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Abstract

Melt electrowriting (MEW) is an additive manufacturing technology where a fiber is
deposited in a precise way with the help of an electric field to build micrometric designs for
tissue engineering and regenerative medicine (TERM). The commercially available MEW
systems currently are expensive and require fine tuning to match the scaffold quality of
custom built systems and, as a result, many of the research institutions choose to opt for
the latter. This thesis presents a way to reduce the cost of MEW systems by using an
open source Fused Deposition Modelling (FDM) printer, converting it into a MEW system
to make good quality high-resolution scaffolds. The printer needs additional parts such as
a high voltage power supply (HVPS) and different components for high voltage and flow
rate control. The resulting scaffold produced by the filament feed MEW system is shown
to have good stacking and good dimensional accuracy of the fibers, which was close to the

calculated values.
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Chapter 1

Introduction

1.1 Context

Melt electrowriting (MEW) is a high-resolution additive manufacturing technique and
is commonly used for research in tissue engineering and regenerative medicine (TERM)
and soft robotics [1]. MEW can be utilized to make planar or tubular scaffolds with
predefined micrometric features designed with the purpose of mimicking the properties of
different tissues [2]. The most common use of these scaffolds in TERM is to guide cell
growth by tailoring their environment and support the regeneration of damaged tissues
[3], [4]. As a temporary structure in the body, its degradation is a key factor and depends

on the polymer used [5].

1.2 Problem Statement

Research in TERM is expensive partly due to the regulations, the studies and the tools
required [6]. The prices of systems for TERM vary depending on their capabilities but
start at $20,000 and can cost more than $300,000 range [7]. Many research laboratories
choose to build their own systems as the cost of different high quality components such
as stages, temperature regulation tools and high voltage power supplies is less than the
overall cost of a commercial system. In addition, the commercial systems are proprietary
and any modification on the device risks voiding their warranty. This slows the develop-

ment of MEW as research institutes have to collaborate with the system manufacturers.
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Chapter 1. Introduction

Committing to a commercial system often limits the capabilities of the research group to

that of the commercial system.

1.3 Motivation

Research in MEW requires many iterations of a design to fine tune the printing param-
eters and find the appropriate design for an intended purpose. Designing a MEW system
which is less expensive would have the benefit of lowering the budget making it more
accessible to the TERM community. It would also increase the throughput by allowing
the possibility of having multiple systems working in parallel. Improved accessibility to a
MEW system would mean more research groups using the technology, sharing knowledge
and making further advances in the TERM field. A community of researchers using the
same printer could improve the repeatability of experiments and lead to opportunities for
further collaborations between laboratories by simply sharing a scaffold design along with
the used parameters.

Using an open-source design to build MEW systems has many advantages such as
making the printers easily repairable, customizable and upgradable. Such an approach
also ensures that different components are easily available and are cost effective. With a
Fused Deposition Modelling (FDM) system capable of MEW, the advances done in the
FDM field over the last decade can be leveraged for MEW. Designing a less expensive
system would increase the number of users and could possibly make the components
for MEW such as high voltage power supply (HVPS) more common and less expensive.
Furthermore, such an approach could potentially bring MEW to the same kind of forward

momentum as FDM after its patent expiration in 2009.

1.4 Objectives

The primary objective of this work is to convert a FDM system into a MEW system
capable of producing good quality scaffolds. This entails changing the standard pressure-
fed polymer system used in MEW with a direct drive used in FDM to push filament.
The parameters utilized for quality assessment of scaffolds are the fiber consistency, fiber

placement accuracy and correct stacking of the fibers. The printed design using the mod-
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Chapter 1. Introduction

ified FDM printer will be compared to the same scaffold design made on a state of the
art MEW system. The additional objectives are to automate voltage control on the newly

built system and to keep the cost of the converted system under $2000.
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Chapter 2

State of the Art

2.1 Fused Deposition Modelling

Fused Deposition Modelling is an additive manufacturing technique where a thermo-
plastic material is extruded through a nozzle onto a build plate. The 3D object is created
line by line and stacking layers upon layers of the material [8]. It was developed by Scott
Crump in 1988 [9]. The technology, illustrated in Figure 2.1, was applied to be patented

in 1989 and Stratasys was founded.

juared "S'N

7661 ‘6 dunp

€ JO T 1934S

6CETTI'S

Figure 2.1
The FDM patent in 1989 [9]
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Chapter 2. State of the Art

The term "FDM” was trademarked by the company for their system. Fused filament
fabrication is the non trademarked term for FDM but both are interchangeable. The feed
system for the extrusion of the material is a motor connected by a gear train to a hobbed
gear which pushes a filament of the desired material through a temperature controlled
hotend to reach its melting temperature [10] The whole system is illustrated in Figure 2.2.
The molten polymer is then extruded through a nozzle [8]. The flow rate of the polymer

is controlled by the speed of the motor and is in the range of 1-10 mm3/s [11].

Properties of the filament
e  High buckling pressure
e  High stiffness
®  Highrigidity

\

Extrusion mechanism

>_ Should be preloaded with enough pressure to have
good grip on the filament to assure continuous
flow of material without grinding it

Melt rheology during extrusion
e  Shear thinning behaviour
e  Appropriate melt viscosity

Cold-end

> Should have a heat sink capable of limiting any
heat escaped from the hot-end upward to the other

parts of the extrusion system

Hot-end

Should provide enough heat to properly melt the
extruded material at different extrusion speeds

Properties of the extrudate
e  Rapid viscosity increase
®  Good layer bonding

Figure 2.2
Hllustration of a hotend [10]
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Chapter 2. State of the Art

2.1.1 Cost & availability

After the expiry of the FDM patent in 2009, the technology was replicated many
times. In the recent years, the price of FDM printers has lowered drastically. In 2022,
a basic FDM printer can cost as low as $200 with prices going up to $200,000 for large
scale industrial printer with advanced capabilities [12]. FDM, with its lowered price, has
become one of the most accessible additive manufacturing techniques and the default one
when talking about 3D printing [13]. Two of the most common printers are shown in
Figure 2.3. With their price, availability and economy of scale, the individual parts of

FDM printers have become less expensive.

Figure 2.3
Two of the most common FDM printers on the market:
The Prusa MK3S+ (left) and the Creality Ender 3 (right) [14] [15]

2.1.2 Materials

FDM is generally performed with thermoplastics and one of the main requirements of
the printer is its suitability for the range of temperatures required for the material. The
most commonly used material was Acrylonitrile butadiene styrene (ABS) as it was readily
available in form of plastic welding rods. Though ABS has good properties, it warps while
printing and releases Styrene when heated, which is toxic. Polylactic acid (PLA) became
the standard material as it has similar high pritability but releases no toxic fumes. Other

materials such as Nylon, PET, PETG, PP, PEEK and composites can be processed in
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Chapter 2. State of the Art

FDM depending on the system capabilities [16]. The range of temperatures used in FDM
to melt the polymer is 150-430°C and the material is usually in a molten state only for

seconds before it is pushed on to the build plate and re-solidifies [17], [18].

2.1.3 Software

The steps to make a FDM printed object begins with its modelling in a Computer Aided
Design (CAD) software or downloading a 3D model from a website such as Thingiverse
[19]. Software called a slicer is then used to convert the 3D model into layers and paths
written in G-code which the FDM printer interprets (Figure 2.4). The settings in the

slicer have to be specific to the FDM system and the material used [20].

‘-m&'!'.u'.'.'!'b i
-A}lmnlmmk_!"?':' b

b

Computer STL F Toolpath file 3D printer Printed object
Aided Design " (G-code) P !

Figure 2.4
The FDM process chain [20]
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Chapter 2. State of the Art

2.2 Melt Electrowriting

Melt electrowriting is an additive manufacturing technique which uses an electric field
to attract and stabilize the melt flow of a polymer to create micrometer size fibers as shown
on Figure 2.5. The first paper on MEW was published in 2011 by Brown et al. [21] in an
attempt to create defined structure using melt electrospinning (MES). The technology was
developed from advances made in electrospinning (ES) which uses a polymer in a solvent
to spray sub micrometer fibers in an uncontrolled pattern over an area. MES uses the
same concept but without the use of solvents and creates larger fibers in an uncontrolled
pattern. By reducing the distance between the collector and spinneret, and lowering the
voltage to 3-10 kV, the extruded polymer becomes a steerable jet whose properties can be

further optimized by tuning the processes parameters [22].

HV electrode ©i1yy spinneret

polymer j
dm/dt

ARRNY

earthed

ﬁber v v L 4 v L J

collector movement

Figure 2.5
Schematic of MEW process [23]
High voltage is applied to the static print head while the collector is grounded and moves

Many parameters affect the jet and need to be tuned to successfully MEW fibers with
specific dimensions. Polymer temperature, voltage level, collector distance and collector

speed, to name a few, are all interdependent. Adjustments need to be made to reach the
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Chapter 2. State of the Art

narrow range where the jet becomes and stays stable for the multiple hour print times

commonly required by MEW [22].
A Y

Variable lag Maximum lag Minimum lag

G-code mavement path

Temporary pulsing Stable
{ ‘ |j
I“‘fu I] 1 ! | I ll”

Figure 2.6
Llustration of jet lag [23]
(A) Schematic of jet lag with low and high jet lag. (B left) Programmed G-code path
(B right) Result of programmed path with jet lag until stabilization

The nozzle is at a distance from the build place and as the print head moves, the jet
is trailing behind it. The horizontal distance between the nozzle and the position the jet
touches the build place is called jet lag. It is dependent on flow rate, applied voltage,
collector speed, distance to collector and viscosity of the polymer. An illustration of the
jet lag can be seen in Figure 2.6. The effects of jet lag on the designed pattern are seen
as rounding of sharp corners and change in the laydown pattern [24]. When the jet has a
minimal jet lag and is following the movement of the collector closely, it has reached its
critical translation speed (CTS). If the speed of the collector is lower than the CTS, the
jet will start buckling like in Figure 2.7. If the speed is higher, the jet lag will increase
and if it is multiple times the CTS, the fibers will be stretched.

The material feeding system in MEW is a heated syringe with a specific nozzle size and

filled with a polymer. The syringe is heated until the viscosity of the polymer is low enough
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Chapter 2. State of the Art

Figure 2.7
Effect of lowering collector speed below CTS on fiber pattern
(A) 100-110% CTS, (B) 75-80% CTS, (C) 30-35% CTS, (D) 10-15% CTS [23]

to be fed through the nozzle by applying air pressure. As the whole reservoir of polymer
is heated, the degradation of the polymer needs to be slow otherwise the polymer would
degrade too much and the flow rate would be affected resulting in fibers of low quality
and varying in size. The flow rates of MEW are in the range 0.5-20 uL/h depending on
the fiber size needed [25].

2.2.1 Cost & availability

The price of a MEW system can vary but usually start at $20,000 and can cost more
than $300,000. As it is used as a research tool for bioengineering, some systems combine
other additive manufacturing (AM) technologies such a MES and inkjet to make the
system more attractive for research institutes. Most of the commercial MEW systems are
not off-the-shelf and require the manufacturing company to be contacted to get a quote
on the price of the system which both slows the research and locks it to the capabilities

of the bought system. One of these MEW systems is shown in Figure 2.8.
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Chapter 2. State of the Art

Figure 2.8
Ezxzample of a MEW system.:
The Queensland University of Technology MEW system

2.2.2 Materials

The most utilized polymer for MEW is Poly e-caprolactone (PCL). Several other ther-
moplastics such as PLLA, PVDF, PP and more have been tested [25]. The general re-
quirement for the polymer is that the heat required to reduce the viscosity to MEW is
sustainable for long periods of time for the system and that the polymer doesn’t degrade
too much. The system is the main limiting factor as the components must sustain and

contain the amount of heat generated to melt the polymer completely.

2.2.3 Software

Software to generate scaffold designs by entering the required parameters exist but the
most common way to design them is to write the G-code by hand. This can become a
tedious task if a design needs minor changes but the whole file must be written again.
The use of programming loops in G-code for scaffolds, if the printing system is capable of

reading them, is common as scaffolds have repeating patterns.
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2.2.4 Current research & applications

Research in MEW has increased with the development of commercial systems and
the interest in TERM. From potential stroma substitute [26] and customizable porosity
heart valve [27] to improvement in skin regeneration [28] and its help in dental medicine
[29], MEW has yet to reveal all its potential in the TERM field. The ability to create
tailored scaffolds without the need to solvents or additives gives a much better chance of

translating a technology to clinical studies.

2.2.5 Challenges

The price required to buy or build a MEW system currently starts around the $20,000.
Only having one capable machine is a start but making MEW scaffolds is a long process
lasting multiple hours if not days and studies in tissue engineering require multiple samples
to be tested at a time. The current standard material used for MEW is PCL for its low
melting temperature and several studies have used PCL for TERM. The limiting factors
in using other polymers is the system’s ability to withstand high temperature for multiple
hours, as well as the system’s ability to create a controlled environment to MEW the

polymer.
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2.3 FDM and MEW

FDM has had a longer development time than MEW and since the expiry of the patent,
a large community of developers, engineers and companies have invested time into the
technology and made it faster, more intuitive, and less expensive. Table 2.1 summarizes

the differences between the two additive manufacturing techniques.

FDM MEW
Flow rate [uL/h] 3,600 - 36,000 0.5-20
Temperature ranges [°C] 150 - 430 60 - 120
Material feed system Pushing filament | Pressurized syringe
Movement speed [mm/min] 1,800 - 4,800 300 - 500
Amount of heated material at one time [uL)] 30 - 50 500 - 1000
Language for movement G-code G-code
Resolution [pm] 100 5
Price range [9] 200 - 200,000+ | 20,000 - 300,000+

Table 2.1
Comparison of FDM and MEW

Some important elements to point out are that the flow rate of MEW is three orders
of magnitude lower than the one of FDM and the material feeding system is different.
Pushing filament with a motor and pressurizing a syringe, both have their advantages and

problems in terms of polymer degradation and flow consistency.
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2.4 G-code

G-code is a Computer Numerical Control (CNC) programming language created to
be used on machine tools such as CNC mills and lathes with specific commands to also
change tools and rotations speeds. The first implementation was developed at the MIT
servomechanisms Laboratory in the late 1950s [30]. It is a human-readable type of text
file with a list of simple commands for the system to execute one line after another. A
mistake in the g-code generation can be noticed if familiar with the g-code generator. The
main commands which are used in the case of FDM are listed in Table 2.2. As G-code can
be read and understood easily, the raw file can be edited to modify movements, speeds or

temperatures quickly.

GO : Linear motion

G1 : Linear motion by convention with extrusion
G2 : Clockwise arc
G3 : Counter - clockwise arc

G4 : Dwell \wait in milliseconds
G28 : Home all axes

G90 : Absolute positioning

G91 : Relative positioning
G104 : Set hotend temperature

Table 2.2
List of commonly used G-codes in FDM

The command G1 is specifically used in Fused Deposition Modelling for movement
with extrusion. Having the printer in relative positioning and sending a command such
a G1 X10 Y10 Z10 E10 F200 would make the head move +10mm in X, +10mm in Y,
+10mm in Z at a speed of 200mm/min and extrude 10mm of filament during the whole
movement. This type of extrusion makes the flow dependent on the speed of the movement
and thus, makes the pressure applied in the nozzle vary between each movement during a

print.
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2.5 Open Source

2.5.1 Reprap project

The Reprap project, Replicating Rapid-prototyper, was initiated by Adrian Bowyer
at Bath University with the idea appearing online in February 2004. The goal of the
project is to make an open source FDM printer with most of its parts off-the-shelf, such
are threaded rods and nuts, and some of its parts FDM printed. The printed parts could
be made by another Reprap machine and so the notion of machine self-replication came
to be. The only obligation is to openly release any improvements of the machine to the

community [31].

2.5.2 The Voron Project

Figure 2.9
The first Voron prototype on the 20th May 2020 [32]

The Voron project was started by Maksim Zolin in April 2015 with the idea of creating
a no compromise FDM printer. During the project, he built multiple working prototypes,
the fist one is shown in Figure 2.9, until one finally met the requirement he had set. With
the growth of FDM, the race to bring out the best printer at the lowest price and the
hassle of the supply chain logistics of making a hardware company while having a day job,
he decided to open-source the project and build a community around it.

This lead to a large influx of people interested in the new printer and many new models

and improvements from the community [33]. The team working on the Voron project grew
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and they kept improving the printers, updating the hardware list with quality components

they test themselves and managing the community around Voron printers. All the current

models of Vorons are shown in Figure 2.10 and their characteristics are listed in Table 2.3.

A large sourcing guide is provided with up-to-date links to components for the different

Vorons. All the parts can be bought off the shelf from different suppliers. Some companies

have started to make kits of all the parts to make it easier for the user to purchase and

assemble them. These kits are sold at a premium but make the building of the printer

easier.
Model V1 V2 Vo Switchwire Legacy
Version number 9 4 1 0 0
Conception date 2015 2019 April 2020 | August 2020 | December 2020
Price [$] 1000-1300 | 1500-1900 | 400-600 700-900 600-800
Print volume [mm?] 2503 2503 1203 250x210x240 2303
Enclosed Yes Yes Yes Yes No
Kinematics CoreXY CoreXY CoreXY CoreXZ CoreXY

Table 2.3

Overview of Voron models

Figure 2.10
The currently developed Voron models, from left to right :
V1, V2, VO, Switchwire, Legacy [34]

As the printers are made from off-the-shelf and custom 3D printed parts, the Voron

community started printing the required parts of the Voron for other people who were also

interested in building themselves a Voron. The community calls it Print it Forward.
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The Voron 0.1

AA AB

—

Equations of Motion:

AX ="2(AA + AB), AY ="/2(AA - AB)

AA=AX + AY, AB=AX-AY
Figure 2.11 Figure 2.12
The Voron 0.1 FDM printer [34] Schematic of CoreXY kinematics [35]

The Voron 0.1, shown in Figure 2.11, is designed to have a small footprint (230x230mm),
be fully enclosed to print materials, such as ABS, which need to be in a heated atmosphere
and be able to FDM with fast speeds and high accelerations. Its CoreXY kinematics and
7 lead screw results in the printed part moving minimally while the head moves in the
X-Y plane. A schematic of CoreXY kinematics is illustrated in Figure 2.12. For rotation
of motor A, the head moves in +X and +Y and for rotation of the motor B, the head

moves in +X and -Y.
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2.5.3 Software
OctoPrint

The Voron project leverages open source software for FDM to not have to make it
themselves. One of them is OctoPrint which features a user friendly way to control the

printer through the use of a Raspberry Pi microprocessor. Some tabs of OctoPrint are

shown in Figure 2.13.

Tool (E) General

yyyyyyy

Figure 2.13
OctoPrint: View of the temperature and camera feed [36]

OctoPrint comes with a variety of features such as temperature control, automatic
homing and many more which make the user experience of using a FDM printer more
convenient. Furthermore, as an open source project, updates come often and user created

plugins to do a particular task are plentiful.

Klipper

A second open source software made specifically for FDM printing is Klipper. It is
a firmware which is meant to work alongside the microcontroller of the FDM printer on
an additional microprocessor. The microprocessor, having more computational power,
enables more complex features that the microcontroller cannot do alone due to its lack
of computational power. Faster and better quality prints are possible by compensating
for the jerk of the printer by having different acceleration pattern and running advanced

filament pressure control.
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OctoPrint - Enclosure plugin

This Octoprint plugin is used to reduce the development time of MEW on the Voron
and allow for more data collection while performing MEW. It was developed by Vitor
de Miranda Henrique [37] to automate some tasks while using a FDM printer. It was
modified to allow for the control of the high voltage power supply through G-code and for

the monitoring of the environmental sensor and the high voltage through OctoPrint.
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Methodology

3.1 Materials

The polymer used to MEW is Caproprene, a type of PCL in filament form from Poly-

Med, Inc. [38]. The properties of the polymer are listed below :

Fiber diameter 1.75 £0.05 [mm)]

Melting temperature 62.9 [°C]

Inherent Viscosity 1.7 [dL/g]

Residual monomer 0.1%
Table 3.1

Characteristics of Poly-Med’s Caproprene PCL [38]

A standard polymer with known parameters for MEW is Purasorb PCL PC12. The
polymer is the principal parameter in the MEW process and dictates the properties and
limits in terms of scaffold design. This PCL polymer hasn’t been melt electrowritten

before and the MEW parameters need to be found.
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3.2 Theory

3.2.1 Melt Electrowriting

In MEW, standard parameters that always work have not been defined. They must
be tuned based on the polymer, the ambient temperature, the humidity and the system
to reach a range where the jet is formed. Once in that stage, it is not yet stable as the
chances of it being pulsing are high. Pulsing is the phenomenon where the thickness of the
jet changes depending on CTS, voltage, distance to collector and flow rate. Scaffold size
and fiber diameter are considerations to make while attempting to stabilize the jet over
the whole print design. Pulsing can be seen in the jet by its jet lag and in the deposited
fibers such as shown in Figure 3.1. When doing MEW, a stabilization scaffold is made

before the main scaffold to wait for the jet to stabilize.

Figure 3.1
Effect of pulsing in the jet on deposited fiber
The fiber thickness varies during the printing and affects the deposition

3.2.2 Filament flow equations

As flow rate for MEW is very low, it is important to keep it as constant as possible.
The first point is to see the effect of the input fiber diameter on the output fiber. The
polymer filament datasheet shows a standard deviation on the thickness of the filament of

+50um. Using the datasheet of the parts of the Voron and some parameters, all listed in
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Table 3.2, we can calculate the percentage of difference we would have [33].

Parameter Symbol Value
Filament diameter [mm] D fitament 1.75
Filament area [mm|] A titament 2.405
Hobbed gear radius [mm] HB, wdius 3.5
Hobbed gear perimeter [mm] | HBperimeter | 21.991
Steps per rotation stepSrotation 200
Number of microsteps H# usteps 256
Gear ratio GR 50:10
Table 3.2

The Voron 0.1’s extrusion system parameters [33]

The volume pushed into the heating element per microstep can be calculated by this

formula :

(Dfilament/2)2 C T HBperimeter
GR - stepsyotation * #,usteps

V,ustep = (3 1)

Table 3.3 shows that in the worst case the fiber size could vary of about 10% but only
if the filament would change from 1.7 [mm] to 1.8 [mm]. As the filament is continuous
and the amount is small, the variation would be small and could be compensated for by

looking at the size of the fiber using a microscope.

Viiber =T - (Dfiber/2)2 - speed - t (3.2)

For the theoretical fiber size calculation, we assume that the input material is equal

to the output material.

Vfiber = Vflow -t and Vflow = Vyustep * Espeed (33)

Filament diameter [mm)] | Volume per microstep [uL/ustep] | Percentage
1.70 1.95E-04 0.944

1.725 2.01E-04 0.972

1.75 2.07E-04 1

1.775 2.13E-04 1.029

1.80 2.14E-04 1.035

Table 3.3

Variation in the flow rate depending on the filament diameter
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By combining equation 3.1, equation 3.2 and equation 3.3, we reach a theoretical size

of a printed fiber in equation 3.4 :

Vustep . Espeed

Diiper =2+
Jiber m - speed
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3.2.3 Volume of molten material

Degradation is an important factor in MEW because the polymers used often have to
degrade inside the body. If the degradation time is short, the polymer can’t be heated
for too long otherwise it would result in large flow rate variation and thus, the scaffolds

would become inconsistent in terms of fiber quality and spacing.

In FDM

The amount of molten polymer depends on the height on the hotend’s heat block h.
For high flow hotends, the height can go up to 20mm to allow more time for the heat to
transfer to the polymer. The input of the heat block is 2mm to allow for the standard
1.75mm filament to easily go in.

The formula to calculate the volume of molten polymer in a standard FDM heat block

is :

V=nxr’xh (3.5)

For a 12[mm] height hotend with a 2mm hole, the volume of material would be :

V =7 (2/2)% % 12 = 37.699uL (3.6)

In MEW

MEW uses syringes as the reservoir for the polymer. The whole volume of polymer
inside the syringe needs to be heated for the flow to occur. The syringe used is typically
3 cc or 3 mL in volume and half of it is filled with polymer. The volume of the polymer

being molten is MEW is in the mL range.
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3.3 Hardware

3.3.1 Available parts

Hardware

Figure 3.2
Most of the components required for a Voron 0.1.
Left: FExtrusions and large components,
Middle: Fasteners, belts and electronics,
Right: All required FDM parts

A Voron 0.1 kit comes with all that is needed to do basic FDM except for the FDM
printed parts. All the parts are shown in Figure 3.2. The building of the printer takes
about one day and a half for someone who hasn’t build on yet and has all the right tools

to do so. The hotend, comprised of the heat break, heater block and nozzle, is a Phaetus

Dragonfly BMO hotend.

Electronics

The stepper control board which comes with Voron 0.1 Kit is an SKR mini E3 V2.0
from BigTreeTech. It can drive four steppers with its TMC2209 drivers, heat the hotend
to a maximum temperature of 260°C and the print bed to 150°C. The included steppers
in the kit are 2x NEMA14 1.8°stepper motors for X and Y displacement, one NEMA17
1.8° with lead screw for the Z axis and one NEMA14 36mm 1.8° pancake stepper for the
extrusion.

On the computational side, a Raspberry Pi 3B+ is included to allow for easy connection
to the board both wired and wireless and to add computational power to the printer

to enable jerk compensation, an understandable user interface through Octoprint and
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additional inputs and outputs. It is an important requirement that the on-board computer
is as much as possible configurable to add changes to the system both in terms of hardware

and software.

3.3.2 Extrusion resolution and consistency

As shown in Table 2.1, the flow rate in FDM is orders of magnitude larger than in
MEW. To reduce the flow rate, the 50:10 gear ratio gear train of the standard Voron 0.1
is changed to a 26.85:1 stepper motor. The kit contained a 17 teeth motor gear which
was modified and put on the higher gear ratio motor output shaft to mesh with the 50
tooth gear in the print head. The final gear ratio can be calculated by multiplying the

gear ratio’s in the gear train :

GearRatio = 26.85 - i)—g = 78.97 ~ 80 (3.7)

Comparing to the 50:10 gear ratio, the new gear ratio will turn about 16 times slower

and the volume resolution will increase by the same amount.

3.3.3 Glass slides

To limit the chance of arcing and thus damaging the electronics, MEW on the Voron
is done over a glass slide. The usual glass slides used in MEW are microscope slides of
75 x 26 x 1 mm. To allow for more area and further limit the risk of arcing, larger glass

slides of 75 x 50 x 1 mm were used.

3.3.4 High voltage

MEW requires a high voltage to attract the polymer to the collector. In order to
generate the high voltage, high voltage power supplies (HVPS) are used and connected to
the print head and the collector is grounded or the high voltage is connected to the collector
and the print head is grounded. As the nozzle of the Voron is heated and connected to
the control board applying a high voltage to it would break it. Considering this, the high
voltage is connected to the build plate and the heating connection and thermistor of the

build plate are removed.

Page 26 of 62



Chapter 3. Methodology

The HVPS used is a Spruce Science Lab mate, shown in Figure 3.3. It’s a 10kV, 2mA
max output power supply with analog control for both the high voltage and its current.
The price of this HVPS is around 900% [39]. This high voltage power supply was chosen

for its lower price than average and for the voltage control options is had.

Figure 3.3
Spruce Science’s lab mate [39]

Safety

Safety is essential when using high voltage. This has been taken into consideration
throughout the project and specific design choices are made for the user to have the least
possibility to enter in contact with high voltage. The choice of HVPS is left to the user
but some capabilities need to be specifically chosen to ensure the safety of the user and

the automation of the system. Those properties are:

e Be able to limit the current of the HVPS

e Be able to control the voltage of the HVPS thought the on-board computer
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3.3.5 High voltage control

High voltage is dangerous for the system and the user if not managed correctly. Adding
a way to control the high voltage both turning it on and off and the amount of voltage is
a great addition in terms of functionalities for automation and safety.

Standard HVPS have analog inputs and outputs connections where the voltage and
current can be controlled and monitored. Additionally, they have digital input pins to
turn on the high voltage and allow for remote control to be active. When remote control
is active, the HVPS will measure the input signal voltage and output a high voltage
depending on it. The input and output voltages are in the range of 0-10V. To be able to
control the HVPS on its full range, a standard microcontroller has to have its 3.3V max
voltage amplified to 10V.

As the Raspberry Pi doesn’t have analog inputs nor outputs, additional boards have
to be added to allow for voltage control. For voltage control, four additional breakout
boards are added to the hardware and listed in Table 3.4. As the HVPS require 10V to
turn on the high voltage and the remote control, the digital signal from the Raspberry
Pi has to be increased. To allow this, a level shifter is used as it is cheaper and it only

converts digital signals.

Name Function
Analog to digital converter - PCF8591 Monitor the high voltage
Digital to analog converter - MCP4728 Allow the raspberry Pi to send analog voltages
Level shifter - BSS138 Increase the digital voltage from 3.3V to 10V
Operation amplifier - TSH82 Increase the analog voltage range from 0-3.3V to 0-10V
Table 3.4

Components of the voltage control board and their function

The high voltage and its current are controlled through I2C and the turning on and
remote control by two digital pins from the Raspberry Pi. The electrical schematic of the
voltage control board is in appendix C.

The amplification board is set by default to multiply the received voltage by 4.7 and
if we use it with the maximum 3.3V, it would result in a 15.51V if the amplifier wasn’t
limited by its 10V maximum input voltage. The amplification board has to be hardwired
to be an non-inverting DC-coupled operational-amplifier by soldering the jumper pads on

the PCB as shown on Figure 3.4. For the required configuration, two connections must be
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severed, by cutting the manufactured copper traces : JP4 and JP2 and connecting JP2,

JP4, JP5, JP6, JP7 and JPS.
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Figure 3.4
Left : TSHS82 configuration, right : complete high voltage control board

The analog supply to control the voltage and current needs to constantly send out
an analog voltage. Therefore the MCP4728 is chosen as it has an electrically erasable
programmable read-only memory or EEPROM. With a call of the code, the voltage can
be changed and stay active even if the program isn’t running anymore.

The full control board with each of its components is shown on Figure 3.4. The
components are connected to the prototyping board with female headers to easily remove
them if some were to break. Its footprint is small enough to fit inside the back of the

Voron 0.1 with the rest of its electronic components.
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3.3.6 Change of nozzle

Many parameters were tested using a standard 0.25mm FDM nozzle. To make the
nozzle for the printer to act more like a standard MEW syringe nozzle, a nozzle was
machined out of a M6 brass bolt. The two nozzles are shown in Figure 3.5. The schematic

of the custom nozzle is in appendix C.

| e |

ittt

Figure 3.5
Left : Standard 0.25mm FDM nozzle, right: custom nozzle

3.3.7 Higher gear ratio motor

The standard stepper motor which comes with the Voron 0.1 kit has a gear ratio of
50:10 which limits the resolution of the volume pushed. When speed is slow and the
number of microsteps is high, stepper motors have less torque and having a high gear
ratio would reduce the required torque. To allow for finer resolution of fiber, the motor is
changed to a 27:1 stepper motor with a gear train. To link the shaft of the output of the
stepper to the gear linked to extrusion, a 17 teeth motor gear is attached onto it.

From the equation 3.1, we can calculate the flow rate per step.

For a 50:10 gear ratio:

(1.75/2)% -
e —5) = — 206.621nL /st .
Visten(GR =5) = = 00 e 1901 — 200-62InL/step (3.8)

For a 80:1 gear ratio:

(1.75/2)? -
Viysten(GR = 80) = — 13.08nL /st 3.9
step ) = 807200 256 21991 nL/step (3.9)
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3.3.8 Environmental measurements

The quality of the fibers can be affected by the local temperature and humidity. An
BME280 environmental sensor [40] is added inside the enclosure to closely monitor the
temperature and humidity. The sensors values are shown in the Octoprint user interface

and can be logged.
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3.3.9 FDM conversion to MEW

Most of the standard parts of the Voron 0.1 are kept for the conversion to MEW. Minor
modifications are required to the structure to install the high voltage, some 3D printed

parts need to be printed and the extrusion motor needs to be changed.

Changes to structure

Figure 3.6 Figure 3.7
Tapped hole in the build plate to  Hole in the back of the Voron for
attach high voltage cable high voltage cable

The high voltage cable is guided into the build chamber by a hole added to the back of
the printer shown in Figure 3.7 and a 3D printed part is securing it to the structure of the
printer shown in Figure 3.8. A tapped hole is made into the build plate to allow a silicon
cable to link to the high voltage cable pictured in Figure 3.6. Both sides are connected

using a crimp ring, M4 screws, split washer, and nut to insure a reliable connection.
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The standard stepper motor was changed to a 27:1 gear ratio stepper motor. A motor
adaptor shown in Figure 3.8 allows for a drop-in replacement of the standard motor with

the high gear ratio motor.

A

Figure 3.8
The 3D printed parts required for the conversion
Left : high voltage cable holder, right : the motor adaptor

For FDM, the fans on the print head rapidly cool the deposited molten polymer to
remove warping. In MEW, the fans aren’t needed, and a custom head was designed to
reduce the amount of air coming from the extruder cooling fan to the jet. This custom

print head is shown in Figure 3.9 with the original print head.

3 4

Figure 3.9
Left: original print head, right: custom print head
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3.4 Software

3.4.1 G-code generation

The G-code generator allows the user to set several parameters to generate a design
to MEW. A short list of some parameters is in Table 3.5 and generated design is shown
in Figure 3.10. The generator is improved several times during the project to add func-
tionalities for the scaffolds. The full list of parameters is in appendix A.1. It is based on
a code written by Dr. Ievgenii Liashenko. As many parameters define the final scaffolds,

it is unlikely to know from the start what will be needed further down the line.

80T
Parameter Value 70
Feed rate [mm/min] 300
Length [mm] 23 807
Width [mm] 23 E‘ 50|
Spacing 1 [mm] 0.5 - e
Spacing 2 [mm] 0.5 S 40+
Number of layers 10 >
Set voltage [kV] 4.8 307
Loops [ON/OFF] 1 o0l =
Priming line [ON/OFF] 1 28
10 - : ‘ : :
Table 3.5 0 20 40 60
Some of the parameters to define X axis [mm]

th ld desi
e scaffold design Figure 3.10

The resulting G-code path with stabilization paths

The generator is designed to work mainly in the X and Y direction with a Z adjustment
at the start of the print. If set, it can adjust the height at the end of the layers and at the
end of the print. The program is written in MATLAB but could easily be implemented in
another programming language such as Python as the generator outputs a text file. The
full MATLAB code is in appendix B.

The generator makes the task of creating G-codes for MEW as parametric as possible.
The values of the scaffold design are defined at the start of the code and a graphical
representation of the path to be generated is shown to the user. The generated G-code is
only composed of G1 linear movements because G2, G3 arc movements aren’t interpreted

by all printers.
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The G-code generated by the program sets the hotend temperature, moves it into the
start position in X, Y, Z and turns the high voltage 'ON’. The movements of the printer

are in relative positioning.

Loops

Loops are the part in a scaffold where the fiber lines have reached its end and need
to link with the next one at a defined spacing. The size of the loops should be altered
depending on the jet lag. The code is made parametric to always link the end of the lines.

A image of generated loops is shown in Figure 3.11.

Figure 3.11
The loops generated by the generator

3.4.2 Extrusion control

The extrusion control is managed on another Raspberry Pi connected to a TMC2209
stepper driver breakout board. This is the same stepper driver which is on the stepper
control board of the Voron 0.1 but as it is a not soldered on, it allows easy access to
electrical pins. A custom library is written to allow the stepper to turn continuously by
using an internal step generator after its parameters have been set.

The input parameter V ACTU AL is a value which is multiplied to the internal oscillator

frequency of 0.715 [Hz] to obtain the extrusion speed. This defines the ustep velocity :

¢
Espeed[@] =VACTUAL -0.715 (3.10)

The extrusion needs to be independent of the movement otherwise the pressure applied

to the polymer possibly changes and pulsing is more likely happen in such situations.
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3.5 Imaging tools and measurements

3.5.1 Optical microscope and SEM

Macroscopic images of the scaffold on glass slides were taken using an Andonstar
AD409 Digital Microscope with a black glossy acrylic sheet as background. Fiber diameters
and spacing between fiber were imaged using a Keyence VHX-7000. Automated stitching
of imaged was performed using Keyence’s software to keep high resolution while having
multiple individual fibers. Quality of fibers and their staking were viewed and recorded

using a Thermofisher Apero 2 Scanning electron microscope.

3.5.2 Recording of data

Data aggregation was performed using Fiji/IMAGEJ. The scale bar generated by the
Keyence’s software was adjusted for each image with its overlaid scale bar to calculated
the relation of pixel to um. For the fiber size to extrusion speed measurements, 20 values
were taken on three different scaffolds made on different days with the same extrusion
speed. It was repeated for three extrusion speeds: 25, 50 and 100. To evaluate the spacing
accuracy, 10 vertical and 10 horizontal values are measured on one scaffold per spacing

with the spacing being 250, 500, 750 pm.

3.5.3 Generation of graphs

The graphs presenting the data with mean and standard deviation are generated using

Python with pandas and Matplotlib libraries.
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Results and discussion

The first part of this chapter summarizes the key findings which allowed the system to
perform MEW. The second part shows the resulting scaffolds and compares their quality

with the scaffolds made with a state of the art system.

Figure 4.1
Image of the Voron 0.1 FDM system converted to MEW
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4.1 Achieving MEW on the system

4.1.1 Testing the polymer

The first step was to characterize the PCL Caproprene polymer from Poly-Med for
its ability to be melt electrowritten. The polymer was processed by cutting the filament
into 2cm long parts, filled inside a 3ml syringe and left to melt in an oven at 90°C for 3
hours. The processed PCL was utilized to fabricate a scaffold with a QUT MEW system.
The resulting scaffold can be seen in Figure 4.2 and shows good results macroscopically,

proving that the polymer can be processed using MEW.

Figure 4.2

Process to melt filament to syringe to be used in MEW printer and resulting scaffold.
Left to right:

Filament pieces in syringe, Syringe with the molten polymer after heating and resulting

scaffold
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4.1.2 Testing the motion system

An evaluation of the motion system of Voron is performed by replacing the standard
FDM print head with a pressure fed heated syringe system. The scaffold produced with
the syringe is shown in Figure 4.3. Fiber stacking is good but not optimal which could be

attributed to the motion system.

Figure 4.3
5 layer MEW scaffold made with pressure fed system on Voron printer
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4.1.3 Nozzle design

Redesigning of the standard FDM nozzle proved to be pivotal in successfully performing
MEW using Voron. As shown in Figure 4.4, the same printing parameters using two
different nozzles, a standard 0.25mm FDM nozzle and the custom designed nozzle, lead

to drastically different results.

Figure 4.4
Same parameters MEW scaffolds with different nozzles
Left : made with standard 0.25mm FDM nozzle, right: made with custom nozzle

The external geometry of the nozzle has a clear effect on the flow rate and the deposition
of the fibers. One hypothesis is that the electric field is more concentrated at the tip
of the nozzle due to the needle like shape of the custom designed nozzle. The sharp
hexagonal shape around the nozzle which is used to tighten the nozzle to the print head
could potentially also affect the electrical field negatively, and it will be interesting to try
additional nozzle designs to understand their effect on the jet.

An additional improvement could be to reduce the taper angle inside the custom nozzle.
As it was made with a standard 2mm drill for the filament input side, the taper angle of
120° is steep for the flow as shown on Figure 4.5. Machining the nozzle to have a 90° taper

would reduce the pressure and possibly make the flow more uniform.
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Figure 4.5
Cold pull of the filament from the nozzle shows the large 120° taper

4.1.4 Microsteps of the stepper motor

MEW requires a continuous polymer flow at a low flow rate. The principle driving the
stepper motor is their precise but discrete steps. It is essential to increase the number of
microsteps per step and the speed in order to mimic the pressure continuity of a pressure
fed syringe in MEW. A value of 256 microsteps per step was found optimal using the high
gear ratio motor to obtain a constant and continuous flow which resembled the flow rate
for MEW. The standard extrusion stepper motor of the Voron kit was tested with the
same value of microsteps and it was found that torque required by the motor was too high

for the rated amperage which resulted in skipping of the motor.

4.1.5 Skipping of the fiber

During the MEW process, a skipping motion of the jet was observed. This is visible
as the fiber would momentarily move in the direction opposite to that of the print head
and then continue its movement. This phenomenon is not as obvious with smaller fiber
diameters. The general hypothesis is that the fiber gets charged and then discharges

quickly, and doing so makes this fast movement.
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4.2 Resulting scaffolds and comparison

The parameters for stability of the jet are found after trial and error, and are listed in

Table 4.1. The flow rate is theoretical and calculated base on equation 3.2.

Scaffold size [mm] 23x23
Temperature [°C| 80
Flow rate [uL/h] 1.68
Distance to collector [mm] | 3.2
Voltage [kV] 4.8
Feed rate [mm/min] 405
Pause time before loop 600
Pause time after loop 500
Table 4.1

Parameters used to MEW scaffolds on the Voron
The resulting scaffold is in Figure 4.6

Figure 4.6
10 layer MEW scaffold with Tum fibers and 0.5mm spacing
The parameters used are in Table 4.1

These parameters helped to achieve a relatively stable jet but some parts of the scaffold
still showed fiber pulsing. Further optimization of the parameters is always possible but

characterization of the scaffolds was performed as the jet formed was stable.
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4.2.1 Fiber diameter linked to extrusion speed

The dependence of fiber size on the extrusion speed of the polymer/filament was mea-
sured on three scaffolds with 20 measurements per scaffold. The measurements were
performed for three extrusion speeds : 25, 50 and 100 which theoretically correspond to
0.84, 1.68 and 3.37 uL/h. The theoretical fiber sizes for these extrusion speeds are 6.64,

9.39, 13.28 um and are shown in Figure 4.7 in blue dashed lines.

Fiber size in function of extrusion speed
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Figure 4.7
Fiber diameter in function of extrusion speed

These results were obtained using the parameters which were optimized for an extrusion
speed of 50. Larger deviations can be expected for extrusion speeds of 25 and 100 as a
lower or higher speed value changes the flow rate of the polymer which can impact other
parameters. The fiber sizes depending on the extrusion speed are reported in the Table
4.2. The experimental values correlate well with the theoretical values and a maximum
variation of only 7% is observed. The standard deviation is larger for the 100 extrusion
speed which is understandable as the additional flow would require increased voltage to

have a better stabilization of the jet.

Extrusion speed 25 50 100

Fiber size [um] 6.9 +1.2 | 9.8 £1.3 | 124 £2.5

Theoretical fiber size [um)] 6.64 9.39 13.28

Error [%] 3.98 4.33 -6.88
Table 4.2

Fiber diameter inspection results
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4.2.2 Fiber spacing

Fiber spacing measurements were performed on scaffolds with 250, 500, and 750 um
spacing. The values are grouped into vertical and horizontal directions. Ten values were
measured in both orientations. The mean and standard deviation of the spacing values
are reported on Figure 4.8 and the theoretical values are marked as dashed lines.

Fiber spacing : programmed and experimental

= = |
' 700 700 700 °
=
D
% 600 600 + 600 —
@©
Q
]
@ 500 500 fr==========m—mm——m———— e 500
Fe = ==
[V
©
< 400 400 400
Q
£
& 300 300 300
x
i o PR« I ——
—] =
200 : ? 200 : : 200 : :
Vertical Horizontal Vertical Horizontal Vertical Horizontal
Spacing of 250 [um] Spacing of 500 [um] Spacing of 750 [um]

Figure 4.8
Fiber spacing : Theoretical and experimental

The first defining element of the spacing is the motion system. As the fiber is attracted
by the electrical field on to the previous deposited fiber, the first fiber’s position is mostly
reliant on the precision of the motion system. The second defining element is the jet lag.
If the jet lag is unstable, the fiber will take more time to complete the loop and will be

offset until it aligns back with the direction of the print head.

Programmed spacing [um] 250 500 750

Experimental spacing [um] | 241.472 +10.523 | 469.912 +4.326 | 719.054 +10.992

Error [%] 3.4112 6.018 4.126
Table 4.3

Fiber spacing inspection results

Some experimental spacing standard deviation values are £10um which could poten-
tially make stacking difficult with small fibers. This deviation could originate from the
slack in the belts of the motion system which are tightened by hand. The error regarding
the position is in the 5% but is consistent between different spacing values and means it
could be compensated by an offset depending on the spacing. This shows good promise

on having precise scaffolds with defined structures.
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Chapter 4. Results and discussion

4.2.3 Comparison with state of the art MEW system

In this section, two scaffolds made with the same G-code and polymer are examined to

observe the difference between the converted MEW system and a state of the art system

(QUT). The flow rate on the Voron is set to a theoretical value of 1.68uL/h and the

The speed on the Voron is set to 400

pressure is set to 1.5 bar on the QUT printer.

mm/min and to 500 mm/min as the jet is below CTS at 400 mm/min on the QUT.

Scaffolds made on both systems are shown in Figure 4.9.

Figure 4.9
MEW scaffolds

Left: made on QUT, right: made on Voron
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Fiber surface and thickness

Fibers made with the QUT MEW system have a better fiber diameter homogeneity
compared to the ones made on the Voron. The ones made on the Voron have visible
variations in fiber diameter from bottom to top layer of the scaffold and it is also noticeable
on some regions of individual fibers. The results on the Voron could be caused by a lower

temperature at the exit point of the nozzle and a non consistent flow rate.

Figure 4.10
SEM pictures of fibers
Left on QUT Printer, right on Voron
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Loops

The SEM images of the scaffolds were compared, and it was noted that the loops on
the QUT scaffolds do not all stack but the shape of the loops, in terms of length and width
are the same. This can be attributed to little difference in the flow rate during printing.
On the Voron, the length of the loops varies more than the width which is most likely due

to the variation in the flow rate which probably isn’t as constant than the QUT.

Figure 4.11
MEW loops
Left on QUT Printer, right on Voron

Loops in MEW depend on many parameters and are a good macroscopic evaluation
feature to analyze the state of the jet. Reaching perfect stacking of the loops on the Voron
would require more time in fine tuning the parameters and maybe even the hardware but
the resulting fibers do share similar thicknesses and the stacking of the loops is acceptable

for their purpose.
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Stacking

The stacking for both the QUT and Voron scaffolds was successful as all the fibers
from bottom to top stack on the same location. On both systems, the fibers didn’t fuse
into a single mass but stayed separate. The small deviation of the position of the head

is compensated by the focusing of the fiber on the previously deposited fiber with the

electrical field.

Figure 4.12
Stacking of fibers
Left on QUT Printer, right on Voron
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4.2.4 Voltage control

The automation of voltage control allows alteration of the high voltage in increments
of 10V. This was tested by increasing the collector distance and incrementing the voltage
after each layer to maintain the ratio of voltage to collector distance. In Figures 4.13, 4.14,
4.15 and 4.16, four scaffold variations obtained by altering the nozzle-collector distance
and high voltage are shown (Layers 10). One can notice that the loops in the bottom right
side of all scaffolds have more stacking issues. As all the scaffolds are made in the same
exact coordinates on the Voron, it could mean this specific location is problematic on the
system. Another hypothesis is that the nozzle to collector distance between the left and

right side of the glass slide is slightly different and could arise from a small tilt of the build

Figure 4.13 Figure 4.14
Distance of 3.2mm and 4.8kV +0.01mm after each layer

Figure 4.15 Figure 4.16
+10V after each layer +0.01mm and +10V after each
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4.2.5 Environmental monitoring

The environmental sensor reliably measures the temperature and humidity. The mea-
surements are shown on the OctoPrint user interface graph with the hotend temperature
and voltage level. Logging of these values can help understand large variations in fiber

sizes over a number of scaffolds. A graph with the environmental data is shown in Figure

4.17.
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Auto Startup
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Target Offset -
neopixel

< + 0°Cc #

Auto Startup O
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Figure 4.17
Environmental measurements on OctoPrint
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4.2.6 Price of the system

The cost of the system with its components is summarized in Table 4.4. The price of
the 3D printed parts, if bought, can vary between $50 and $150 depending on the suppliers.
The price was fixed to the average price of 1kg of ABS filament as it was assumed that

the user would have access to a FDM printer to make all the required parts.

Component Price [$]
Voron 0.1 Kit 600
Voron 0.1 3D printed parts - 1 kg of ABS filament 20
High voltage power supply 900
ADC - MCP4728 7.5
DAC - PCF8591 6.5
Op-amp - TSH82 6
Level shifter - BSS138 4
Environmental sensor - BME280 15
27:1 Gear ratio stepper 35
Custom brass nozzle 50
Miscellaneous components (cables, headers, etc...) 10
Total 1,654
Table 4.4

List of all the components of the modified Voron

The high voltage power supply is the main contributor to the price of the system
followed by the Voron 0.1 kit. If every component of the kit were to be sourced separately,
it’s price could be lowered to $400. The price of the custom nozzle was deduced from the
time it would take for a machinist to make it on a lathe and the price of a standard M6
brass bolt. The voltage control elements, while not essential to the function of the system,
do add an additional layer of safety by allowing the system to turn off the high voltage

after finishing a print.
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Conclusions

A commercially available FDM system (Voron) was successfully converted to a MEW
system. The printed scaffolds were found to have accurate and homogeneous fiber diam-
eters. Stacking accuracy and the inter fiber spacing was also found to be consistent and
within 5% error. A small amount of fiber pulsing was still observed. The changes adopted
in the Voron 0.1 printer can be implemented quickly to achieve a MEW system with a
smaller footprint and build area. The overall cost of the system, including voltage automa-
tion and environmental chamber monitoring was $1,654 which was well below the $2,000
limit set at the beginning. The G-code generator was modified to make the iterations on
the scaffold designs easier and faster. It allowed printing of scaffolds with up to 25 layers,

ranging from 5 to 25mm in size and having inter fiber spacing of 250, 500, 750um.
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Future work

As the platform is capable of MEW, many improvements to the system are possible to
allow for better user experience. Automating scaffold printing and increasing the amount

of data collection about the fibers and printing conditions will be very useful.

6.1 Computer vision

Image analysis through computer vision would bring an addition level of automation
to the printing process. It will also allow continuous monitoring of the jet throughout
the whole printing process and possibly tune the parameters while printing. The CoreXY
kinematics of the Voron forces the camera to be mounted directly to the print head to
have a close view of the jet. During the project attempts,shown in Figure 6.1, were made

to capture the jet but focus was shifted on to attaining a stable jet.

Figure 6.1
Attempt to view the jet. From left to right:
View of the nozzle from an attached boroscope, raw image and processed image
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6.2 Tubular collector

On the hardware side, the ability of using MEW for printing tubular scaffolds would
be a great addition to the system. This is achievable by adding a motor with a mandrel

like shown in Figure 6.2 on the Z platform. It is relatively simple, but the control board

would have to be changed to allow for the control of more motors.

Figure 6.2
Left: Tubular scaffolds, right: mandrel with motor

6.3 Reducing the price of the high voltage power supply

. USB Voltage monitoring Optocouplers
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Figure 6.3
Peta-pico-Voltron: An open-source high voltage power supply [41]

The price of the system could be further reduced by integrating the high voltage power

supply in the system using an open-source design such as the one in Figure 6.3.
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6.4 Glass slide dispensing

As the area used to MEW is relatively small, an automated system could be designer
to fit inside the Voron to dispense glass slides and remove them after they’ve been finished.
This would increase throughput of the system and remove the need of a user being present

to put a new glass slide in.

6.5 High Voltage protection

As the head is grounded and the heating elements are inserted into it. If an arc occurs,
there is a chance for the control board to be damaged or destroyed like the ones on Figure
6.4. Isolating the heating elements from the head would protect the control board from

getting damaged.

Figure 6.4
A number of control boards were electrocuted

6.6 Additional polymers

With the ability to reach higher temperatures, the polymers used in FDM could be
tested for their ability to be melt electrowritten. Additionally, fast degrading polymers,
interesting for TERM, could be tested on the system. With a custom heater block, a
shorter heating length could be fabricated to reduce the volume of polymer heated. It
would allow polymers which can’t be used in the standard MEW syringes to be melt

electrowritten.
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6.7 FDM and MEW

With the combination of macrostructure in FDM and microstructure in MEW, new
types of designs are possible and could be made in the same system without the need of

additional processes.
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Appendix A

G-code generator parameters

Parameter
Start position X, Y, Z
Hotend temperature [C]

Feed rate [mm/min]
Length [mm]
Width [mm)]
Spacing 1 [mm]

Spacing 2 [mm]

Number of layers

Set voltage [kV]

Loops [ON/OFF]

Loop sampling

Loop overlay [mm]

Pause before loop [ms]
Pause after loop [ms]

Feed rate in loop [mm/min]
Priming line [ON/OFF]

Priming space [mm]

Number of priming lines
Height added after layer [mm)]

Table A.1
List of all the parameters to define a scaffold
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Appendix B

G-code generator code in

MATLAB

clear

% don’t forget to disable synchronus scrolling on the output window

% slide size : 75 x 51 [mm]

time_date = datestr (now, ’dd.mm.yy-HHMMSS’) ;
time_-date_file = datestr (now, ’dd/mm/yy—HH:MM:SS’);

author = ’'TKangur’;

% parameters

error-check = 1;
draw_buildplate_outline = 0;
touch = 0;

rotation = 0;

buildplate_-tolerance = 5; %[mm] % tolerance on build plate size

% printer build size parameters

X_build = 120; % maximum X value of printer [mm)]
Y -build = 120; % maximum Y value of printer [mm)]
Z_build = 120; % maximum Z value of printer [mm)]

% G—code start position

X_start = 19; % [mm]
Y _start = 19; % [mm]
Z_start = 3.2; % [mm]

% scaffold parameters

extruder_temp = 80; % [ C ] set the temperature of the
feed_rate = 300; % [mm/min |

length = 23; % length = Overal length in X
width = 23; % width = Overal width in Y

nozzle

(mm]

(mm]

while

extruding
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73

74

75
76
77
78
79
80
81
82
83
84
85
86

87

90
91

Appendix B. G-code generator code in MATLAB

spacing_1

spacing_2

num_layers = 1;

set_voltage = 4.

% loops settings

loops = 1;

loop_sampling =

overlay = 1;

pause_before_loop
pause_after_loop
loop-speed = 300;
Z_added = 0.00;

% priming line

prime_line = 1;

settings

prime_space = 1;

num_primeline =

% output file name
output = [’scaf’
num2str(length , > %0.1f")

num2str (spacing-1,°%0.2f"),

’—layers.’

fileID = fopen (output,’w’);

% add scaffold
add_line (fileID
add_-line (fileID
add_-line (fileID
add-line (fileID
add-line (fileID
add_-line (fileID

num2str (Z_build)

add_line (fileID
1)
add_line (fileID

num2str(Z_start),’

add_line (fileID
add_line (fileID
add_line (fileID
add_line (fileID
add_line (fileID

add_-line (fileID
if (loops)

add_-line (fileID
add_-line (fileID
add_-line (fileID
add_line (fileID

num?2str( pause_after_loop)

add-line (fileID

end

add_line (fileID

if prime_line

>

parameter and creator

s

s

s

s

s

s

s

s

s

s

s

’

num?2str (num_layers , "%d’) ,

date and time

print volume X,Y,Z

start position

added Z height after

start voltage

before and after loop

[um] *

spacing between lines 1 [mm)]
spacing between lines 2 [mm)]
layers in the main scaffold

of the high voltage power supply

boolean to activate loops

how many points on the loops

how much loops overlay on the next one
before the loop in microseconds
after the loop in microseconds
speed at which the loop is done

in height after a layer is finished

% boolean to activate priming line

% gap between priming line and the design [mm]

line around the design

num2str (width, >%0.1f’) ,’—~

num2str (spacing-2 ,’'%0.2f ")

>—’ | time_date, ’.gcode’ ];

to the start of the gcode

1D

time_date_file ]);

>, num2str(extruder_temp ,2) ,’ [ C ]’ ,]);
num?2str(feed-rate) ,’ [mm/min]’]);
>, num2str(X_build),’, ’,num2str(Y_build),’, ’,
Y : ’, num2str(length ,2),’, ’,num2str(width,2) ,’ [mm]
X, Y, Z : ’, num2str(X_start),’, ’,num2str(Y_start),’, 7,
num?2str(spacing-1,3), ’, ’, num2str(spacing-2,3) ,’ [mm]’]);

, num2str(num-_layers) ]);

layer : ’, num2str(Z_-added),’ [mm]’]);

num?2str(set_-voltage),’ [kV]’]);

num?2str(loops) ]);

s

, num2str(loop-sampling)]) ;

num?2str(loop-speed),’ [mm/min]’ ]);

>, num?2str(overlay) ,’ [mm]’]);

) s

,num2str (pause_before_loop),’, s

1)s

num?2str(prime_line) ]);
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Appendix B. G-code generator code in MATLAB

92 add_line (fileID, [’; primeline space : 7, num?2str(prime_space), ’ [mm]’ ]);

93 add_line (fileID , [’; number of primelines : ’, num2str(num_primeline) ]);

94 end

95 add_line (fileID , [’’]);

96 add_-line(fileID , [’; Start of the G-code 1) 5

97 add_line (fileID , [’’]);

98

99

100 Scaffold Designs

101 PrimeS = scaffold (length, 5, spacing_1, spacing-2, 2, feed_rate , loops,
loop-sampling , overlay, X_start — 0.8xwidth, Y_start, Z_start ,2);

102 F = scaffold (length , width , spacing_1, spacing-2, 1, feed_rate , loops,
loop-sampling , overlay, X_start, Y_start, Z_start, 1);

103 K = scaffold (length , width , spacing_-1, spacing_2, num_layers, feed_rate, loops,
loop-sampling , overlay, X_start, Y_start 4+ 1.3xwidth, Z_start, 1);

104

105 start_coor = [X_start,Y_start];

106

107 % Put the design into P

108 P = [start_coor; PrimeS; F; KJ;

109

110

111

112

113  add_line (fileID , [’M109 S’ num2str(extruder_temp ,’%d’) ’ ; set temperature of nozzle and wait

until reached’]);
114
115
116 add-line(fileID , ’M220 S100 ; set feedrate to 100%’);
117
118 add-line(fileID, 'G90 ; absolute positioning’);
119 add-line(fileID , ’G1 F3000 ; speed to get into postion’);

120 add-line(fileID , [’Gl ~’

121 X’ num2str (X_start ,’%0.3f ")
122 Y’ num2str(Y._start,’ %0.3f")
123 > Z° num2str(Z._start ,’%0.3f")
124 ’; set start position’]);

125 add-line(fileID , [’ENC O5 ~’

126 'R’ num?2str(set-voltage =100, '%d’)

127 > Gl

128 B0 ; set voltage to set amount ’])

129

130

131 add-line (fileID , ’SET_LED LED=MY_NEOPIXEL RED=0.2")
132 add-line(fileID , ENC O3 S1 ; Turn voltage on’)

133 add-line(fileID , 'ENC O4 S1 ; Turn remote control on’)
134

135 if prime-line

136 % locate the corners of the scaffolds
137 add_line (fileID , ’; priming line’);
138 X_min = min(P(:,1));

139 Y_min = min(P(:,2));

140 X-max = max(P(:,1));

141 Y-max = max(P(:,2));

142 prime_X_bot = X_min — prime_space;
143 prime_X_top = X_max + prime_space;
144 prime_Y _bot = Y_min — prime_space;
145 prime_Y_top = Y_max + prime_space;
146
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147 prime_top_-right = [prime_-X_top, prime_-Y_top];

148 prime_top_left = [prime_-X_bot, prime_-Y_top];

149 prime_bot_right = [prime_X_top, prime_-Y_bot];

150 prime_bot_left = [prime_-X_bot, prime_-Y_bot];

151

152 Prime = | prime_bot_left ,

153 prime_bot_right ,

154 prime_top_right ,

155 prime_top_left ,

156 prime_bot_left ];

157

158 gcode_0 = [’Gl X’, num?2str(prime_-X_bot),’ Y’,num2str(prime_-Y_bot), ’ F3000’];
159 gcode-1 = [’Gl X’, num?2str(prime_-X_bot),’ Y’,num2str(prime_-Y_top), ’ F3000’];
160 gcode-2 = [’Gl X’, num?2str(prime_-X_top),’ Y’,num2str(prime_-Y_top), ’° F3000’];
161 gcode_3 = [’Gl X’, num?2str(prime_-X_top),’ Y’,num2str(prime_Y_bot), ’° F3000’];
162

163 disp (gcode_0)

164 disp (gcode_1)

165 disp (gcode_2)

166 disp (gcode_3)

167

168 for i=l:num_primeline

169 F = [Prime; F];

170 end

171  end

172

173 P = [PrimeS; F; K];

174

175

176 add-gcode_path (P, feed_rate , fileID);

177

178 add_line (fileID , Gl Z20 ; print finished , increase height by 20 mm to be far from collector’)
179

180

181 add-line(fileID , ’M104 SO ; turn off extruder temperature’)

182 add-line(fileID , ENC O5 RO GO BO ; set voltage to 0kV’)

183 add-line(fileID , ENC O3 SO ; Turn voltage off’)

184 add-line(fileID , ENC O4 SO ; Turn remote control off’)

185 add_line (fileID , ’SET_.LED LED=MY_NEOPIXEL GREEN=0.2’)

186

187

188 % closes the file so it can be modified by other programs while matlab is
189 % running

190 fclose (fileID);

191

192 % check if printing outside of build plate

193 if error_check

194 if (max(P(:,1))4+ X_start > X_build) || (max(P(:,2)) + Y_start > Y_build )
195 disp (’Error : will be printed outside printer build plate’)

196 error ()

197 elseif ((abs(X_-build — (max(P(:,1)) + X_start)) < buildplate_tolerance)
198 |l (abs(Y-build — (max(P(:,2)) + Y_start)) < buildplate_tolerance))
199 warning ([ 'Be careful with placement: close to buildplate max size’
200 > Max X : 7 num2str(max(P(:,1)),’%d’)

201 >, Max Y : ’ num2str(max(P(:,2)),’%d’)])

202 end

203 end

204

205 % change the color of the plot
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206

207 %color = jet(size(P,1));

208 color = parula(size(P,1));

209

210 % searches the output file and changes the lines to other lines

211

212 % add different pauses and loop speed by changing the output file

213  fileID = [output];

214 OutputFile = [output];

215

216 spacing = [spacing-1,spacing_2];

217 voltage_increase_path = (width 4+ 7xoverlay 4+ max(spacing));

218

219 SearchString = {[’Gl X’ num?2str (length, "%d’) ’.00000 Y0.00000°],

220 [’G1 X’ num2str (length , '%d’) ’>.00000 Y0.00000°],

221 [’G1 X0.00000 Y’ num?2str (width, ’%d’) ’.00000°],

222 [’G1 X0.00000 Y-~ num?2str (width, ’%d’) ’.00000°],

223 [’G1 X0.00000 Y-’ num?2str (voltage_increase_path , *%0.5f")]};

224

225

226 ReplaceString = {[’G4 P’ num2str(pause_after_loop, '%d’) ’ ; pause before line \r\n’...
227 Gl F’ num2str(feed_-rate , '%d’) ’ ; MEWing speed \r\n’...

228 SearchString {1}...

229 \r\n’ ...

230 G4 P’ num2str(pause_before_loop, '%d’) ’ ; pause after line \r\n’...
231 Gl F’ num2str(loop-speed, %d’) ’ ; loop speed’],

232

233 [’G4 P’ num2str(pause_after_loop, ’%d’) ’ ; pause before line \r\n’...
234 Gl F’ num2str(feed_rate , '%d’) ° ; MEWing speed \r\n’...

235 SearchString {2}...

236 A\r\n’ ...

237 G4 P’ num2str(pause_before_loop, "%d’) ’ ; pause after line \r\n’...
238 Gl F’ num2str(loop-speed, '%d’) ’ ; loop speed’],

239

240 [’G4 P’ num2str(pause_after_loop, '%d’) ’ ; pause before line \r\n’...
241 Gl F’ num2str(feed_rate, '%d’) ’ ; MEWing speed \r\n’...

242 SearchString {3}...

243 \r\n’ ...

244 G4 P’ num2str(pause_before_loop, "%d’) ’ ; pause after line \r\n’...
245 Gl F’ num2str(loop-speed, ’%d’) ’ ; loop speed’],

246

247 [’G4 P’ num2str(pause_after_loop, '%d’) ’ ; pause before line \r\n’...
248 Gl F’ num2str(feed_rate, '%d’) ’ ; MEWing speed \r\n’...

249 SearchString {4}...

250 \r\n’ ...

251 G4 P’ num2str(pause_before_loop, '%d’) ’ ; pause after line \r\n’...
252 Gl F’ num2str(loop-speed, ’%d’) ’ ; loop speed’],

253

254 [’G1 Z° num2str(Z_-added, ’*%0.2f’) ' ; added Z height after layer \r\n’...
255 ENC O5 R480 G1 BO ; increase in voltage \r\n’...

256 SearchString {5}

257 135

258

259 ReplaceString = compose(ReplaceString);

260

261 for i=1l:size(SearchString ,1)

262 func_replace_string (fileID , OutputFile, SearchString(i), ReplaceString(i));

263 end

264
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265
266 % plotting on graph

268 for i=1:1:size(P,1)—1

269 plot (P(i:i41,1) ,P(i:i41,2), ’Color’,color(i,:));
270 hold on

271 end

272

273 if draw_buildplate_outline

274 O(1,:) = [0,0];

275 0(2,:) = [X_build,0];

276 0(3,:) = [X_build,Y_build];
277 O(4,:) = [0,Y_build];

278 O(5,:) = [0,0];

279 for i=1l:size(O,1)—1

280 plot (O(i:i+41,1),0(i:141,2), ’black’);
281 hold on

282 end

283 end

284

285 % show the staring point as a red filled circle
286 plot(P(1,1),P(1,2), ’.r’, ’"MarkerSize’,20);
287 hold on

289 xlabel (’X axis [mm]’)

290 ylabel ('Y axis [mm]’)

291 axis equal

292 axis padded

293 hold off

294 toc

295

296

297

298 function add_-line(file_path ,string)

299 % add line with newline at the end to outputfile
300 fprintf(file_path , *%s’ , string);

301 fprintf(file_path ,’\r\n’);

302 end

303

304 function add_gcode_path(absolute_path, feedrate, file_name)

305 add_line (file_name ,’; new path’)

306 relative_path (1,:) = [0,0];

307

308 % skip the first value as it is the start coordinate in absolute values
309 % change the absolute path to a relative path by substracting the

310 % current position by the one before

311 for i=2:size (absolute_path 1)

312 relative_path (end+1,:)=[absolute_path (i,1)—absolute_path(i—1,1),
313 absolute_path (i,2)—absolute_path (i—1,2)];
314 i=i41;

315 end

316

317

318 % remove move positions like Gl X0 YO to limit filing the command buffer
319 relative_path_clean = [];

320 for i=1l:size(relative_path ,1) — 1

321 if (relative_path(i,l) 4 relative_path(i,2) "= 0)

322 relative_path (i,:);

323 relative_path_clean (end+1, :) = relative_path (i, :);
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324 end

325 end

326 relative_path = relative_path_clean;

327

328 % set the speed while mewing

329 add_line (file_name, [’Gl F’ num2str(feedrate,’%d’) ’ ; set feedrate’])
330

331 % writes the Gcode commands into the .gcode file

332 for i=1:1:size(relative_path ,1)

333

334 gt=['Gl X’ num2str(relative_path (i,1),’%.5f) > Y’ num2str(relative_path (i,2),’%.5f")];
335

336 if i =1

337 add-line (file_name, 'G91 ; relative positioning’)

338 end

339

340 fprintf (file_name , "%s’ ,gt); fprintf(file_name , ’\r\n’);
341

342 end

343

344 end

345

346 function absolute_gcode_path (absolute_path ,feedrate, file_name)

347 add-line (file_name, ’; position with absolute values’)

348 add_line (file_name , [’Gl F’ num2str(feedrate ,’%d’) ’ ; set feedrate’])
349 add_-line (file_name, 'G90 ; absolute positioning’)

350 for i=1:1:size(relative_path ,1)

351

352 gt=["Gl X’ num2str(relative_path(i,1),’%.5f") ’ Y’ num2str(relative_path (i,2), %.5f")];
353

354 fprintf(filecname , "%s’ ,gt); fprintf (file_name ,’\r\n’);
355 end

356

357 end

358

359 function [X, Y] = loop-coordinates(radius, sampling, overlay, reverse)
360

361 q = asin ((radius/2)/(radiustoverlay));

362

363 if reverse

364 theta = linspace(pi—q,—(pi—q),sampling);

365 else

366 theta = linspace(—(pi—q),pi—q,sampling);

367

368 end

369

370 A = (radiustoverlay) % cos(theta);

371 B = (radiusfoverlay) x sin(theta);

372

373 for i=1:1:sampling

374 if i < sampling

375 X(:,i) = A(i+1)—A(i);

376 Y(:,i) = B(i+1)-B(i);

377 else

378 X(:,i) = 0;

379 Y(:,i) = 0;

380 end

381 end

382 end
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Appendix B. G-code generator code in MATLAB

function path = scaffold (size_x , size_y , spacing-1, spacing-2, layers, feed,

overlay , start_X , start.Y , start_-Z , rotation)

t=0; %line number from bottom to top in Y

X0 = — size_x /2;
Y0 = — size_y /2;

path (1,:)=[X0,Y0];

while t < abs((size_y/spacing_1)/2) % total number of lines along Y axis

path(end+1,:)=[X0,Y0+spacing_-1x*(t)]; %left to right lines
path (end+41,:)=[X0+size_x ,YO+spacing_1x%(t)];

if loops

[X_.C, Y C] = loop-coordinates (spacing_1, loop_-samp, overlay, 0);

for i=1l:loop-samp
path(end+1,:)=[path(end,1)+X_.C(1,i),
path (end ,2)4+Y_C(1,i)];
end

end

J%rectangular area : right to left lines

for i=0:size_x:size_x
x=size_x —i;
path(end+41,:)=[X0+x,Y0+spacing_1*(t+1)];
Y%path (end+1,:)=[X0,Y0+spacing_1*(t+1)];

end

if loops
[X_.C, Y C] = loop-coordinates (spacing_-1, loop-samp, overlay, 0);
for i=1l:loop-samp
path(end+41,:)=[path(end,1)—X_C(1,i),
path(end ,2)4+Y_C(1,i)];
end

end

t=0; %line number from bottom to top in Y

loops ,

loop-samp ,

while t<abs((—spacing-l+size_y/spacing-2)/2) % total number of lines along Y axis

for i=0:size_x:size_x Y%rectangular area

path(end+1,:)=[X0+i,spacing_l4spacing_-2x(t)]; %left to right lines

Page A10



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

470
471
472
473
474

475
476

477
478
479
480
481
482
483

484
485
486
487
488

489
490

491
492
493

Appendix B. G-code generator code in MATLAB

if loops

[X.C, Y C] = loop-coordinates (spacing_-2,

for i=1:loop_-samp

path(end+1,:)=[path(end,1)4+X_.C(1,i),

path (end ,2)4+Y_C(1,i)];
end

end

for i=0:size_x:size_x

x=size_x —1i;

Y%rectangular

loop_samp, overlay, 0);

area

path(end+1,:)=[X0+x,spacing_l+spacing_-2x(t+1)]; %right to left lines

end

if loops

[X-C, Y.C] = loop-coordinates(spacing-2,

for i=1l:loop_-samp

path(end+1,:)=[path(end,1)-X_C(1,i),

path(end,2)4+Y_C(1,i)];
end

end

t=t +2;

end

Y77 % ROTATING COORDINATES %%%%%

if rotation ==

thetal=—90;
DEGREES

R=[cosd (thetal) —sind (thetal);
sind (thetal) cosd(thetal)];

Pl=path=*R’;
ROT MATRIX

path=[path;P1];

different angles

end

if rotation == 2

thetal =90;
DEGREES

R=[cosd (thetal) —sind (thetal);
sind (thetal) cosd(thetal)];

Pl=path*R’;
ROT MATRIX

path=[P1];

angles

loop_samp , overlay , 0);

%IO ROTATE CLOCKWISE BY X

YMULTIPLY VECTORS BY THE

% appending 2 layers with

%TO ROTATE CLOCKWISE BY X

%MULTIPLY VECTORS BY THE

% appending 2 layers with different
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Appendix B. G-code generator code in MATLAB

spacing = [spacing-1,spacing_2];

if layers == 1
% linking to next layer without going through the scaffold
path(end+1,:)=[path(end,1) ,path(end,2) 4+ (3xoverlay 4+ max(spacing))];
path(end+1,:)=[path(end,1) — (size_x + 6xoverlay + max(spacing)) ,path(end,2)];
%path (end+1,:)=[path(end,1) ,path(end,2) — (size_.y + 7*overlay +max(spacing))];

end

% number of layers
if layers > 1 & rotation ==
new_layer = path;

for i=1:layers—1

% linking to next layer without going through the scaffold

path(end+1,:)=[path(end,1) 4+ (4%xoverlay + max(spacing)), path(end,2) 4+ (4%xoverlay +
max (spacing)) | ;

path(end+1,:)=[path(end,1) — (size_x + 10xoverlay + max(spacing)) ,path(end,2)];

path(end+1,:)=[path(end,1) ,path(end,2) — (size_.y + 7xoverlay + max(spacing))];

% adding new layer
path = [path; new_layer];
end

end

if layers > 1 & rotation ==
new_layer = path;

for i=1l:layers—1

% linking to next layer without going through the scaffold
Y%path (end+1,:)=[path(end,1) — size_y ,path(end,2)];
%path (end+1,:)=[path(end,1) ,path(end,2) — size_x];

% adding new layer
path = [path; new_layer];
end
end

% shifting whole scaffold away from zero coordinate

path=[path+size_x /2,path+size_y /2];

% shifting whole scaffold away to the enter start coordinate

path=[path (:,1)+start_-X , path(:,2)+start_Y ];

function func_replace_string (InputFile, OutputFile, SearchString, ReplaceString)
Y%%change data [e.g. initial conditions] in model file

% InputFile — string

% OutputFile — string
% SearchString — string
% ReplaceString — string

% read whole model file data into cell array
fid = fopen(InputFile);

data = textscan (fid, '%s’, ’Delimiter’, ’\n’, ’CollectOutput’, true);
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Appendix B. G-

end

fclose (fid);
% modify the cell array
% find the position where changes need to be applied and
for I = 1:length(data{l})
tf = strcmp(data{1}{I}, SearchString); % search for
if tf == 1
data{1}{I} = ReplaceString; % replace with this
end
end
% write the modified cell array into the text file
fid = fopen(OutputFile, ’'w’);
for I = 1l:length(data{l})
fprintf (fid, %s\n’, char(data{1}{I}));
end

fclose (fid);

insert new data

this string in the array

string
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Figure C.1
Electric schematic for the high voltage control board
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Figure C.2
Schematic of the machined nozzle for MEW
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