between 10-100um) [37] but can also produce films [38].

2.1 Principles of Aerosol Jet Printing

AJP is based around the aerodynamic focussing of an aerosol containing the

functional material. There are three key stages to the process:

1. The atomising stage: where the aerosol is generated from a liquid
feedstock of functional material.

2. The transportation and refinement stage: where the aerosol is transported
from the atomising chamber to the focussing head. This stage may include

a flow refinement component to filter the particle sizes and flow rates.
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3. The focussing stage: where the aerosol is focussed and accelerated

toward the substrate.

An overview of the printing process is shown in Figure 2.1. A liquid sample
containing the functional material is atomized within a sealed container (1). Then,
an inert gas is used to increase the pressure in the atomizer chamber and a mixed
stream of nitrogen and aerosol is produced (2). This is transported to the
deposition head, via flow refinement stages when appropriate, with the gas acting
as a sheath around the aerosol (3). A further annular sheath of inert gas is
introduced in the print head, which focuses and accelerates the aerosol (4) and
the resulting high velocity jet is deposited onto the substrate (5). To produce a
pattern the stage is moved in up to 5 axes (6), On/off patterning is achieved by
interrupting the jet with a mechanical shutter (7). The key novel and proprietary

element of AJP is the approach used to focus and deposit the aerosol [39].

,--Q‘-O’omo *p R0

‘®

Figure 2.1: AJP technology.

Characteristics of the deposit are a function of the nozzle size, material-substrate
wetting, and process parameters. Using AJP large working distances of between

1 to 5mm can be realised, and this enables printing on irregular surfaces [40].
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Printing is generally done in air at atmospheric pressure with equipment running
at or near ambient temperatures. As with all micro-manufacturing processes

environmental controls improve the reliability of the process [41].

2.1.1 Atomisation

The process of depositing aerosol particles requires a monodisperse aerosol with
uniform properties over long periods of time to be produced in the atomisation
container, if exceptional print quality comparable to photolithography is to be
achieved [14]. There are two choices of atomisation method. The principle of both
methods is to seal a small sample of functional material into a chamber and
atomise it using either focussed ultrasonic energy or pneumatic shearing of the
fluid in a Collinson type atomiser.

A factor that is controlled in both methods is the atomisation temperature. When
most materials are atomised, there is a reduction in temperature as the liquid is
dispersed. Therefore, the atomisation step causes a reduction of temperature
within the atomisation chamber, which increases the material viscosity, in turn
affecting the print characteristics. An arbitrary standard is to attempt to hold the
temperature at 30°C. However, this can be altered to suit the material and user
preference [42], [43]. In both methods a dense aerosol with droplet sizes between
1 and 5 um is produced [34]. However, the volume of aerosol and particle size

distribution varies, making the two methods suitable for different applications.

2111 Ultrasonic Atomisation

Ultrasonic atomisation (UA) techniques produce a monodisperse aerosol when
compared to the Collinson atomiser. The Optomec ultrasonic atomiser can
nebulise a range of materials with a droplet size between 1 and 5um. It has a
viscosity limit of around 10 mPa-s. At viscosities higher than this an aerosol will

not be produced [33].
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A diagram explaining the UA process is shown in Figure 2.2. An ultrasonic
transducer is oscillated using a high frequency alternating current (1). Then, the
energy is propagated through an intermediary liquid layer to the material which is
suspended in a small bottle over the transducer (2). A capillary wave is formed
on the material surface. Constructive interference causes increased local shear,
which in turn causes small particles to be ejected from the bulk producing an
aerosol (3). Finally, a positive pressure is applied to the atomisation chamber

which pushes the aerosol out toward the deposition head (4).

Carrier Gas
)

To Deposition Head

@ Water

Figure 2.2: Ultrasonic atomisation principle [44]

UA devices suffer from long term changes in atomisation, exacerbated by the
small (2ml) material reservoir. Factors such as ink drying, where the solvent is
evaporated into the atmosphere, and ink curing can substantially alter the
properties of the material over time.

For pure liquids, liquid solutions and colloids that contain small solid particles UA
is the preferred atomisation method. UA may damage larger molecules such as

polymer chains and living tissue due to high localised energy build up that causes
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aerosol generation [45]. Particles larger than 50nm may not be picked up by the
UA process, due to the small diameter of the Aerosol droplets that are formed.

When ultrasonic atomisation is used an additional variable is the current supplied
to the atomiser. Increases in current result in an increase in ultrasonic energy
transfer to the material resulting in smaller average particle size of the aerosol

[46].

21.1.2 Pneumatic Atomisation

The second type of atomising apparatus is based on a Collison type atomiser and
is explained in Figure 2.3. The reduced static pressure due to the flow of
compressed gas draws liquid material up the tube (1). The material is sheared by
the gas producing droplets (2). Larger droplets (>5um) impact the sidewall and
are returned to the reservoir (3), droplets smaller than this remain as an aerosol

and are exhausted from the atomiser (4).
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Reservoir of material to be atomised

Figure 2.3: Pneumatic atomisation principle.
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Pneumatic atomisation is compatible with materials that have a viscosity up to
1000mPa-s. Although the capacity of the reservoir is between 80 to 100ml, the
higher gas flows mean that the solvent evaporation can still affect the material.
The shearing of the material surface produces an aerosol with a wide range of
particle sizes [47]. In addition, the volume of material produced can overload the
print process at the focussing stage, resulting in blockages. To reduce the range

of particle sizes and volume of material an auxiliary filtering step is required.

21.13 The Virtual Impactor

When printing with the pneumatic atomiser It is important to refine the flow due
to the droplet size range, and volume of aerosol produced. This step removes
material and filters the aerosol to ensure that only droplets within a printable
range reach the print head. Due to the high gas flows rates (>1000SCCM in some
applications [48]) present during the atomisation process there is also an excess
material contained within the flow. To tune the particle size and reduce the total
mass flow rate a device known as a virtual impactor is used.

To describe a virtual impactor, it is first useful to understand a related device, and
Impactor. In aerosol science, an impactor is a device that can separate a single
aerosol stream in to two streams depending on the inertia of the suspended
droplets. Figure 2.4 is an illustration of an impactor plate. Collimated flow
approaches a static plate (1). The flow of gas is interrupted and forced to flow
outward to conserve momentum, smaller particles can change direction (2).
Larger particles with a higher momentum do not change direction and impact with
the plate (3). The flow then contains only small particles (4). In AJP itis the larger
particles which are desired, as printing with these has advantages such as
reduced overspray (discussed in Section 2.1.3). However, in an impactor the

larger particles are accumulated on the plate and cannot be used.
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Figure 2.4: A diagram of an impactor plate.

The virtual impactor achieves the same effect as an impactor, however in place
of a physical plate, it uses a region of stagnated flow achieved by a step increase
in the diameter of the tube (Figure 2.5). Most of the small particles do not have
enough inertia to overcome this stagnation and are carried outwards by the major
flow. In the AJP process these are not required and are vented through a filter to
the atmosphere. The minor flow containing the larger particles that were able to
overcome the stagnated air continues to the deposition head. The patrticle size
cut-off is not sharp and as a result some smaller particles (<5um) are contained

within the minor flow [9].
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Figure 2.5: A virtual impactor schematic adapted from [49]

2.1.2 Transportation to the print head

No matter which atomisation technique is used, the aerosol is entrained within a
gas stream and transported to the deposition head. Nitrogen is generally used as
it is a cheap and inert gas [45]. The sheath gas forms a boundary layer around
the aerosol that prevents the majority of the particles in the aerosol stream from
contacting the tubing (Figure 2.6) [9]. The degree to which the gas acts as a
sheath is proportional to the volume flow rate of the sheath gas [14]. However, it
is inevitable that some material contacts the tubing during the transportation. To
minimise the effects of this, polyethylene tubing should be used where an
aqueous solvent is predominant and PTFE tubing used when an organic solvent

is used. By choosing the tube material based on the solvent, any material that
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contacts the tube wets to the surface, reducing its impact. The tube length should
be minimised, and any radii maximised to reduce the head loss during the
transportation. The aerosol stream can be heated during transportation to alter
or evaporate the pre-curser solvents, additives or particle suspending medium [9],

[44].

Inert boundary layer Direction of flow }_

Atomised functional materia

Figure 2.6: A cross section of the transportation tubing showing atomised functional material entrained in a gas
sheath

2.1.3 Focusing and Deposition

The concept of dynamic focussing has been used in biological analysis for many
years. Crosland-Tayloré seports on the focusing of wide columns of particles by
injecting them into a stream of fast slow fluid moving in the same direction [50].
In the AJP process, the aerosol stream is aerodynamically focussed and
accelerated in the deposition head as illustrated in Figure 2.7. An annular, co-
axial sheath is formed between the aerosol stream and the sheath gas stream.
This collimates the aerosol stream to a degree. The co-axial stream exits the flow
head through a nozzle directed at the substrate. The sheath gas prevents contact
of the aerosol stream with the nozzle or orifice walls. This reduces instances of
clogging [44]. Hoey et al. contend thatt he st ream i sndt [6ld.mpl et

The converging nozzle focuses the particles within the stream further. This is
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because of inertial effects where the particles obtain a radially inward motion.
This is retained downstream of the nozzle even as the carrier gas diverges
radially outwards [52]. This means that there is a common focal point downstream
from the nozzle exit, but also that particles diverge outwards past this point.
Consequently, precise control of tip to substrate working distance is required.
Figure 2.7 shows a diagram of the deposition head. The aerosol stream (1) and
inert sheath gas (2) enter the deposition head. The Sheath gas flows co-axially
with the aerosol flow creating an aerodynamic lens (3). The aerosol then exits the

nozzle orifice and is printed (4).

Aerosol Stream

il

@ Inlet

Sheath Gas

©

Focussed

@ H Aerosol Jet

Figure 2.7: Deposition head. Adapted from [53].The diameter and properties of the emerging stream (and
therefore the geometrical properties of the deposit) are controlled by several adjustable process parameters,
discussed in the next section.
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The standard print head is capable of focussing an aerosol stream to as small as
one tenth the diameter of the nozzle orifice [41]. The size of the orifice opening
affects the range of line geometries that can be printed. In general, smaller
nozzles print smaller thinner lines than larger nozzles. Within the limits imposed
by nozzle size selection, the width of a printed line is controlled by the sheath gas
flow rate and the flow rate of material from the atomising apparatus. From a
practical point of view larger nozzles are harder to block and are easier to clean,
meaning that larger nozzles should be preferred if wider lines are non-critical.
The jet is deposited continuously and a line is formed by moving the substrate in
the XY axes, with some machines capable of movement in up to three further
axes (zZzdua) . The speed at which the subst
additional variable that influences the properties and quality of the lines. Thicker
lines are produced by slow translation speeds, and increasing the speed
generally results in a thinner line [54].

Onl/off Patterning is achieved by use of an external mechanical shutter located
between the nozzle and the substrate. The shutter interrupts the continuous flow
whilst the substrate is translated or rotated to the next prescribed position. The
aerosol is collimated when the Z stand-off is between 2 to 5mm. There is a focal
point where the beam is the thinnest and the position of this depends on the
Stokes number of the flow. The stand-off height can be varied between 2 and
3mm without a significant change in diameter allowing printing on non-planar
surfaces [44], [55]. Some configurations also allow the nozzle to be tilted,
facilitating printing on a vertical surface, illustrated in Figure 2.8 [55]. The design
freedom this enables has been showcased by Optomec with a video on their

website printing a circuit board onto an golf ball and an egg shell [56].
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Figure 2.8: Tilted nozzle printing

Ideally a 3-dimensional measurement of the deposit is taken, analysing the cross
sectional area, maximum height and width at half maximum height (WHM) [53].
If 3-dimensional measurements are not available lines are characterised by their

width under an optical microscope.

2.1.4 Print Parameters

The physical line width of the deposit depends on several parameters and can
approach single micrometre figures under optimal conditions. Goth et al. were the
first research group to publish a study on factors to be considered when
optimising the deposit characteristics for a silver nanoparticle ink. The adjustable

process parameters pertinent to both atomisation methods are the carrier gas
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flow rate, sheath gas flow rate, nozzle diameter, working distance, stage speed,
and stage temperature [57].

Optomec assign the sheath gas as the variable responsible for line width [58].
Mahajan et al. [53] contend that to control the width, the key variable is the

focussing ratio (FR) defined as:

Q¢ ©O i "GO WY (2.1)
By modifying focussing ratio, flow conditions and stage speed, lines can be
deposited ranging in width from 10 um to 300 pum in a single pass [59]. To create
trace geometries wider than a single line, multiple traces can be applied with a
slight overlap or with infill patterns similar to other direct write processes [60].
There are several other papers which contain small sections on the factors that
can affect printing. When using ultrasonic atomisation additional parameters are
the atomisation frequency and temperature of the atomisation chamber.
Pneumatic atomisation must also consider the exhaust gas flow rate. These
parameters affect the size range of the printed particles so can be tuned to
improve print quality [61]. Printing must consider the compatibility of the surface
energy of the substrate and the majority solvent. A mismatch in the adjacent
surface energies can have a dramatic and deleterious effect on overall print
quality [59]. Design properties can also have an influence on the print quality. The
number of layers, design layout, and cornering radii are all important factors to
consider when producing a pattern [46]. A summary of all the factors that affect

the deposition discussed in the literature is presented in Figure 2.9.
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Apparatus Process Design

Atomisation Method Focussing Ratio —> Number of Layers ——>
Nozzle Diameter Working Distance ——>" Dwell Times —>"
Nozzle Internal Profile Stage Speed —> Shutter Speed =——>"

Stage Temperature ——>) Track Cross Overs =——>
Atomiser Temperature ——>' Cornering —>}

Surface Contamination Air Pollutants

Surface Roughness

Viscosity

Surface Contamination
Humidity

Material/Solvent Ratio

Solvent Selection Topography

Material State Surface Chemistry Ambient Temperature

Material Substrate Environment

Figure 2.9: Factors affecting deposition. In addition, when using ultrasonic atomisation the atomiser current is
a variable, when using the pneumatic atomiser the exhaust gas is a variable [46], [54], [57], [61]i [63]

2.1.5 Substrate Wetting

A key processing requirement which is highlighted in the studies and can be
universally applied is the substrate wetting characteristics. Ink spreading on the
substrate affects the geometry of the deposit. Vunnam et al. specifically
investigate the effects of air plasma and self-assembled monolayer treatments
on the adhesion of printed silver ink on an indium tin oxide substrate. They
highlight that controlling the surface energy can influence ink spreading on the
solid substrate. Other factors that influenced the geometry were the ink solvent
selection and sheath gas flow rate [65]. Many other surface treatments exist to
alter the surface energies, which could be applied to different manufacturing

requirements [66].

2.1.5.1 PDMS as a Printing Substrate

PDMS is primarily an engineering material which is becoming more prevalent as
a cell culture substrate. PDMS is gaining popularity as a cell culture substrate, as
it is non-cytotoxic, biocompatible, and easy to process [67]. A range of
advantages for cell culture are summarised in Table 2.1Error! Reference source

not found..
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Table 2.1: Summary of useful PDMS properties

Area Property Advantage for use as a cell
culture substrate.
Physical 0.25MPa shear modulus and Can be released from

05-1 MPa Youngos 1 moulds with ease.
characteristic of a stiff elastomer Sub-micrometre scale
[68][69]. features can be produced
through cast moulding [70].
Can be reversibly
deformed.
Conforms to complex
topological surfaces

Optical transparency from deep  Compatible with optical

UV to near IR detection techniques that
are widespread in
biological assays

Surface Hydrophobicity i but can be Hydrophobic surfaces can
chemistry treated to become hydrophilic be used as cell repulsive
using well developed techniques zones to direct growth.
Hydrophilic surfaces are
compatible with the printing

method.
Bulk Chemical inertia Does not react with many
chemistry solvents.
Able to be cleaned.
Non-permeable to water Will not swell when
submerged
Non-toxic Able to support cell culture
Accessibility ~Widespread availability Available to many

laboratories allowing direct
comparison of results

Low capital and manufacturing  Accessible to many
costs scientists.

The chemical nature of PDMS is a polymer back bone based on a repeating unit

of a dimethylsiloxane group, shown in Figure 2.10Error! Reference source not

found.. In the |literature, the term 6PDMSH
used variant, commercially available silicone from Dow Corning. This variant is
0Sylgard 18406 and is specified as h-aving
vinyl terminated molecular structure. Sylgard 184 is favoured as it contains no
filling additives and is seen as a oOopured

available PDMS based materials are also used for microfluidic devices and differ
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in the terminal groups or filler material used. These changes may affect the

chemical interaction or limit the topographical alterations of the devices.

(

CHs HsC CH CHs
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H3C o= Si o) Si O Si —C2Hs
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Figure 2.10: Sylgard 184 Chemical Structure

There are some challenges with surface patterning PDMS that are inherent to its

chemical nature. The low modulus of Sylgard 184 can result in unstable features

if the aspect ratio (defined as the ratio of width to height) is outside a certain range.

This collapse can be due to gravity, adhesion, or capillary forces. Therefore, any
topographical features on the surface are limited by their achievable aspect ratio
[71], [72].

The methyl/vinyl terminal group of PDMS is inherently hydrophobic, and reacts
non-specifically with other hydrophobic substances, such as drugs or proteins
used regularly in biomedical research [73]. The PDMS surface has also been
shown to leach un-cross linked particles into solutions [74].

Surface chemical alterations result in only temporary hydrophilicity. After a few
hours (as short as 2) the surface begins to revert to a hydrophobic state, and
eventually returns to its original hydrophobic state. The phenomenon is described

frequentyand i s ter med Ohyd#mp@Eehobi c recov

2.1.6 Defects

Satellite deposits are common issues in jetting processes and AJP is no

exception. Satellite deposits are described as additional, unwanted deposits
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formed either during the ejection of
as the jetted droplets hit the surface [77].

A similar but distinct defect which is unique to this process is known as overspray
or sputtering. Figure 2.11 illustrates the aerosol exiting the print head. Hoey et al.
investigated the overspray phenomenon and concluded that deposits outside the
main region are not due to droplet bounce. Rather, on impact with the substrate,
the sheath gas must change direction to maintain its momentum, in a similar
scenario to the impactor plates described previously. Whilst most of the aerosol
is deposited in the focal spot, overspray is caused by smaller droplets (<0.1um)
that do not have enough momentum to overcome the sheath gas. These droplets
are carried outwards by the sheath gas and are deposited outside the intended
focal point. The distance between the nozzle exit orifice and the top of the
substrate is known as the z stand-off. The overspray is worsened if the z stand

off is not within the tight focal spot of the aerosol beam [78], [79].

Nozzle

X

“ Aerosol Jet
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’

Z stand off

Sputtering

Printed Line
Substrate

Figure 2.11: Deposition of aerosolised material onto the substrate surface.
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Figure 2.12 is a scanning electron microscope (SEM) analysis of an example
printed line between the yellow lines a confluent deposit was printed, however at
both edges of the print there are regions of smaller particles which can be

observed with a high contrast compared to the underlying substrate (overspray).

Overspray

Confluent Line S

Substrate

Figure 2.12: SEM analysis of a line showing the overspray to the sides of the printed features.

Several tactics have been identified to overcome satellites and overspray
including: increasing material viscosity, use of a co-solvent [42], reducing the
stand-off distance, depositing into channels [79], and adjustment of the process
parameters to affect the volume of deposited material [55], [80].

Other defects that can affect line quality, shown in Figure 2.13, include line
pinching and bulging, associated with the improper interaction of sheath,
atomiser and substrate scanning speed, wetting interaction between the material
and substrate, or substrate cleanliness. The optimal parameters such as sheath
gas pressure, atomising pressure and exhaust pressure may differ based upon

the viscosity of the ink, particle size and the solvent used [55].
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Figure 2.13 - Deposit examples (a) good, (b) pinching cause by substrate contamination, (c) pinching caused by
insufficient material flow rate, (d) bulging cause by too high material flow rate, (e) overspray caused by high
sheath gas [47].

In general width measurements should exclude any defects and characterise only
the functional part of the line. When material flow rate is very low a complete line
may not be produced at all. The aerosol stream can be heated to alter properties

or evaporate the solvents and additives or the particle suspending medium.

2.1.7 Post Processing

Post deposition processing may be required to give structures with the desired
electrical and mechanical properties. This requires additional cost and time and
can limit the ability to print on some substrates. The specifics of these treatments
depend upon the chemical nature of the precursor, the potential for interdiffusion
between the layers, the stability of the substrate and the engineering requirement
of the final targeted product [79]. When the ink is deposited onto the substrate
some, but not all, of the solvent evaporates. After deposition a drying or sintering
phase is common to drive off remaining solvents and solidify nanoparticle
deposits into a single line [55]. Thermal sintering is an important post processing

step when printing with nanoparticle inks. It is used to densify the printed features
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by heating, without the phase change to liquid [81], [82]. AJP discussion of
sintering is usually around the sintering of metal nanopatrticles, but the principles
can be applied to any nanoparticle inks. This is achieved either by bulk heating
the build platform or putting the substrate into an oven. For temperature sensitive
substrates, some configurations have a laser post processing capability built in
to locally dry and sinter the deposit without affecting the surrounding substrate
[83]. Other local sintering options include in situ line sintering through electrical
sintering [82], and selective exposure to a xenon light source [84]. These
approaches have been shown to enable the sintering of silver nanopatrticle tracks
on a thermally sensitive polycarbonate substrate with limited substrate damage,
increasing conductivity by a factor of 100 whilst maintaining flexibility [85]. In
addition, by depositing larger features, the requirement for sintering has been
bypass and a nanoparticle deposit used in an electrical circuit [86].

Higher sintering temperatures can speed up the process, however thermal
sintering has presented issues with interconnect cracking due to differences in
the coefficient of thermal expansion between the ink and substrate [57]. Further
to this, multi-layered (>10) printed silver tracks peel during sintering as result of
residual stresses [87]. The sintering temperature can also influence the granular

structure of the deposit [88].

2.2 Applications of Aerosol Jet Printing

A range of applications have been identified for AJP both as a standalone
technology and as a constituent part of a hybrid system. AJP was developed
primarily to print electronic materials on non-planar substrates, and much of
literature is focussed on these applications. Figure 2.14 is a summary of the
applications-based studies reviewed in this thesis. Looking at the number of

studies in each category, it is evident that biological applications are

30



underrepresented in the literature. Indeed, if the overarching category of

6el ectronicsd was wused (i n epdinhshadesobbfueyal | t
92% of the reviewed studies would be contained within that category. This
highlights both an opportunity to develop the technology and methods for
biological applications, and the lack of precedent for such projects.

However, some of the information contained within the electronics papers is

useful, aspects such as materials formulation, initial printing parameters, and the
techniques used to optimise machine performance can be extracted for use in

this thesis.

Printing for Biological

Response, 4
Hybridisation, 4

Figure 2.14: Representation of the categories of Aerosol Jet literature

31



2.2.1 Interconnects

AJP has been shown to print conductive deposits to connect two or more
electronic components, termed interconnects. The simplicity of interconnects has
made them the primary structure for the evaluation of new conductive materials
for AJP.

Silver nanoparticle ink is the most commonly used and best characterised AJP
material. When printing with metal nanopatrticle inks, oxidation of the material is
a key issue due to the large surface area of the nanoparticles. This limits the
applicability of reactive materials such as copper [89]. Silver is therefore a useful
ink as it can be deposited and sintered in an oven without oxidising, even in
nanoparticle form [90]. Silver and copper nanoparticles have uses outside of
interconnects, a relevant application being used as an antimicrobial coating [91],
however the application to in vitro models is limited by toxicology concerns of the
nanoparticle materials [92].

From a process standpoint the studies described in this section highlight some
key abilities of the apparatus. The ability to print micro scale functional structures
with AJP was proven by printing 35mm interconnects between LEDs in a

transparent heads-up display (Figure 2.15) [93].

1o S Front view

Figure 2.15 Printed silver interconnects in a head-up display [93]

The interaction of AJP printed structures with existing topography was shown by

printing over conformal geometries to produce multi-layer circuits for electronic
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packaging. Vertical interconnects were printed into voids in trapezoidal and
reverse-trapezoid substrate geometries (Figure 2.16) [87], [94]. In addition
printed silver ink has been used in a wire bonding application [95], and by using
ultrasonic energy to sinter the tracks, printed silver was joined to componentry
and other circuitry on both glass and polythalamide substrates [96]. Printed silver
ink has also been used to produce contact pads for micro electromechanical

systems [97].

Printhead
Printed / bl
silver

track

Adhesive
\ T

Contact pads

PCB substrate

Figure 2.16 Interconnection between stacked PCB components [87]

The reliable microscale printing afforded by AJP is especially well suited for fine
pitch electronics applications [40]. For example, decreasing the width of printed
features resulted in improved device performance in the current collection grid of
an inverted, ITO-free solar cell [54]. A more comprehensive study on the
optimisation of high resolution (20mm), high aspect ratio silver lines (0.1) was also

performed [53]. The finest reported printed conductive metallic lines have a width
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of 10mm, measured by optical microscopy, and were printed with a silver
nanoparticle ink [64]. These studies prove the ability of the apparatus to produce
fine pitch high aspect ratio structures. Fine pitch structures such as these are
analogous to surface treatments used to guide cell movement in in vitro models

[27].
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Figure 2.17: Printed silver tracks (A) 20um grid [50]and (B) 10um tracks [75]

A novel transfer process has been developed to embed sintered silver lines in a
temperature sensitive substrate (Figure 2.18). The nanoparticles are first printed
on to a low energy substrate that can withstand the thermal sintering cycle. After
sintering a second substrate is cast on top, left to cure, and then peeled. The
printed interconnects release from the initial, low energy substrate and are
embedded in the final temperature sensitive substrate. Therefore, the final
substrate is not exposed to high temperatures. This print-transfer-peel technique
has also been applied to flexible substrates [98]. A common material used in
biological studies is polystyrene, a temperature sensitive thermos plastic [99].
Methods such as these may facilitate thermal treatments onto substrates for

biological applications.
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Figure 2.18: Transfer process for flat conductive tracks adapted from [100]

2211 Flexible Substrates

AJP has also been used to print electronics on flexible substrates. A common
issue with printed interconnects is this bending endurance of features [101] [102].
Flexible materials such as PDMS are used in lab-on-a-chip and microfluidics
applications, however these are not normally submitted to the same bending

cycles as flexible electronics applications [73], [103], [104].

Figure 2.19: Cracks in printed tracks after 10,000 cycles, the arrow highlights the crack [101]
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2.2.2 Passive Electronic Components

Passive electronic components do not increase the net power of the circuit, and
the output is not controlled by another signal. Examples of passive components
have been printed by AJP are resistors [43], capacitors [105], [106] and inductors
[107]. Their relative simplicity makes them an achievable application if a
conductive material can be printed reliably. Printing passive electronic
components reduces their space claim and allows greater integration of
electronic circuitry with fewer processing steps. Notably, the ability to print onto
non-planar surfaces and steps surpasses all other technology in this area. This
treatment of non-planar surfaces is also useful in microfluidics applications. It is
challenging to pattern non-planar substrates with template based methods such
as photolithography and soft lithography [32], [69].

For example, when printing an antenna structure, AJP has been used to produce
both the 3D shape from the dielectric, and the functional antenna geometry [55].
The structure was printed using a UV curabl e
a substrate, before functionalisation using a silver nanoparticle ink. Changing the
orientation of the print head (by tilting it 45 degrees) enabled printing up a vertical
wall [108]. Similar techniques have been used to produce radio frequency
identification tags [109] , scaled mobile phone handset antennas [110], other
radio frequency antennas [111], modulated transmission lines [112], and three-
dimensional coplanar waveguides [113]. Other wideband radio and microwave
frequency components such as a four stage Wilkinson combiner/divider have
been described [114], [115], as have terahertz band filters [116] and notch filters
[117]. This vast range of applications showcase the flexible nature of the

technology, and techniques such as printing on non-planar geometry and up
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vertical walls may find use in biological fields such as multilayer microfluidics

which currently require complex alignment mechanisms [118].

400 um

Figure 2.20: (A) Vertical antenna on a dielectric pillar (B) antenna microstructures [108]

2221 Secondary Processing of Aerosol Jet Printed Features

Aerosol jet printed features have been used indirectly as a precursor step for
another manufacturing process. For example, AJP has been used to deposit
nanoparticles as a seed layer for secondary light-induced-plating on glass and
silicone substrates for the front side metallisation of solar cells [44], [119]. This
two-step process produced high quality electrical and mechanical contact with
the silicon solar cell. The printed nanoparticles defined the positions of the
interconnects, and the light-induced plating provided a higher conductivity finger
for more efficient transfer of charge. The team at the Fraunhofer Institute for
Solar Energy Systems have continued to develop the seed-plating process
through investigation of scale-up potential [119] and material development [120],
[121]. Indeed, many aspects of photovoltaic cells, including the electrodes,
contacts and functional organic photovoltaics can be produced by AJP [122].
These are beneficial as their small size reduces shadowing on the cell [123]. In
addition, AJP has been identified for its ability to print films of material over large
areas for light harvesting [124], [125]. It is not common to see the combination of

in large area patterning over large areas (without rastering) with fine feature
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printing a single manufacturing apparatus. Especially in biological applications
large area surface treatments can be used to affect the culture, whilst fine
features direct some specific cell growth characteristics. This can be applied in,
for example, a neuromuscular junction where the neurons must be specifically
guided into the muscle tissue [126].

An innovative patterning method was to spin coat a water soluble polymer onto
the substrate then selectively depositing a fluoride solution by AJP. The reaction
of the fluoride and polymer locally produces hydrofluoric acid which is used to
etch the substrate. A post rinse in DI water rinses off the acidic polymer layer
leaving a chemically etched substrate. This research was used in a photovoltaics
application but could easily be adapted to provide topographical cues on cell

culture substrates [127].

2.2.3 Active Electronic Components

Active electronic components either require power to work or can introduce net
power into a circuit. Active electronic components tend to be multi-material
structures which are more complex than electrodes or passives electronics.

Transistors are ubiquitous in modern electronic devices, which makes them a key
component for producing functional printed electronic circuitry. As such,
functional printed transistors have been repeatedly proven by multiple research
groups, for a variety of applications [128]i [133]. A challenge for printed
transistors is the development of a high capacitance dielectric ink to perform as
the gate insulator in thin-film transistors. Accessible gate dielectric ink candidates
have low-resistance to organic solvents, which makes them hard to use in printing
inks for solution-based processes such as AJP. More chemically resistant

dielectrics, such as polyvinyl phenol and polyimide, require curing temperatures
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exceeding those of low cost thermoplastics materials that are often used as
substrates [134].

AJP has been shown to print high value materials such as high purity single-
walled carbon nanotubes. [129]. In the current research focussed on carbon
nanotubes for AJP, the researchers primarily discuss the importance of solvent
selection and dispersion of inks. Specifically for carbon nanotubes, a toluene and
xylene co-solvent mix is used, but solvent selection is based on the compatibility
with the functional material and substrate [135]. Once efficient dispersion
techniques have been developed, the technology has been shown to be scalable

[133].

(a)

Figure 2.21 All carbon based field effect transistor array on a flexible substrate [136]

2.2.3.1 Functional Material Doping

To print materials with advanced functions some researchers dope a majority
carrier component with a minority functional component. For example, ion-gels,
a polymer matrix blended with ionic liquids, show promise as a key material in
fully printed transistors [128]. lon-gels are used in the gate insulator material in
these transistors. A series of transistors in the form of a ring oscillator has been
printed fully using AJP [137]i [139].

In some cases, the function can be altered without changing the processing
conditions by changing the dopant. Figure 2.22 shows red, green and blue

organic light emitting diodes (OLEDs) that have been manufactured using a
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doped material. The colour can be controlled by dissolving a host particle into a
solvent mix and adding various emitting dopants. As the majority component is
unchanged, the AJP print parameters do not change when printing 30 pm
features of each colour [140]i [142].

An analogous material used in biological applications are the cell laden polymer
gel blends used in bioprinting [143]. For example, cell laden polymeric gels have
been used in an extrusion based bioprinter to form three-dimensional structures
[144]. In this case the majority component is the gel matrix, and the minority

components would be the salts, proteins and cells themselves [144]i [146].

Green
[Ir(ppy).]

Figure 2.22: Printed blue, green and red OLEDs [140]

2.2.4 Actuators and Sensors

AJP has been shown as an effective technique in the manufacture of high
resolution actuators and sensors on conformal substrates. AJP holds promise for
the development of a multitude of sensing and actuation technologies as it
enables fast turnaround time for new designs and deposition of a range of
materials onto non-planar substrates. The range of compatible materials presents
an opportunity to create complex devices in a single processing step. Fully printed

sensors are good examples of multi-material structures.
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Strain gauges are patterned conductive traces that change resistance in
response to mechanical strain. Using the AJP process these components can be
printed directly onto the surface of the component. To produce a strain gauge on
a conductive surface a polymer isolation layer was printed before using a silver
ink to produce the strain gauge geometry (Figure 2.23) [147]. A similar approach
has been adopted by Zhao et al. to embed silver ink strain gauges in carbon-fibre
composite devices without a significant change to the mechanical properties
[148]. Their work suggests AJP is a promising approach for embedded sensors;
further work is required to remove defects, optimise curing processes and
investigate the interface between the sensor and carbon fibre prepreg [148].
Recently, a multi-material ceramic and metal strain sensor for high-temperature
applications has been manufactured [149]. A similar approach to separate the
functional component from the substrate surface has been used in cell culture
applications. An i ni ti al |l ayer of O6extra cel
electrospinning before a functional treatment was applied by ink jetting [10]. AJP

surpasses this capability by enabling both steps in a single machine.

Figure 2.23: A printed strain gauge, printed on top of a polymer isolation layer [147]
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An interdigitated capacitive touch sensor has been manufactured by printing
silver nanopatrticle ink onto a glass slide (Figure 2.24) [150]. These patterns can
be printed onto non-planar and flexible substrates without a degradation in
performance and exhibit similar performance to those produced by template
based methods [151]. In a novel application, a printed interdigited structure has
been demonstrated to electrostatically adhere small molecules for use as a

gripper in miniturised robotics [152].

F Interconnect
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Figure 2.24: Printed interdigitated capacitive sensor [150]

Multilayer (>2) devices have been demonstrated in the form of chemical and
photodetectors. The manufacture of low-cost, flexible paper based detectors
using a combination of AJP and Ink Jet printing has been shown [153], [154].
PEDOT:PSS and P3HT:PCBM polymer blend layers were printed; the silver
bottom electrode was deposited using inkjet printing; and the DNA biopolymer
was drop-cast. A printed nanowire network of zinc octaethylporphyrin has been
shown to have a high photosensitivity [155], and a cost efficient light sensor
device was printed from a nanoparticle solution [156]. A similar multimaterial
sensor was produced by combining Aerosol Jet and Ink Jet printing steps [157].
Quantum dots have been shown to be sensitive to deep UV light and have been
printed onto several substrates [158]. The production of complex sensors shows
the potential of AJP to be used in the manufacture of low-cost, flexible devices.
Further, the ease at which AJP can be integrated with other processes to improve

build times and functionality shows promise.
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Multilayer dielectric elastomer actuators have been produced fully using AJP.
These layered structures consist of a dielectric sandwiched between to compliant
electrodes. The layer-by-layer approach of AJP, combined with its ability to
produce films, makes it a promising approach to produce actuators in a single
processing step [159], [160].

Semi-conducting single walled carbon nanotubes have been shown to change
their conductivity in response to the presence of hydrogen. Consequently,
researchers have been developing systems that use this to produce low-cost
hydrogen sensors. AJP has been shown as an effective way of creating uniform
deposition onto pre-patterned substrates. This approach has led to the
development of a functional hydrogen sensor [161], a nitrogen dioxide sensor
[162], and a multi material structure capable of sensing hydrogen peroxide [163].
There is some progress in printing of ceramics for chemical detection [164], [165]
and optical waveguides [166]i [169].

2.3 Non-traditional Applications of Aerosol Jet

Printing

Whilst the primary application of AJP has been used for surface patterning, some
researchers are beginning to explore its use in novel ways, such as multi-material
printing, incorporation into hybrid machines, and the production of three
dimensional structures. Aerosol Jet has been used to print two part materials by
using a dual atomiser configuration (Figure 2.25), where multiple atomisation
chambers are connected to a single print head. Each atomisation chamber
contains a separate material and the sheath /atomiser/ exhaust gasses are
controlled independently. A two part silicone elastomer has been printed using
this method [170], [171]. In addition, the dual atomiser set up has been applied

to print graduated regions in solid oxide fuel cells by printing a combination of
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dense and porous layers. These layers encourage controllable chemical
reactions to capture the useful energy. Thin electrolyte and cathode layers were
deposited onto a standard anode substrate to form a functioning fuel cell [172]i
[174].

x vi i y virtual impactor B ;
alcymzer gas A irtual impattor A P atomizer gas B

=3

printing- sheath gas
component A nozzle component B
\ AN 4

Elastosil P 7670 Elastosil P 7670

substrate

Figure 2.25: Dual atomiser arrangement [170], [171]

Hybrid processes refer to the combination of two or more synergistic
manufacturing processes. The combination of these processes produces or
enhances the end product in a way that could not be performed by a single
process [175]. AJP has been incorporated as a part of a hybrid manufacturing
chain to take advantage of its applicability to different materials and print regimes.
For example, AJP has been used to deposit thin layers (5-3 5e m) of UV <curabl e
inks onto non-planar surfaces that were subsequently cured through exposure to
a UV laser. This hybrid approach combines the thin layer capabilities of AJP with
the fine feature capabilities of laser based direct write to produce high resolution
structures (Figure 2.26) [25], [26]. Although these studies were completed with
polydimethylsiloxane, itis easy to see how this can be expanded to accommodate
more exotic materials. The combination of AJP and laser based direct write may
also present a pathway to multi-material stereolithography that is unachievable

through the conventional vat based processes. By using independent print heads,
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printing different UV curable material a model can be produced using multiple

materials.

Figure 2.26: SEM images (A) square grid pattern (B) 3D cone array structures [25]

In addition, AJP has been explored as a functionalisation step in a hybrid- additive
manufacturing process. The hybrid process was used to print functional
structures and encapsulate them between the layers of the additive manufactured
part. The researchers identified the ability to print metals, elastomers, and
ceramics in a single process as a key parameter that differentiated the AJP
process as a functionalisation step [176]. The AJP process has also been
incorporated into a Stratasys extrusion based printer for a similar application [177].
Saleh et al. were the first to demonstrate the production of three dimensional
structures using AJP. To do this they integrated the core technology into an
environment heated between 90-110°C. This high environmental temperature
resulted in fast solidification of the ink, enabling printing in three dimensions
without the normal spreading and wetting associated with AJP. Whilst silver ink
was used in this study, the authors contend that this work can be replicated by
any nanoparticle ink [178]. Subsequent work has characterised the mechanical
strength of these three dimensional structures and worked to apply them as

electrodes in lithium ion batteries [179], [180].
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Figure 2.27: SEM image of a three dimensional structure produced by AJP printing[178]

2.4 Competitor Technologies to Aerosol Jet Printing

Other institutions are developing alternative aerosol based DW systems. These
are based around new focussing techniques, atomisation techniques, or

combinations of the two.

2.4.1 Collimated Aerosol Beam Direct Write

To further reduce the size of the printed features and overcome some defects a
technology known as Collimated Aerosol Beam Direct Write (CAB-DW) was
developed by the Centre for Nanoscale Science and Engineering at North Dakota
State University. The reduction of the trace width is achieved through improved
focussing of the aerosol beam, and is useful in applications such as fine pitch
printed electronics [78]. The technology is capable, under the proper conditions,
of reducing depositions to 5um in width [14]. It was both theoretically and
experimentally shown that when travelling through a converging long (1mm)
capillary, high velocity (~100m/s) particles entrained in a fluid migrate toward the
centre axis [181]. This is due to the Saffman force, the lift force associated with

local shear. When an aerosol is contained within a tube this constrains the
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aerosol to the centre line of the flow. Though smaller than the Stokes force,
causes the flow of aerosol particles to migrate closer to the centreline of the
nozzle. The AJP designers base their calculations on Stokes force alone. This is
flawed as it assumes ideal and incompressible flow, and spherical particles which
IS not the case for this application [181].

During their study the theoretical calculations show that the Stokes force should
always be considered and Saffman forces should be considered if the nozzle is
greater than 10mm in length. The other forces are small by comparison as to be
negligible. The underlying premise of the new approach is using a three-part,
converging-diverging-converging nozzle to promote the focusing and collimation
of the jet. By translating a substrate underneath this collimated flow, a pattern can
be traced [182]. The nozzle is longer than normal AJ nozzles, meaning it is better
termed a capillary. Particles of all sizes and initial positions were predicted to
migrate toward the centre line and this was confirmed experimentally. The lines
written using a CAB-DW system were approximately 1/3 the width of the AJP
printed lines using otherwise identical processing conditions [182].

The dynamics of CAB-DW printing are similar to other processes where a careful
balance is struck between stand-off distance, printing rate, surface wetting,
solvent evaporation, and deposition temperature to realise a deposit of uniform

composition and morphology [183].

2.4.2 Aerodynamic Lenses

Aerodynamic lenses are used to generate particle beams for aerosol
characterisation. These aerodynamic lenses are a series of centre collimated
orifices contained in tubes that create converging flow accelerations and
diverging decelerations. Particles are separated from the carrier gas and are

focussed to a tight beam due to their inertia. The exit nozzle is responsible for
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accelerating the particles toward the substrate with a minimal divergence angle.
The pressure limiting orifice controls the volumetric flow rate through the lens
system and the exit nozzle defines the lens operating pressure. Particles that exit
an aerodynamic assembly are accelerated in the low pressure environment
required to maintain the focussing affect. The particles impact the substrate at a
velocity of between 400 to 500m/s. An aerodynamic lens has been developed to
obtain focussed, low divergence particle beams for long-distance transport inside
a vacuum chamber. The aerosol stream is directed toward a substrate which can
be translated to produce a direct write system [184].

Nano particle deposition using aerodynamic lenses has several potential

advantages [185]:

1 It requires neither sheath gas nor micro nozzles to achieve a 10um
resolution.

1 Aerodynamic lenses consist of thin metal plates with orifices that are
greater than 1mm in diameter, which can be manufactured by many well
characterised techniques.

1 An aerodynamic lens assembly can also be incorporated into a high
vacuum system commonly used in micro-electronics fabrication and use

the pressure drop from ambient to the chamber to deposit the material.

Qi et al. use aerodynamic focussing to deposit nanocrystal assemblies in
controlled patterns. They use a silicon wafer substrate and achieve a scanning
speed of 10um/s. The line height was a maximum of 2.9um and the WHM was
9.4um. A triangular distribution was observed [185].

Girsheck et al. discuss the deposition of particles by hypersonic impaction. An
aerodynamic lens is used to produce a focussed beam with a width of a few 10s

of micrometres. The group state that the aerodynamic lens could be interfaced
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between a particle synthesis reactor to produce a complete manufacturing

system [186].

2.4.3 Electro-Aerodynamic Jet Printing

In electro-aerodynamic (EAD) jet printing aerodynamic force is coupled with
electrostatic force to obtain a wide range of controlled pattern sizes. In the EAD
jet printing method, electrically charged aerosol particles move through the inner
cylinder of a co-axial nozzle where an external electric field is applied. A sheath
air flow passes through the outer cylinder of the nozzle to prevent the particles
from digressing from the aerosol stream. A Collinson type atomiser is used to
create the aerosol which is then passed through a unipolar charging device. A
stainless steel needle located at the centre of the charger is put under a high
voltage to generate corona discharge at its sharp tip. This discharge ionises the
particles. The particles then pass through an aerodynamic lens (Section 2.4.2).
After the particles are ejected from the nozzle they are encased by the outer
sheath of air and electrically forced to deposit on the surface.

Park et al. designed two co-axial nozzles to observe the effect of electrostatic
force, particle size and air flow rate on particle trajectory and dot pattern size.
They found a higher sheath air flow rate caused the aerosol stream to be focused.
When the Stokes number was higher than one, the dominant focussing effect
was the sheath flow rate rather than the applied voltage. However for Stokes
numbers lower than one, the pattern size was affected by both the sheath airflow

rate and the applied voltage [187].

2.4.4 Ultrasonic Horns

As an alternative atomisation step manufacturers such as Sono-Tek and Sonaer
Ultrasonics [188], [189] have developed technology known as ultrasonic horns

that are capable of creating aerosol particles with a Gaussian droplet size
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distribution. Sono-tek has commercialised the technology and advertises the

capability to produce lines with the width of 400pm.

2.5 Cell Patterning Technologies

Some research groups have exploited the abilities of surface patterning
technologies for cell culture applications. Although the material selection,
resolution, and flexibility in design and substrates is limited in comparison to AJP,
site specific surface treatments produced by both mask based and mask less
techniques have been produced. These cell culture substrates are used as
models of in vivo tissue architecture and physiology for applications such as drug
screening applications [190], engineering blood vessels [191], and controlling
stem cell fate [192], and neuromuscular research [193]. It has been suggested
that traditional 2D monolayer cell cultures are limited in application and more
complex 3D models of disease are required for more effective and efficient pre-

clinical evaluations [15].

2.5.1 Mesoscale three dimensional technologies

In methodsc ommonly termed O6bioprintingo,

substrate to form a mesoscale three dimensional shape. Bioprinting techniques
include cell sheet technology [194], acoustic cell patterning [195], ink jet based
techniques[196], and extrusion based systems [197]. Cells are usually contained
within a hydrogel to reduce the shear forces associated with printing [194]. The
shape of the growth is defined by the initial pattern shape. However, the
processing parameters are specific to each cell culture and cultures suffer from

poor cell viability after printing [198], and low resolutions [199].
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Figure 2.28: Bioprinting overview [197]

2.5.2 Microscale surface patterning

In microscale patterning cells are patterned on a smaller scale. Cells are either
directly patterned (by containing them within the printed material), or an acellular
structure is manufactured from suitable materials. This structure is then used as
the underlying substrate for cell culture. Many techniques that are used in other
surface patterning technologies have been used to pattern cells on this scale
including photolithography, soft lithography (microcontact printing), and a suite of
template less technologies such as Laser Induced Forward Transfer (also known
as LIFT) [200], dip pen lithography [201], and ink jet printing.

The ability to pattern onto the substrate enables use of specialist materials such
as nanofibrous substrates that mimic the important 6 e x t r ac e |l [[10]llmr ma
these methods, it is the topographical and chemical cues of the printed material
that are used to influence the spatiotemporal growth and movement of cells on
solid substrates [202]. These cues can be manufactured of any compatible
materials, and with smaller dimensions that are cannot be achieved by direct

bioprinting [203]. However, each of these technologies has its limitations. For
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example, soft lithography is inherently template based, and issues with the mask
such as deformation of the template [204]. In LIFT printing, the cells cannot be
finely patterned and instead their distribution must be statistically controlled,
limiting resolution [194], and, in ink jetting low seeding densities are required to
stop the nozzle from clogging during the printing process [194].

Due to these limitations, no single technology is suitable for freeform cell
patterning in every scenario. Solutions that are being explored are to combine
technologies into a single hybrid machine [175], and to investigate new micro-
scale manufacturing technologies that enable greater flexibility in terms of

materials and processing requirements.

2.5.3 Aerosol Jet Printing to Pattern Cell Cultures

AJP has been investigated as a flexible method to pattern cells. It has been
applied as a bioprinter to print biological media directly. Using the pneumatic
atomisation method, materials such as protein and DNA have been printed using
AJP without denaturing the structure of the molecules. Using the pneumatic
atomiser reduced the shear force on the proteins. Lines, dots and squares of
various proteins were printed and the proteins were not denatured. The printing
of proteins can be extended to active enzymes [45] and gels containing live cells
[205], with feature sizes of approximately 100um. Printing smaller sized features
introduced significant shear forces which affected the viability of the cells.

Using printed acellular structures, MG-63 cells have been directed to grow into
lines [206]. In addition, de Silva et al. have proved the ability to both positively
(LLCPK1 and NIH3T3 cells grow on in straight lines) and negatively (NIH 3T3
cells avoid the printed features) control cell growth by changing the print material.
The design complexity of these features was limited to lines and grids, and the

scale of the features was in still in the order of 200 um [207].
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2.6 Chapter Summary

Within the direct write processes, the relatively new AJP method is compatible
with the widest range of functional materials. This is due to its unique and
patented atomisation and focussing steps. AJP has primarily been explored in
electronics manufacturing applications to date. Several techniques extracted
from the literature are summarised in Table 2.2. These techniques have
implications outside of electronics manufacturing and should be considered for

all new applications of AJP.

Table 2.2: Key techniques extracted from electronics applications literature

Electronic Structure Printed Key Techniques Identified

Interconnects New material introduction
Substrate wetting
Thermal sintering
Printing onto flexible substrates
Passive Electronic Components Printing simple structures
Secondary processing of features
Active Electronic Components Printing complex structures
Functional Material Doping
Actuators and Sensors Printing complex structures

Advanced material printing

The landscape of increasing complexity of in vitro cell culture models
necessitates a new suite of digital manufacturing apparatus. The varied demands
of these new applications require a flexible approach that can be updated to suit
a range of manufacturing requirements, and to complement existing 2D and 3D

techniques.
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A major contribution of these new manufacturing apparatus and methodologies
should be to enable printing at an order of magnitude smaller than current
methods while providing currently unobtainable degrees of material flexibility and
responsiveness to design changes. The practical implication of this is that not
only can a greater variation of cell models be created and explored, but that
different designs can be created in the matter of minutes as compared to typically
1 week+ for template- based methods, and at a fraction of the costs. This unlocks
the both the range and viability of new forms of in vitro cell models. The current
AJP literature for cell patterning primarily tackle only straight lines and grid
patterns [45], [205]i [207].

By incorporating AJP into a new methodology, and using techniques and
materials developed in the electronics production literature to rapidly advance the
capabilities, printed cell culture substrates can be realised. The key to producing
complex surface patterns is establishing a digitally-driven and computer-
controlled manufacturing process that prints directly onto substrates before the

culturing
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Chapter 3 Methods and Materials

3.1.1 Substrate Manufacturing and Post Processing

Substrate selection can have a large effect on print quality, due to physical or
chemical interactions between the substrate and the material discussed in
Section 2.1.4. Improper wetting of the ink on the substrate can cause an
incomplete line where the material dries into droplets on the surface. In
applications where a solid line is needed this can cause a failure of the part. Both
chemical interactions and surface roughness can affect the wetting on an ink on
the substrate. Larger scale surface topography should also be considered, as
although the aerosol stream is collimated to an extent, topographical changes are

effectively a change in z stand-off which can affect line geometry.

3.1.1.1 Washed Glass

The surface of glass is naturally very flat due to the lapping step in its
manufacturing. This flat surface can act as a good reference surface, making
metrology processes used in this project easier to perform. Polymer substrates
are not flat by comparison. Therefore, the primary use for glass substrates was
in the engineering characterisation of the process.

The cell response to glass substrates, discussed in Section 6.2, made them

unsuitable for use as a cell culture substrate.

3.1.1.2 PDMS Substrates

The specific manufacturing moulds used for the substrates was altered many
times to fit new engineering requirements and biological assays. The PDMS was
cast into different thicknesses and shapes to be suitable for a range of
technologies such as white light interferometry, compound optical microscopy,
compound tissue culture microscopy, fluorescence microscopy, and scanning

electron microscopy. This range of substrate sizes did not affect the surface
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patterning as due to the digital nature of the automation the code could be
adapted. The effect of different substrate sizes on the cell culture was accounted
for by using an initial cell density (cells/cm?) as an initial condition for the cell

culture, rather than the number of cells only (Discussed in Section 6.2).

3.1.2 Cleaning and Sterilisation Procedure.

To remove contaminants and clean the substrate surface, all substrates for this

experimentation were washed and prepared in house using the following method:

1. 10 mins ultrasonication in acetone
2. 5 mins ultrasonication in isopropyl alcohol

3. Rinsing with DI water or storage in DI water until use

This process is based on the solvent cleaning of wafers used in the University of
Leeds clean room. Acetone is used first to remove any organic contaminants.
However, the acetone solvent itself can leave a residue. This is removed by the
second wash in isopropyl alcohol. If the substrate was to be used right away it
was rinsed with Type 2 DI water (15 megaohms-cm). If the substrate was to be
stored it was immersed in the same type DI water and sealed in a container until
use to avoid further contamination.

Prior to use the substrates were dried under a nitrogen stream. If the surface
required oxidation they were placed in an Inseto PE-25 plasma cleaner and
treated for 60 seconds with oxygen plasma. The overall cleaning procedure is

shown in Error! Reference source not found..

Ultrasoniation Ultrasonication Rinse with DI D;)i/tr%r;)ienr a '(rcr)gat:to\;]/iilkz
in acetone in isopropanol water stream oxygen plasm

Figure 3.1: Cleaning procedure before printing
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3.1.3 Surface modification

The hydrophobic nature of native PDMS causes issues with surface wetting of
water based inks. To make PDMS surfaces suitable for use in this process the
surface energy of the device must be increased to make it hydrophilic. One
method of doing this is by a reaction to oxidise the surface. The aim of this
oxidation is to covalently bond a hydroxyl group to the terminus with a substitution
reaction with a methyl group [208]. This can be achieved using several methods,
most commonly exposure to oxygen free radicals from oxygen plasma or corona
discharge [73], [209]. When exposed to oxygen plasma, the PDMS is attacked
by oxygen free radical molecules which result in the formation of silanol groups
on its surface. During the research, the surface chemistry was altered to facilitate
printing of water-based inks. This was achieved by treatment with an oxygen
plasma prior to printing. An Inseto PE-25 plasma cleaner was set to 75W power
and a vacuum of 175torr was pulled. The oxygen flow rate was set to 10cc/min.

The samples were exposed to plasma for 60 seconds.

3.1.4 Post processing

After the printing process, the parts were baked for 30 mins at 150°C to drive off
solvents. Then, parts were sterilised by immersing them in 70:30 ethanol:DI water
to swell and burst any organic matter. The parts were then sealed in a pre-
sterilised cell well container for transportation to the cell culture laboratory. This
step is especially important to avoid bacterial infections in the cell culture,

particularly in later tests when antibiotics were not used.

3.2 Analytical Techniques

The geometrical features of the printed deposits were checked for defects and

dimensionally assessed using several analytical techniques.
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3.2.1 Microscopy

Microscope images were taken using a calibrated Olympus BX53 Upright
Microscope with either 4X, 10X or 20X objective lens and a 12.5 MP camera.
Samples were illuminated using the in-line LED. Particulates were removed from
the sample using a nitrogen stream. Under optical microscopy sample were

assessed for their optical width and for the defects discussed in 2.1.5.

3.2.2 White Light Interferometry

This analysis was performed with a Bruker NP Flex White Light Interferometer,
using a 20X objective and stitching 4 measurements per sample. The full method
to process white light data is shown in Appendix A. After gathering the data, the
tilt was digitally removed from the data results, and a data restore algorithm was
run to fill in any blank pixels with the average value of those directly surrounding
it. Where required the data was rotated and magnified. These steps flattened the
results and set the scales to make them comparable. A sigma filter with a window
size of three was passed over the data once to remove noise. An example of raw

data input and the processed data set is shown in Error! Reference source not f

17 07
15
06
10
04
; 08
05
Ei E o6 025
0.0
04 -
05
02
02
10
13 00 03

0.00 0.20 0.30 0.40 0.50
mm

ound..

0.00 0.20 0.30 0.40 0.50
mm

Figure 3.2: Example white light interferometry data (A) raw data (B) post processed data
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Quantitative cross sectional data was extracted from the interferometer by
assessing a single horizontal section for its height data. The maximum height was
defined by the biggest measurement distance between the substrate surface and
the peak of the inverted U profile. A measurement of width was then taken at half
this maximum height value. Figure 3.3 shows the horizontal sectional data height

data and defines the maximum height and width at half maximum.
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Figure 3.3: (A) A horizontal section was taken from the data. (B) Example of profile data and an illustration of
maximum height and width at half maximum.

3.2.3 Scanning Electron Microscopy

A FEI Nova NanoSEM (Thermo Fisher Scientific) was used in low vacuum mode
to image the samples at incident angles between 0 and 30 degrees. Prior to
imaging on a scanning electron microscope, samples were sputter coated in a
4nm layer of conductive iridium to inhibit surface charging, reduce thermal build
up and improve the image resolution. Ultra-high magnification images were taken

using the immersion mode of scanning electron microscopy.

3.2.4 Adhesion tape test

Adhesion tape tests were performed according to the standard ASTM D3359 i
09 (Test method B) [210]. By rastering the fine printed features a pad of material
was produced. A grid was scored into the pad using a razor blade. The pad was

viewed under an optical microscope. Elcometer 99 pressure sensitive tape was
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firmly pressed down onto the pad and left for 120 seconds before being sharply
removed. The pad was then inspected underneath the microscope and material

removal analysed in line with the standard.

3.3 Biological Protocols

The following biological protocols were used for the cultures discussed in Chapter

6.

3.3.1 Cell culture Conditions

The cell lines were maintained in T75 flasks (Thermofisher scientific). The cell
cultures were maintained at 37°C / 5% CO2 / 95% relative humidity. The cells
were cultured in suitable growth medium and supplements as described in Table

3.1.

Table 3.1: Growth conditions for different cell lines

Cell line Description Medium Supplements
RAW Mouse macrophages | Du | b e ¢ ¢ o Madified | 10% Fetal Bovine Serum
264.7 Eagl ebs Medi {2mM L-Glutamine
L929 Mouse fibroblasts Dul beccods 100 1.U./ml Penicillin
Eagleds Medi 100 L_lg/ml S_t_reptomycm
C6 Rat glial cells Ha mee ATPIlite positive control:
- _ 5-10 pg/ml Camptothecin
PHDE Primary human [Dul beccods at Day 4
dermal fibroblasts Eagleds Medi
BHK Baby hamster kidney | G| as gowods
cells Essential Medium
EA.hy 926 | Human somatic cell | Dul beccods 10% Fetal Bovine Serum
hybrid Eagl ebds Medi | 1% Penicillin/Streptomycin
HT29 Human Colon Cancer | RPMI Media
HCT116 Human Colon Cancer | RPMI Media

On 90% confluency the cells were passaged. Spent media was removed from the
culture flask and deposited into waste container containing Virkon solution. 5ml
DPBS was added to briefly wash cells and remove any residual FCS. The cells
were then incubated with 2ml of tripsin (0.05% vol/vol) and
ethylenediaminetetraacetic acid (0.5% vol/vol) for 5 minutes. 8ml complete media
was then deposited into flask. The total solution 10ml), was then transferred to a

universal tube and centrifuged at 400g for 5 minutes to form a pellet of cells. The
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media was removed by pouring into the waste pot. The pellet was then re-
suspended in 10ml of fresh media. 1ml of the media containing cells was
deposited into a T75 flask containing 9ml of fresh medium to maintain the culture
for future experiments. The remaining 9ml of media containing cells was diluted

to the appropriate cell concentration and used in patterning experiments.

3.3.2 Patterning Experiment Procedure

The PDMS substrates were sterilised in 70% ethanol for 10 minutes, and then
dried in a sterile hood, prior to cell culturing. The patterning experiments were
maintained at the conditions described in section 3.2.1

Cells were seeded at 7.5x10* cells per PDMS substrate and incubated for a

specified time period before being analysed.

3.3.3 Microscopy Protocol

Images of the cell culture were taken at various magnifications with an EVOS FL
microscope. There was no interference with the cell culture for routine microscopy

analysis.

3.3.4 Immunofluorescence Protocol

The cells were fixed with 4% paraformaldehyde in phosphate buffered solution
(PBS) for 15 minutes. Subsequently, they were blocked with 0.5% skimmed milk
for 10 minutes at room temperature. Then, they were incubated with 100uL of a
1:200 solution of mouse monoclonal anti-U-tubulin antibody in PBS for 1 hour at
room temperature. After washing, the substrates were incubated with 100 pL of
Alexafluor 488 goat anti-mouse antibody (1:300 with PBS).

To stain the cell nucleus 15uL of Hoechst 33342 (100ug/ml) in DPBS was added
to each sample. The culture plates were covered and left for 15 minutes at room

temperature before imaging.
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Images were taken at 10X magnification with the EVOS FL microscope. The
brightness and contrast of the images were enhanced with ImageJ, before
combining the signals from the cytoskeleton and nucleus staining. Larger images
were stitched together from several frames and mounted onto a black

background.

3.3.5 Preparation for SEM imaging

Cells cultures were briefly washed with pre-warmed (DPBS) and fixed in 2.5%
(v/v) glutaraldehyde for 20 minutes. Cells were then subjected to dehydration in
increasing gradients of ethanol (25%, 40%, 60%, 80%, 90% and 100%). For
imaging, samples were coated with 4nm of iridium and imaged using a FEI Nova
NanoSEM (Thermo Fisher Scientific)

3.3.6 Live/Dead Assays

These experiments were conducted by collaborative partners. Live/Dead assays
were conducted with the Live/Dead Cell Staining Kit I (PromoCell GmbH,
Germany). Cells were stained according the manufacturers instruction. 1pl of
4mM Calcein solution and 2 ul of 2mM EthD-1 solution were mixed in 4 ml DPBS.
Culture medium was removed and 300 ul of Calcein i EthD-1 solution was added
to the wells. Samples were incubated in room temperature for 1 hour, and the
dye solution was then replaced with DPBS. For imaging, the samples were placed
on a microscope slide (upright) and covered with DPBS to avoid drying while
imaging by using upright fluorescent microscope. The cells on the bottom of the

wells were imaged by using inverted fluorescent microscope.
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Chapter 4 Design, Fabrication and Testing of
the Automation Apparatus

In Chapter 2 digitally driven technologies were identified as suitable systems to
produce cell culture substrates that could be updated as a response to changing
biological requirements without the cost or time implications of changing a
physical mask. From these processes AJP was shown to be compatible with the
widest range of functional printing materials, substrate materials, and substrate
shapes due to its unique atomisation and focusing steps. This flexibility in
materials and substrate shaping were identified as desirable for use in developing
complex in vitro models. Using a flexible system such as this increased the range
of applications, provided the core AJP technology ( 6 pr i nt coeldhigei ne &)
integrated into a suitable automation apparatus.

In this chapter the core Aerosol Jet technology is incorporated into a
programmable three axis system. To manipulate the substrate under the print
head, a three-axis stage was controlled through a control code (G-Code) input to
Mach3 CNC software. A key enabler of the technology was a script which
produced the control code from an equation or digital design data. The process
incorporates rotary stages and alignment apparatus capable of distinguishing
features as small as 5um. This enables the integration of substrates produced
using other techniques, forming a hybrid process.

First, the mechanical and component design of the processes enabling the
incorporation into a full manufacturing system is given. The machine axes, which
enable manipulation of the substrate, were designed, assembled and tested.
Next, the calculations for an substrate alignment camera, and integration of the

print engine with the automation apparatus are shown.
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In the second section, the methods to prepare the substrate blanks and the
cleaning and sterilisation procedures are detailed. These processes were
essential to use the printed cell culture substrates in the cell culturing laboritories.
Finally, the generation of machine control code is explored. This section explains
how Computer Numeric Control (CNC) apparatus control code can be written by
hand for simple shapes, and how it is interpretted and used to control the
apparatus. Then, new programs to generate machine control codes that
produced complex shapes is described. The input data to the programs could be
from either mathematical equations or design exchange format (DXF) designs.
The capabilities of this complex control code generation differentiated this work
from previous AJP cell patterning research by enabling higher orders of
patterning complexity, flexibility and decreasing the time to implement design

changes.

4.1 Design and Manufacture of the Automation
Apparatus

The automation of the process was fundamental to the production of cell culture
substrates. The primary objective of the manufacturing apparatus was the
accurate and repeatable microscale movement capability. After the design and
development of the apparatus, the system was tested. A secondary process
consisting of an in-process alignment camera and rotating stage were also
incorporated. The print engine was also integrated with ancillary components

such as a gas supply, cooling system and a vacuum pump.

4.1.1 Design and Implementation of Movement Axes

The three-axis stage is powered using a single phase 30V DC power supply
capable of producing the 25W required to run the three motors. The Pulse Width

Modulation (PWM) signal was initiated from the computer using MACH3 software.
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It is interpreted through the CNC control board, which sends switching signals to
the three motor drivers. These drivers apply power to the motor coils in response
to these switching signals, causing them to turn. Figure 4.1 illustrates how the

stepper motor for each axis is controlled.

Motor Stepper

»| Driver »| Motor
X X

CNC Motor Stepper

Computer —| Control »| Driver > Motor
Board Y Y

Motor Stepper

»| Driver > Motor
zZ z

Figure 4.1: Stepper motor control diagram

41.1.1 X and Y Movement Axes

The components that were available to build the X and Y axis were specified in
British units. Therefore, these units were used in this design section to ensure
the precision of the design (by removing the possibility of rounding errors).
However, for reporting the capabilities of the machine, Sl units are used.

The X and Y axes design was identical. Both axes were driven using a stepper
motor. The stepper motor was powered at 4.7V, 1.8A DC. The motor specification
was 200 steps per rotation, therefore the rotation was 1.8 degrees per step.

To reduce the minimum rotation angle of the stepper motor the driver is set to
microstep. Microstepping divides the movement of one full step (1.8° in this case)
by overlapping currents in the stepper motor coils and changing the ratio of these
currents. These overlapping currents can move the motor by less than one step,
increasing the accuracy at a cost of motor torque. Microstepping is controlled by
tuning the relationship between the PWM controller and the digital stepper drivers.

The motors were tuned to 1/8 microstepping, as this is commonly taken as the
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maximum level of microstepping for non-specialist stepper motors. 1/8
microstepping means that the minimum appreciable movement of the stepper
motor axle is 0.225° (p& ). Setting the pulses per revolution higher did not
increase the accuracy of the motor movement by any appreciable amount but
can improve smoothness of motion. As the application of stepper motors for a
three axis stage without any machining requirement will not strain the stepper
motors maximum torque, this was set to 25000 pulses per revolution 7 the
maximum value.

Themotor s were fastened t XLospecificatiorvtieningbelbt r apezoi d
A timing belt was used as it permits smaller gears than equivalents such as
chains, reducing the space claim. Timing belts are also driven by teeth, rather
than by friction as in a smooth belt, which reduces the slippage and ensures the
driving and driven shafts remain synchronised. The required belt length,
calculated from the geometry, was 8 inches. The method and geometry are found

in Equation 3.1 and Figure 4.2.

0 Qa ®EQAQR ¢“PY pdH LV ¢ - Ve (3.1)

0.82

225

1.655

Figure 4.2: X and Y Axis timing belt
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A polyurethane belt reinforced with steel fibres was used. A belt with a nylon
coating on the tooth side was purchased. This nylon coating reduced the co-
efficient of friction and improve the engagement of the belt and pulley. 8-inch
welded belts of the drapezoidal XLospecification have 40 teeth. The large pulley
had 26 teeth and the small pulley had 13 giving a speed ratio of 2. The belt width
was 0.25 inches, this width was enough to withstand the forces required to turn
the lead screw. The large pully was fixed to the stepper motor shaft. The small

pulley drove the precision acme single start lead screw. The width of the screw

was 3/ 80 with 10 threads tpheer @fndg2ild. O0OT.hleo t |

The theoretical accuracy of the stage can then be calculated as the resultant
movement of the stage due to one microstep. This accuracy value assumes a
perfect system and does not consider factors such as backlash, inertia in the
system, wear of the components, temperature effects or latency in the controls.
It is not a guarantee of the minimum movement of the stage, however is useful
for comparing designs. A 0.225° movement in the motor spindle equates to a
0.45° movement in the lead screw due to the gearing ratio. This equates to a

theoretical accuracy of 3 um for each axis as shown in Equation 3.2.

YRET QDOODE @O c& 0'QNQi WE QMo Qéet— (3.2)
cd& 1 u — T8 nd

In practice the axes cannot achieve movements of 3 um as the minimum

incremental movement is affected by many factors. The most practical way to

assess the incremental movement is by direct measurement. A dial indicator was

used to record the minimum incremental movement using the experimental set

up shown in Figure 4.3.
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/4

is Stage

Figure 4.3: Dial indicator set up for measuring axes movements (A) side view showing the experimental set up
(B) plan view of the experiment showing dial

In the literature the minimum reported feature width is 10um when measured by
optical microscopy [64]. In order to counter the end effects associated with the
AJP mechanical shutter, print lengths of 10 times the line width are recommended
[22]. Therefore, a stage movement of less than 100pum will not be used as it would
not be discernible (The O6widthdé woThd
minimum incremental movement measured for each axis was less than 5 um.
Therefore it can be concluded that the stage is suitable as it is capable of
producing lines of 100um.

Using the same dial test indicator set up, the deviation of the stage was measured
at several positions along the X and Y axes, in both the forward driving (positive)
and the backward driving (negative) directions. For these measurements the
point (0,0) was assumed to be the point at which both axes were at the half way
point of both the X and Y axis lead screw. Figure 4.4 and Figure 4.5 show these
measured values. The deviations in the X axis are larger than the Y axis and
standard lead screw tolerances (1/1000 of an inch or around 25um). The high
deviations on the left side of the axis suggest damage to the lead screw in that

area.
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Figure 4.4: Graph to show the measured deviation on approach to specific X axis positions from both
directions

25
20

15

——
——1

{(Lm)
—
—_
(9]
—

o) @® Forward Driving

-20 -10 ¢ 10 20 30 40 Backward Driving

Deviation
=y
o
—e—x
— —
AN
o w

-25
Y Axis Position (mm)

Figure 4.5: Graph to show the measured deviation on approach to specific Y axis positions from both
directions

The backlash was calculated from the difference between the forward and
backward driving deviations in both axes and is shown in Figure 4.6. The large
backlash in the system had some implications for design of printed structures
later in the project. The geometrical sizes may not be as designed, circles are
challenging to close, and any alignment, either between prints or of geometry
must take backlash into consideration. From these results it was inferred that the

alignment capability was better in the Y axis than in the X. The top right position
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of the stage (positive X and Y axes) had the least backlash, so this area was
selected as the preferred print region going forward.

200
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m X Axis
WY Axis
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0
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Backlash (pum)
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Figure 4.6: Calculated backlash at specific positions on the X and Y axis

41.1.2 Z Axis Movement

The Z axis was also specified using British units. As in the X and Y axes, the
motor for the Z axis was also 200 steps per rotation. Microstepping was set at 1/8
with the pulses per rotation, higher than required to improve smoothness of the
movement. For the Z axis the belt length and pulley sizes were re-calculated. The
XL timing belt was driven by a small pulley which had 30 teeth. The small pulley
was fixed to the stepper motor shaft. The Z Axis shaft was driven by the large
pully which had 60 teeth, equating to a timing ratio of 0.5 which means a 0.225°
rotation in the stepper motor equates to a 0.1125° rotation in the Z axis shaft. The

required belt length was 17.6 inches.
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Figure 4.7: Z axis timing belt

The large gear was used to drive a % inch British Standard Whitworth threaded
bar which was used as a lead screw for the Z axis. The threads per inch of the %2

inch bar is used to calculate the accuracy as in Equation 3.3:

ANz

4ERT OABEBDAANAUcE mp@— mimpli i (3.3)
The accuracy of the Z axis was not critical to the same micrometer scale precision
as the X and Y axes, due to the range of stand off distances afforded by AJP,
discussed previously in Section 2.1.3. Therefore, accuracy of 100um was
deemed acceptable. Calibrated spacer blocks were used to verify the Z axis
motion. The set up is shown in Figure 4.8. The stage was moved until the first

spacer just fit under a flat reference surface, without fouling. It was then lowered

20mm. This movement was verified by the addition of another calibrated spacer.
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Print head

bracket

Calibrated

spacer

Stage

Figure 4.8: Z axis verification. (A) Stage is moved until the spacer just fits between the nozzle bracket and the
stage plate. (B) The stage is moved down 20 mm and the movement is verified by the addition of a second

calibrated spacer.

The print surface was a thick (10mm) piece of aluminium. This was ground to
ensure flatness across the entire area. The flatness of the plate under the print
head was verified. The dial indicator was mounted to the print head. The
deviations from the centre point of each axis are shown in Figure 4.9. The
deviation of the build plate was less than 30um, even at the extreme ends. The
Z deviation across a print sample will be less than 10um, as the print surfaces
will not be as large as the whole build plate. This small deviation in Z height will
not affect the focussing of the aerosol stream onto the substrate.
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Figure 4.9: Z height deviation from the centre point
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4.1.2 Printing Engine Configuration

The print engine consisted of two choices of atomising apparatus, two focussing
heads, and the associated controller and sensors. The atomisation technique and
head choices were cross compatible. To run the machine, one atomising
apparatus and one focussing head was selected. The ultrasonic atomiser and
0.5X print head were chosen for this project, due to the suitability of this

configuration to print fine features (discussed previously in Section 2.1.3).

4.1.3 Microscope Specification

A microscope was required to align substrates to the printhead and that was
capable of monitoring line width in process if necessary. The desired spatial
resolution was down to 5um, to be able to view the edge effects and overspray
of the line. This was challenging as this is approaching the wavelength of light,
meaning diffraction plays a large role in the calculations.

The following equations can be used to specify spatial resolution of a microscope.
04 OIQH OIO@I ¢ & OFEE ¢ S (3.4)

01 Q6 @H®mE QDD BOGE & (3.5)

6 O ¢ o GEEQE & Q4 GO £ & GGEE £ 0060 (3.6)

6 &0 @ BOR ¢ & b QE -+ i j (3.7)

A camera was selected based on its cost and suitability to the application. An EO-
5012M camera was purchased from Edmund Optics. The following relevant

specifications were taken from the data sheet.

Table 4.1: Relevant EO-5012M specifications

Component Specification
Camera Sensor Size I o

Sensing Area mm by mm 5.6x4.2

Pixels 2560X1920 (5MP)
Pixel Size pm 2.2x2.2
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Using equation 3.4 the image spatial resolution can be calculated as:

"0d O K@i ¢ & GFEQE & —js CC i a (3.8)
Using a 5X objective lens (PMAG =5) the field of view was calculated:

8 8

"OQRA®QQM G P& 1 & O B0 @1 & (3.9)
6 &Q0 G BIOR ¢ & AD Qé & Al J_
A j .
@ T A (3.10)

j
A limiting factor to the resolution is therefore unlikely to be the hardware. Another
limiting factor is the diffraction of the light by the lens. This is observed by rings
around small features known as a0 duetoy
diffraction the Airy Disk spot size should be minimised. The Airy Disk size
depends on wavelength. A single colour was used to illuminate the sample to
reduce the wavelength band. lllumination with the lowest visible wavelength (blue
light) would result in minimum diffraction. However, the transition of blue light is
poor in most glass optics. Quartz based optics are prohibitively expensive, so

green light was used as the shortest wavelength with sufficient intensity.

on — (3.11)
The Airy Disk Diameter in pum is

0 QIOI0O a QAQI ¢&8 T [ AX — @1 WMcn

8 A (3.12)
Therefore, diffraction of the light is the limiting factor and the minimum feature
size that can be calculated is 4um using this system. To reduce the minimum
resolvable features further quartz lenses and blue or UV illumination must be

used, which is prohibitively expensive at this stage. As can be seen in Figure 3.10.

The system was proven to distinguish both features such as 50um lines on glass
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and 5um etched features. Although the 5um features were small, the feature was

clear enough to be used as a fiducial for alignment.

e

Figure 4.10: Images taken on the in-process camera (A) 50pum width line (B) 5um width etched features.

4.1.4 Head Mount and Platform

The short travel distance of the X and Y axis presented a challenge when it came
to mounting the print heads and alignment camera. The physical size of the
components meant that they could not be mounted in a line. To fit the nozzles
and the microscope close enough together they were clustered around the centre
of the bed in a triangular shape.

Below this mount, a manual rotating platform was produced, which could be
attached onto to the XYZ axis. This rotating platform was used to align substrates
made in another process, in a similar method to a mask aligner. A picture detailing
these components is shown in Figure 4.11. A digitally controlled cartridge heater
and thermocouple were attached to the print platen, to maintain the print surface

at a constant temperature.
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Figure 4.11: Print head mounts and rotating stage

4.1.5 Environment

For comparative purposes the print environment was kept constant where
possible. Factors such as ambient temperature and humidity can affect the drying
of prints (discussed in Section 2.1.4). All printing was therefore performed at 20°C.
In the laboratory there were no open windows and the apparatus was placed
away from the doors to reduce turbulent airflow which may have disrupted the
printing. In addition, all samples were stored in sealed containers and, where
appropriate, these were also filled with clean deionised (DI) water to avoid

particles settling.

4.2 Software and Control

The commercial AJP system takes digital design data and converts this to
machine control code. However, as only the commercially available part of the
print engine was purchased the control code also had to be generated in using a
different method. This also provided an opportunity to develop the generator to

optimise machine movements for biological applications (by, for example,
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minimising shuttering operations), and to ensure its responsiveness to design
changes. An open source CNC controller called Mach 36was used to drive the
automation process. Mach 3 takes G-code, a well documented machine control
code as an input [212]. The instructions contained in G-code define the
manipulation of the substrate under the print head. Initially the shapes required
were simple enough that the code could be written by hand. A template was
developed which was formatted in three sections.

A header script was sent to initialise the printer. In this script the default
movement was set to absolute units (G90), canned cycles were deleted (G80),
XY plane selected for printing (G17), the machine set to metric (mm, G21), and
any tool compensation and offsets were turned off (G40, G49). Although many of
these instances are unlikely, the header code was a failsafe and meant the
machine was set up the same for each run. The shutter was then closed (M08)
and the stage was moved to the datum (G00). The movement speed was also
set in the header (F). The full header script is shown below. Everything after the
# is a note used only in this thesis.

(Begin Start Up)

G90 G80 G17 G21 G40 G49 #Initiation Instruction
MO8 #0Open shutter

GO0 X0 YO z0 #Move to origin
F100 #Set speed

(End Start Up)
The body of the code contained the movement script. In G Code GO1 is used for

linear movements, and G02 and G03 clockwise and anticlockwise arcs. To repeat
the pattern and increase the production throughput, handwritten programming
used the &tep and repeatbstrategy. Local origins were programmed in absolute
coordinates, within the global framework of the machine. The individual patterns
were programmed in incremental coordinates, where each movement was based

off the previous machine location, not the global co-ordinates. The code that
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controls the pattern is not stored in body of the code, but is a sub-function called
using the M98 command. The controller was switched between absolute and
incremental coordinates by calling G90 and G91 respectively. An example code

used to print four lines is shown below.

G911 # Set to incremental co-ordinates

M98 P1000 L2 # Call function index 1000 and loop twice
G90 # Set to absolute co-ordinates

G00 X-10 YO # Move to machine co-ordinates (-10,0)
G911 # Set to incremental co-ordinates

M98 P1000 L2 # Call function index 1000 and loop twice

### END PROGRAM HERE #### #The end program is not described here

01000 # Defines function index 1000

M09 # Opens shutter

GO1 X5 # Move X 5mm from current position

MO8 # Close shutter

GO0 X-5Y1 # Move X -5mm Y 1mm from current position
M99 #Return to main body

The code end section closed the shutter (M08) returned the machine to its home
position, lowered the platform to aid loading and unloading the samples (G00). It
then re-wound the code so that it can be run again (M30).

(End Section)

MO8 #Close Shutter
GO0 X-2Y-2 Z-4 #Move to home position
M30 #End program and re-wind

%
4.2.1 Equation Driven G-code Generator

G-code scripts are short for lines and simple circular arcs so in the validation work
presented in Chapter 4 the G-code was hand written. However, more complicated
shapes such as elliptical and non-circular arcs, or complex splines require
definition by approximation using a series of small straight movements called a
polyline. The code to produce such features was over 600 lines. Therefore, as
the requirements of the printed designs became more complex through the
project, Python was used to program procedural algorithms to generate the G-

code for complex shapes based on any equation that was desired by the user.
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The first method to generate complex curves was by using mathematical
equations to describe the shape. A code was developed to take any mathematical
equation and boundary conditions and generate a G-code which moved the

substrate in that geometry. The method of the code is shown in Figure 4.12.

hich eqn
type is
selected?

Calculate incremental

Input User Data steps between minimum

and maximum

Jejod

uelsale)

Jlu1PWeled

Calculate r from

Caleul f theta, then Calculate xand y
alculate yfrom x calculate xand y from t

from r and theta

Use remaining co-
ordinates and
output in G-code
format

Filter movements Calculate the movement
that are too small length of each step

Figure 4.12: Overview of the equation driven G-code generator process

The program could take any equation (cartesian, polar, or parametric) and output
Xand Y movements in either absolute or incremental steps coordinates, enabling
complex curves to be generated. The Python script then automatically appended
the header and footer codes as described in Section 4.2.

The user input data starting with a case selector, where cartesian, polar or
parametric case was selected. Here was where the minimum step size of the
machine, a scaling factor, and an equation, maximum value, minimum value, and
equation step size were input. If the parametric case selection was used, two
equations (both X and Y) were required or the script did not run and returned an
error case to the user.

An array was created of all the values between the equation maximum and
minimum, increasing by the equation step size. Depending on the case this

represented:
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M X Values in the cartesian case
1 Theta values in the polar case

1 T values in the parametric case

As only one case can be selected per run, no errors were caused by assigning
the values in this way. The subsequent X and Y values were then calculated

based on the user equation:

1 In the cartesian case the y values were directly calculated based on the
user equation.

1 Inthe polar case the theta values were calculated from the user equation,
and then converted into x and y vales.

1 In the parametric case the x and y values were calculated from the user

equations.

If the equations generate a sharp curve or small circle one phenomenon was that
these movements were too small for the machine to actuate. Running the
program using a larger step size resulted in a loss of feature resolution elsewhere,
so an additional step was needed to filter out small movements. Any movements
smaller than the minimum value were deleted. This code was run iteratively until
there were no movements too small for the machine to actuate.

Once this process had finished, the X and Y values were formatted and written
into a script using the G-code syntax. The output is equivalent to a polyline, so
no complex movements or shuttering is required other than the start-up and end
sequences. Using the equation-based generator, complex curves can be
expressed in format required for the machine. Examples of these complex curves

are shown in Figure 4.13.
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Figure 4.13: Complex curves generated through the equation-based G-code generator

Several curves could be stitched together to generate patterns that cannot be
described with a single curve. The program with an example parametric equation

can be found in the Appendix B.

4.2.2 DXF Driven G-code Generator

Although complex features were achievable using equations, more controllable,
and updatable freeform designs could be produced from a digital design file. By
using this method, designs changes can also be instantaneous, and only require
a change to the digital design. An industry standard file format is to use a DXF
file. This design file type is output by most computer aided design (CAD)
programs and is used as an input file in many machines such as laser cutters or,
pick and place apparatus.

Most CAD programs can output DXF files. In this project existing SolidWorks
licenses or open source software such as liboreCAD were used to generate
complex designs. One major benefit to using DXF files was the ease with which

the designs were scaled up using a linear array function as shown in Figure 4.14.
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Figure 4.14: (A) Designs are generated in a CAD software. (B) Designs can be instanced many times to scale up

production rates (C) A DXF output file is generated.

Autocad file structure has comprehensive documentation making data extraction
possible for this file type. A custom G-Code generator was written which takes a
DXF file and outputs a G-code written specifically for the University of Leeds AJP

system. The overview of the code is illustrated in Figure 4.15.
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1. Import Libraries
define functions
and Initiate Arrays

2. User inputs
filepath and
minimum
shuttered length

7. Output to G

3. Search DXF fil
for features

4., Perform
calculations
required to define
G-Code

6. Sort the featureg

5. Create a matrix

code by proximity of features

Figure 4.15: Overview of the DXF driven G-code generator

The code relies on the math and NumPy libraries, which are standard, open
source data processing tools Python, for trigonometric functions and matrix
processes. It also imports the datetime library for file formatting. A series of arrays
and constants are defined in the code header, and the user inputs for the DXF
file path and the minimum shuttered movement length are required. An empty
matrix is defined which will store all the relevant data for features within it.

As an example for the following steps a DXF file with multiple representative
geometries was used. The file is shown in Figure 4.16. Although small, the file

contains 3 different geometry types which is useful to illustrate the python script.

AcDbArc

0.0 ENDSEC
50 20 o
9gi7525419219 1.000000000000001 SEZTION
0
173.2474551752 = ETTIES
LINE S 0
s 74 CIRCLE
76 330 5
330 1F 73
1F 100 330
100 AcDbEntity 1F
AcDbEntity 8 100
8 0 AcDbEntity
0 6 8
€ Continuous Q
Continuous 62 13
62 7 Continuous
7 100 62
100 AcDbCircle 7
AcDbLine 10 100
40 11.0001693925 AcDbCircle
4.0 20 10
2 11.2019330549 7.0
19.0 =
=l 0.0 14.0290809374
et 20
e 2.000169399662753 0.0
o 100 10
.5 AcDbarc 1.000000000000001
31 50 0
0.0 0.0048523264 ARC
0 51 5
LINE 90.0048523264 74
5 0 330
77 ARC 1F
330 5 100
1F 75 AcDbEntity

Figure 4.16: lllustration of a multi-shape test DXF file, and snippets of code with the definition of a line, arc and
circle highlighted.

After the initialisation and input steps, step 3 searches the DXF file line by line for

recognisable features. This step is also useful as it disregards superfluous
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information contained within the DXF file. When a line is encountered the data

relevant to drawing it using G-code is extracted following the block diagram in

Figure 4.17.

1. Append a column
to the feature matrix

2. Search for the '10
value, the X Start
value is contained in
the line after the '10'

3. Search for the '20
value, the Y Start
value is contained in
the line after the '20'

4. Search for the '11
value, the X end valu
is contained in the
line after the '11'

8. Reset the . 5. Search for the '21
lineFound and 7. Increment the valedeéstﬂgtgeaf”egﬁre value, the Y end valup
lineFormatted number of lines found matrix is contained in the

booleans line after the '21'

Figure 4.17: Overview of the DXF driven G-code generator
A similar search function is used to find Arcs, Circles and Polylines. The definition
of arcs and circles is different in DXF files and in G-code. The definitions are

summarised in Table 4.2.

Table 4.2: Circle and arc definitions in DXF files and G-code

DXF files definition G-code definition

Start angle X, Y start co-ordinates
End angle X, Y end co-ordinates
Radius | value

X, Y centre co-ordinates J value

So, the DXF values were converted as follows:
arcXStart=arcXCentre+arcRadius*cos(arcStartAngle)

arcY Start=arcXCentre+arcRadius*sin(arcStartAngle)
arcXEnd=arcXCentre+arcRadius*cos(arcEndAngle)
arcYEnd=arcXCentre+arcRadius*sin(arcEndAngle)

arcl=arcXCentre-arcXStart

arcJ=arcYCentre-arcY Start

The program was set up to draw circles from the negative x axis so only the circle
X Start, circle Y start, and | value is required.

After the search and calculation functions are carried out the data is stored in an
array format in Table 4.3. The array is extended to contain as many features as

are identified in the DXF file. At this stage the code does not attempt to sort the
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features, and just stores them in the order they appear in the DXF. This is usually

the order they are drawn by the user.

Table 4.3: Example of an unsorted feature matrix

0 1 2 3 4 5 6
(X Start) (Y Start) (XEnd) (YEnd) (lIValue) (JValue) (O%(;Ct
14.00 19.00 9.00 21.50 NaN NaN 0 (Line)
é é é é é é é
13.00 11.20 11.00 13.20 -2.00 0 1 (Arc)
é é é é é é é
6.00 14.00 6.00 14.00 1.00 NaN 3 (Circle)
é é é é é é é

A functioning G-Code could have been generated from this array. However, as
the machine movements were mapped to the order the DXF was drawn in, it
required many shuttering operations and would take a long time to execute.
Therefore, a proximity sorting algorithm is implemented, with the aim of printing
the design in the most efficient manner, and with the fewest number of shuttering
operations. For example, two toolpaths to print the multi shape design in Figure
4.16 are shown in Figure 4.18. Figure 4.18A shows the toolpath without the
sorting algorithm whereas Figure 4.18B shows with the toolpath with the
algorithm. The print without sorting would take significantly longer, and each
feature would have had end effects associated with shuttering. By implementing
the sort function the design is printed in a logical order of discreet shapes,
reducing the time taken to print and the number of undesirable artefacts on the

finished substrate.
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Figure 4.18: (A) G-Code Generated with the unsorted matrix (B) G-code generated using the sorted algorithm.
Red dashed lines are shuttered movements, blue and purple lines are print movements.

A short example using a selection of features from the multi-shape design is
shown in Figure 4.19 to Figure 4.21. The algorithm starts with an X and Y value
set to the origin. The code scans column pairs 0 and 1 (start co-ordinates) and 2
and 3 (end coordinates) for the next closest coordinate. Either of these columns
can contain the next closest vertex, meaning they will be selected and used to
define the next closest feature to print. Once a feature has been selected it is
discarded from the unsorted array and written into a sorted array. If columns 2
and 3 (end co-ordinates) are taken as the closest position then columns 1 and 2
(start coordinates) and 3 and 4 (end co-ordinates) are swapped when transferring
to the sorted array. The exception to this is in the case of an arc, where the object
identifier is overwritten to 2 (clockwise arc). The end position of this feature is
taken as the working tool position. The code loops and selects the next closest
feature until all the features are sorted.

In the first iteration (Figure 4.19), the closest co-ordinates to the origin are found
in columns (0,1). This entire row is then cut from the unsorted array and is written
into the first row of the sorted array. The working co-ordinates are then updated

to the end coordinates in the sorted array.
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Working (X,Y)=(0,0)

Unsorted Array Sorted Array
1400 [19.00 [900 [2150 |NaN |NaN |0 600 [1400 [600 [1400 [100 |NaN |3
1300 |1120 1100 [1320 |-200 |0 1

Figure 4.19: First step in the sorting algorithm, with the next closest co-ordinates highlighted in yellow. As it
contains the next closest co-ordinate, row two of the unsorted array is copied to row zero of the sorted array.

In the second iteration (Figure 4.20), the closest co-ordinates are found in
columns (2,3). This entire row is then cut from the unsorted array and is written
into the second row of the sorted array. However, as the feature is an Arc it must
be drawn in the opposite direction, therefore columns (0,1) and (2,3) are
swapped. Column 6 is updated to reflect this. The working co-ordinates are then

updated to the end coordinates in the sorted array

Working (X,Y)=(6.00,14.00)

Unsorted Array Sorted Array
1400 [1900 [900 [2150 [NaN |[NaN |0 600 |1400 600 [1400 [100 |NaN |3
R s, ), , )G HRB 1100 [1320 [1300 |1120 |-200 |O 2

Figure 4.20: Second step in the sorting algorithm with the next closest co-ordinate highlighted in yellow. As the
next closest co-ordinate in the unsorted array is in columns 2 and 3 of row 1; the start and end co-ordinates are
swapped, the direction marker (column 6) is changed, and the row is copied to the sorted array.

In the third iteration (Figure 4.21), the closest co-ordinates are found in columns
(0,1). This entire row is then cut from the unsorted array and is written into the
third row of the sorted array. The working co-ordinates are then updated to the

end coordinates in the sorted array

Working (X,Y)=(13.00,11.20)

Unsorted Array Sorted Array
1400 [1900 |900 |2150 |[NaN [NaN |0 600 1400 [600 [1400 100 |NaN |3
1100 [1320 |1300 |1120 |-200 |0 2

14.00 | 19.00 |9.00 21.50 | NaN NaN 0

Figure 4.21: Third step in the sorting algorithm, with the next closest co-ordinates highlighted.
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The process is repeated until all the features are sorted. The algorithm then scans
the sorted array for adjacent features where the distance between them is less
than the minimum shuttered distance. For these features, a shuttering call is not
made in the G-code. The result of the sorting algorithm is to reduce the total path
length and results in a logical printing order of complete shapes where they exist.
This sorted array is then used to write a text file in the G-code syntax. The function
is compatible with many different shapes and scenarios, based on the object

identifier, and the movement length.

4.3 Chapter Summary

This chapter describes the body of work to produce a system capable of directed
chemical treatment onto the surface. This work consisted of the design of the
essential automation apparatus and described the complementary processes
that enabled successful printing. In addition, a new Python program was
produced which generated the necessary control code from DXF design data or
mathematical equations.

The commercial AJP system was integrated into a custom three axis stage and
combined with an alignment camera and manual rotating platform. The machine
is capable of minimum incremental movements of <10um, and the primary
printing region was decided as the region of the least backlash (~25um). The
movements were controlled using open source Mach3 CNC control software.
Mach3 takes G-Code as the control code, and it is this control code which
describes the translation of the substrate under the print head, in terms of design

and speed. An overview of the manufacturing system is shown in Figure 4.22.
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Figure 4.22: Overview of the AJP print engine integrated into a bespoke automated apparatus.

Finally, Python scripts were produced which can generate G-code from equations,
or from a DXF design file that could be updated without the cost or time
associated with updating a physical mask. The program is capable of reading
lines, arcs, circles, and polylines, whilst disregarding the superfluous information
contained within the DXF file. The identified features were run through a sorting
algorithm which sorted the print order into a logical sequence, thereby reducing
the print time and the number of shuttering operations required.

The integration of these methods resulted in a functional apparatus which is used

throughout the subsequent chapters.
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Chapter 5 Validation of the Manufacturing
Process

Reliable printing of micro-scale lines with controlled geometry (e.g. width of line,
maximum height, and cross sectional area) depends on the interaction of several
processing parameters. This chapter describes the process parameter tests,
which were required to produce an accurate, repeatable deposit. The length of
time before all the material is used or degrades or had to also be sufficient for
multiple prints. All the factors identified in Section 2.1.4 were considered for their
impact on the final print quality. No attempt was made to enclose the apparatus
or alter its local environment, the printing was conducted at 20°C. In the validation
tests a glass substrate was used due to the compatibility of glass slides with many
analytical methods, especially optical microscopy, and its known biocompatibility.
The aim of the initial screening tests were to define and fix other parameters such
as print material, apparatus set up and print designs. Then, processing
parameters were assessed. An overview of the validation testing is shown in
Figure 5.1, and then expanded below.

Machine Testing

APTES ™ PEDOT:PSS * PMMA

__________________________________________________________________________ l__________________________________________________________________________

Material Dilution Testing

v

Material Longevity Assessment

Operational Window Testing -

v T

Nozzle Diameter Sheath Gas Atomiser Gas Z- Stand Off Scanning Speed

-"\"'H«*::::fil —
Two Level Multi-Variable Design of Experiment

Figure 5.1: Summary of the validation testing in Chapter 4
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After building the apparatus, the initial material screening served several

purposes:

1. To trial potential functional materials for cell culturing.
2. To validate the automated apparatus.

3. To trial printing of basic designs using hand written G-code

The functional material selection was based on potential biological applications,
informed by collaborative partners. In some cases, the ink development could be
informed by the literature, and when precedent was available it was used. The
decision on functional material choice was driven by the collaborators. Three

printing feedstocks based on different functional materials were trialled:

1. A silane (3-Aminopropyl)triethoxysilane (APTES) which is biocompatible
and can be used as a substrate for further reactions. No literature
precedent was available for making AJP inks from this material.

2. The polymer Poly(methyl methacrylate) (PMMA), an inert polymer that
can be used for topographical cues and walls. There was literature
precedent for printing this material with AJP, discussed in Section 5.1.2.

3. The polymer PEDOT:PSS, a biocompatible and electrically conductive
polymer, which has also been reported to be suitable for AJP in the

literature discussed in Section 5.2.

At this stage, to reduce the experimental burden, the assessment of quality was
based on an engineering assessment of geometrical features such as width, and
visual inspection of the printed line integrity. Biological testing was not conducted
during this validation stage. The APTES and PMMA materials each caused
processing issues (discussed in 5.1.1 and 5.1.2 respectively), so further testing

was conducted with the PEDOT:PSS.
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Using the PEDOT:PSS functional material, a formal methodology was
established for testing the dilution ratios of two co-solvents for AJP. This
experiment was undertaken to highlight the importance of the initial solvent
mixture and define a suitable PEDOT:PSS ink to use during subsequent
processing. The stability of the ink was demonstrated in a longevity assessment
by printing over a two hour window, a substantially longer processing compared
with printing the APTES and PMMA inks.

Once a suitable material had been defined, five significant process parameters
that had been identified in the literature were investigated to determine the
process operational window. Specifically, the nozzle exit diameter, sheath gas,
atomiser gas, z stand-off and scanning speed were assessed. The parameters
were assessed to determine the upper and lower limits of the operational window
and identify key trends in the geometry of the printed features. The geometry of
the printed lines was analysed using a combination of optical microscopy and
white light interferometry, and some initial proposals on the effect of the four
parameters was given. These results informed the high and low values for a two
level, multivariable experiment. The operational conditions do not exist in
isolation and their interactions can have a substantial effect on the characteristics
of the printed structures. The sensitivity of the process to the individual
parameters and their interactions was assessed and used to inform specific

processing conditions for targeted line geometries.

5.1 Initial Material Screening

Initial materials screening tests were performed to trial the automated apparatus
capabilities, potential materials to be used throughout the experimentation, and

explore some suitable machine parameters.
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5.1.1 Silane Based Functional Material

APTES was used as the basis of the first printing ink. Silane based functional
materials were identified as potential attractant materials for cell culture [126]. To
produce the ink the APTES was mixed with acetone by agitation at room
temperature. APTES has not been printed before using AJP. In the first printing
experiment, the concentration of the material was varied, at fixed processing
parameters. Figure 5.2 shows that when using a 1% vol/vol concentration of
APTES, diluted with 99% vol/vol acetone as a printing ink did not lead to a printed
line. However, when the concentration of Acetone was decreased to 90% vol/vol
a more suitable deposition was observed.

99% vol/vol Acetone 90% vol/vol Acetone

Figure 5.2: Printed lines with two concentrations of APTES ink.

These first experiments were performed to test the extreme ends of the material
formulation and processing parameters with large increments. This was the first
step in defining the experimental space of to a matrix style design of experiment
(DOE) method. The aim at this stage was simply to stably print features with line
widths below 50um (to interact on the microscale with cells), with a desirable
objective to minimise line width.

For the exploratory testing the geometry was printed using the largest nozzle
diameter available (300um). The sheath and atomiser gas parameters were
increased until a deposition was seen on a stationary substrate under the nozzle.

Suitable deposition occurred when the sheath and atomiser gasses were set to
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180sccm and 10sccm respectively. By translating the substrate under the print
head a line was printed onto the surface, which was held at room temperature.
The deposited line was then dried and sintered in an oven as described in Section
Error! Reference source not found. to drive off solvents. However, the high gas f
low rate caused the printed line to deform during the printing process. The printed

line is shown in Figure 5.3, imaged on a microscope.

Figure 5.3: Printed APTES line.

By reducing the sheath gas flow rate to 120sccm a conformal line was printed
(Figure 5.4). In addition, at these gas flow rates the nitrogen sheath did not
interfere with the printing process. However, it was challenging to reduce the line

width below 100pum using the 300um nozzle.

Figure 5.4: Stable printed features using new processing parameters.
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Subsequently, printing was repeated using a smaller, 100um nozzle. This
enabled smaller line widths to be printed, although necessitated new gas flow
rate definitions. To reduce the time taken for identification of suitable print
parameters in the future, an automated program was developed that enabled a
process overview to be produced. This automated test could be performed at
different sheath and atomiser gas flow rates, scanning speeds, z heights, and
number of times the head is repeatedly moved over the substrate (termed the
number of passes). This program used the step and repeat strategy to populate
the features. Each feature was varied by automatically changing the operational
conditions. The full program is shown in the Appendix C. A typical output of this
test is shown in Figure 5.5. The cross shape was chosen to assess sharp corners

and line intersections.

Figure 5.5: An overview example of the results of a typical test, showing the changing geometries at different
processing parameters.

Higher magnifications of specific data points enabled key trends to be
gualitatively identified. Figure 5.6 highlights the effect of increasing the scanning
speed from left to right and increasing the number of passes going down each

column.
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1 Pass

2 Passes

3 Passes

200pm 200pum 200pm

Figure 5.6: The effect of increasing number of passes and increasing scanning speed.

In all the samples increasing the number of passes appeared to increase the line
width, and the darker features indicated an increased line thickness. As small
features were desirable it was determined that a single pass of the material was
suitable at this stage. By increasing the print speed, it appeared a smaller deposit
was printed. Changes to the line geometry due to changing Z height were not
gualitatively notable as highlighted in Figure 5.7, so the middle point of the range

(3mm) was chosen for printing.

Figure 5.7: Printed features when z stand-off is (A) 2mm (B) 3mm (C) 4mm.

Figure 5.8 illustrates the substantial effect of changing the atomiser gas. In
general, the gas flow rates had the biggest effect on the deposit properties.
Reducing the atomiser gas appeared to reduce the amount of deposited material.

Printing with 5sccm atomiser gas resulted in a non-confluent, patchy deposit.
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Figure 5.8: Effect of atomiser gas on print geometry (A) 20 sccm (B) 10 sccm (C) 5 sccm.

At the intersection of the lines, the printed feature can be compared to a print
with two passes in that local area. The thickness was assessed under white
light interferometry, to verify that only the local region of the crossover was
affected. Figure 5.9 shows an example of the effect of track cross overs. In
Figure 5.9A an optical microscope image of the cross over is shown. Figure
5.9B shows a white light interferometry reading of a typical cross over showing
how the thickness increases at the local point only and the surrounding print is

not affected.

025027

Figure 5.9: (A) The effect of track crossovers. (B) White light interferometry image showing the height change
due to the cross over.

Using the APTES ink small features were produced and this printing experiment
resulted in several important observations for printed features, such as the effect
of changing the scanning speed, number of passes and atomiser gas. However,
the print material tended to block the nozzles and due to the small size of the
orifice once a nozzle blockage occurred it was challenging to clear. This was
exacerbated by the chemical resistance of APTES. Figure 5.10 illustrates the
different responses of blocked nozzles and unblocked nozzles during the printing
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process. Nozzle blockages could be identified as the pressure did not stabilise
and kept increasing to the maximum of 5psi. These nozzle blockages were not
easy to clear, especially when a 100pum nozzle was used, and the cost of nozzles
was high. Dissolving the blockage in solvents, physical clearing with a thin wire,
subjecting the blockage to 300psi of water, and burning the silane in a furnace

were attempted but did not remove the blockage.

6

~

Blocked Nozzle
Unblocked Nozzle

Pressure (psi)

2
1
0
0 20 40 60 80 100
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Figure 5.10: Comparison of Blocked and Unblocked nozzle when tested on the Aerosol Jet. The pressure
response of blocked nozzles was clear as the pressure would increase at a faster rate and would not stabilise.

5.1.2 Poly(methyl methacrylate) Based Functional
Material

Due to the challenges with nozzle blockages when printing with APTES, a new
printing material based around a Poly(methyl methacrylate) (PMMA) functional
material was developed. PMMA is soluble in acetone which is available in
laboratory environments, so any blocked nozzles could be cleared by submerging
them in acetone overnight.

From the literature, PMMA has been printed with AJP using an acetone and
cyclohexanone co-solvent mixture [141]. Co-solvent mixtures consist of a high

volatility solvent, and a miscible low volatility solvent. The benefits of the co-
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solvent mixture are print stability over time, and the printing of high aspect ratio
features [42], [213].

The high volatility solvent is the principle liquid component of the printing ink. It
dissolves or suspends the functional material and lowers the viscosity into the
range that can be atomised. However, high volatility solvents have low boiling
points, so evaporate in flight resulting in dry deposition and can also evaporate
out of the ink reservoir leading to a phenomenon known as ink drying.

The low volatility solvent is the minority component which does not evaporate in
flight so is deposited along with the material on the substrate surface, aiding the
levelling and packing of the material onto that surface.

PMMA inks have been printed with Aerosol Jet using sheath and atomiser gas
values of 20 and 15 sccm respectively [214]. However, these were defined for a
200um nozzle and consequently a line was not printed at these settings (Figure
5.11A). As seen with APTES, this initial print setting can be dialled in to produce
a confluent line. By changing the processing parameters the deposit
characteristics were improved. In this case doubling the gas values resulted in a

printed feature (Figure 5.11B).

Figure 5.11: PMMA deposit printing at (A) sheath gas 20 sccm, atomiser gas 15 sccm (B) sheath gas 40 sccm,
atomiser gas 30 sccm.

99



Further trials were conducted on increasing the sheath and atomiser parameters
and a stable print was achieved when the sheath gas was 30sccm and the
atomiser gas was 30sccm (Figure 5.12). These print settings were used for

subsequent PMMA printing.

Figure 5.12: A confluent PMMA line

Alongside the materials experimentation, the machine control code was
developed to showcase the flexibility of the printing approach (Figure 5.13). The
control over the deposit characteristics was shown by reliable printing of lines and
pads. In addition, complex patterning was demonstrated using codes output from

the mathematical G- code generator described in Section 4.2.1.

Figure 5.13: Example prints with PMMA (A) reliable printing of lines (B) a printed pad of material (C) Freeform
patterning demonstration.
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Throughout the trials with the PMMA, the print times achieved were poor. As little
at 10 minutes stable printing was achieved before the nozzle was blocked. It was
hypothesised that the lower boiling point of the acetone and cyclohexanone
solvents exacerbated the ink drying phenomenon described in Section 2.1.1.1
and above. Therefore, the PMMA material was not selected for subsequent

experiments.

5.2 PEDOT:PSS Ink Formulation Method

The testing to this point validated the capability of the machine to deposit
materials onto substrates in a controlled manner. It also verified that by changing
key process parameters the print geometry was changed, and that intricate
patterns could be produced by providing specific instructions to the machine.
However, the two printing inks that were trialled each presented challenges. The
propensity for APTES to block the nozzles and the difficulty in cleaning the
nozzles after they had been blocked meant that they could not be re-used. The
print times of PMMA were too short. Whilst some patterning could be achieved,
it was not practical to change the material after only a few prints.

Therefore, an ink based around PEDOT:PSS was considered as there was
literature precedent available and some material formulations were reported. Aga
et al. adapt an existing ink jetting formulation of PEDOT:PSS (Clevios P Jet N,
Heraeus) to make it suitable for printing with Aerosol Jet. By diluting with DI water
and alcohols, the viscosity was brought to 3.5mPa-s, within the 1-5mPa-s range
of Aerosol Jet. [215]. In subsequent work Aga et al. use a different PEDOT:PSS
formulation (PEDOT:PSS Conductive Inkjet Ink, Sigma Aldrich) with no
alterations [153]. This formulation contains a co-solvent regime of DI water and

ethylene glycol but the concentrations are proprietary. The same group have

101



printed using a proprietary formulation of PEDOT:PSS (C-Nano-NV, Heraeus)
[216].

Ha et al. also printed using a PEDOT:PSS ink (PH500, H.C. Stark) diluted with
10% vol/vol ethylene glycol to improve printability and increase conductivity of the
printed line [217]. The efficacy of this formulation is evident as it is repeatedly
used in further work by the research group [137]i [139], [214], [218]. However,
the most recent work from the group uses a different supplier (Clevios PH1000,
Heraeus) and only a 6% vol/vol ethylene glycol content, suggesting that the
ethylene glycol content can be tuned to the application [219].

Inks based on PEDOT:PSS printed stable thin features, and when deposited they
form confluent features. In addition, PEDOT:PSS printed stably for long periods
of time (>1hr). The applications of PEDOT:PSS in industry include touchscreens
[220], solar cells [42], but a relevant application is its use as a non-toxic
conductive material for electrical stimulation of cell cultures [221].

From this body of literature it is clear that nanoparticle suspensions of
PEDOT:PSS are suitable for processing with Aerosol Jet printing. Commercial
nanoparticle inks are supplied as a colloid in high purity DI water. Successful inks
using an ethylene glycol co-solvent have been proven, however they are used in
different amounts and there is no justification as to the effect of changing the
content of ethylene glycol.

A methodology was established to vary the solvent content of the printing ink in
a structured manner. The method is adapted from the methodologies of W.
Diamond [222]. The process begins by identifying the functional material, which
in this case was Clevios PH1000 PEDOT:PSS ink from Heraeus.

Once the functional material is defined, the majority solvent was considered. This

was a high volatility solvent with a viscosity between 1 and 5 mPa-s for ultrasonic
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atomisation. The solventd i d n 60 t disselhee dhe material. It could be used as
a suspending medium of a colloid providing the functional material was in a
nanoparticle form with an average size of less than 50nm [47]. Clevios PH1000
is a 1-1.3 wt% content of PEDOT:PSS suspended in DI water with an average
particle size of 30um, below the specified value from Optomec.

A minority volume of a miscible co-solvent with a higher boiling point should then
be added. Ethylene glycol (198°C boiling point) was selected as it is repeatedly
and successfully used as a cosolvent in the literature [137]i [139], [214], [217]i
[219].

The next step is to set the upper and lower boundaries of the three-part material
concentrations. As a 10% dilution using ethylene glycol is used in the literature,
the upper and lower limits in this experiment were set to 0% and 20% by weight
to test around an already proven formulation. The nine material formulations are
generated at defined locations between the upper and lower concentration
bounds.

The PEDOT:PSS suspension was mixed with a DI water and ethylene glycol co-
solvent mixture. The Clevios ph1000 is pre-diluted with DI water, fixing its upper
concentration limit at 1.3wt%. As the material must always be diluted, it was
decided that the upper limit of the functional material was 1.04wt%
(corresponding to dilution of 20% vol/vol of the co-solvent mixture) and a lower

limit of 0.52%.

Table 5.1: Material concentrations limitations for PEDOT:PSS functional material

Reference Material Low (wt%) High (Wt%)
1 PEDOT:PSS 0.52 1.04

2 Ethylene Glycol 0 20

3 DI Water 78.96 99.48

The 9 points selected were used for analysis, allowing potential areas of interest

to the formulation to be identified. The method defines the extreme vertices of the
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experimental space, in addition to the quartile and middle points, as illustrated in

Figure 5.14.
Material 1
2
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Figure 5.14: Material development method

Those 9 points are defined as the extremes of the material formulation (low and
high) and the midpoints of the three materials. For this experiment the

formulations are listed in Table 5.2.

Table 5.2: Material formulation boundary conditions

Formulation PEDOT:PSS Ethylene Glycol DI Water
(Vol%) (Vol%) (Vol%)

1 0.52% 0 99.48%
2 1.04% 0 98.96%
3 0.52% 20% 79.48%
4 1.04% 20% 78.96%
5 0.52% 10% 89.48%
6 0.78% 0% 99.22%
7 1.04% 10% 88.96%
) 0.78% 20% 79.22

9 0.78% 10% 89.22%

From the experience gained in initial experiments and advice from Optomec
some starting settings were selected. The formulations were printed with the
following parameters:

1 Nozzle orifice size 200pum
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I Sheath and Atomiser Gas set to 50 sccm

1 Feed rate 100mm/min and Z height 3mm

After printing, the samples were heated to drive off solvents and sintered in an
oven at 150 degrees for 10 minutes. The resulting line was viewed at 10 times
magnification under an optical microscope and inspected for line integrity, line

width and defects such as satellites, bulges and pinches as previously described.

F3 No Line

Figure 5.15: Effect of material formulation on PEDOT:PSS prints.

The observations of each result are summarised in Table 5.3. Formulations 1-4
were the extreme limits of the material test, and there was a clear distinction
between them. Formulation 1 (F1) and F3 both contained the smallest quantity of
PEDOT:PSS (0.52%). F1 printed a stable thin line however, no discernible line
was deposited for F3, which was attributed to the small quantity of PEDOT:PSS
and addition of ethylene glycol. F2 and F4 had the highest concentration of
PEDOT:PSS and had sintered to form a complete line. However, the lines
produced by F2 were wide compared to the other samples, and in some areas

the bulging phenomenon was observed.
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F5-9 investigated the middle of the sample space. As expected, all produced a
deposit but the characteristics differed. F5, F7, and F9 produced a wide line which
spread on the substrate and appeared to form a thin film (as a refractive pattern
is observed on the deposits in Figure 5.15). F6 printed with a reliable line but the
overspray was noticeable on the images of this formulation. F8 contained

significant bulges which are not suitable for micromanufacturing.

Table 5.3: Deposit width and observations for PEDOT:PSS ink formulations.

Formulation Line Observations
Width
(Hm)
1 165 Incomplete line. Overspray significant even after sintering suggesting
under deposition of material.
2 219 Complete line. Significant bulges caused by material wetting, or over

deposition. No sign of overspray, and line width larger than nozzle
suggesting over deposition of material.

3 N/A No discernible line.
4 150 Complete line. Some overspray. No pinching or bulging.
5 450 Material has spread on substrate causing a wide line. No sign of

overspray as this has been covered by material during spreading.
Significant bulges due to surface tension effects or over deposition.

6 190 Complete line. Overspray distinguishable on edges of lines. No
pinching or bulging.

7 317 Material has spread on substrate causing a wide line. Evidence of
bulging.

8 269 Material has spread on substrate causing a wide line. Evidence of
bulging.

9 284 Material has spread on substrate causing a wide line. Evidence of
bulging.

From this initial analysis F1, F4, and F6 were considered for use further in the
project, as they were the thinnest lines to print (165um, 150pum and 190um
observable width respectively). Any of the three choices fulfilled the criteria of
printing a stable feature. When choosing between materials F4 was taken forward
for further analysis, due to the known effect of ethylene glycol to improve the print
characteristics of PEDOT:PSS lines [221]. F1 and F6 had no ethylene glycol
content.

The method can be used to develop a three part ink using different functional

materials in the future. The time taken to prepare the ink using this method was
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much shorter than the APTES or PMMA inks, as the structured approach to
determine the formulations was much faster than trial and improvement methods.

A generalised method is shown in Figure 5.16.
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¥
Use a three way
design of experiment fes
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the cosalvent mix

4
Choose best
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= the print acceptable?

Proceed to process
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Figure 5.16: Generalised material formulation strategy
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5.3 Material Longevity Assessment

Material degradation during the process can reduce the reliability of the printing
and can cause damage to the machine if it causes a blockage. When a
suspension is atomised there is a bimodal distribution of functional material within
the atomised particles. Not every particle will contain a particle of functional
material. The droplets containing just solvents will be printed regardless, reducing
the solvent content of the remaining ink over time. This leads to ink drying which,
after improper materials, is one of the primary failure mechanisms for the process.
In the time stability experiment formulation F4 was printed until failure. A line was
printed every 5 minutes, a selection of the images are seen in Figure 5.17. The
full results are shown in Appendix D. These initial results suggested a stable
deposit was formed after only 10 minutes of printing. As the apparatus ran, and
the aerosol was printed the properties of the printed features change, even when
all other parameters (sheath, atomiser gas, scanning speed etc.) are constant.
This change of print characteristic was attributed to changes in the composition
of the ink in the chamber, such as the ink drying phenomenon described in
Section 2.1.1.1. These small changes influenced the deposit properties, so it was
concluded that there was a defined duration of time in which a stable line can be
deposited. The effect of ink drying was observed in all the subsequent
experiments, however the printing was stable for long enough to run experiments

and produce substrates.
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Figure 5.17: Time stability images (A) 10 mins (B) 30 mins (C) 60 mins (D) 90 mins (E) 120 mins (F) 125 mins -
atomiser pulsing.

Print failures are challenging to pick up during printing, due to the small scale of
the printed patterns. They can be identified on the apparatus by studying the
pressure time graph for unexpected changes, such as the increase in both sheath
and atomiser gas pressure. Figure 5.18 shows the pressure time graph during
the longevity assessment, where the increased pressure at the end of the process

is evident.
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Figure 5.18: Aerosol Jet failures are indicated by changes in pressure time graphs, in this case arise in
pressure due to the nozzle blocking.

5.4 Operational Window Testing for Printing
PEDOT:PSS

As each new material is developed a new set of print parameters must be
established. In Section 2.1.4 all the possible variations in the process were
discussed. The objective of these experiments was to establish whether it was
possible to control the interaction of several of these variables, and to set the
limits of the operational window. A statistical method (Appendix E) as described
by W Diamond [222] was used to ensure the results were reported with a 90%
confidence level. These initial experiments were carried out to assess the
extreme limits of the printing process and give an overview of the effect of each
parameter in isolation. This was in preparation for the design of experiment
process. The key parameters were identified from those listed in Section 2.1.4 by

assessing the literature and from experience in the initial APTES and PMMA tests.
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5.4.1 Test Conditions

All the conditions in this section were the default conditions, used unless
specifically stated. The sheath and atomiser gases were then both set to 25
SCCM. This value produced a line at all the nozzle sizes without exceeding the
rated pressure of the sensors when using the smaller nozzles. The pressure
range at equivalent parameters increased as the nozzle size decreased. 2ml of
PEDOT:PSS formulation 4 was atomised in the ultrasonic atomiser, set to 450mA
of current. The intermediary liquid was stabilised at 30°C. After switching on, the
system was left for 5 minutes whilst the aerosol stabilised. During this time the
stage was calibrated so that the top surface of the washed glass substrate was
3mm from the nozzle orifice when printing. The substrate was translated under
the nozzle 50mm/min to produce fifteen lines of length 5mm. Printed lines were
produced and the result was removed and baked in an oven at 150°C for 10
minutes to drive off the solvents and sinter the PEDOT:PSS patrticles. Each line
was imaged once under a optical microscope at 10X magnification, and

measured using the calibrated software.

5.4.2 Changing Nozzle Exit Diameter

For printing features to influence cell cultures, printing with thin lines was
desirable, to print features of a scale that correlated to cell culture substrates. The
correlation of printing nozzle size and line width was investigated. The five sizes
of commercially available nozzles were investigated, and the results are shown

in Figure 5.19.
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Figure 5.19: Effect of changing nozzle size on line width.
It was observed that decreasing the nozzle size correlated to a reduced line width,
except for the 150um nozzle size. This result agreed with the finding of Mahajan
et al. and Gupta et al. [53], [63]. Not only does increasing the nozzle size at a
specific focussing ratio increase line width, but these results highlighted the linear
trend between nozzle size and line width. As the 150um nozzle size was the only
result which did not fit the correlation, and this was not reported previously in the
literature, the result was taken as anomalous. It may have been caused by the
processing steps, substrate, or operator error. The implication of these results
combined with the findings of the literature verified that choosing the smallest
nozzle size will favour the printing of small size features. So, the 100pum nozzle

was preferred in subsequent experimentation.

5.4.3 Changing Scanning Speed

Goth et al. have shown that the deposition rate onto the substrate is influenced
by the scanning speed of that substrate under the nozzle [57]. This result was
verified by Mahajan et al. who observed a reduction in line width at a constant
focussing ratio [53]. Although the flow rate of material exiting the nozzle is not
affected by the speed of the stage, increasing the scanning speed reduces
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deposition rate onto the substrate in one location. Therefore, moving the stage
faster under the print head caused a reduction in the line width.

The scanning speed was varied between 30mm/s and 90mm/s in large intervals
of 20mm/s. 90mm/s was approaching the maximum speed of the automation
apparatus. At the processing conditions used for this experimentation, increasing
the scanning speed did not result in a significant reduction in line width (Figure
5.20). When the scanning speed was low, an unstable deposit was observed.
The 6 bul epomempid® wap frequently observed. The deposition rate of
material in one place was large resulting in an uncontrolled geometry as the
deposit wetted to the substrate surface. As the scanning speed increases the
variance of the line decreased, indicating a much more controllable feature was
produced. This is expected as there was less time spent depositing over a single
area, therefore the material deposition in that specific area was reduced. For this
set of processing parameters, increasing the scanning speed above 70mm/min
did not reduce the line width. The variance in the results suggest that this was
due to experimental variation, however alternative explanations are the wetting
properties of the material and substrate, drying patterns, or the interaction of the

sheath gas and the material after the deposition [63].
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Figure 5.20: Effect of changing scanning speed on line width
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The improved control over the line at higher speeds was noted, as was the
literature precedent that the line width should reduce, and so this factor was

investigated further in the design of experiment stage in Section 5.5.

5.4.4 Changing Z Stand-Off

Optomec, the original equipment manufacturer of the AJP process, specify that
a collimated beam is focussed between 1 and 5 mm from the nozzle exit [47].
However, at the lower end of the printing range some variance was reported by
Hoey et al [78].

The Z-Stand-off between the nozzle exit and the substrate surface was varied
between 2 and 4mm to investigate the focal distance. The experimental results
are shown in Figure 5.21. In these experiments, changing the Z stand-off height
affected the line width, but a linear relationship was not observed. The data
suggested a focal point somewhere between 2.5 to 3.5mm stand-off for this set
of process parameters. This is in broad agreement with other literature where

focal points were found to be dependent on processing conditions [183].
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Figure 5.21: Graph to show effect of changing z stand off on line width

The results in this experiment implied that if a minimum line width is to be
achieved, it is important to print around the focal area. A Z stand-off smaller than
3.5mm result in small changes, these indicate that the jet is collimated below
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3.5mm. However, over 3.5mm the collimation is broken in the 100um nozzle size

case.

5.4.5 Changing Focussing Ratio

The critical factors in controlling the transportation and focussing mechanisms of
the aerosol jet are two gas flows: the sheath gas and the atomiser gas. The first
study to highlight the effect of focussing ratio was Mahajan et al., who identified
that the total flow rate through a nozzle does not affect trace width, but that the
ratio of sheath gas to the atomiser gas, defined as the focussing ratio, is the
critical factor [53]. This result was discussed in many subsequent studies who
found that increasing focussing ratio reduced line width [46], [61], [63]. However,
these studies measured line width only as the response to the changing focussing
ratio. In addition, the papers that focus on changing focussing ratio offer only a
partial discussion around independently changing the sheath and atomiser gas,
and the effect of changing the total mass flow rate whilst keeping the ratio
constant.

The limiting factors on the gas flow rates when printing are the flow capacity of
the mass flow rate controllers, and the peak measurement value of the in-built
pressure sensors. When printing with the 100um nozzle the maximum
recommended sheath gas is 50sccm, as the pressure at this gas flow rate
approaches the maximum value. In all cases the maximum atomiser gas flow rate
is 200sccm. Therefore, a well-defined field of experimentation can be formed and
this can be used to compare the geometry printed with different gas flow rates.
First, the geometry of the printed lines was assessed at different FRs. Each print
was conducted on a separate substrate to remove any chance of interference

between prints. Before commencing each print, the apparatus was set to the
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specific gas flow rates and left to settle for 10 minutes to ensure a continuous
stable flow from the nozzle.

Outside the regions specified in Table 5.4 no viable lines were printed. If the FR
was below 0.5, it resulted in machine issues such as nozzle clogging. If the FR
was above 3.5 the result was little material output, so that a confluent line was

not deposited.

Table 5.4: Atomiser Gas flow rate (sccm) with respect to each Sheath Gas and Focusing Ratio combination

Focussing
Ratio

Sheath Gas (sccm) 05 1 1.5 2 2.5 3 3.5
10 5 10 15 20 25 30 35
20 10 20 30 40 50 60 70
30 15 30 45 60 75 920 105
40 20 40 60 80 100 120 140
50 25 50 75 100 125 150 175

The full data set is in Appendix F. The first observation is that at some FRs the
printer did not output a line at the lower sheath gas settings. It was hypothesised
that this was due to the relatively low atomiser gas stream being blocked by the
relatively high sheath gas stream. This effect was seen when the sheath gas
value was greater than 3X the atomiser gas, and the atomiser gas was below
approximately 10SCCM. This combination resulted in deposition on material onto
the substrate that was so small that it was not detected through white light
interferometry. Other explanations are that when the aerosol impacted the
surface, the change in direction that would usually result in overspray was so
high that the material was not deposited underneath the nozzle but spread so
thinly over the surface as to be unobservable by the white light interferometer. In
either case, this means there is a critical lower limit for each focussing ratio at

which no trace is printed.

Table 5.5: White light interferometry data for a focussing ratio of 1
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The trend of increasing line width with increasing gas flow rate was seen at all

focussing ratios. A focussing ratio of 0.5 (Table 5.6) had a line output at all 5
sheath gas values that were analysed so gives the clearest indication of the effect
of increasing total gas flow rate. In this case, increasing the sheath gas from
10SCCM to 50SCCM, whilst maintaining the FR of 0.5 resulted in a mean

increase in height of 19% (from 0.48um to 0.57um), and an increase of width at

half maximum increase of 360% (from 68um to315 pum).

Table 5.6: White light interferometry data for a focussing ratio of 0.5.
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A similar result was observed in subsequent data sets, and the full results of the

geometrical analysis are presented in Figure 5.22. Printing was attempted at all

sheath gas values for each focussing ratio, however not all resulted in the
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deposition of a line. The maximum height and WHM were assessed as in the
previous literature [185]. Figure 5.22A illustrates the effect of total flow rate on
the maximum height of the deposit. At low focussing ratios the step height did not
substantially increase with an increasing gas flow (for example, the 19% increase
associated with the increase of 10-50 sccm sheath gas at 0.5 focussing ratio).
When the focussing ratio was higher than 2 the maximum height increases as the
total flow rate increases. Other than at focussing ratio of 3.5, as the gas flow rate
increased the maximum heights approached the same height, indicating a critical
limit to the height of the printed features. Figure 5.22B shows that at all focussing
ratios the width increased with an increasing gas flow. The most pronounced
increase was seen at the lower focussing ratios, particularly those lower than 2.
This behaviour may be interpreted in terms of the material deposition rate and
wetting onto the surface of the substrate. At all focussing ratios, as the gas flow
rate increased, at least one geometrical feature (height or width) increased,
indicating an increased material deposition rate onto the surface substrate. If the
material deposition rate was low, increasing it resulted in an increase in deposit
height, as more material was deposited in the same area on the substrate. There
was also a small increase in width associated with this region. Once a critical
height was reached, the deposits did not increase in height, but instead spread
to become wider whilst maintaining their maximum height. Figure 5.22A indicates
that the maximum deposit height for printed PEDOT:PSS features is in the region
of 0.5-0.8um, as all the focussing ratios approach this region at high gas flow
rates. This limit was a result of the wetting properties of PEDOT:PSS to the PDMS

surface.
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Figure 5.22: Effect of gas flow rate on (A) maximum height and (B) width at half maximum height.

By reading all the results at a one setting for sheath gas (that is, straight down
the Y axis at any sheath gas in Figure 5.22), the effect of reducing atomiser gas
whilst keeping the sheath gas constant can also be elucidated. The reduction of
atomiser gas at a constant sheath resulted in a reduced material flow rate from

the atomising chamber. The results in Table 5.7 illustrate this.
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Table 5.7 White light interferometry data showing diminishing line geometry as atomiser gas was reduced
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5.4.6 Summary of Operational Window Testing

The key indications from these experiments is that there is not a proportional
change of geometry associated with the z stand-off distance and line geometry.
6f ocal

This result suggestedt hat t here i s a

poi
small geometries. The controllable variables that influence the print geometry
were focussing ratio, atomiser gas flow rate and scanning speed. The sheath and
atomiser gas (FR=S/A) alter the material mass flow rate from the end of the
nozzle. The movement speed of the substrate under the nozzle influenced the
material deposition rate onto the surface. Therefore, by increasing the scanning
speed, the line is diminished.

Changing the sheath and atomiser gasses, the focussing ratio, and the

interactions of the total mass flow rate through the nozzle influence the final print

geometries. In general:

1 Increasing the focussing ratio diminished the line.
1 Increasing the total mass flow rate enlarged the line.

1 Increasing the atomiser gas enlarged the line.
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The influence of surface free energy on deposit characteristics was identified by
Vunnam et al. [65]. Drawing on their conclusions, and the observations of the
experiments, it is concluded here that the specifics of the line geometry such as
the overall shape, maximum height, width at base, WHM, side wall angle and
surface roughness are subjected to influences from the material formulation,
drying characteristics and interaction of the material and substrate surface. These
interactions are summarised in Figure 5.23.

As these phenomena are complex and challenging to control it was suggested
that the material deposition rate was the critical factor that could be controlled by
changing process parameters alone. The way to incorporate material deposition
rates into the testing was to measure the cross-sectional area of the line, which
incorporates all aspects of the line geometry. The line height and WHM were still
measured during subsequent experiments with the caveat that they are affected

by environmental conditions.

Atomiser gas flow

Sheath gas flow rate
rate

}

Material mass flow
rate out of nozzle

Scanning speed

Material mass flow Ink spreading on Drvine conditions
rate onto substrate substrate surface rYing

Final deposit
geometry

Figure 5.23: Proposed Interactions for Material Deposition Rate

5.5 Two Level Multivariable Experimentation

Using the results of the previous section, a multivariable experiment can be set
up which facilitates the comparison of the four controllable variables (sheath gas,
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atomiser gas, scanning speed and z stand-off). This method can analyse the
interaction of the variables, an observation that cannot be ascertained from
changing only one variable in isolation. The experiments were performed with the

100pm size nozzle. The process windows used are shown in Table 5.8.

Table 5.8: Processing window for multivariable experimentation

Parameter Lower Limit Upper Limit
Sheath gas (sccm) 30 40
Atomiser gas (sccm) 20 25
Scanning speed (mm/min) 70 90
Z stand-off (mm) 2.5 35

A Hadamard matrix approach provided an efficient method to reduce the number
of tests required to make these comparisons. A full description of the
methodology can be found in Appendix G.

Measurements of line maximum height, WHM, and cross-sectional area were
taken from a white light interferometry scan. A Zygo NewView 5000 white light
interferometer was used to assess features. This apparatus differed from the
previous interferometer, as it could be programmed to automatically assess the
cross-sectional area, width at base and WHM of the 16 PEDOT:PSS tracks that
were deposited onto a glass substrate.

The hypotheses were that line cross sectional area was reduced by:

=

Increasing Sheath Gas

=

Decreasing Atomiser Gas

=a

Increasing Stage Scanning Speed

=

Moving closer to the system focal point

The interactions of these factors were also analysed. For 95% confidence 7
comparisons were required. A 16X16 Hadamard matrix allowed 8 comparisons

so was used for this DOE.
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The initial experimental parameters were run three times, on three separate days
with a disassembly and clean of the functional end of the machine after each run.
The machine was reassembled before each experiment. This improved the
reliability of the results as they were not specific to an experimental run (a mean
value when n=9 was used to fill the matrix). The maximum and minimum values

were applied to the Hadamard matrix and a trial set was generated.

Table 5.9: Hadamard matrix trials

Trial Sheath gas Atomiser gas Scanning speed  Z stand-off (mm)
(sccm) (sccm) (mm/min)
1 40 20 70 25
2 40 25 70 2.5
3 40 25 90 25
4 40 25 90 3.5
5 30 25 90 35
6 40 20 90 3.5
7 30 25 70 35
8 40 20 90 2.5
9 40 25 70 35
10 30 25 90 2.5
11 30 20 90 3.5
12 40 20 70 3.5
13 30 25 70 25
14 30 20 90 2.5
15 30 20 70 3.5
16 30 20 70 2.5

Table 5.9 table details the sixteen trials that must be carried out to analyse the
data. By pairing the trials in a set order, and comparing the difference between
them, several variables and interactions can be analysed in a small number of
trials. For example, to examine the effect of turning the sheath gas from low to

high eight trial pairs were assessed:

T land 16 1 6and11
f 2and 13 f 8and14
f 3and 10 T 9and?7

f 4and5 12 and 15

In each of these comparisons, only the sheath gas value is different, the other

three values are constant. Using these comparisons, 8 repeats are made which
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is enough to make the results statistically significant. In the same method but

using different trial pairs, all variables can be analysed. In addition, trial pairs exist

to compare the interactions of different variables. Overall, using this method

enables one set of results to be analysed for response to all the variables and

both two and three factor interactions. In each trial, each of the three lines were

assessed three times for each geometrical feature (n=9). The mean for each trial

is shown in Table 5.10.

Table 5.10: Mean data from the white light analysis for each trial

Trial  Cross Sectional Area (um2)  Step Height (nm) WHM (um)
1 5.95 263 25
2 9.75 308 32
3 8.65 297 28
4 8.06 297 28
5 9.1 247 34
6 6.37 256 25
7 12.1 313 39
8 5.46 232 21
9 8.44 293 27
10 9.71 269 35
11 6.3 230 27
12 6.71 252 24
13 11.93 305 40
14 6.76 234 26
15 8.51 272 30
16 8.29 298 27

The difference of each trial pair was then taken, and the mean values reported.

The values were compared to the objective criterions in Table 5.11 to assess

significance.

Table 5.11: Objective Criterion of Each Parameter

Parameter Objective Criterion for a Significant Result
Cross Sectional Area (um)?2 1.0
WHM (um) 1.5
Height (nm) 3.9
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For each variable the results are displayed in Table 5.12. The analysis of the two
factor interactions is available in Table 5.13 and the interactions of more than two

interactions in the Table 5.14.

Table 5.12: Analysis of individual variables (rounded to 1dp).

Cross Sectional Area Maximum Height WHM (um)

Effect of (um2) (nm)

Increasing sheath gas -1.7 4 -6.3
Increasing atomiser gas 2.9 36 7.1
Increasing scanning speed -1.4 -30 -2.4
Increasing z stand-off -0.1 -6 -0.2

These results confirm the theory that cross-sectional area is reduced by
increasing sheath gas from 30 to 40 sccm, reducing atomiser gas from 25 to 20
sccm, and increasing scanning speed from 70 to 90 sccm. The changes of cross
sectional area manifest in changes of width in all cases, and in changes to
maximum height in the cases of the atomiser gas and the scanning speed. The
analysis of the results did not identify any significant effect of changing the z
stand-off between 2.5 to 3.5mm but identified a significant change in step height

across this range.

Table 5.13: Analysis of two factor interactions (rounded to 1dp).

. Cross Sectional Area Maximum Height WHM
Interaction (uUm2) (nm) (um)
Sheath gas/atomiser gas -0.3 -2.2 11.6
Atomiser gas/scanning speed -0.3 -0.7 3.1
Scanning speed/z stand-off -0.1 0.7 51
Sheath gas/scanning speed 0.8 11 21.9
Atomiser gas/z stand-off -0.5 -1.8 -1.4
Sheath gas/z stand-off 0.1 -0.6 5.2

The analyses of the two factor interactions identified no significant effects of cross
sectional area or step height. The sheath/atomiser interaction and the
sheath/scanning speed interaction significantly increased the width by 11.6um
and 21.9um respectively. The sheath atomiser interaction is the equivalent of

increasing the total gas flow rate, so confirms the trend identified in Section 5.4.5.
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The effect of increasing sheath and scanning speed together disagrees with the
trends identified previously. It was expected that the line was diminished by this
interaction. This result may be due to the complex wetting/drying effects of the

process, or an anomalous result.

Table 5.14: Analysis of three and four factor interactions (rounded to 1dp).

Cross Maximum

Sectional Height WHM (um)
Interaction Area (um2) (nm)
Sheath gas/atomiser gas/z stand-off -0.4 -5.5 -0.3
Sheath gas/atomiser gas/scanning speed 0.1 2 0.7
Atomiser gas/scanning speed/z stand-off 0.1 -8.9 03
Sheath gas/scanning speed/z stand-off 0.3 7.2 16
Sheath gas/atomiser gas/scanning speed/z stand-off 0.1 4.1 0

None of the multi factor interactions had a significant effect on cross sectional
area. Sheath gas/atomiser gas/z stand-off interaction reduced maximum height,
as did atomiser gas/scanning speed/z stand-off and sheath/scanning speed/z
stand-off. Sheath gas/scanning speed/z stand-off also increased the WHM.
Whilst many of the interactions show a small significant effect, overall the effect
of the individual factors far outweighs the effect of two and multifactor interactions.
Changes to the atomiser gas result in the largest difference in line cross sectional
area (+2.9um?). The line cross sectional area has an inverse relationship to the
sheath gas flow rate and the scanning speed (-1.7um? and -1.4um? respectively).
In addition to the statistical data, the cross-sectional area and the geometries can
also be compared directly using this data, and a strong logarithmic relationship
(R? = 0.906) was observed between track cross sectional area and WHM,
indicating an increase in track in proportion to the square root of the track area.
This non-linear relationship is typical of jetting processes, with track widths
proportional to the square root of the track area. This trend gave rise to an

asymptotic relationship between track width and area.
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Figure 5.24: The WHM increases with a logarithmic fitting to the cross-sectional area

These informed the settings of processing parameters for future experimentation.
To make large changes to the line geometry, the atomiser gas should be changed
first. Once a geometry in a suitable region has been achieved, it should be tuned
by changes to the sheath gas flow rate. The scanning speed was set to
100mm/min for all subsequent experiments, to improve the throughput of printed
samples.

Using the techniques and with a knowledge of the significant parameters
identified in this body of work, a new set of definitions for line width were
developed using the PEDOT:PSS ink. The predominant settings used to achieve
several target line widths are shown in

Table 5.15.

Table 5.15: Print parameters for PEDOT:PSS formulation 4

Target Line Width Nozzle Size SheathGas  Atomiser Gas Scanning Speed

(um) (um) (sccm) (sccm) (mm/min)
15 100 50 20 100
20 100 40 20 100
30 150 50 25 100
40 150 60 27.5 100
50 150 70 30 100

127



5.6 Chapter Summary
In this chapter a range of objectives are addressed around the validation of the
printing apparatus and the deposition of functional inks. Specifically:
T Three new functional materials were trialled in an initial materials
screening
1 A methodology for evaluating a suitable solvent content of AJP inks was
developed
1 A suitable material based around PEDOT:PSS was developed and
trialled for longevity

1 An operational window for printing was established

1 Key processing parameters and interactions were assessed
Printing with APTES and PMMA inks highlighted the compatibility with several
functional materials, and the ability to improve the line quality by changing
process variables. However, each had its own challenges. Inks based on APTES
tended to block the nozzle, and inks based on PMMA had short processing
windows.
The methodology for evaluating suitable solvent ratios for AJP inks was shown
by developing a stable print material that could be reliably printed for longer than
two hours.
Next, the effect of printing parameters on the deposit geometry was studied in
detail. The formulation of the material is expressed in general terms so that it can
be used with other functional materials.
The preliminary experiments with PEDOT:PSS were used to observe trends in
the printed line geometry. The effect of individual process variables, the changing
focussing ratio, and the interactions of the variables were assessed. The results
show that the process is most affected by the atomiser gas, sheath gas, and the

scanning speed.
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The design of the experiment confirmed that changing process parameters
resulted in different material flow rates onto the substrate surface. It is contended
that the final line geometry is then dependent on the interaction of the material to

the substrate surface and the drying characteristics.
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Chapter 6 Application of Selectively
Functionalised Substrates to Cell Culture

Established cell culture substrates are poor models of in vivo biology. Commonly,
flat, untreated glass or polystyrene are used as the culture substrates. These
result in two-dimensional cultures, with limited control of spatiotemporal growth
[27].

In this chapter the spatial control of the cell cultures by applying printed features
is explored. First different shaped deposits are produced via AJP. Then, the
application of printed substrates as cell culture substrates is shown, in an attempt
to control the growth by topographical and chemical cues. Controlling the
spatiotemporal growth of cells is an essential step in the creation of
representative tissue engineered models that mimic physiological functions.

The initial proof and most in-depth studies were performed using the HCT-116
colorectal carcinoma cell line. This cell line was chosen as a suitable
demonstrator as recently it has been suggested that traditional 2D monolayer cell
culture models of colorectal cancer cells are limited in application and more
complex models of the disease are required for more effective and efficient pre-
clinical evaluations [15]. There are also high rates of incidence and mortality
associated with colorectal cancer in the UK [223] and worldwide [224]. Therefore,
there is a specific requirement for more advanced in vitro models of this disease

for laboratory-based testing. An overview of the testing is shown in Figure 6.1.
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Figure 6.1: Summary of the application testing in Chapter 5

First, the compatibility of the printed substrates with cell culture was shown by
submerging the printed features in cell culture media and investigating the culture
viability on the printed substrates with routine Live/Dead analysis.

Then, the ability to pattern cells was proven over a series of trials starting with
fundamental shapes. As in the literature, these included lines but expanded the
range of shapes to showcase corners, circles, investigate the effect on line pitch,
and show a functibomwdl cbmwtais| idtew i sed
complexity of the shapes was then increased to include polygons.

Subsequently, this process was applied to range of cell types, representing
significant tissues from the whole body. Endothelial, fibroblast, neuronal and
macrophage cells were patterned from seven cell lines. Namely, HT-29, EA.hy
926, L929, Baby Hamster Kidney (BHK), C6, primary Human Dermal Fibroblast
(pHDF) and RAW 264.7 cells were all trialed. Each of these cells have different
growth requirements and variety of morphologies, were proved to be compatible
with the culture substrates. These tests demonstrated the range of applicability

to the wider biological field.
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Finally, patterning onto non-planar substrates and large area patterning were

shown using the HCT-116 cell line.

6.1 Compatibility with Cell Culture

These first experiments verified the compatibility of the printed substrates with
the cell culture environment. They aimed to prove that combination of printed
material and substrate are not toxic to the cell cultures. Next, fundamental shapes
such as lines, dots, sharp corners, and circles were printed to showcase the
capabilities of the apparatus in te
printing acute, right and obtuse angles. The cell response to these features was
also observed, developing a library of shapes that could be replicated by the cells
in culture.

First, HCT-116 cells were cultured onto an unpatterned polystyrene substrate to

show the chaotic nature of routine cell culturing. This is shown in Figure 6.2.

Figure 6.2: Chaotic nature of HCT-116 cell growth on an untreated polystyrene substrate after 48 hrs.
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6.1.1 Effect of Submerging PEDOT:PSS Features in
Culture Medium

In these cell culturing experiments the substrates were fully submerged in cell
culture medium at a raised temperature (37°C) up to one week. When
PEDOT:PSS features were submerged for 72 hours in growth matrix, the lines
were degraded, and in some cases detached from the substrate surface (Figure
6.3). PEDOT:PSS nanoparticles are hygroscopic, meaning that when submerged
in water or agueous solutions (such as cell culture media) they swell. Therefore,

the features did not affect the cell culture in a reliable way for the entire cell culture.

Detached
Feature

Cells —

Figure 6.3: Degraded features detach from the surface during cell culturing.

To assess the adhesion to the substrate, a tape test (Section 3.2.4) was
performed by printing a pad of PEDOT:PSS onto glass. The formulation scored
0B on the qualitative scale. This is interpreted as more than 65% of the coating
detached from the substrate during the test (Figure 6.4). This test was performed
in an engineering environment and the pad had not been submerged in cell

culture media.
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Figure 6.4 PEDOT:PSS F4 (A) Before ASTM Tape Adhesion Test (B) After ASTM Tape Adhesion Test.

As the printed features did not adhere to the substrate, an additive designed to
increase adhesion to the surface was incorporated into the formulations. The
adhesion promoting additive (3-Glycidyloxypropyl)trimethoxysilane (GOPS) was
used. GOPS was chosen as it has been used as an adhesion promotor for
PEDOT:PSS electronics. GOPS acts as a crosslinking agent and reduces the
ability of PEDOT:PSS molecules to swell in water [225]. Similar to the APTES
material described in 5.1.1, GOPS is a silane and has been proved to be
biocompatible in other research [221]. The volume percentage of GOPS was
minimised to avoid nozzle blockages, and the effect on the ink rheology and was
far lower than the amount of APTES that was used in the first printing ink
(0.2%Vol GOPS vs 10%Vol APTES).

0.2% vol/vol GOPS was the lowest concentration of GOPS shown to result in
suitable adhesion, so it was added to the printing ink. The qualitative score on
the ASTM tape test when testing this new formulation on glass is 4B (Figure 6.5).
Small flakes of the coating are detached at intersections, and less than 5% of the

area is affected.

134



Figure 6.5 PEDOT:PSS Formulation P4 +0.2%Vol GOPS (A) Before ASTM Tape Adhesion Test (B) After ASTM
Tape Adhesion Test.

Using this new formulation, there was a noticeable decrease (average 24.2%) in
the printed line width at the same process conditions after the addition of the
adhesion promotor. The difference in print characteristics is due to the surface
interaction of the new ink with the glass substrate. This decrease was accounted
for by slight adjustments to the print parameters. There is no visible degradation
or peeling after immersion of these printed features in cell culture media for 72
hours. Overall the effects of adding GOPS are desirable and therefore this

formulation was used for the printing of cell test environments.

6.1.2 Cell Viability When Exposed to Printed
Substrates

A non-directional cell viability test was performed to ensure that the
PEDOT:PSS/GOPS coating was not toxic to cells. Colorectal cancer cells were
cultured onto a slide which had been covered in the PEDOT:PSS/GOPS material.

They were allowed to grow for seven days after which they were stained using
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two chemicals in a Live/Dead cell viability assay, the result of which is shown in
Figure 6.6. This confirmed that the material is a viable culture material for cells

cultured onto the material.

Figure 6.6: Live/dead Staining of colorectal cancer cells cultured onto a PEDOT:PSS coated substrate. blue =
Live (Hoechst 33342) red/purple=le= Dead (Propidium lodide). Note that there were no dead cells hence there is
no red/purple colour.

6.2 Basic Cell Patterning
6.2.1 Printed Lines

The initial patterns were a series of lines, with a pitch large enough that the cells
respond to the single lines (20um), so that a single cell was only be influenced by
one printed line (pitch was twice the line width). The definition of line width and

pitch is seen in Figure 6.7.

Figure 6.7: (A) Definition of line widths and pitches (B) an example of a print.

The three-dimensional structure of the lines was assessed by white light
interferometry (Figure 6.8), to verify the inverted parabolic shape of the deposit

was still consistent after the addition of GOPS.
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Figure 6.8: White light interferometry measurement of a printed line after the addition of GOPS.

First, to prove the importance of the substrate choice, a treated glass substrate
was trialled in the cell culturing. HCT-116 cells easily overgrow the features and
only some local regions of the culture are ordered (Figure 6.9). This was due to
the propensity for the cells to attach to both the glass substrate and the

PEDOT:PSS printed lines.

Figure 6.9: HCT-116 cell response to PEDOT:PSS features on glass after 48 hours.
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If the substrate used is non-fouling PDMS there was more pronounced
attachment and growth to the features. As the cells divide and multiply there is a
preferential movement along the printed features, however the cells can outgrow
from the features to the underlying substrate. There is a literature precedent that
cells exhibit a preferential tethering to hydrophilic surfaces (such as PEDOT:PSS)
over hydrophobic ones (such as PDMS) [226].

Due to the inherent random nature of the cell distribution on the surface, and the
chaotic nature of cell growth generally, predicting the exact growth patterns of the
cells is difficult. However, some initial parameters that were identified as
important were the initial cell seeding density, and the length of time the culture
was performed for. An illustration of the importance of cell culture density is
shown in Figure 6.10. Figure 6.10A is a culture with a low initial seeding density,
whereas Figure 6.10B shows a higher cell density per sample seeding density.
In general the cultures with higher cell density had a more chaotic environment
than those with lower cell densities. When a part of a high-density culture, the
cells could rely on growth factors and interactions with other cells to support their
growth. In general the order and control of the substrates improves as the cell
seeding density reduced. However, cells do rely on some outside signals to
trigger division, so if there are too few cells they either split at a low rate or did

not divide at all, meaning the experiment had to be repeated.

Figure 6.10: Images of cell response after 24 hrs at different seeding densities (A) 6000 cells/sample (B) 10000
cells/sample.
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The cellular response was observed on 30pum WHM lines for the first few trials to
identify a suitable initial seeding density. Using 3ml of 2.5X104 cells per ml, so
7500 cells per sample resulted in a distribution of cells over the surface which
was suitable for the application. Cells were observed to grow to the lines in
multiple repeated experiments, and additional images are available in Appendix
J. Agitating the samples after seeding ensured the cells were evenly distributed
over the surface. Fixing the seeding density and distributing the cells led to an
improved reliability of the patterning.

After seeding, the samples had to be handled with care until the cells have settled
onto the substrate surface. If the cells were disturbed a homogeneous distribution
would not be achieved, resulting in regions of higher cell concentrations at the
centre of the well, ruining the patterning response.

Once the cells were seeded onto the sample, there was no way to influence their
growth in a desirable way. The cellular response to the printed features could
therefore only be observed. Due to the gentle shaking to spread the cells, it was
expected that the cells would be distributed over the entire surface. However,
after 24 hours it was observed that the cells were tethered to the lines and not
the substrate. This could be explained if the cells actively migrate across the
surface toward them. The experiment was repeated and this behaviour was
observed even as soon as 8 hours after seeding. This was the earliest time it was
viable to image the cells without disturbing the settling process and is shown in

Figure 6.11.
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Figure 6.11: A response to printed features was observed after 8 hours of culture.

As the cells divide and their number grows, a preference to grow in line with the
features was observed. The growth characteristics of HCT-116 cells over time
are illustrated in Figure 6.12. After 24 hours, the cells were distributed over the
length of the printed features but did not attach to the underlying PDMS substrate.
Cells also attach to the regions containing overspray, indicating that cells can use
small particles as small attachment points. After 48 hours the cells have divided
so their numbers have increased. It was observed that these new cells grow
preferentially along the line, and do not grow outward onto the underlying
substrate. After 48 hours the cell division has continued, and the cells have
become confluent on the printed features only. The lack of growth onto the PDMS
at this stage is remarkable, as the

by relying on those cells that are already tethered to the PEDOT:PSS features.
Therefore, even after the initial feature is completely covered by cells, the culture

still grows into a shape that is defined by it.

T=24hrs

Figure 6.12: HCT-116 growth over 72 hours.
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Figure 6.13 shows how close examination of the features under 20X
distinguished the difference between the initial growth, contained to the printed
feature (Figure 6.13A), and the final stage of growth where the cells grew outward

from the printed geometry (Figure 6.13B)

Figure 6.13: 20X optical microscope image of HCT-116 growth after (A) 48 hours (B) 72 hours.

Figure 6.14 shows an experiment run to 96 hours where the cells had engulfed

the printed features, and had grown out of the desired areas.

Figure 6.14: HCT-116 cells grow outside the printed features after 96 hours.
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This result was expected, as using surface patterns to influence cell growth has
been shown previously [27], [207], however the scale of the presented features
is an order of magnitude smaller than the scale of the comparable literature.
These studies do not analyse the mechanism of the interaction between the cells
and the printed features.

SEM analysis of the cells at an early stage of growth (fixed after 8 hours), carried
out in this work, verify the attachment of cells to the printed features and not to

the underlying substrate (Figure 6.15).

Figure 6.15: SEM image of cells tethering along a PEDOT:PSS printed line.

However, it is also clear under SEM analysis that the cells are also tethered
outside the printed regions by attaching to the overspray particles, shown in

Figure 6.16.

Figure 6.16: SEM image, taken at a 20 degree angle, showing a cell tethering to the overspray (left).

To verify the mechanism of attachment of the cells, some samples were
processed for analysis under high magnification immersion SEM (Figure 6.17).

These images verified that on a cellular level the cells (Left of both images) was
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preferentially attaching to the round nanoparticles of PEDOT:PSS over the

underlying PDMS substrate.

Figure 6.17: Immersion SEM images of cells (Left of both images) extending projections to attach to the
deposited nanoparticles of PEDOT:PSS. (A) 10000X (B) 25000X.

In addition, some cells were frozen during the cell division cycle. Both cells have
extended projections to the PEDOT:PSS features, showing that there is a

response to the printed features during cell division as well as initial tethering.

Figure 6.18: Cells during the cell splitting phase extend projections to tether to the PEDOT:PSS particles.

SEM analysis can also indicate how cells that grow outside of the printed regions
are able to tether to the substrate. Figure 6.19 shows how even in untreated

regions, some PEDOT:PSS nanopatrticles have settled onto the surface, and so
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the cells extend projections and tether to these nanoparticles. However, these

cells were in a minority and did not affect the other patterning that was seen on

the printed regions.

Figure 6.19: Cell tethering to single nanoparticles on an &inpatterned6PDMS region.

Cell staining and immunofluorescence (Appendix H) are commonly performed to
highlight biological regions of interest and to remove unwanted noise from the
analysis of the biological system. Stained images are used in other patterning
work for this purpose [10].

Staining can be performed with many chemicals and methods, but each highlights
a particular organelle and attaches a fluorescent marker to them using either a
primary or secondary antibody. This high contrast image can help to visualise the
cell response and highlight the areas that contain organic matter, especially over
large areas. This is important as over large areas transmitted light images do not
have the contrast to highlight individual cells. Immunofluorescence is also useful
as it removes artefacts such as substrate perforations, scratches, substrate

contamination, and protein build ups in the media, from the analysis. The samples
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were tested for their compatibility with this commonly used biological assay, and
it was found that they were compatible. However, immunofluorescence works
best at high magnifications, so it is not always useful for visualising cell patterning
applications. Although the staining techniqgue was not used in every test it was
sometimes used when and where it was useful. An example of cell
immunofluorescence is shown in Figure 6.20. The cell nucleus is the largest
organelle, so highlights the cell location and number. Sometimes it is also useful
to highlight the cell cytoskeleton, to show the morphology of the cell at that point.

Usually these separate images are overlaid.

Figure 6.20: (A) 40X image with transmitted light (B) DAPI nucleus staining (C) U-tubulin cytoskeleton staining
(D) superimposed image as standard in biological assays.

6.2.2 Dot Arrays

Previous AJP cell patterning literature, considers only straight lines and grids [45],
[205]i [207]. A major contribution of this work is producing a library of shapes that

can be printed using the AJP process and describing the cellular response to
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