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ABSTRACT

There exists an opportunity within manufacturing for the development of technology capable of creating
complex fibre-based structures. Additive Manufacturing (AM) has become increasingly relevant due to its
ability to generate parts of a higher complexity relative to other traditional techniques. 3D Printing (3DP)
technology is a form of AM through which much of this type of complex manufacturing is conducted. Currently
this technology allows for the processing of many materials through a range of mechanisms. Whilst 3DP
development has predominantly focussed on synthetic polymer and metal production, there is opportunity for
this technique within Tissue Engineering (TE). This field is motivated by the shortage of donor organ tissues
such as the cornea. AM is a potential methodology for the controlled manipulation of biomaterial/biopolymer as
a form of production within TE. It is however critically limited in its ability to process submicron and nanofiber
to generate fibre-based constructs such as those found within the cornea (stroma). This limitation yields
restrictions in not only bio-printing based applications but also within attempts to innovate in traditional fibre-
reinforcement based industry. There is a manufacturing based opportunity for the research and development of a
technology capable of overcoming these limitations. The current restrictions within this field were evaluated
through an analysis of relative literature. This led to the identification of electrospinning as a viable technology
for both synthetic and biopolymer submicron and nanofiber production. The limitations of this technology were
evaluated, leading to the potential for overcoming these utilising traditional methods of 3DP. Further evaluating
current literature led to a hypothesized manufacturing technique. Additionally this literature indicated the need
for development of a novel technology capable of performing research and development related work within this
field. This resulted in much experimentation related to the generation of technology/componentry/mechanisms
related to both the testing of the hypothesis as well as capable of facilitating future research. Work related to an
increase in electrospinning productivity via electric field related manipulation was conducted as an attempt to
reduce system complexity. This work did not circumvent the requirement for environmental control; as such, a
method for the implementation of this to aid in productivity was required. Development of mechanisms yielded
a strong requirement for a modular system allowing these components to be varied in accordance with the
processing requirements. This ability to manipulate the system was achieved through the creation of both a
function based coding strategy as well as the derivation of a potential modular electronics (PCB-stacking)
technique. The derived novel technology’s success was demonstrated through a range of experimentation related
to implemented forms of technology within the final machine. Regarding the forming of electrospun material,
the direct method of electrospinning-based deposition of material upon molds did not achieve generation of the
desired objects as such a method of fibre acquisition was implemented. Regarding collagen electrospinning, no
dramatic variation on fibre distribution (alignment) could be derived in comparing the parallel or rotating
mandrel-inspired approaches. Functionalisation strategies utilising ultrasonically generated vapour demonstrated
promising capability in the bonding of synthetic polymers whilst acting to disrupt the more sensitive
biopolymer. The use of corona discharge plasma for crosslinking yielded promising results for synthetic
polymer ultimate tensile strength however, the proximity analysis/optimisation of this requires further research
if this is to be applied to electrospinning-based AM. Finally, the ability to utilise the developed technology to
generate both an automated manufacturing technique for fibre-based additive manufacturing and the creation of

associated 3D forms was demonstrated as viable, thus validating this research project.
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Chapter 1 INTRODUCTION

1.1 Additive Manufacturing

Manufacturing technology has predominantly specialised in the use of synthetic material for polymer based

techniques. Additive Manufacturing is a form of manufacturing gaining much interest due to it’s potential for a
more sustainable practice (in that it generates far lower waste by-product in comparison to Subtractive
manufacturing) [12]. This technique relies on the successive introduction of material in a specific order to
develop/generate a final structure [12, 13]. One of the most prominent forms of this technology is 3D Printing;
this is a rapidly growing prototyping and manufacturing technology that occurs in many different forms for
various materials and functionalities (depicted in Figure 1). The fundamental feature of this technology is the
layer-by-layer introduction and processing of material to generate three-dimensional objects. Due to differences
in the properties of various materials (e.g. viscosity thermal reactivity etc.) three distinct processing
methodologies have been developed namely: material deposition, processing of powders or processing of liquids
[14].

ADDITIVE MANUFACTURING

FUNCTIONALITY/PROCESS

3D PRINTING MATERIALS
|
SoLID DEPOSITION SOLID PARTICULATES LIQUID PROCESSING

(FILAMENT) (POWDER) (RESIN)
:' """"""""""""""""""""""""""""""""""""""" Continuous
i EXTRUSION = SINTER INKJET « Electro hydrodynam
|
] Drop-On-Demand
| Fusion =N MELT ACOUSTIC
| e Thermal
| . DPiezoelectric
: —> BINDER MICRO-VALVE

STEREOLITHOGRAPHIC

Figure 1: Flowchart depicting the materials and functionalities employed within 3D printing[8]
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1.1.1  Mechanisms for material interaction

Many additive manufacturing methodologies rely on the application of pressure and heat to deposit or process
the material into the desired form [12]. Deposition printing occurs through mechanical or pneumatic actuation
often utilising heating elements to aid in the accurate deposition and post deposition fusing of material (an
example of this process is illustrated in Figure 2). The processing of powders occurs through laser melting, laser
sintering (Figure 3), electron beam melting, or binder jet application. The processing of liquids occurs through
stereolithographic (photo-polymerisation) (Figure 5), inkjet (Figure 4), micro-valve, or acoustic techniques. The
introduction of material differs between techniques of additive manufacturing generally, Deposition occurs as a
continuous extrusion at predefined locations whereas in the processing of liquids through inkjet technology
material introduction occurs as singular droplets onto a substrate. These techniques differ substantially to that of
stereolithographic liquid processing and the techniques employed in most powder processing additive
manufacturing. In these forms of printing material is introduced as a layer or ‘bed’ of material which then

undergoes processing [15].

Extrusion Mechanisix .
Laser Mechanism

Printing Pathwzf‘I

Material Extrusion
P

Roller for powder
= Deposition

Printing Pathway ]

Sintered Material

Sintering/Material |

Chamber li—l -

} Preplaced powder bed
Collecting Surface

Previously extruded
layer of material

. . . . Figure 3: Elements associated with Laser-Sintering
Figure 2: Elements associated with Extrusion based 3D based 3D Printing

Printing[2]

. . Printing Pathwa
Inkjet Mechanism g Y Laser Mechanism
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. T
Collecting Surface Preplaced liquid bed

Figure 4: Elements associated with Inkjet based 3D Figure 5: Elements associated with Stereolithographic
Printing based 3D Printing




MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

1.1.2 Viscosity, support material and resolution

Material viscosities restrict the type of methodology utilised. Higher and lower viscosities are better processed
by deposition and liquid processing methodologies respectively [13, 15]. Both deposition and droplet-based
liquid processing methodologies often require support structures/material when complex objects containing
overhangs are produced. This must be removed through some form of post processing to yield the desired object
[15]. Stereolithographic and powder processing additive manufacturing involves the layer-by-layer introduction
of a bed/layer of powder material through a powder spreading/roller mechanism allowing previous layers to act
as support material, thus this requires less post processing (material removal). Material deposition additive
manufacturing in the form of extrusion techniques have relatively limited resolutions when compared to other
forms of additive manufacturing [13] as well as having a dependency on ‘support material’ depositions for
complex parts (e.g. having overhanging extrusions). Due to this dependency post processing to improve the
surface quality of material deposition AM is often required. Currently the highest printing resolution occurs in

liquid processing additive manufacturing, specifically that of droplet based printing.

The above 3D printing technologies typically utilize common manufacturing materials (Synthetic polymers and
Metals) however recently similar additive manufacturing methodologies have been utilized in tissue

engineering.

1.2 Tissue Engineering and Organ Fabrication

Tissue engineering is an interdisciplinary approach to the construction of biological substitutes for the repair or
replacement of impaired biological systems through the utilisation of technology [16, 17]. This work is highly
motivated by the increasing requirement for organ transplantation and the relative reduction of available
transplantable equivalents (donor organs). This international shortage has been labelled as a public health crisis
for international health [18]. Figure 6 demonstrates the disproportionate relationship between donor organs and

organ requirement for the USA[19].
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Figure 6: Graph showing Organ transplant, donation and waiting list statistics [15]
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It is due to this donor organ deficiency that much research has been conducted regarding the generation of both
synthetic and biological replacements in the form of prosthetics and engineered/manufactured tissue. Within this
field Anthony Atala’s work (1999) in generating a synthetic bladder through the usage of a patients cells seeded
into a molded bladder scaffold was fundamental for the future developments of organ fabrication via additive
manufacturing [20]. Following Atala’s work, Boland utilised inkjet technology for bio-fabrication and was
awarded the first bio-printing patent in 2003 [20]. Since then much research and development has occurred in
the field of organ fabrication through bio-printing. This technology can be described as the arrangement of
biological (cells and proteins) and biologically compatible matter (referred to as bio-ink) in a manner that results
in a useful organic structure. This arrangement of material has allowed for the production/mimicking of tissues
and in some cases organs, which in turn yields developmental benefits to current medical practices [21-24]. This
capability of on-demand-production of desirable biological structures has the potential to decrease (or even
eradicate) the complexities associated with organ transplant surgeries (availability of adequate/optimal donor
organs) as well as increased capability for medical research. Whilst this is a rapidly developing technology,
there are still many limitations that need to be overcome to allow for the bio-printing fabrication of all
organs/tissues. In order to understand these limitations the constituents of common tissues and their in vivo
relationship must be reviewed. Of these constituents, Collagen is the most abundant protein within invertebrates
and can be found in various forms as part(s) of biological constructs, approximately 28 differing forms in the
human body [25, 26]. The abundance of collagen has resulted in many studies acquiring the protein from many
various sources such as rat tail, fish scales and calf skin [26] for research. Many tissues/organs are in some way
comprised of collagen. Through the analysis and an understanding of the structure and functionality within
these, the formation of requirements for replication of collagen-based objects can be established. The cornea is
a good example of a collagen-based tissue for which there is a donor organ deficiency. Whilst this project does
not intend to yield a fully functional bio-fabricated cornea, it is motivated by the lack of these and as such, an

understanding of this dilemma is required.

1.3 The Cornea dilemma

The cornea is an avascular tissue situated directly above the pupil region of the eye. The average dimensions of
which have been recorded as being 10.5-12.75mm in diameter, 512-569.5 pum in central thickness and having
anterior curvature of 7.06-8.66mm [27]. The tissue makes up approximately 15% of the ocular coating [28] and
is responsible for the protection of the eye from harmful UV wavelengths, dust, and germs [29]. It functions to
refract/bend light onto the eye lens and is majorly responsible (70%) for the focussing of light onto the retina
enabling sight [30, 31]. General requirements for this tissue include a high degree of transparency (for optimal
light transferal), relatively high strength and flexibility (for retaining form), the ability to sustain tissue hydration
and the capability for partial regeneration. The variation of these requirements can develop into serious ailments
[29, 32] (injuries or dystrophies/degenerative disorders resulting in tissue malfunction) which if severe enough

can require the removal and replacement of the tissue.

The Cornea Research Foundation of America states that 100 000 corneal transplants are conducted each year.
This is a relatively small number when compared to the approximately 10 million people who suffer from

corneal blindness. It is estimated that globally 180 million people suffer from severely impaired vision [33] .

4
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Recently an increase in popularity of refractive surgeries such as LASIK, a procedure that alters the cornea, has
resulted in a decrease in suitable donor tissue. Given these trends, the demand for replacement corneas is
expected to increase in the coming years. Thus, developments regarding the fabrication of similar tissue
analogues are of great medical interest. As previously stated this project intends to further develop the research
in this developing field through the analysis of this tissue and does not intend to replicate/generate an

equivalent.

1.4 Problem Space: The need for Fibre-based Fabrication

Whilst the development of a corneal analogue is of incredible interest and a definite motivating feature of this
research, the creation of such a tissue is not within the scope of this project. This is largely due to the limitations
in manufacturing capability to generate micron and submicron fibre-based objects. This ability is highly
desirable in fields other than tissue engineering. This is motivated by the desire to be able to control the
orientation of fibre layouts within objects allowing for a greater control of the isotropic or anisotropic reactions
to force. Objects comprised of such structures are of great commercial significance in other industries such as
aeronautics, sporting, defence force, and filtration. Currently there exists no 3D printing method in which such a
complex sub-micron fibre-based object can be generated. In the context of this project, a complex fibre-based
structure relates to structures in which fibre characteristics such as diameter, orientation, and alignment occur in
a controlled manner and directly affect structural properties. Popular implementations of such structural
requirements include the utilisation of carbon fibre re-enforcement or fibreglass molding where large part

strength to weight ratio is required.

1.5 Problem Statement

Current 3D printing processes are unsuitable for the generation of structured complex micron and sub-micron

fibre-based structures required in the emulation of native tissues (e.g. the stroma) and generation of solely fibre-
based reinforced objects. This is due to the inability for nanofiber fabrication, and a reliance on extensive heat
and pressure for high-resolution printing within additive manufacturing. Thus, a novel 3D printing process is

required to facilitate production of these objects.

1.6 Research Aim and Thesis Statement

This research aims to generate a novel 3D printing technique capable of generating functionalized objects
comprised of alternating layers of aligned and bonded submicron and nano-fibre. This project does not intend to
yield a fully functional bio-fabricated cornea, rather this research is focused on the furthering of developments
within the fibre based manufacturing and bio-printing portion of tissue engineering in the hopes of contributing

to the resolving of issues similar to those described in the introduction.
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1.7 Research Methodology

The methodology employed in the development of research is justified by the understandings developed in the

Literature Review. The following highlights the progression of the project initiatives, including how and where

these will be completed.

Research is conducted through an analytical and practical approach utilizing the collaboration associated global
leaders in engineering to achieve a desirable result. Following the analytical review, novel initiatives were
conceptualized (hypothesis). From these, developments were undertaken yield a system capable of resolving the

projects problem statement (sub-micron and nano-scaled fibre-based fabrication).
The practical developments within the project are:

e The generation a cost effective research and development method for investigations related to bio-
fabrication through electrospinning

e The implementation of an advanced parallel electrode and rotating mandrel based electrospinning
apparatus/mechanisms

e  Generation of a modular system for project related and future research oriented developments

e The implementation of automated functionalization strategies utilising vapour, lithography and plasma
technology

e The application of curvature deformation to generated a corneal analogous structure.

The processes by which these are realised are:
Engineering (practical development) — relating to the development of a means to fabricate research objects

o Initial testing equipment is designed using SolidWorks.
e Testing equipment in the form of modular electrospinning and vapour/functionalization application
systems are constructed utilizing the Massey University Albany workshop equipment.
e Testing equipment is optimized and sample parts are generated for initial analysis.
e A final machine is designed using SolidWorks.
e A final machine combining all successful parameters from previous systems is constructed utilizing the
Massey University Albany workshop equipment.
e  The final machine is optimized yielding a documented machine procedure.
e A procedure for the generation of objects is developed and alterations to which documented
These practical developments of the project incorporate machine design and construction, where the majority of
the component construction for the development of the desired technology is completed alongside/with the aid

of the following established Masters project:

1.7.1 Masters Aid: Implementing a control system for vapour based cross-linking/bonding of

object.
The purpose of this Masters will be the construction and implementation of a machine capable of transferring
electro-spun material to an area in which it can undergo exposure to vaporized cross linking agents and other
cross-linking post processing. An example of which will be the exposure of collagen to vaporized Riboflavin

and then (if required) exposure to the photo-activator UV light.
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The completion of the practical portion of the project allows for the generation of sample objects for analysis.

These samples are generated utilising the parameters displayed in Table 1: Parameters for sample generation.

able 1: Parameters for sample generation

Polymer Solvent Voltages | Air Gap | Delivery Functionalisation Functionalisation strategies
Distances | Rates material
Synthetic
olymer -
pStu):jies Nylon 6,6 | Formic | 45kV 250mm | 1ml/h 3D Systems Vapour
Acid photo curable | UV (309nm)
resin (expired)
Polymer Solvent Voltages | Air Gap | Delivery | Functionalisation Functionalisation strategies
Distances | Rates material
Biopolymer
Studies Collagen | Acetic [ 30kV | 125mm | 1ml/h | Riboflavin Vapour & UV
Type |
(hoki scales)

Sample preparation — relating to the processing of the resultant object for analysis

The samples are gold-coated, utilizing Massey University’s Nanostructured coatings DSR1 device, one
hour prior to microscopy.

Variation of machine procedure parameters yields six different groups, which will contain five samples
each. This is to minimize the potential anomaly-based variation in resultant object.

Samples are generated from the modifications of the electrospinning time, rate of extrusion, magnetic
field manipulation, electrical field manipulation, functionalization exposure rate, and functionalization

exposure layer variation.

Engineering analysis — relating to the structural and mechanical properties of the resultant object, utilised to

determine the functionality of developed research

The topographical and surface structural analysis of initial and final parts is conducted through Massey
University’s Hitachi TM3030Plus scanning electron microscope (SEM).

Information regarding the mechanical capabilities/properties of the samples is derived from Massey
University’s INSTRON 5967.

Statistical analysis — relating to the comparative analysis of resultant objects

All data is collated and managed within a comprehensive data management system (database), in which
all variation is recorded and graphical assessment generated.
T-tests are conducted utilizing analysis data to generate trends where a p-value less than 0.05 are

considered statistically significant.
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1.7.2  Project conclusion

The capabilities for the developed technology are derived from the experimental results allowing for an
indication of the potential of the derived fibre-based manufacturing technologies. The ability for the generated
work to produce both synthetic and biopolymer orientated fibre-based 3D forms will be discussed and a
conclusion to the project provided. The required future developments related to the utilized technology as well

as the field of research will be outlined as recommendations.

1.8 Delimitations
This research project will not investigate the biocompatibility of the resultant structures or alternative
materials/materials science for the production of tissue. This project does not intend to generate a .stl-processing

capable 3D printer. The project does not intend to generate a medical grade corneal equivalent.
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1.9 Overview of Thesis

Chapter 1: Introduction — Here relevant fields are introduced to establish the context of the problem space
(research scope) of the project, namely additive manufacturing, tissue engineering, the cornea dilemma, and the

need for a form of fibre-based manufacturing.

Chapter 2: Literature Review — Here an analysis of the current understandings within the fields of interest are
discussed with an emphasis on research related to resolving the research problem. Within this project, the
Literature Review discusses current capabilities within fibre-based additive manufacturing and evaluates these
relative to tissue engineering, highlighting a potential benchmark biomaterial (collagen) and structure (stroma).
The current capabilities within bio-printing are evaluated and the need to look at alternative forms of
manufacturing established. Electrospinning is highlighted as a means to produce layers of submicron and
nanofiber. The requirements for this process and its associated limitations are discussed. Methodologies to

overcome the restrictions of this technique are evaluated with respect to additive manufacturing.

Chapter 3: Post Literature Review Hypothesis — Here a literature-derived methodology for overcoming the
limitations within the problem space is declared. A sequential method of electrospinning aligned submicron and
nanofiber and the ability to manipulate this alignment for the successive layering is described along with the
ability to functionalise (bond) these fibres therefore creating a multi-layered structure of fibre occurring art
varying alignments. Here the requirement to develop novel technology to accomplish this type of research and

methodology validation is also declared.

Chapter 4: Experimental Component Development — This portion of the thesis describes the experimentation
led development of mechanisms and technology required to generate the novel machine required for fibre-based
additive manufacturing research and development. Here much discussion is related to the integration of
automated technology with regards to electrospinning, vapour, plasma and lithography techniques. Portions
within the chapter also discuss methodologies to overcome productivity-based limitations within the

electrospinning process via electric field manipulation.

Chapter 5: Final Development of a novel Fibre based manufacturing research and development machine — The
final amalgamation of technology as well as the implemented code to control this is discussed. Here the spatial

limitations of the resultant machine are described to allow for the future development of modules.

Chapter 6: Discussion of evaluations related to the Hypothesis — Experimentation associated with the project
that is responsible for the progression and development of mechanisms and machine functionality are described
within this chapter. These include work related to mold/casting based approaches, the use of collectors for
biomaterial-based electrospinning, the evaluation of functionalisation techniques, the evaluation of the machines
capabilities, and the evaluation of the ability to validate the post-literature review hypothesis through this

projects developments.

Chapter 7: Future Work and Recommendations —This section highlights the future optimization relative to
developments and technology derived within the project. These relate to vapour, plasma, environmental control,

code, electronics and component isolation relative to implemented high voltage.
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Chapter 8: Project Conclusion — The project is surmised with reference to various stages of development and a

statement made regarding the project’s success.

Chapter 9: References — This section lists the established/published work from which this thesis and the work

therein has been developed.

10
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Chapter 2 LITERATURE REVIEW

This chapter discusses the literature that was utilised to derive the required direction for project progression.
From this, the nature of the technology developed within the project was established. The review develops an
understanding of the potential of current technology for the production of micron and nanofiber-based three-
dimensional objects. The review analyses attempts made within traditional synthetic polymer 3D printing and
then further explores the potential application of such 3D printing technology within biopolymer research
(Tissue Engineering related work). With regards to the bio-based motivating element a further investigation
regarding the requirements for such work is conducted relative to a chosen polymer (collagen) and potential
structure (corneal stroma). From the limitations of current technology, a need to identify technology better
suited for sub-micron fibre production (electrospinning) is justified. This techniques ability to process synthetic
and the chosen biological material is then evaluated, from which additional techniques and technology are

identified which allow for the generation of a framework for the project hypothesis.

2.1 Fibre-orientated composite 3D printing

The utilisation of fibre within 3D printing is of increasing research interest [34, 35]. This form of manufacturing
aims to allow the generation of parts having not only greater mechanical abilities but also the ability to vary
these capabilities relative to the characteristics of implemented fibre. Major requirements for the use of fibre to
reinforce/strengthen polymer-based objects include the nature of fibre-polymer integration/bonding and the
ability to control the orientation of fibre within the object.

Traditionally the generation of fibre-reinforced objects has occurred in a sequential manner whereby fibres are
arranged in the desired form in the desired orientations. This arrangement is followed by the controlled
implementation of polymer (typically in solution) to act to bind the fibres into the desired form. To achieve the
required object, complex machinery (e.g. mold-based and weaving-based systems) and environmental control
(typically this is related to the wuniform application of pressure to ensure optimal polymer
distribution/impregnation). Much research has been conducted regarding the use of 3D printing (3DP)
technologies as a means to generate similar structures. This intends for the 3DP techniques related to the
controlled introduction of material to be leveraged to control both the fibre-polymer integration as well as the
resultant fibre characteristics (placement and orientation). From this ability, multi-material objects having
engineered properties related to both the nature of implementation as well as the type of fibre utilised are
intended to be generated.

Within research two styles of fibre-based printing have been discussed, namely continuous-fibre and short-fibre
3DP. Short-fibre-based methods involve the mixing of fibre segment within a polymer melt that can then be
formed into a filament for extrusion-based printing. Alternatively, these pieces of fibre can also occur within
resins in an attempt to leverage off lithography based printing [36]. The technique of printing using segmented
fibre embedded in polymer has been described as having limited success relative to traditional methods of

manufacturing. This limitation can be associated with the general lack in direct control of the fibre orientation

11
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within the production. This project intends to focus on the generation of fibre-based objects in which the
characteristics of this fibre is to be controlled; as such, short-fibre technology will not be further investigated.
Alternatively, continuous-fibre-based methods attempt to utilise a length of fibre that is continually fed either in
parallel to the extrusion or as part of a pre-made filament [34, 35]. This research has led to developments of
commercial machines/products such as the MarkOne by Markforged, which is an FDM inspired approach to
generate fibre-reinforced 3D printed parts. It is worth noting that due to the inherent lack of control associated
with the material in its glass transition phase during the FDM process, the orientation of distributed fibre

material will vary.

A major limitation of the current work within fibre-orientated 3DP relates to its dependency on established
methods of 3DP. This results in the associated limitations of these techniques with respect to resolutions and
processing effects upon the utilised material. Given the future interest in technology developed within this
project to be capable of biopolymer-based manufacturing, there is a requirement to further evaluate the viability

of such 3D printing techniques with respect to Tissue engineering.

2.2 Fundamentals of Tissue Engineering

Tissue engineering has been described as the result of a combination of biomimicry, autonomous self-assembly
and grouping of mini-tissue building blocks [23]. In this instance, biomimicry refers to the desire for replication
of biological constructs. Successful biomimicry is dependent on the understanding and replication of the
fundamental aspects/constituents of biological constructs. Early cellular components are capable of self-
induced/generated organisational development, which allows for the formation of required micro-architecture
and biological function, and is referred to as autonomous self-assembly. This capability is due to the inherent
capabilities of early cellular components to generate extracellular matrix (ECM) components, appropriate cell
signalling, autonomous organisation, and patterning. Additionally tissues can often be segmented into small
functional parts or mini-tissues, which can be appropriately placed and through the aid of tissue/cellular

properties such as self-assembly the larger functional tissue/organ can be mimicked/produced [23].

Thus, for accurate tissue engineering an adept understanding within the fields of engineering, imaging,
biomaterials, cell biology, biophysics, and medicine with respect to the desired biological construct are required.
These aspects of tissue engineering occur in many of the studies surrounding the fabrication of tissues and

organs through utilisation of bio-printing technologies [37-39].

2.2.1 Bio-printing technologies

3D Bio-printing technologies have been described as beneficial disruptive technologies for the advancement of
Tissue Engineering and Regenerative Medicine[40]. This additive manufacturing based practice of utilising
organic material to generate organic objects and tissues is known as bio-printing [16, 23]. The most prominent
forms of bio-printing technology are extrusion-based, droplet-based and laser assisted printing. These
techniques are classified as either direct or indirect, where direct refers to the layer-by-layer introduction of
material to generate the final structure and indirect refers to the generation of sacrificial molds/scaffolds into
which material is distributed and allowed to mature ,after which these can require post-processing to remove

[16]. The mechanisms, within these techniques vary [21], and can allow for the manipulation of organic matter
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at a macro (cell aggregate), micro (single cell) and nano(cells and proteins) level to generate various biological
constructs highly sought after in the medical field [41]. Bio-printing at a macro level attempts to construct
tissues through the precise placement of a collection of cells. The most prominent form of macro level this is
that of extrusion printing. At a micro level the technology acts to construct tissues through the replication of
precise cell placements. The most prominent form of this being inkjet or laser jet printing [21]. Some biological
constructs are comprised of components with dimensions in the nanometre scaling (cells and proteins), as such
methodologies for the replication of these constructs through fabrication at a nanometre level is of interest. This
technology has been utilised to generate a variety of medicine related products such as drug testing models,

controlled drug delivery systems, permanent implants, custom implants and biomimetic scaffolds[42].

The following summaries the commonplace differences in established bio-printing technology and references
reviews such as those by Mandrycky et al (2016)[43], Gomes et al (2017)[40] and Zhang et al (2018)[42]. Of
specific engineering interest are the differences between process able bio-inks, acceptable viscosities, cell

viability, vertical print quality, and resultant cell density. These differences are described below:

Currently extrusion-based bio-printing is the most popular technique albeit still limited by the printability of
available hydrogels[40]. Laser assisted bio-printing was described as capable of processing bio-inks in a
moderate range of 1-300mPa/s whereas inkjet techniques were associated with lower viscosity ranges (3.5-
12mPa/s [23, 43]). This differs with extrusion techniques which require bio-material to have relatively high
viscosity (ranging from 30mPa/s-over 6x10°7mPa/s [43]) to restrict the unwanted leaking of material from the
extrusion mechanism [41]. Both inkjet and laser assisted techniques were associated with poor and fair vertical
structure quality whilst having high print resolution (with some inkjet techniques such as electrohydrodynamic
printing capable of resolutions <10um) whereas extrusion techniques had good vertical structure quality with
moderate resolution (generally unable to accurately produce biological objects smaller than 100um [44]).
Typically resolutions in the range of 10-1000um are utilised. Inkjet, Laser assisted and extrusion techniques had
low (<1076 cells/mL), medium (<1078 cells/mL) and High (in the case of cell spheroids) resultant cell densities.
The resultant cell viability of extrusion techniques are lower than that of droplet-based bio-printing, where cell
survival rates are dependent on extrusion pressure and nozzle size [23]. There are many forms of Inkjet bio-
printing (Figure 8) as such it has been recorded as capable of producing droplet sizes ranging from <1pL to
>300pL with deposition rates from 1 -10000 droplets per second, these capabilities have allowed for the
production of 50um wide lines (produced via patterned drops) of one or two cells [23]. Inkjet technology is
limited in that it requires the bio-ink to be in liquid form, thus to attain a functional (solid) tissue/result post
inkjet processing of the result is generally required (post print cross-linking via chemical, pH or ultraviolet
mechanisms). Both the inkjet and extrusion bio-printing processes are also limited by the depositing mechanism
namely issues associated with nozzle size, nozzle clogging (through material sedimentation and aggregation),
spatial accuracy, exertion of shear stress on material [23, 24, 42, 45]. Current bio-printing practices
predominantly focus on the accurate placement of a cell or group of cells. Most of these practices are limited by
the predominant reliance on the utilisation of heat and pressure for higher resolutions which can yield
complications and damages(known as denaturing) to the biological material (illustrated in Figure 7), an

exception being that of electrohydrodynamic printing [46, 47].
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From the above literature [40, 42] the following limitations in bio-printing developments have been derived,

namely:

e limitations in nano and nanocomposite object high distribution density
generation

e a lack of productivity (the process takes too precise spatial positioning

long), e limited success in generating vascularity
e alack of multi-cell implantation
e limited organ nutritional supply strategies e oriented blood vessel growth
Thermal Piezoelectric Electro-hydrodynamic
Electrode connected
4 to chamber nozzle
" Heating Element <+— Piezoelectric element E-Voltage source

Electrode connected t¢

—— printer platform/bed

\Rapid vaporisation \

-Pressure increased ) d
\ Droplet expelled \ 7—- Pressure increase
Droplet expelled

&

Figure 8: Figure illustrating the techniques of thermal, piezoelectric, and electro-hydrodynamic inkjet printing.

Stream of droplets
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Figure 7: Illustrating the relationship of extensive heat, pressure and chemistry to protein and tissue[8]
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In general, there is a lack of additive and bio-printing methodologies for the production of fibre for the
generation of fibre based constructs that can be seen in biological structures such as tendon, cornea, muscle etc.
These limitations reveal a requirement to further investigate the development of a biopolymer friendly form of
nanofiber production based additive manufacturing technology. Thus, an understanding of the current
technology for the generation of biological constructs is not sufficient for the reproduction of tissues. To further
understand the requirements for the production of tissues found in the human body an understanding of the
building blocks of these tissues needs to be developed. One such prominent building block within tissues is the

protein collagen.

2.3 Collagen

All collagen is comprised of a repeating amino acid sequence within which there is a right hand twisted triple
helix commonly referred to as tropocollagen. Tropocollagens are made from two identical a-chains (referred to
as the al-chains) and a third a2-chain. These a-chains are arranged in a left-handed polyproline l11-type (PPII)
helical conformation coil with a one-residue stagger relative to other a-chains. [48, 49] The tight packing of
these PPII Helixes requires every third residue to be glycine, which in turn results in a X-Y-Gly sequence where
X and Y can be any amino acid. The most common sequence of collagen is ProHypGly (where Pro
(Proline):28% and Hyp (Hydroxyproline):30%)[25] [26, 48-50] [Figure 9].

Whilst collagen appears in various forms, the most prominent form of fibril collagen is type I collagen. [25, 51]
Type | collagen is known as a FACIT (Fibril Associated Collagens with Interrupted Triple helices) collagen and
appears in many biological constructs as a fundamental element yielding structure and strength. For the purpose

of this research project a focus will be made on Type I collagen.

Key

TR Right hand twisted Tropocollagen triple helix

H:20 (water) molecules connected via hydrogen
bond
x Left hand twisted repeating sequence of amino

DG acids (X and Y) and a-chains where every third

residue (G) is Glycine.

Figure 9: Image depicting the three parallel polypeptide chains making up the tropocollagen found within Collagen
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2.3.1 Natural collagen fibre formation

Through the hierarchal arrangement of tropocollagen in groups of 5 staggered collagen, macroscopic collagen
fibres like those seen in type | collagen are formed. The staggering results in gaps and overlaps between
tropocollagen which generate fibre deformation known as D-banding (this can be seen through microscopy of
collagen fibres) [Figure 10]. Within the human body these collagen fibres have diameters ranging from
approximately 50-80nm [26, 50, 52].

2.3.1.1  Collagen based Structures

The strength of collagen-based structures is derived from the alignment and anisotropy of the collagen fibres
[37]. To retain this alignment and anisotropy, adequate cross linking of the fibres (and fibre tropocollagen) is
required. Thus these collagen based structures can be disrupted/modified by factors such as the exposure to high
temperatures, solvents and changes in acidity which could alter these cross-links and deform the alignment or

anisotropy within the tissue.

Given the prevalence of this protein, the ability to precisely control it will be fundamental to the generation of
functional tissue and organ equivalents. To better understand the control required in collagen manipulation for

Bio-printing and tissue generation an analysis of an existing predominantly collagen construct is required.

Collagen fibril with internally staggere:

Overlap Gap tropocollagen and d-banding
] ] ] ] St
LY

[EERNNEN -
I_I_I

D-banding pattern

Figure 10: Figure illustrating a collagen fibre's internal staggered tropocollagen and source of d-banding
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2.4 The Cornea

The Cornea is a good example of a primarily collagen based tissue. Corneal functionality is dependent on a very
specific structural layout comprising of very specific cellular properties. The precise composition gives the
cornea its strength, shape, and transparency [53-56]. Corneal tensile strength has been recorded as
approximately 3-5MPa and the elongation at break approximately 0.19MPa [57]. It is also due to this precise
nature of the corneas composition that difficulties have been experienced in attempting to replicate/manufacture
the tissue[53].

Six different layers make up the cornea, each having various properties; these layers are the Epithelium,
Bowman’s Layer, Stroma, Dua’s Layer, Decement’s Membrane and the Endothelium [29, 58]. Additional

information regarding these layers can be found in Table 2: Information regarding the layers of the cornea [58-60].

Table 2: Information regarding the layers of the cornea

Layer Name Layer size Layer Composition Layer Responsibility

Epithelium 50um (+/-10% of | 5-7 stacked layers of cells Prevents foreign objects from entering the eye and aids in
cornea) hydration and transferal of nutrients and oxygen to the eye.

Bowman’s 10 pm Acellular layer of densely packed collagen fibrils | Hypothesised to maintain stroma structural integrity, be a

Layer (Type LINLV,VII) barrier against viral infection and trauma, and facilitate rapid

stromal recovery.

Stroma 500pm Precisely aligned collagen nanofibers arranged in | Provides both shape and mechanical properties (strength form

intersecting lamellae. and elasticity) to the cornea.
(+/-90% of cornea)

Dua’s Layer | 6.6-13.810um 5-8 lamellae (predominantly type | collagen)
situated in transverse, oblique and longitudinal
directions.
Decemet’s 10-12 um Acellular layer of fibronectin, laminin, and Type | A tough and highly elastic layer providing much of the tissue’s
Membrane 1V collagen. fluid regulation and preventing infection and injury.
Endothelium | 20 microns wide | 400 000 hexagonal cells Removes excess fluid from the stroma ensuring stromal
and 4-6 microns transparency.

thick

Whilst the cornea is made up of seven differing layers, the majority of the tissue is comprised of the Stroma

Layer; as such, a focus is made on understanding the features and requirements of this layer.

2.4.1 The stroma

The stroma is the largest layer within the Cornea and provides much of this tissues structural integrity and
properties. The stroma is primarily constructed from highly ordered type | collagen nanofibers which are
orientated parallel to the corneal surface. These occur as laminated lamellae which are embedded in a matrix
comprised of water, type VI and non-FACIT collagens, glycoproteins (large insoluble molecules),
proteoglycans, other soluble proteins such as fibronectin and laminin, glycosaminoglycans, keratin sulfate,

dermatin sulfate, inorganic salts and keratocytes(which lie between stromal lamellae) [59, 61, 62].
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2.4.1.1  Stromal lamellae

The collagen nanofibers within this layer typically have diameters 20-35nm, length 940um, and are spaced at
approximately 30nm intervals within lamellae (sheets of parallel nanofibers) [Figure 12 and Figure 11].
Approximately 200-250 lamellae occur within the stroma [53], and it is hypothesised that the specific order of
fibrils within these is regulated by stromal specific proteoglycans which occur as ring like structures
surrounding fibrils [39]. The lamellae being approximately 2um thick and 0.2mm wide are anchored in

Bowman’s layer and yield much of the corneas rigidity and structural stability [59, 61, 62].

The replication of aspects of this tissue will be fundamental in the progression towards the future capability to
replicate not only this tissue but also similar biological constructs. Thus given that the collagen within tissues
such as the stroma occurs as precisely aligned nanofiber lamellae, methodologies for the recreation of this

alignment must be investigated.

Stacked and interwoven lamellae
R —
|
o |l
:D b ~30nm
>
D
:D p— Lamellae
2| ey | T
Figure 11: SEM imaging of
interwoven lamellae, from
Figure 12: Figure demonstrating the aligned nature of collagen fibres within Collagen, Structure and
stacked and interwoven lamellae Mechanics[5] .
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2.5 Tissue engineering and bio-printing of collagen

Due to the fundamental nature of collagen within biological constructs, it has been studied and utilized in many
tissue engineering and bio-printing applications. The use of collagen has been predominantly as a supporting
scaffold to mimic the ECM and allow for cellular development/growth and proliferation of imbedded cell types
[16, 63]. This research project is interested in the development of tissue engineering technology for the
formation of predominantly collagen-based tissues with a focus on the layout and organisation of collagen in

these tissues.

Given that the cornea is a good analogue for this focus, tissue engineering surrounding the development of
corneal or stromal tissues is of interest. Ghezzi et al [53] reviewed these developments in 2015 and stated two
predominant areas of tissue engineering with respect to the cornea, namely that tissue engineering was either of
an allogenic or synthetic focus. Allogenic tissue engineering refers to the utilisation of donor tissue and as such
is the preferred form of tissue engineering however due to a severe lack in donor graft material synthetic
polymers have been studied as alternatives [38]. Tissue engineering of the stroma layer has had relatively
limited success due to challenges involving stromal structural complexity, mechanical strength and
transparency. Predominantly the attempts to tissue engineer these forms of tissues have been lab-based
harvesting and culturing of cells utilising methods promoting stromal-like growth [37, 38, 53, 64-66]. One such
lab-based approach to generate a stroma-like structure was conducted at the Department of Ophthalmology
within Auckland University. Here a process of repeated and extensive centrifugal exposure to generate a
scaffold of aligned collagen from a solution with high collagen concentration was utilised [67]. This process
included 30 hours of continual centrifugal exposure at 4°C and 2500rpm, samples were collected and then
subjected to another 10hours after which samples were combined and exposed to a further hour of spinning. The
final sample was then put into a humid chamber at 37°C for 4 hours and dehydrated for 12 hours after which
they rehydrated using MilliQ water for 4 hours. Thus, process required approximately 60 hours to yield the
stromal analogue. The study was however limited in its ability to produce relevant fibres in layers of varying
orientations [Figure 13 taken from [67]]. Additional limitations of this process related to the low productivity
and the inability to easily scale this process for mass production. Thus, there is a continual interest to further
investigate alternative means of production compatible with the requirements of tissue engineering and bio-
printing.

Figure 13: Microscopy of Lab based tissue demonstrating fibre alignment
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Whilst current bio-printing methodologies are successful at replicating certain features found in-vitro, the
technology is currently unable to generate all tissue requirements utilising a singular form of bio-printing
technology. Thus, an inclusion of multiple forms of additive manufacturing based technology could potentially
yield better results/tissues. Whilst this research project could be structured to follow a biomimicry-based
approach, the desired outcome intends to yield a manufacturing research capability of both synthetic and bio-
based fabrication relevance. Thus prior to further investigating a means for production of stroma-like structures,
the engineering evaluation of this must occur.

2.6 Enaqgineering Perspective on stroma-like Fibre implementation

The structural and functional properties of tissues have developed through years of evolution to overcome
problems relating to the ability to survive. This does not necessarily mean that these developments and the
nature of their results are optimal. An example of this lack in optimality would be the evolution of bipedal
motion which is dependent on the functionality of muscle arrangements which can be classified as class 11l
levers (having mechanical advantage of less than 0.1 and thus are highly inefficient) [68]. From an engineering
perspective legs are a far less optimal design for simplistic mobility if compared to wheels, which is why we
have cars with wheels instead of cars with legs. From this reasoning it becomes apparent that the analysis of the
role of the cornea should be evaluated from an engineering perspective before embarking on a purely mimicry
based approach.

The human eye can be described as a pressurised chamber [Figure 14] [69]; by removing the cornea, an opening
in this pressurised chamber is created. This opening requires a seal in the form of a donor cornea or equivalent
prosthesis. This replacement would not only have to be bio-compatible but would also require relatively
isotropic properties as an imbalance could incur pressure concentrations which in turn could result in a

rupture/breaking of the seal.

&—— Seal

&— Pressurized Chamber

Figure 14: Interpretation of eye as pressurised chamber
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The utilisation of interwoven fibre at varying orientations can be traced back to tribal traditions such as Raranga,
the art of weaving, found within New Zealand’s Maori culture [70]. Whilst this cultural practice predominantly
makes use of harakeke, a form of flax found in New Zealand, engineers have developed this technique and
applied it to many materials such as glass and carbon fibre. Carbon fibre is a popular choice for reinforcing or
constructing objects of relatively high strength to weight ratio [35]. Typically, this occurs as the use of aligned
fibres, which are woven into mats (to generate a higher degree of isotropy). These mats are also usually
impregnated with a resin to retain fibre placement/mat shape as well as form a bond between fibres. This type of
reinforcement can be seen in many industry such as the professional sailing (Americas cup), cycling (Tour De

France) and motor sport (Formull).

Coincidentally this engineering based approach at fibre alignment for strength is analogous to that of the
evolutionarily developed stroma. As such, this project acknowledges the natural design of the stroma as similar
to the fibre-based structures this project aims to create through 3D printing. As such, this structure alongside the
aforementioned synthetic fibre-reinforced objects can be utilised as structural benchmarks for this project. It is
worth noting that through the development of capability to enable such fabrication, there is a potential to create
a new system through which much future research and development within fields of manufacturing and material
science can be conducted. This desire to develop a manufacturing research and development system required an
evaluation of alternative technology capable of submicron and nanofiber production that had the potential to be

utilised in additive manufacturing.
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2.7 Deriving Nano-fibres

Forcespinning, Melt blowing, flashspinning, biocomponentspinning, phase separation, drawing, and
electrospinning are all methodologies that can be utilised to fabricate nano-fibres. The generated material often
occurring as a mat comprised of randomly arranged nano-fibre. Electrospinning is a relatively repeatable and
scalable process which has achieved popularity due to its ability to control the dimensions of generated fibres
[71]. This technique (with the exception of melt electrospinning) does not expose material to the high
temperatures associated with processes such as Meltblowing and Forcespinning allowing for fabrication
utilising temperature sensitive polymers or proteins. When compared to Template synthesis or Self-assembly,
the electrospinning process is relatively simple, potentially yielding less room for error. Other techniques such
as Phase-separation (limited to certain polymers) or drawing (a discontinuous process) are relatively simplistic,
however these lack the scalability and control associated with electrospinning [11]. In general, for nano-fibre
production electrospinning, whilst not perfect and limited by timeous/productivity and solvency recovery issues,

it appears as an optimal methodology for the future progression of this project.

2.8 Electrospinning

Electrospinning (electrostatic spinning) is a relatively rapid, efficient, and inexpensive process in which an
electric field is utilised in the generation of nanofibers [72-74]. Nano- and micro-scale fibres have been electro-
spun from over 200 polymers (both natural and synthetic polymers) [57]. This process can occur through the
utilisation of a controlled or uncontrolled extrusion/feed system [11]. Given that controlled systems allow for
greater control of fibre properties (quality and diameter) as well as having a higher success rate in
electrospinning, these will be of predominant interest in this research project. The electrospinning process can
be described as having three distinctive parts namely the Solution, the Charged Extruder and the Collecting
Surface [49, 73] [75] [71] [Figure 15]. Currently the process is limited to the fabrication of mats (two-

dimensional objects).

@p—=S0lution in syringe

Charged Extruder

High Voltage Source

O

> Taylor cone

gWhvpping]et of electro-spun material

Surface collector

Figure 15: Figure illustrating the components and features of electrospinning
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2.8.1 The fundamentals of an electrospinning process

2.8.1.1 Fundamental process:

In a typical process the ‘Solution’ is introduced into the system via the ‘Charged Extruder’ which forms a liquid
droplet of the solution and implements a sufficiently high voltage (generally above 20 kV) [76] to charge the
solution. This voltage results in the stretching of the droplet due to the mutual electrostatic repulsion between
surface charges and Coulombic force from the external electric field[77]. The elongated and conical droplet is
known as a Taylor cone. When the electrostatic forces overcome the surface tension forces of the solution an
electrified stream of liquid jets out from the Taylor cone and approaches the oppositely charged ‘Collecting
surface’. This electrified stream continues to experience stretching as well as whipping processes whilst the
solvent evaporates resulting in a fibre of the desired material. The ‘Collecting surface’ may be actuated which
will result in variation within the collected fibre alignment.[73] [75] When required the ‘Charged Extruder’ will
cease operation and all actuation of the ‘Collecting surface’ will stop resulting in fibres of the desired material in

desired alignments situated upon the ‘Collecting surface’.

2.8.1.2  Fundamental forces:

Electrospinning is an electrostatics-based process with the technology leveraging off established principles
within this science. The movement of charge is of particular interest within this technology and is distinctively
different to that of arcing techniques (such as those seen in welding) as it utilises relatively low current and as
such does not generate or allow for the formation of an electrical arc through electrical breakdown. Coulombs
Law (Equation 1) is often referred to when describing forces within the process, namely the understanding that
repulsion occurs between similar/like charges and attraction occurs between opposite charges (Figure 17). It is
worth noting the inversely proportional relationship between distance and coulombic force namely a greater
force will be achieved at a smaller distance between charges. This principle is a major factor required to
understand the actuation of electrospun material. Similarly, it is beneficial to understand the derivation of
electrostatic force effects upon a charged element within an electric field (Equation 2 and Figure 16). From the
relationships established in Equation 1 and Equation 2 we can derive a further Equation 3, which highlights a
similar relationship between the magnitude of an electric field for a set distance, this will be greater for smaller

distances.

kq,Q; F

Equation 1: Coulombs law which describes the force between two || Equation 2: The algebraic relationship of
charges g, and Q, in relation to the distance between these d? || Electric Field magnitude(E) to Coulombic

F

where k is the electrostatic constant (k=9x109Nm2/C). Force (F) for a given charge g.
kq.Q,
d? kQ,
= E=—%
q d

Equation 3: The use of Coulomb's Force equation in the ratio of electric field
magnitude to identify relationships of magnitude (E) to distance (d)
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Figure 17: Image depicting the standard electric field Figure 16: Image depicting the standard force vector
line vector diagrams for point charges and the relation diagram of a charge subjected to multiple forces

including that of an Electric Field

It is also important to recognise the part of the additional fundamental forces acting upon the material,

specifically the forces of surface tension. The convex meniscus generally generated within electrospinning

(prior to the addition of charge and subsequent Taylor cone formation) is a good indication of how the internal

cohesive forces between the molecules of the solution hold it together. It is important to note that a meniscus

will only form when the surface forces are equal to forces exerted by gravity (equilibrium is reached) and that

the surface tension forces are weaker than those occurring uniformly on internal molecules. Equation 4 aided by

Figure 18 describes the surface tension forces and their relation to one another as well as highlights potential

means for derivation of certain values.
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Figure 18: Image depicting the fundamental
factors influencing the surface tension of a
formed meniscus.
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Equation 4: The nature of the surface tension force (Fg) in
relation to the length at which it acts (in the case of a meniscus
this is typically a circumference, L) and the contact angle between
surface and solution @ are described. The relation of this to
gravity in the case of a meniscus helps in determining integral
values such as yg, the coefficient of surface tension for a derived
solution.
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To vyield material actuation within electrospinning electrostatic forces must overcome the cohesive surface
tension forces that occur at the material surface. These fundamental forces and principles of electrostatics help
to illustrate the origin of the Taylor cone upon a material surface, namely the repulsion of charges within a
material forming distortions directed/attracted to an oppositely charged area (within electrospinning this is the
ground) and subsequent jetting of material (illustrated in Figure 20 and Figure 19). Whilst the above discussed
electrostatic and surface tension equations are helpful in illustrating the fundamental physics of electrospinning,
this research will not endeavour to generate a novel mathematical model to simulate the process. Much of the
discussed principles are the basis for the processes within this technology, however these do not take into
account factors such as resistances, rheology, additional external forces, and changes in forces all of which
affect the jet and as such represent only an overview of the science. For further material on further in depth
derivations taking into account these factors, the author suggests examples such as Ismail et al’s 2016 work in
[9] and Stepanyan et al’s 2016 work in [78].

High voltage source

F 3

Unstable jet region
charges extruder

Stable jet region
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of material surface charge
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forming a tailor cone

Surface charge forces (Coulombic

y

forces) become greater than surface Force direction from electric field

tension forces results in material
towards ground

expulsion and stretching

Figure 20: Image illustrating the build-up of charge Figure 19: Image depicting the two regions of material jetting in

and the subsequent electrostatic force within the electrospinning derived from[9].
Solution resulting in surface distortion (Taylor cone
formation) and jettina of material.

Additional forces of interest within electrospinning include the nature of VVan Der Walls forces occurring on the
generated sub-micron and nanofiber. These frictional forces are best demonstrated by the ability of the fibres to

be generated vertically upwards against the force of gravity and ‘stick’ to the collecting surface.

2.8.1.3  Fundamental properties:

The three major elements of the process namely, the ‘Solution’, ‘Charged Extruder’ and ‘Collecting Surface’
each contain a set of variables that have a direct effect on the nature of resultant electrospun fibre morphology.
It should be noted that these variables have no standardised values and will vary according to the polymer
processed. These and the nature of their relationship is described below and illustrated in Table 3: Table describing

the fundamental properties of electrospinning and the effects of the variation to these [51, 54].

2.8.1.3.1  Solution:
Typical electrospinning requires an aqueous solution of polymer (the desired material) dissolved in an acidic
solvent. The main variables of interest for this include its conductivity, polymer concentration, and solvent

boiling point. The critical conductivity for a solution will yield a Taylor cone and region of instability capable of
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stretching fibres decreasing their resultant diameters, this capability can be modified by either the addition of
salt or solvent utilised [73, 75, 76, 79]. At a critical concentration, uniform fibres are generated from increased
entangled polymer chains which overcome forces from the surface tension and the electric field (this capability
is modified through the w/v% utilised) [73, 75, 76, 79]. To ensure that wet electrospinning (the electrospinning
of fibre that retains solvent at deposition) does not occur a solvent with a critical boiling point that will allow for

ease of evaporation during jetting should be utilised [71, 79, 80].

2.8.1.3.2  Charged Extruder:

A charge is induced using a voltage source connected to the extruding mechanism through which the material is
introduced to the system. The characteristics of the electrospinning process as well as the resultant fibre are
influenced by this applied voltage, distance from collecting surface and rate of extrusion/flow of solution. The
applied voltage is often in the range of several kilovolts and varying this will have an effect on factors such as
spinning current, beaded morphology, fibre morphology and fibre structure. Increasing the voltage results in
longer and smaller (diameter) fibres, however beaded morphology is likely to occur reducing the surface area
[72, 76, 79]. The distance between the extruder and the collecting surface influences the fibre evaporation rate,
deposition time and inconsistency interval. These factors affect the properties of the resultant fibre e.g.
decreasing of this distance results in a wet fibre containing a beaded structure [72, 79]. Increasing the
extrusion/flow rate of the solution results in larger fibre diameters as well as beaded morphology as such for

smaller diameters a low rate of extrusion/flow should be implemented [72, 73, 75, 76, 79].

2.8.1.3.3  Collecting surface:

This surface will collect the material which is undergoing the electrospinning process. The resultant fibre will be
affected by the type of collecting surface used as well as actuation of the surface (namely the speed of
actuation). Factors such as the crystal orientation of fibres and evaporation of solvent are influenced by the

speed of collecting surface rotation/actuation[72].

A note must be made that due to the accumulation of charge from the charged electrospun fibres on the
collecting surface, electrospinning material is restricted to a thickness of approximately 3-4mm [81]. This
limitation is acceptable for this research project (given the scale of the benchmark/example tissue); however this
may not be true for projects aimed at mimicking larger scaled tissue. For such cases, a plausible solution could

be the combining/laminating of sheets.

Humidity and Temperature have an effect on the evaporation of solvents utilised. An increase in temperature
will increase the rate of evaporation yielding smaller fibre diameters. Some studies have utilised techniques of
heating the Collecting Surfaces to enforce the evaporation of residual solvent upon fibres leading to increased

fibre porosity [82].
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Table 3: Table describing the fundamental properties of electrospinning and the effects of the variation to these [51, 54]

Property Too Low Critical Value Too High Modified through

Solution solvent boiling

point: e Dry formation of Easy solvent evaporation e “Wet electrospinning’, e  solvent
polymer at Extruder dry nanofiber formation e solvent coated fibres characteristics

e Indicates volatility

e  Affects evaporation

. blockages

forming beads.

Solution concentration:

e Reaction of polymer

chains to electric
field and surface
tension

o Affects viscosity

e  Broken Entangled
polymer chains
e  fragmentation

. beaded fibres

Increased chain entanglement

uniform bead-less fibres
Concentration

proportional to diameter

directly

. Restricts flow
e dry formation at the
extruder

. blockages

. wi/v% of solution

Solution conductivity:

e  Affects taylor cone
formation

o Affects fibre

diameter

. Unable to form Taylor

cone/electrospin

Increased surface charge
taylor cone formation

increase

whipping/jet

instabilities stretching fibres

thinner(smaller diameter)

e  Decrease in tangential
electric field

. reduction in
electrostatic forces on

surface

. polymer
characteristics

e  solvent
characteristics

addition of salt

Applied Flowrate to
Charged Extruder:

e  Affects introduction

. Timeous restrictions on

production

Slower flowrates are preferred

as these aid in

generating

. Reduction in surface

charge density

. Extrusion actuation

modifications

of material stable jets . incomplete drying,
e beaded fibres
e larger diameters.
e  Can result in droplets or
streams of material
(break in meniscus).
Applied  Voltage to

Charged Extruder: e  Unable to form Taylor Taylor cone formation and | e  Decrease in taylor cone | e  Vary power supply/
o Affects strength of cone/electrospin electrospinning  of  smooth size supply output.

electric field fibre e reduction in fibre

stretching
e beaded fibres

Distance of Charged
Extruder to Collecting | ® Wet electrospinning Larger distances preferable as | Generated electric field not | Manual or automated
Surface: solvent increased evaporation and | strong enough to accurately | placement of Collecting
o« Affects deposition e Dbeaded fibre. instability interval result in | transfer fibre Surface.

. . smaller fibre diameter.

time,  evaporation

rate and instability

interval

Fibre diameter and distance

inversely proportional.
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2.8.2 A nature based analogue

To better understand the fundamental process of electrospinning it is helpful to compare this to a simplistic
analogue commonly found in nature, namely the technique employed by spiders to generate large web
formations. Due to the potential difference between geographical areas of high and low pressure, wind is
generated. This potential difference is symbolic of the potential difference generated between the high voltage
and grounded sections of an electrospinning apparatus which in turn generate an electric field. The spider
releases fibre which is then carried in the wind until it collides with a surface much in the same way that the
fibres generated at the electrospinning nozzle are moved through the electric field and deposited onto the

collecting surface [Figure 21].

Potential difference

AJ'rf,'OW

High Pressure dore
ed T

d
- > Extru
Spider ‘ Collector

Airgap

Potential difference

EIeCt‘r' 3
High Voltage Ic flel’d/,h
Extruded fibre es Ground
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|
Airgap

Figure 21: A comparison between the fibre formations of a spider and electrospinning
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2.8.3  Electrospinning solvent limitations and alternatives

Through electrospinning both synthetic and organic polymers can be processed. Solvents utilized within this
process are typically of an acidic nature which could result in toxicity yielding complications in
biocompatibility[73]. Melt electrospinning is an alternative form of electrospinning which utilises heat to melt
polymers allowing for electrospinning with less concern for toxicity from solvents. This is however a relatively
underdeveloped process (limited to approximately 100 published articles) and currently is recorded as only
capable of producing fibres much larger than those seen in traditional electrospinning [74]. Additionally this
technique utilises high temperatures that we are attempting to avoid. Coaxial electrospinning refers to
electrospinning which utilises a ‘needle within a needle’ system. This technique allows for the introduction of an
additional material into the electrospinning process and yields sheath-core fibres where the inner and outer
material of the fibres differ [Figure 22]. The outer/sheath material assists or carries the inner material in the
electrospinning process. This is a particularly useful characteristic for materials which would otherwise not be
able to undergo the electrospinning process, or require hazardous solvents for electrospinning. Emulsion
electrospinning can yield similar results, however instead of requiring complex needle components this form of
electrospinning utilises a chemical means of separation between the materials within a single solution [83].
Coaxial and emulsion electro-spun fibres tend to be larger than those generated by traditional electrospinning
[83, 84]. As such traditional electrospinning is potentially better for the replication of stromal-like collagen

nanofibers.

Coaxial Electrospinning nozzle
| Inner nozzle

4— Quter nozzle

Emulsion Electrospinning

4+— | Chemical separation

\\ // *J of material

4— Fibre core
Fibre sheath
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Figure 22: Figure demonstrating the differences in coaxial and emulsion electrospinning nozzle
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2.8.4 Electrospinning efficiency

Standard electrospinning occurs through the utilisation of a single nozzle charged extruder which produces a
single jet/stream of material. Nayak et al sited this as a cause for relatively low production of fibre over a given
time period and stated an average production of 300mg/h [11]. This review described three mechanisms in
which the throughput of electrospinning could be increased, namely; single needle yielding multiple jets,
multiple needles, and needless. Although the mechanism for yielding multiple jets from a single charged
extruder has yet to be fully understood/analysed, it is known that either the disruption of the electric field
distribution or the partial blocking of the extruder can result in the formation of multiple jets. The use of
multiple extruder needles yield complications, as the proximity of the needles (and their subsequent electric
field) can alter the field properties of neighbouring needles. Thus for accuracy this mechanism requires adequate
spacing between needles (increasing machine spatial requirements). It should be noted that these requirements
differ between types of needle gauge and material. In general this mechanism is limited by issues derived from a
lack in uniformity in the electric fields which yield uneven fibre deposition, clogging of needles, material
dripping (a lack/failure of electrospinning) [11]. To overcome these issues needless systems have been utilised.
These mechanisms have gained popularity for large scale electrospinning based nano-fibre manufacturing (e.g.
Revolution fibres” — AGL electrospinning device [Figure 23][11]. This research project is currently not
concerned with the throughput associated with standardised electrospinning; however, future development
through the utilisation of a needless mechanism may be incorporated for higher production of research

materials.

Figure 23: Revolution Fibres' AGL electrospinning device taken from [11]
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2.8.,5 Electrospinning aligned fibre

Many methodologies involved in the polymerisation (generation) of type | collagen gel, including that of
standardised electrospinning onto a flat collecting plate, yield networks of randomised fibrils [63, 77]. The
alignment of which can be altered through the application of strain, thermodynamics or magnetism during
polymerisation [63]. Within electrospinning techniques the modification and actuation of the collecting surface
can help generate alignment in produced fibres. The collecting surface has been split to generate a parallel
electrode configuration with an airgap (sometimes filled with non-conductive collecting plate), and has been
actuated to form rotating drum, disk, and conveyor collectors [73, 75, 77]. The use of rotational actuation
generates alignment of fibre in the direction of rotation; this alignment and relatively even distribution is due to
the mutual electrostatic repulsion between deposited fibres [77]. It must also be noted that by varying rotation
speed, resultant fibre alignment can also be manipulated [72]. A major advantage of this mechanism is that it
retains functionality when scaled for larger manufacturing requirements. This project is however interested in
the generation of layers of differing orientations of aligned fibre. This type of control over direction of
alignment is achievable via the use of parallel electrodes [6].This methodology exploits the electrostatic
attraction of the formed nanofiber to oppositely charged areas, resulting in the stretching of the fibre between
electrodes[72]. This mechanism has been recorded as relatively limited by scale (relative alignment lost at gaps
greater than 30mm [85-87]. A recent study by Orr et al demonstrated that through the combination of alignment
mechanisms these spatial limitations could be relatively overcome. In this study, a combination of ceramic
magnets, parallel copper electrodes and distilled water was utilised to allow for alignment over a 100mm
distance [85]. Another relatively underdeveloped method that allows for even greater control of distributed fibre
is that of direct writing electrospinning. This control is derived from the automation of either collector or
extruder at short collection distances. These shorter distances allow for the reduction in randomised jet

instabilities this will however result in less evaporation yielding wet electrospinning.

- Mechanical Actuation

L] Charged Stream
Collected Aligned Material

Figure 24: Figure demonstrating the basic operations for rotating mandrel electrospinning

31



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

Parallel electrode
collecting surface
1

Electrodesconnected
T =) = to ground

O & —® Charges are attracted to oppositely
— e — charged electrodes, stretching

=

s material betweenthem

Whipping jet of sl
electro-spun material

Planar view of collector

Depositing nanofibrerepel each
other due to chargesyielding
alignment

I

High voltage source
Desired material in

SOIUTION ——

Al
2
=
1 3
— N gokd
- e
4

Controlled flowrate of

electrospinning solution
Vi3 MOTOr CONLID| m——

Figure 25: Image depicting the use of split electrodes to generate specific alignment patterns with examples A and B taken From

[6]

There has been much interest regarding the use of electrospinning as a technology for the development of
tissues or tissue scaffolds. The ability to produce a suitable biodegradable polymer scaffold from electro-spun
collagen is of increasing interest[71, 88]. Collagen is the most abundant fibrous protein it can be sourced
through various processes from various biological structures such as rat-tails and fish scales [25, 89]. As
collagen type | is of predominant interest within this research project methodologies for the formation of aligned
fibres of this collagen type will be investigated.
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2.8.6  Areview of Collagen Electrospinning for Tissue Engineering

Due to its prominence in tissue, Type | collagen can be acquired from a variety of sources such as rat tail, fish
scales and calf skin [26] for electrospinning. Electrospinning yields results which are analogous to tissues
containing aligned nanofibers (e.g. the stroma), however for this technology to be feasible for tissue engineering
applications the resultant fibres must have similar degradation rates to natural equivalents, have similar
functional properties (mechanical and optical), and be biocompatible. In order to achieve this studies have been
conducted regarding the electrospinning of either single-polymer or multiple-polymer spinning of collagen [57].
As this research project is focused on the yielding of solely collagen based structures, only single-polymer

collagen electrospinning is of interest.

Type | collagen has been successfully electro-spun into nanofibers in a range of studies [71, 88, 90-93]. “Table 4:
Showing the various electrospinning parameters utilized in previous studies” demonstrates the utilisation and
progression of collagen in electrospinning from 2006-2018. These studies were analysed to further develop an
understanding of the norms and trends associated with these studies, from which future work can be justified.
Voltages, delivery rates, and collector displacements within these studies were in the range of approximately 15-
47kV, 1-7ml/h, and 100-250mm respectively. The following highlights the key understandings derived from

these previous works:

In 2006 Zhong et al [88] noted that through the use of a rotating mandrel collector at a rotation speed of 10-
20m/s high collagen fibre alignment could be attained. This study also revealed that an increase in alignment
increased scaffold density and reduced the porosity. It also discussed the utilisation of cross-linking as a post
process to decrease surface roughness. In 2009 Dong et al [94] expressed concerns for the toxic nature of
solvents such as HFP (1, 1, 1,3,3,3 hexafluoro-2-propanol) which are prominent in electrospinning and the
effects these have on collagen (reduction in hydrophobicity) and its fundamental chemical structural
composition. HFP is the most commonly utilized solvent for the electrospinning of collagen (this is due to its
relatively low boiling point of 61 °C which helps promote dry formation of fibrils [71, 88]. The highly volatile
and cytotoxic nature of this substance is well known and some state that the use of it denatures collagen to a
gelatin [90, 93] and thus is not desirable with respect to biocompatibility as well as studies dependant on a
collagen result [95]. The denaturation of the protein has been described as due to with the fluorinated nature of
HFP [93]. Dong et al used this understanding of the limitations in traditional solvents as the basis for their
investigation into benign solvents. The study investigated the use of a combination of water, alcohol, and salt as
a potential solvent. Their process achieved fibre formation and a note was made regarding the decrease in
diameter with increase in salt concentration. Interestingly this limitation did not affect future utilisation of HFP ,
Jha et al (2011) [96], in collagen electrospinning for tissue engineering based applications. This study did
however included extensive post processing, namely dissolving into ice cold 18MQ-cm(resistivity to the flow of
ions) water, 1-12hours of glutaraldehyde cross-linking, blocking in 0.1 M glycine, rincing in phosphate buffered
saline (PBS), and finally disinfecting in 70% alcohol. This study actively utilised the generated tissue in wound
healing and analysed the rate of recovery. Interestingly it noted a presence of banding in smaller diameter fibres,
however argued that this was potentially irrelevant due to the general support of cell infiltration even stating that
it is “not necessary to fully recapitulate the structure of native fibril to generate a biologically relevant tissue.”

Rather three key variables were stated for accurate tissue engineering, namely quality of initial material, the
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conditions of electrospinning and the post processing methodologies utilised. In 2012 Meng et al [97] utilised an
interesting technique of in situ cross-linking through the utilisation of a rather complex solution formation
process. Understanding that the lack of inter and intramolecular cross-linking left electrospun material relatively
vulnerable and having the desire to not utilise toxic solvents or cross-linking agents, Meng et al decided to
incorporate a combination of ethanol, 1-ethyl-3-(3-dimethyl-aminopropyl)-1-carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), and 20x PBS to generate a solvent to which collagen was added. Whilst
yielding similar tensile strength to native tissue this process is potentially limited by its generation of relatively
large fibre diameters, 0.42+/-0.11um, due to higher viscosities. More recently in 2016 studies utilising both HFP
and benign solvents such as Acetic acid can be seen in studies such as those by Dhand et al [98] and Castilla-
Casadiego et al [93] respectively. A 2018 study by Le Corre-Bordes et al [99] compared the electrospinning of
collagen (therein referred to as denatured whole chain collagen derived from New Zealand based hoki fish
scales) utilising of acetic or citric acid as the benign solvent. This investigation noted that a lower concentration
of collagen from cold-water fish was required in comparison to mammalian derived collagen (in this study

bovine gelatin) and yielded lower diameters for studies utilising acetic acid (150-350nm).

Table 4: Showing the various electrospinning parameters utilized in previous studies

Name Collagen Solvent Concentration | Input Air Gap Delivery | Collecting Resultant
source Voltages | Distances Rates Surface Fibre
Diameter
Zhong et al: Type | HFP (1,1,1,3,3,3 0.08g/ml 15kV 150mm 1ml/h 15 m/s
(2006)[88] (calf skin) | hexafluoro-2- Approx.
propanol) 19098rpm
Dong et al: Type | Phosphate-buffered 0.16g/ml 20kV 100mm 1ml/h Rotating 210nm (at
(2008)[90] 5% type saline and ethanol. drumat im/s | 20x salt
1] With a ratio of ethanol concentration)
to buffer = 1:1
Jhaetal: Type | HFP (1,1,1,3,3,3 Varied 22kV 250mm 3-7ml/hr | *NS, **Ass: Nominally
(2011) [96] hexafluoro-2- Stationary 1um
propanol) plate
Meng et al: Type | Ethanol, EDC, NHS, 0.16g/ml 20kV 120mm 0.5ml/h Rotating 0.42+/-
(2012) [97] 20x PBS drumat5m/s | 0.11pm
Dhand et al: Type | Hexafluoro propanol 0.08g/ml 13kV 170mm 1ml/h Stationary ~100nm
(2016)[92] (Bovine) plate
Castilla- Type | Acetic Acid 2,5,7and10% | 20kV- 100mm 1ml/h- Rotating ~175-400nm
Casadiego et wiv 47kV 5ml/h mandrel
al (2016)[93] 1554
Le Corre- Type | Acetic Acid 5-40wt% 30kV 100mm Gravity Stationary 150-350nm
Bordes et al (Hoki) Citric Acid 5-30wt% fed SEM pins 300+/-25nm
(2018) [99]

*Not stated, **Assumed
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2.8.7 Additional noteworthy developments for corneal and three dimensional electrospinning
fabrication

Recent design and process-orientated developments relating to corneal tissue engineering have yielded
techniques such as:

e The laser perforation of electrospun scaffolds to increase the porosity and integration of biomaterial
[100]
e Anintroduction of a novel method of collecting aligned electrospun fibre [101]
e The application of heat to collectors in the attempt to evaporate residual solvents and thereby increase
fibre porosity [82]
e The use of a hemispherical collector designed to achieve fibres aligned radially from a semi-sphere
summit [102]
A note should be made regarding the studies which have utilised multiple polymers/additional polymers
together with collagen studies [57, 100, 103]. These combinations overcome difficulties associated with the
hydrophobicity/functionality of electrospun collagens. Whilst such studies have been employed in investigations
focused on corneal reproduction/tissue engineering this research will instead focus on the alternative
functionalisation techniques employed in solely collagen-based electrospinning. In many electrospinning studies
electro-spun fibres lack the functionality derived from fibre-to-fibre cross-linking seen in natural tissue and
other manufacturing processes. From an engineering perspective there is a lack of structural bonding holding

the fibres together (an example would be a lack in resin in a carbon fibre matrix).
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2.9 Functionalisation of Electro-spun Fibres

The post processing of electrospun fibres such as collagen is often in the form of crosslinking, the bonding of
adjacent fibrils together to formulate a functional group/scaffold[104]. It is through this bonding that the

mechanical strength, elasticity and wear resistance of the natural collagen fibre-based constructs is derived [91].

2.9.1 Functionalisation through chemistry
From a chemical/chemistry perspective there are two predominant methodologies for functionalisation, namely

covalent chemical and amino-acid side chain intermolecular cross-linking [105].

Covalent chemical cross-linking makes use of agents such as glutaraldehyde, epoxy compounds, and
isocyanates neighbouring collagen fibrils can be covalently coupled. Glutaraldehyde is a popular choice found
in many studies due to its availability, low cost, solubility in aqueous solution and rapid reactivity [88, 105,
106]. This process is however limited in that agent properties become embedded in the fibre yielding issues in
biocompatibility. In particular, glutaraldehyde is highly toxic and as such is not an ideal candidate as an agent
for cases requiring implantation or heightened exposure. The process known as amino acid side chain
intermolecular cross-linking does not embed agent contaminants, rather agents such as carbodiimide or azyl
azide act as catalysts promoting the bonding of already present and reactive amino acid side chains. These
agents are advantageous in that they can easily be removed after the crosslinking has occurred [105]. A recent
study comparing the application of the agents glutaraldehyde, genipin, EDC and ADC-NHS vyielded that
collagen crosslinked with either N-(3-dimethylaminopropyl)-NO-ethyl-carbodiimide hydrochloride (EDC) or
EDC with N-hydroxy-sulfosuccinimide (EDC-NHS) was optimal at retaining fibre morphology, resisting

degradation and ensuring stability in physiological fluid over time[91].

2.9.2 Functionalisation through engineering
From an engineering perspective there are two predominant methodologies for functionalisation, namely

polymerizing compound and physiochemical cross-linking [105].

Collagen fibre structures can be reinforced through the exposure to polymerising compounds which act to hold
the fibres in place retaining form and optimal structural functionality. This process is comparable to the common
engineering practise of adding a resin-component to fibre matrixes, an example being the addition of resin to
carbon fibres allowing for carbon fibre reinforcement. It must be noted that the resin-components are chemically
separate from the fibre matrix and act purely as support and not a form of inter-fibre bonding. When utilising
this method of functionalisation the requirements for biocompatibility of the polymer used must be equal to
those of the resulting application [105]. For situations in which the application of chemical or polymerising
agents is not viable, technology can be utilised to generate physiochemical cross-links. These processes make
use of photooxidation, dehydrothermal treatment, dehydration and microwave irradiation to activate reactive
amino acid side chains for bonding. One such physiochemical method known as UV irradiation includes the
exposure of the collagen to 254 or 514 nm wavelength light. This method does not introduce any potentially

toxic elements, however overexposure to treatments such as UV irradiation can degrade the collagen [105].

As this project deals with the generation of biocompatible structures, interest include the currently accepted
medical practices which involve in vivo functionalisation of collagen fibre found in this projects

introduction/motivation (i.e. treatments involving the cornea).
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2.9.3 Invivo cross-linking

The cross linking of collagen in vivo to treat the corneal ailment known as keratoconus is of particular interest as
these cases require a highly biocompatible crosslinking process. This crosslinking occurs through a
physiochemical process where the collagen is exposed to liquid riboflavin/vitamin B2, which acts as a
photosensitizer for the collagen, and ultraviolet A light (UVA), which acts as a photo-activator for the cross-
linking process [107, 108]. Whilst the exact location of this crosslinking is unknown, it is hypothesised to occur
at a molecular level, between individual fibrils or between fibrils and the surrounding matrix. This methodology
has resulted in the stabilisation of the biomechanical properties of the collagen within the cornea for more than
10 years [109]. In general, this corneal collagen crosslinking procedure occurs as the introduction of riboflavin
over a duration of time after which there is a pause which is assumed to allow for the riboflavin to interact with
as much collagen as possible, this is followed by UVA exposure [108-110]. This process, specifically the speed
and duration at which the cornea is exposed to riboflavin and UVA is limited by the in vivo nature of the
treatment. Of interest is the potential to introduce this riboflavin-based crosslinking methodology to an additive
manufacturing based approach whereby the riboflavin crosslinking occurs thoroughly within the resultant
collagen tissue. Due to the uncertain nature of the location of the crosslinking through this treatment, there is a
potential requirement to ensure that other cornea constituents such as proteoglycans and additional collagen
types are included in this process. A note should be made regarding the already present cross-links in this in-

vivo based procedure.

2.10 Application of Functionalisation

Predominantly the application of functionalisation agents has occurred as a post process separate to the
electrospinning [104]. Of interest would be the inclusion of controlled/automated agent delivery. There is also
interest in the inclusion of Additive manufacturing techniques as well as other coating mechanisms to achieve

this goal.

2.10.1 Depositional Additive Manufacturing

Within Additive manufacturing, the two predominant forms of material deposition are extrusion and droplet
based printing. Both of these techniques have been employed alongside electrospinning, generally in the form of
a layer from one process being followed by a layer from the other process [81, 111, 112] (Figure 26). It is useful
then to understand the processes involved in these 3D printing techniques, as these can be applied to future

applications of functionalisation.

Sequential process Extrusion/Inkjet and Electrospinning

Electrospinning

Extrusion/Inkjet

U.,' __

[ ] ] Loss of spun resolution

Figure 26: Image depicting the loss of electrospinning z-resolution via the introduction of extrusion/Inkjet
methodologies.
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Extrusion based printing is perhaps the simplest form of 3D printing, this utilises force from either pneumatic or
mechanical mechanisms to generate a stream of material at precise locations. Unlike this, droplet based printing
occurs in many forms, namely inkjet, acoustic and microvalve printing. Within these forms inkjet is the most
popular this is in part due to acoustic printing being susceptible to failure from exposure to external disturbances
commonly found within automation and 3D printing [113] and micro-valve printing yielding relatively poor
resolution [113, 114]. Inkjet occurs as either continuous or drop-on-demand, the latter being preferential as it
allows for greater depositional control [24, 45]. Additionally this occurs through two predominant mechanisms,
namely thermal (rapid induction of extensive heat, 200-300°C in bio-printing, resulting in rapid vaporisation
forming a bubble and pressure wave which expels a droplet), and piezoelectric (induction of high pressure
which expels a droplet). A note should be made regarding inkjet’s electro-hydrodynamic jet printing a
continuous printing form which employs similar mechanisms to electrospinning and relatively small droplets
(resolution dependent on the same parameters found within electrospinning) are generated instead of fibres [24,
41, 46, 47, 73, 113-116]. Note that as with other forms of continuous inkjet printing there is relatively little

control associated with electro-hydrodynamic printing.

One of the major drawbacks of implementing current additive manufacturing techniques as post processes is the
loss of the z-based nano-scale resolution. Thus, there is interest in the ability for agent application at a nano-
scale (as discussed in The Problem Space) and the potential of coating mechanisms to accomplish this. Due to
the biological nature of the project, coating mechanisms that generate excessive heat such as plasma or arc spray
coating mechanisms will not be of interest. A coating mechanism common to both additive manufacturing post
processing as well as electrospinning crosslinking is the exposure of fabricated objects to vapour from a vapour
bath mechanism [117-119]. This technique allows for an increased surface area exposure to
functionalisation/processing agent however typically requires an extensive period of exposure to ensure
maximum results. Typically, this process makes use of an actuator to encourage the vaporisation of a
collection/bath of solution above which the part is hung [Figure 27]. Ultrasonic atomization (UA) is a good
example of such an actuator. [120-122]. The component acts to generate a series of high frequency pulses within
a solution, these pulses generate agitation upon the surface of the media which results in the dispelling of
particulates in the form of vapour. This technique is capable of generating particulates below 100nm through the
modification of transducer wave amplitude and frequency [120]. A key benefit for the utilisation of vapour for
functionalisation is that the resolution of the object could potentially remain relatively unchanged, as interaction
will occur at the resolution of the resulting vapours particulate (typically nano-scale). The major drawback for

vapour techniques is the lack in ability to control the deposition of vapour particulates.
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Lid

Part

Vapour

Solution

Vaporisation Actuator

Figure 27: An example depiction of vapour exposure for post processing

2.11 Literature Review Summary

From the above review, the following understandings have been derived. Additive manufacturing research
relating to the use of 3D printing in the generation of fibre-reinforced structures is highly relevant for the
production of objects having greater mechanical capabilities. Additionally fields such as Tissue Engineering
utilise 3D printing in the form of bio-printing to generate significant structures from biopolymers. Bio-printing
mechanisms have the current capability to accurately distribute cells at a nanoscale (inkjet and electro-
hydrodynamic bio-printing). These technologies however lack the capabilities to generate structures comprising
of precisely placed and functionalised nanofibers in layers of alternating orientations such as those found in
structures such as the stroma. The stroma is similar in structure to established fibre-reinforcement within typical
engineering. Currently no Additive manufacturing technique whereby control related to the characteristics of
produced fibre can simulate such structures exists. Electrospinning is a technology capable of this nanofiber
production and controlled fibre placement however yields issues with fibre functionality and biocompatibility.
Methodologies have been employed to resolve these limitations through the application of functionalisation
agents; however, these have resulted in the loss of the desirable high-resolution. Vapour-based techniques could

potentially resolve this limitation but these currently lack sufficient control for complex tissue fabrication.

The literature review has provided an understanding of the current potential for submicron and nanofiber-based
fabrication through additive manufacturing. From this, a project hypothesis is formulated and future work

justified.
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Chapter 3 PoST LITERATURE REVIEW HYPOTHESIS

The project hypothesis is focussed on resolving certain limitations within additive manufacturing namely
control of fibre formation and alignment, the manipulation of constituents at nano-resolutions and the
implementation of precision without extensive heat and pressure [15]. The understanding derived from the
current Literature Review has yielded a hypothesized technique capable of implementing an additive
manufacturing based approach to yield structures having submicron and nanofiber based characteristics, similar
to those seen in the traditional fibre reinforced objects and biological tissues such as the stroma [Figure 29].
Utilizing established electrospinning technology aligned nanofibers will be produced in a single orientation.
These will be collected upon a surface that will then be exposed to a coating of vaporized functionalization
agent. This surface will then be actuated allowing for the electrospinning of a new layer of aligned fibre in a
different orientation to the previous layer. Through the repetition of this action, the process will implement
additive manufacturing’s fundamental layer-by-layer approach to yield a structure. These will contain aligned
fibre at varying orientations and be similar to tissues like the stroma [5, 65, 67]. Through variation in the areas
of applied functionalization, complex three-dimensional objects can be generated (a technique similar to
binderjet 3D printing). Currently there exists no means to accomplish the validation of this hypothesis as a
manufacturing technology. As such work will be conducted to generate a novel research and development
orientated device capable of both validating the intended hypothesis as well as allow for further research

variations and development within this field [Figure 28].
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Figure 29: Hypothesised process derived from Literature Review
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Chapter 4 EXPERIMENTAL COMPONENT DEVELOPMENT

In order to evaluate the accuracy of the projects hypothesis within the project, various mechanisms/technologies
were required. This chapter will discuss how this research and development was facilitated within the scope of
the resources available for the project. The ideation, development, and evaluation of mechanisms and their

resultant functionalities will be analysed within this chapter.

4.1 Project Research and Development Scope limitations

As with all engineering projects (specifically those dealing with mechanism/device development), this project
was limited by time, available technology and finance. Namely funding for the PhD would last 3 years, Massey
University’s School of Engineering did not have any active electrospinning and polymer chemistry equipment
relative to this type of research and the project finances were limited to approximately NZ$30, 000.00 for capital

expenditure (equipment/materials purchasing).

Typical electrospinning devices are quite costly and with respect to this project can have limited
control/automation capabilities. One such device is Electrospinz Esal device, which utilizes a relatively
uncontrolled flowrate and collector positioning system which costs approximately NZ$15, 000.00 [Figure 30].
Another device having much greater capabilities of automation is the 4SPIN (CONTIPRO), unfortunately this
device was not financially feasible costing approximately NZ$139, 110.46 [Figure 31].

Figure 30: The simplistic Esal electrospinning device
by Electrospinz [3]

Figure 31: The 4SPIN modular electrospinning research
device by CONTIPRO [4]
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These were evaluated according to the mechatronics systems implemented and ease of reproduction of

mechanism functionality relative to project requirements. If for example a requirement to reproduce a

mechanism related to stepper motor control and this was already required/implemented elsewhere within the

project, then the relative complexity in reproduction was reduced. Given that stepper motor control was a

fundamental part of this project, the purchasing of mechanisms or devices which functioned solely on this form

of control was not deemed financially viable (e.g. syringe pump devices). Table 5, Table 6 and Table 7 illustrate

the evaluation techniques employed to derive the time relative to financial liability evaluations for the desired

machinery, examples provided are for ‘an electrospinning machine’, ‘High Voltage Power Supply’, and

‘Syringe Pump device’.

Table 5: Evaluation of time versus financial liability for the ESal Device

Device complexity

Cost

Future Integrative

compatibility

Time for local

production

Manual Gravitation
based flowrate control
and collector
manoeuvrability.

Use of High Voltage

Power Supply.

Relatively high
(~ Nz$15, 000.00)

Easily integrated via the
implementation of relay

and control mechanisms

Easily reproduced if
High Voltage Power

Supply is purchased

Table 6: Evaluation of time versus financial liability for the High Voltage Power Supply

Device complexity Cost Future Integrative | Time for local
compatibility production

Highly precise | Relatively low Easily integrated via the | Extensive time for

electronic control and | (<Nz$1, 000.00) implementation of relay | testing and health and

safety mechanisms and control mechanisms safety approval

Table 7: Evaluation of time versus financial liability for the Syringe Pump

Device complexity Cost Future Integrative | Time for local
compatibility production

Precise stepper motor | Relatively high Decentralizes machine | Relatively low due to

controlled lead screw

actuation.

(> NZ$2, 000.00)

functionality as control of
extrusion is implemented

elsewhere.

similar  requirements
elsewhere within
project
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Whilst the department at which the project was conducted did not own equipment typically associated with this
research, it did allow for the use of an extensive engineering workshop and technician capabilities to construct
much of the desired mechanisms/technologies at a relative lower cost. Of particular relevance to this project was
the ability to utilize the rapid prototyping technology within this facility to generate many of the required
devices/parts of the project. One such technology was the Laser cutter (Universal Laser Systems PLS6.75,
Figure 32) which allowed the prototyping of project parts through the processing of relatively cost effective
Acrylic (PMMA) (approximately NZ$200.00 per 4.5mm by 2440mm by 1220mm sheets). This acrylic was
utilized to generate much of the structural forms within the project and acted as a relative insulator between
certain regions of electrostatic potential. Acrylic was also utilized as the preferred material within the project
due to its ease of local manipulation and sourcing, however it should be noted that other materials with greater
insulator properties could have been utilized e.g. glass. Additionally the local lathe and CNC (Computer
Numerical Control) machining capabilities (Figure 33) allowed for the relative ease in manufacture of more
complex aluminium parts (some of which being required to conduct charge). In general, the workshop facilities
allowed for an ease in the fabrication of any engineered solution through its available technologies, these
included both polymer and metal processing 3D printers, a large waterjet cutting machine, lathes, manual mill,

and general tool selection (Figure 34).

Figure 32: Universal Laser Systems PLS6.75 Figure 33: SMTCL BRIO MILLER 8 CNC Machine

Large waterjet cutter Lathes and Manual Mill ‘ ProJet 5500 X Multijet

Polymer 3D Printer

ADVANCED UNIVERSITY ‘
WORKSHOP CAPABILITIES '

| ProX DMP 100 Large SLS (Sinterstation 2500plus & TPM) { General tools workshop workspace
| Metal 3D printer Polymer 3D Printers

Figure 34: List of advanced capabilities within the Massey University Engineering workshop
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4.2 Design and Development Philosophy

It is worth noting that much of the design and development work within this project was conducted for and in
relation to the patent application (partially provided in Appendix C: Related Patent Application (partially
disclosed)). A significant portion of this project involved the generation of devices capable of evaluating the
various hypotheses discussed in future chapters. This development centred around a standard design philosophy
involving ideation (the formulation of concepts/ideas), initial prototyping, design evaluation, optimisation.
Certain mechanisms/devices within the project required repetition of this process until a functional result could
be achieved. Typically, Ideation involved a rough sketch of concepts, the most developed of which were
translated into Microsoft Word graphics. These were transformed into SolidWorks CAD if/when required and
constructed through appropriate or available technologies and materials. Figure 35 further illustrates the cycle of
the design philosophy utilised in the project and will provide a framework for discussions in component
development discussions. To further illustrate the application of this ideology, the project can be described as
involving three main areas requiring design and development, namely electrospinning, additive
manufacturing/3D printing, and combined systems development. The electrospinning developments will relate
to components such as the syringe pump, extruder, charge control mechanism and collector/collecting surfaces.
With regards to additive manufacturing mechanisms relating to ultrasonic vaporisation, lithography and plasma
material modification will be created. Finally, the developed work will undergo a systems integration process
within which methodologies for productivity optimisation will be evaluated. These stages and their related
components are illustrated in Figure 36.

Component/Device design philosophy

Ideation Initial Prototyping Design Evaluation Optimisation
e Key points desired » ¢ CAD » o  Key Features » e  Improvements
e  Sketch/image e  Construction

Figure 35: Flowchart depicting design process

COMPONENTS RELATED TO THE PROJECT FOR WHICH THE DESIGN PHILOSOPHY WILL BE APPLIED

———> SYRINGE PUMP DESIGN ——>  UST VAPORISER DESIGN [~ SYSTEMS INTEGRATION
_— EXTRUDER DESIGN f——— LITHOGRAPHIC SYSTEM DESIGN > SYSTEM PRODUCTIVITY
——>  CHARGE CONTROL 3 PLASMA SYSTEM DESIGN

— COLLECTING SURFACE DESIGN

Figure 36: Three main areas of project component design and development
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4.3 Material Actuation Development

Electrospinning processes require the introduction of material into or upon a charged surface, as such this
section will detail the development of material actuation to the region of electrostatic actuation. The desirable
flow rate within this project is modelled after studies found within literature relative to collagen namely 1mL/h
[88, 90, 92, 93]. A highly prominent methodology to accomplish this is through the use of syringe pumps [72-
74]. lronically the syringe pump, which was identified as a relatively costly (approximately NZ$1, 000.00 to

NZ$2, 000.00) yet simplistic device, required a relatively high degree of design modification and development.

43.1

The development of this device can be described according to the device placement, the capabilities of available

Developmental progression

motors (flow rate) and charge proximity to conductive elements and the effects (electrical arcing). The
construction of the device made use of a Nema 14 and various laser cut acrylic components, the progression

including notable variations/developments for this device can be seen in Table 8: Material actuation

development.

Table 8: Material actuation development

Component/Device design philosophy progression

Ideation

Initial Prototyping

Syringe with solution

Stepper motor driven leadscrew

Design Evaluation

Optimisation

Dual Syringe capacity

||

Stepper Motor Actuator

Smaller Syringe

Stepper motor

\!
A

Increased distance between conductive

solution and conductive actuation

elements.

®  Syringe attachment | ®  Large device e  Smaller device e  Dramatic removal of
fixture e 2 x60mL syringe capacity e Arcing of HV to conductive elements

e Stepper motor driven | o  Microstepping torque conductive surfaces e  Grounding of motor housing
leadscrew actuated restrictions (skipping steps) | ®  Stepper motor disruption
piston

e mlL/h

VErsus mL/mm

restrictions

e  Electronic components

damaged (arcing)
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4.3.1.1 Device placement

Initial designs made direct use of a syringe pump within the process/printing working area (Figure 37), this
required a larger area to accommodate the syringe pump with concerns of the motor electronics having impact
on the electric field fundamental to electrospinning. To overcome these concerns a pipe and valve based system
were incorporated (Figure 38). The small quantities utilised in a 10mL syringe resulted in a requirement to
prime the tubing with material prior to actuation (i.e. there was not enough material in the syringe to be
transferred to the point of extrusion. One potential method to overcome this requirement was through the use of
a peristaltic pump. Unfortunately, due to the fundamental nature of these employing staggered/non-continuous

actuation as well as the undesirable compressive force on the polymer solution, they were discredited.

Initial Prototype incorporating the syringe pump within the electrospinning region

Control Valve Prototype

Figure 38: Control valve
mechanism prototype

Figure 37: Prototype having syringe pump included in electrospinning region

43.1.2 Flowrate

Initially a large syringe pump device was generated and made to be capable of actuating two 60mL syringes
with the intent of allowing for future coaxial electrospinning experiments. This prototype did not account for the
capabilities of the utilised lead screw as well as the stepper motor actuation required to yield relatively low
flowrates (1ml/h). The Nema 14 motor utilised had a step angle of 1.8°, which resulted in the requirement of 200
steps to generate one revolution of the motor shaft. The leadscrew lead was capable of providing 1mm in linear
actuation per rotation. Thus, 200 steps of the motor would result in 1mm of linear actuation. The utilised
standard 60ml syringes (diameter x and length y) would produce 1ml of extruded material for every 1mm of
linear actuation. Thus to achieve a flowrate of 1ml per hour the motor will be expected to rotate once per hour,
equating to 200 steps per hour which equates to 200/60 = 3.33 " steps per minute and 0.05 steps per second. This
speed is far too low for the motors to actuate smoothly, namely it would result in an inconsistent flowrate. A
popular method to reduce these irregularities in stepper motor control is through microstepping, a technique
which enables an increase in the number of steps possible for the motor per revolution via PWM of voltage.
Namely, the 1/16th microstepping of the utilised motor will equate to 200 x 16 = 3200 steps per revolution. For
the example flowrate of 1ml/h using the 60ml syringe this would allow for an increase in steps allotted per
second to be approximately 0.9steps. This would still result in a relatively inconsistent flow rate, additionally
one of the major limitations of utilising microstepping relates to this techniques reduction in the output motor
torque. As such, the motor was unable to provide enough torque to the leadscrew to overcome the frictional
forces of the syringe and its solution. The system was evaluated with the limitations of the utilised lead screw

and syringe size being the components identified as resulting in mechanism failure. Modifications to the
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leadscrew, namely a smaller lead, could potentially achieve the results required this would however be relatively
expensive. Given that electrospinning does not require a large amount of material to be processed to generate
fibre for flow rates of 1ml/h, a much smaller syringe capacity could be utilised. Thus instead a 1ml syringe
(diameter 6.75mm and length 66.5mm) having output equivalent to 0.01ml per mm allowed for the actuation of
8.88” steps per second which in turn allowed for a much more regular flow rate. It is worth noting that this also
allowed for a reduction in torque required by the motor to overcome frictional forces, this allows the system to
fabricate with solutions of varied viscosities.

4.3.1.3  Electrical Arcing

A major problem faced within this mechanisms development was the tendency of the electric potential within
the solution to arc towards the devices conductive rods and mechanical components. This resulted in the
accumulation of charge in undesired regions as well as a disruption of the stepper motor or damage to electronic
components such as motor controllers. Thus a further syringe pump device was generated which acted to
dramatically separate the syringe from the conductive elements of the device. Additionally to aid in the

unwanted disruption of rogue charge upon the motors, the housings were connected to ground.

4.3.1.4  Final Syringe Pump Design

The final syringe pump developed within the project was much more compact than previous renditions. This
design acted to shield the conductive elements from one another via the use of acrylic coverings, additionally
the mechanism was now equipped directly with two pushbuttons which allowed for the interaction of the user
with the actuated platform during the loading of material. This interactivity is intended to allow for the
controlled generation of the desired meniscus prior to the initiation of electrospinning. This design and its

features are highlighted in Figure 39.
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Figure 39: Final syringe pump design with covered conductive elements
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4.4 Electrospinning Point of Extrusion (POE) Development

Some experimentation was done with respect to the nature of the point of extrusion (POE) within

electrospinning, namely the regions at which the solutions would be exposed to the high voltage. Following

literature [11], developments of these tended to favour a more ‘nozzle-less’ system in an attempt to yield a

higher productivity of fibre.

441

Developmental progression

The POE components were manufactured through the computer numerical control (CNC) machining or waterjet

cutting of aluminium. The main areas of interest within this area of development related to the nature of

electrospinning Taylor cone formation relative to surface tension forces and the effects of component

serviceability. The progression including notable variations/developments for this device can be seen in Table 9:

POE developmental process.

Table 9: POE developmental process

Component/Device design philosophy progression

Ideation

Initial Prototyping

Design Evaluation

Optimisation

®  nozzle/needless system

e  Bath of charged solution

Machined aluminium
with fitting

Bath of material was largely
unreactive resulting in tests
with smaller nozzles and flat

plate extruders

Brass and aluminium nozzle
system with smaller diameter and

less surface tension to overcome
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4.4.2 Taylor cone formation

Of interest with regards to the generation of electrospinning was the potential to increase the productivity of
fibre fabrication through the implementation of a solution-bath like approach. This development was an attempt
which was intended to further identify the potential for nozzle-less/actuator less charged solution-based
techniques discussed in literature [11]. Initial tests involved the utilisation of a flat bar of aluminium upon which
collagen-solution was distributed and charged to 45kV (with a grounded rod positioned 125mm from this) with
the intended electrospinning region being kept at approximately 30°C. This experiment generated no identifiable
Taylor cone formation, it was hypothesised that this was potentially due to the difficulties in controlling the
distributed area of solution. As such, a simple investigation in which the effects of distributed solution/bath
surface area to the formation of a Taylor cone was conducted. This occurred through the use of a piece of
aluminium in which three cavities having diameters 12mm, 6mm and 3mm were generated. These were filled
with solution, allowing for a greater control of the surface area of the ‘bath’. The experimental conditions
utilised were the same as the initial test, with each test only filling the desired cavity. Unfortunately, no
formation of a taylor cone could be identified from this evaluation which demonstrates a thorough requirement
for the presence of a meniscus or stretching of the surface region to allow for a weakening of the surface tension
forces and generation of a Taylor cone. This confirmed the literature derived explanation of the physics related

to this electrospinning feature. Figure 40 demonstrates the four implemented surfaces utilised.

‘ Initial Experiment | Solution-region control plate ‘

No identifiable charge Tavylor cone formation 3mm 6mm 12mm

AEIT U

O —

Uncontrolled solution surface region/area

12mm Test 6mm Test 3mm Test

Figure 40: Attempt at identifying potential solution-bath extruder type
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Following the nozzle-less experiment, nozzle-based equivalents were trialled. Initially an available 3mm
polymer nozzle was covered in aluminium foil and to determine whether the meniscus from these would allow
for adequate Taylor cone formation. These trials were successful and an extruder having a brass inlet and outlet
was made, this was a largely successful extruder, the only limitations relating to serviceability and modularity.
The last POE developed mimicked the rotating disk system employed in Revolution Fibres AGL electrospinning
machine (depicted in Table 10 in the Ideation section). This device utilises an extrusion-less system in which a
charged rotating disk moves through a vat/bath of ‘Solution’. A disk having regions upon which solution having
sufficient viscosity could be suspended was generated. This disk had slight recesses which when rotated through
a viscous solution would act to collect and hold this material via surface tension. Electrospinning occurred by
the application of high voltage to this rotating disk, as such one of the complications of this technique related to
the insulation of the motor driving the rotation from the high voltage. This extruder operates at a constant
rotational rate carrying the solution via surface tension adhesive forces with Taylor cone formation occurring
when the rotated material reaches a critical magnitude within the electric field. Whilst designs along with
prototypes relating to this technique were generated, due to concerns related to the additional complexity of an
additional actuator and the effects of this on electric fields within the electrospinning chamber as well as the
non-critical requirement of this within the project scope, this idea did not undergo further development. As such
for the remainder of the project the nozzle-based approach was utilised. It is recommended that this technique be

further evaluated within future research and development.

Table 10: Development of mimicked rotating disk extruder

Component/Device design philosophy progression

Ideation Initial Prototyping

‘ Potential gear-based prototype ‘

J =

3D printed attac!

. CAD design ‘

‘ Waterjet cut aluminium design

e rotating extruder utilised in the AGL design with | ®  designed and prototyped singular disk extruder

hypothesised functionalities e non-conductive motor attachment
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4.4.3 Component Serviceability

One of the largest limitations within the testing process related to post-testing cleaning/purging of the extruder
system, namely the solidification of undesirable residue material within the extruder chamber. Additionally
extruders could not easily be removed to account/manage these limitations. These restrictions in functionality
promoted the need for a redesign allowing for an ease of cleaning and removal/replacement of extruder systems.
These issues and the resultant development are described in Table 11: Redevelopment of extruder system for
increased accuracy and serviceability. Modifications to the POE design included the removal of the 90° angle
within the extruder chamber and incorporated a modular approach whereby the utilised extruder type was
attached to a charged plate via a sliding mechanism. This improved the serviceability and accuracy of these

components, with the new design manufactured through the assembly of waterjet cut 6mm aluminium.

Table 11: Redevelopment of extruder system for increased accuracy and serviceability

Component/Device design philosophy progression

Further Evaluation Further Optimisation

SOLUTION AGGREGATION IN EXTRUDER BLOCK CHAMBER

! Modifiable/modular Q
- @l plate 3

SOLUTION AGGREGATION IN PIPING

Sliding mechanism

e  Blockage in piping and extruder e  Waterjet cut aluminium (6mm)
e  Difficulties in cleaning/replacing items e Modular design for extruder variations
e  T-groove connection

e  Servo-motor controlled High VVoltage connection

51




MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

4.4.4 Charge control

In order to allow for an automated approach to electrospinning, some mechanism to control the moment at
which the charge would be applied to the solution was required. This would allow for no unwanted
electrospinning to occur in the setting of voltages (yielding a time disparity in processes and desired outcomes)
and allow for a higher degree of Health and Safety (as emergency disconnection of the power to the extruder
could be coded). In order to achieve this a high torque servo motor was attached to the charged electrode wire

from the high voltage power supply via a laser cut acrylic mount (Figure 41).

High Voltage Electrode

Figure 41: High Voltage plate connected to servomotor via acrylic mounting plates
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45 Fibre Collection Development

The nature of fibre collection was of interest within this project due to the desire to fabricate three-dimensional
objects from these. Given the difficulties in removing or manipulating fibre deposited against/onto substrates

[81, 82], methodologies which would allow for direct interaction with these were investigated.

45.1 Developmental progression

In Chapter 2: Literature Review the parallel electrode technique was highlighted as a viable option for this
project however, alternative methods were identified with potential to yield a higher productivity. The major
developments with respect to this part related to a collector that would maximize productivity whilst retaining
alignment and a method for the transferring and manipulating fibre into a three-dimensional form. To
accomplish this development a range of technologies including a FDM 3D printer, Metal Lathe, CNC, waterjet

cutter and laser cutter were utilised.

45.2 Fibre collection surfaces

Generated fibre was to be evaluated via SEM imaging, thus a means to transfer the surfaces from the
electrospinning apparatus to evaluating technologies was required. In typical electrospinning studies, the
transferal of generated material is achieved via removable material that is located within the proximity of
collected fibre. Within this research, many removable surfaces have been generated to evaluate the nature of
generated fibre. These forms did not develop as iterations or improvements of one another but rather as means
for evaluating different outcomes within experimentation. This related to assessments of technique productivity,
modified collector topography, fibre molding upon 3D forms and the processing of solely generated fibre based
objects. In order to provide a benchmark for all experiments, flat/planar collectors were generated either from
3D printing of ABS or laser cut pieces of Acrylic. It is important to note the experimentation with 3D printed
guide rods and acrylic structures upon which collectors were places to minimize error in manual collection.
Additionally all collection surfaces with varied topography/dimensionality were 3D printed from ABS. The

generated surfaces including their chief instigative purposes are depicted in Table 12.

Table 12: Generated surfaces including their chief instigative purposes

Collection surfaces utilised

Productivity Collector topography Fibre molding Fibre based objects

Modular ¢ g mechanism for surface

T Various collector surfaces variation and easy removal Version without sliding mechanism ‘
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4.5.3 Collection surface evaluation and development

The ‘fibre based object’ surface was quickly identified as being a capable form for the collection of fibre
without a high risk of distorting and generated alignment characteristics (unlike the dome surface, which could
have allowed for movement of fibre from uneven stress distribution. The usage of this surface and the related

collected fibre is displayed in Figure 42.

Figure 42: Displayed collections of fibre upon the 'fibre based object' collector demonstrating a clear variation of
collection at 90° angles

Following studies related to the nature of vapour distribution (discussed later within this chapter) the use of the
‘Fibre molding” surface resulted in the identification of issues regarding the retention of fibre upon a spherical
surface. This resulted in the either the premature breakage of deposited fibre away from the initial location or
alternatively the reluctance of material to separate onto the collector. This uncontrolled material was able to
either wrap upon the surface of the collector thus distorting prior and subsequently collected fibre alignments or
dislodge from the surface of the collector (due to gravity) and disrupt the established fibre matrix. The analysis
of the distribution of vapour particulate (discussed later within this chapter) resulted in the requirement for the
surface to allow for the distribution of particulate through any acquired fibre. This resulted in a mesh like dome
surface for this collector. This had the potential to further allow the fibre to bend around the now smaller
collision region of the collector with the intent being that the fibre could stretch and fit upon the mesh.

Unfortunately, this still did not allow for a smooth/controlled collection of fibre as can be seen in [Figure 43].

Development of fibre molding to include mesh Broken uncontrolled fibre retrieval

Original Surface Developed Mesh Fibre stretches from Retrieved fibre not
Surface collector to mesh attached to surface

Figure 43: Development of fibre molding collector and limitations of these.
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Given that these issues of fibre retention in transferal were not identified when using the ‘fibre based object’
styled collecting surfaces, it was hypothesised that there is a critical fibre length/distance at which the
pressure/stress concentration of the collector will result in severing the fibre from its initial surfaces e.g. the
electrodes. Additionally it is worth noting that the nature of the placement of this severed material will be
relative to the surfaces between which the greatest surface tension occurs. These thoughts are illustrated in

Figure 44 and demonstrated as a side profile of the collector being applied to the fibres.

Electrodes

The resulting fibre placement
will be relative to the region
at which the largest surface
tension forces act upon it,
typically the collector.

y y X x

At distance x fibres
break under tension

At distance y fibres
are able to stretch and
cover the collector

Figure 44: Hypothesised relationship between fibre severing and collector distance to electrodes

Given the nature of the Fibre molding collecting surface being a semi-sphere there existed limited means to
ensure the fibres would wrap onto the entirety of this surface without changes made to the radius (height) of the
extrusion. Additionally the failure for fibre to separate when desired was of concern, as the ability to actuate the
collecting surface to the desired distance (x) would potentially result in collisions within the desired machines
constraints. This understanding led to the investigation for the use of features (additional extrusions)

surrounding the semi-sphere form to further enforce the separation [Figure 45].

_________________ 12
Collector Limitation 1
I
I
1
Fibre resists separation 1
from electrode 1
| I 1
e{ Uncontrolled fibre separation from electrode I
Intended Solution :
I
I
Controlled removal of desired ||
fibre onto the desire collector 1
_________________ 1
Figure 45: Intended solution for the enforcement of desired fibre separation.
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Following this ideation an initial attempt was to 3D print a boundary wall to act similarly to that of the

boundary wall of the ‘fibre based objects’ collector. Whilst this did somewhat achieve a controlled

separation of fibre, as can be seen in the bridges formed between semi-sphere and boundary wall this

surface continued to experience uncontrolled separation. Thus, a further attempt was made to instead

utilise a thin serrated edge that would have a greater capability of severing the fibre. These attempts as

well as the resulting final collector design are depicted along with notable features in Figure 46.

Attempt 1

Attempt 2

Final Collector

Uncontrolled separation

A

<

Bridging’ fibre

Modified collector with

serrated edge attached

‘Blade’ embedded within

3D printed channel

Figure 46: Depictions of attempt to generate a suitable collector for the 3D molding based applications
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4.5.4  Fibre collection unit development

The initial parallel electrode studies made use of aluminium brackets, which were connected to ground (Figure
48). Whilst this system was capable of generating aligned fibre, this was restricted to a fibre length of 30mm
(the maximum distance possible for this technique [87, 123]). Additionally restrictions related to the ease in
scalability and productivity of the technique. A high quantity of fibres could be generated via a parallel
electrode approach, however upon closer inspection (SEM image, Figure 47Figure 47) these fibres did not retain
a strong degree of parallel alignment. This lead to the hypothesis that given a dense enough collection of
electrospun fibres, resulted in material bridges between the grounded electrodes forming a new grounded plane
upon which newly collected fibres can become randomly orientated. It is worth noting that this experimentation

strongly indicates a critical time relative to alignment for this technique.

TM3030Plus 2018/07/24 10:28 h MUD4.3 x500 200 um

Figure 47 SEM image depicting fibres which have not
adhered to the aligned nature expected in parallele
electrode electrospining

Figure 48: Example of fibres deposited between
parallel electrodes

Experimentation utilising biomaterial-based solution (collagen) demonstrated a much lower generation of fibre
upon later developed complex collectors. To evaluate this limited output a new parallel electrode
configuration/mechanism was constructed from two parallel bars of aluminium extrusion (12mm) which could
be placed next to each other have a distance of 34, 24 , 10mm between one another. Initial evaluations of
experiments using this identified a lack of consistent fibre formation across the gap. Fibres did however coat the
aluminium bar. This further identified a relationship of solution reactivity (and thus resultant jet instability and
subsequent whipping) to collector surface area. It was hypothesised that in order to achieve a desired formation
of fibre between the airgap, a reduction of possible fibre routes (through the minimisation of attracting
conductive surface area) was required. It is worth noting that this minimisation was restricted to the 30mm
diameter and area limitations of the collecting surfaces, as these were required to be able to collect the
distributed fibre. A simple, quick, and effective way to evaluate this was to attach a sponge to insulate the
unwanted conductive regions. This allowed for the identification of fibres accumulating and ‘bridging’ from the
sponge insulators towards the collector electrodes and was indicative of the potential for these to now stretch

and form across the gap [Figure 51]. This technique was further developed to substitute the sponge with card
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wrapped in insulation tape that could slide on the collector, masking unwanted regions. From this, a well-
defined region of formed fibre was established across the airgap [Figure 50] which could be transferred onto a
collecting surface for further evaluation. A final version of this form of collection unit was generated having a
mechanism to modify the desired collection area [Figure 49].

Fibres stretching from sponge insulator to collector Well-defined layer of fibre spanning electrode gap

Figure 51: Utilisation of sponge as a temporary

' Figure 50: The formation of a desirable layer of fibre across
insulator and the results thereof

the air-gap

Slider component for easy attachment Desired fibre accumulation region

A

i ‘ \
, w.: IE.! -
'

A

Figure 49: Parallel electrode configuration equipped with slider for easy attachment as well as manoeuvrable
coverings to direct generated fibre.
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455 Rotating Collector Development

One of the major limitations of the parallel electrode approach lies in its inability to efficiently collect large
quantities of aligned ES fibre. These spatial restrictions are discussed in Chapter 2: Literature Review. Many
large-scale electrospinning technologies prefer the use of a rotating mandrel/conveyor approach. Figure 52
depicts the NS 851600U device by Elmarco which applies a conveyor approach to spool large quantities of fibre
generated by electrospinning [124].

Figure 52: Elmarco NS 851600U large scale electrospinning device

Whilst this technique has a higher capability in productivity for its scalability when compared to the parallel
electrode configuration, the accessibility to generated fibre is limited. This limitation refers to the ease of
removal of solely electrospun fibre from the collector. Typically, this mechanism is equipped with a removable
covering upon which the fibres are collected. It is important to note the un-bonded nature of the fibres, namely
that each generated strand of fibre is separate from the prior and subsequently strands. This makes it difficult to
process or remove the aligned fibre material. Additionally for the purposes of further automation, the rotating
mandrel approach was not identified as ideal. A similar alternative utilised in generating fibre for collection is
the approach whereby the mandrel surface is replaced with rods between which there is an airgap. The collector
acts similarly to the rotating mandrel approach however, in this design the spacing between rods allows for the
aligned fibres to be collected. The construction of this mechanism is detailed in Table 13: Development of
electrode mandrel hybrid collector.
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Table 13: Development of electrode mandrel hybrid collector

Component/Device design philosophy progression

Ideation

Initial Prototyping

Design Evaluation

Optimisation

oo

Central grounding rod

e Rotational collector

e Similar to parallel
electrode technique

e  Fibre collects
between rods

e Rods are grounded.

e Initial prototype
e Modular construction
e  Heavy

e  Multiple points of failure

e Singular part for

uniformity in rotation

e  Ground electrode is positioned
through the middle of the
rotating collector and aids in
rotational stabilization.

Note that the initial prototyping made use of steel rod segments which were modified (turned on a lathe) to fit
into a waterjet cut mounting plate. A motor mounting rod was connected to one side of the collector and a
stabilising rod, which was to be grounded on the other side. One of the main issues with this component was the
resultant weight and potential irregularities that could result in instabilities of the part when actuated at high
speed. Additionally there was a potential for the grounding mechanism (in this design a free spinning steel
sleeve) to result in a friction weld thereby damaging other components. Thus in an attempt to remove these risks
and potential harm to the user or machine componentry a second prototype was constructed from CNC
machined aluminium. This design was modelled on similar collectors from the CONTIPRO 4SPIN device with
this rendition allowing for a grounding rod to be placed within the middle of the collector both to enable
electrospinning and ensure rotational stability. This design proved to be able to collect aligned fibre without the
need for the entire component to be connected to ground. It is worth noting that the utilised rpm in generating
aligned fibres was approximately 100 rpm and that according to literature the modulation of this would result in

fibres of a smaller diameter and higher degree of alignment.
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Studies documenting rotating mandrel electrospinning of nanofibers often have these collectors actuated at high
speeds. Positional control of the collector was desirable for further automation, namely an automated approach
to retrieving depositions between the rods. The speeds required could easily be achieved via brushless DC
motors, however the control of these at high rpm becomes quite specialised. An alternative which could be
readily implemented using the established stepper motor technology within the project comprised of a gearbox
mechanism. This took the form of a stepper motor driven gear driving a much smaller gear (Figure 53). This
was prototyped with waterjet cut steel gears and was reasonably functional at delivering a 5:1 gear ratio (which
resulted in an output rotation of five times the input). The mechanism did suffer from the typical issues
associated with tolerances in non-precision manufactured gearbox systems. It is worth noting that prior work
demonstrated a capability to generate reasonably small fibres at lower rpms as such this portion of the research
and development was not seen as critical. As such this project recommends the future development of this
actuation element (either through the purchasing of a gearbox system or controlled high speed motor

configurations).

CAD Design Manufactured Prototype

Gear ratio 5:1

y
/ I Driving gear

Stepper motor gearbox configuration

Figure 53: Simple gear based mechanism to increase motor output rpm
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A limitation of the optimised aluminium collector related to the requirement for CNC machining and therefore
high cost and complications in scalability. Thus, an alternative collector comprised of laser cut acrylic and
threaded rod was generated. This new collector was designed to incorporate the modular elements implemented
in other portions of the project. The laser cut components were to act to maintain the desired structure (namely
aid in the rigidity of the cylindrical form) with rod to act as the collection points. These components were
however susceptible to flexing under non-uniform load and due to the draft on these parts (caused by the cutting
operation), this was prevalent in the design. A simple method to overcome this was the use of threaded rod, in
this method the distance between the rotators acrylic disks was measured, and fastened/locked into place via the

use of nylon coated (nylock) fasteners [Figure 54].

Acrylic inserts to maintain shape Measures threaded rod with nylock fasteners

J Nylock fasteners

Figure 54: Versions of the rotating collector with both acrylic and threaded rod techniques

45.6 Rotating mandrel ground element development

The initial concept related to the grounding of the rotating mandrel intended for each rod rotating around the
collector to be connected to a rotatable ground source. Thus acting like a series of parallel electrodes arranged in
a circular fashion. This led to concerns relating to the connection of these rods that would be rotating at over
100rpm. As such rather than incorporate a parallel electrode approach an established understanding of how
rotating mandrels currently work was incorporated, namely a centralised grounding rod around which a
catchment region is rotated. This understanding is demonstrated within Figure 55 and can be seen to operate

effectively when electrospinning Nylon 6,6-formic acid solution Figure 56.

‘ Side profile of rotating collector concept Fibres demonstrating relative alignment
W W WS WSS WSS EEE EEE S S W R e e S e e e . I |
Collected fibre stretched

Rotation between rods
Direction

) ) ) Figure 56: Nylon 6,6-Formic Acid experiment
Flgure 55: Illustration of concept relating to rod based demonstrating effectiveness of rod based collector
rotating collector
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4.5.7 Final rotating mandrel-based collector

The final developed form of the rotating mandrel based collector is depicted in Figure 57. This rendition
includes an acrylic frame that was intended to both aid in the stabilisation and levelled nature of this
components actuation as well as include holes upon which desired mechanisms could be attached. It is worth
noting that this mechanism was attached to the actuating platform utilising 3D printed sliding components. This

allowed for the interchangeability between this mechanism and the developed parallel electrode configuration.

Elevated grounding wire channel

ABS 3D printed
motor shield

Acrylic stabilising and mounting platform

Figure 57: Final rotating mandrel based mechanism with grounding wire, motor and additional mechanism mounting
attachments
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4.5.8 Fibre transferral unit development
The retrieval and transferal of deposited fibres was required to allow for the processing of these to yield
functional three-dimensional fibre based forms. This development and the features discussed therein are further

illustrated in Table 14: Development of a fibre retrieval mechanism.

Table 14: Development of a fibre retrieval mechanism

Component/Device design philosophy progression

Ideation Initial Prototyping Design Evaluation Optimisation

Initial concept ‘ ‘ Ideation ‘ CAD PROTOTYPE

-

|-
e Stepper motor controlled | ® 3D printed prototype e Leadscrew linear | ¢ 3D printed stabilising
collection angle e Alternative rack and pinion actuation (similar to component to ensure uniform
e  Servomotor controlled mechanism utilised. other mechanisms). traversal.
piston e Modular  capability  for | ® Rotation directly
e Desired collector attached attached collection surface. attached to collector
to piston e  Rotation of large component

For initial experiments in which the nature of deposited fibres was of interest, this retrieval was achieved
manually. Later experiments utilising three-dimensional collecting surfaces utilised a 3D printed guide to ensure
some degree of control when moving these collectors through the fibre. With respect to the automation of this
component, an initial design intended to make use of a servomotor connected to a piston-like mechanism for
linear actuation. This was modified to utilise a rack and pinion unit as this could allow for further positional
control. Both of these ideas utilised a stepper motor from which the unit could be hung and rotated to allow for
fibre retrieval at varied angles. Whilst the mechanism did demonstrate reasonable functionality, the linear
actuation was replaced with an available stepper motor driven lead screw. This helped to dramatically increase
accuracy (as no 3D printed actuator parts were required) as well as reduce development time (as additional
coding was no longer required for positional control). A further improvement was made to instead mount the
rotational motor onto the linear actuator. This reduced the load/torque required for rotating the collecting surface
(this was now only required to overcome the load of the directly mounted collecting surface. The final prototype
was equipped with a mounting platform allowing the addition of a servomotor which when combined with a

cantilever/limit switch would allow for the further homing and positional control of the surface’s rotation.
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4.6 Functionalisation Device Development

The utilisation of vapour as a functionalisation strategy for fibre generated in electrospinning was discussed near
the end of Chapter 2: Literature Review. This section highlighted ultrasonic vaporisation as a viable means for
the automated generation of vapour having control of particulate size through frequency modulation. Current
systems incorporating techniques using this media and technology are often separate and relatively of an
indirectly controlled/exposure nature. This portion of research and development was interested in evaluating the
potential to implement a controlled application of the desired functionalisation to acquired electrospun material
within the scope of an automated system. Additionally this section of development also implemented designs for
a lithography-based mechanism utilising 395nm wavelength LEDs that are commonly associated with
stereolithographic 3DP, as well as a mechanisms to implement corona discharge plasma as a technique for
polymer-fibre surface modification.

46.1

The initial ideation of this part generated a nozzle-based system in which generated vapour would be

Developmental progression

accumulated, charged, and actuated in a controlled manner. Thus the resulting development centred on the
methods for vapour generation, the actuation to direct the resultant occurrence of functionalisation. The design
prototyping progression including notable variations/developments for this device can be seen in Table 15:
Development of vapour based functionalisation unit.

Table 15: Development of vapour based functionalisation unit

Component/Device design philosophy progression

Ideation Initial Prototyping Design Evaluation Optimisation

| Valve
e
“ Conductive sheath

Demonstration of charged
vapour experiment

Conductive Outlet

m]l Pneumatic Inlet

Grounded plate

| Solution Inlet ‘

Functiomalisation
Vapour

Functionalisation
Solution

Potential
Difference

Pneumatic actuation

(Airflow)

Vapour Transducer

Transducer chamber

Charged outlet

= S

i
Preumatic inlet
Ultrasonic Transducer

e  Conductive outlet e  Constructed from water .

bottle .

Valve redundant . e Redesigned as a chamber for

e  Submerged transducer Difficulties in experimentation

e  Pneumatic actuation

e  Controllable outlet valve

e Aluminium nozzle as
conductive outlet

e  Consumer-grade ultrasonic
vaporiser

e  Funnel to return vapour
condensation to transducer

e  Experimentation with water

coffee, dye and expired resin

quantifying resultant
relationships of
generated vapour and

substrates.

e  Transducer

overheating when

not submerged

Platform with paper experiments

Fibre experiments
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The initial concept related to this device involved the use of a large nozzle like structure. This was intended to
consist of two compartments namely one for vaporisation and the other to aid in the actuation of generated
vapour via pneumatic actuation. The idealised concept would incorporate a valve to control the output of the
vapour as well as a conductive sheath to exert an electrostatic charge upon particles and thus allow for the
control of these to specified grounded targets. The prototyping of this consisted of a modified plastic bottle.
Through this prototype, many modifications to the initial concept were highlighted. The first major change
related to the placement of the ultrasonic transducer. The transducer utilised within this mechanisms was a
simple commercial ultrasonic device. Typically these transducers are completely submerged within solutions
and do not actively monitor the amount of vapour generated. They will however turn off if the solution within
which they are submerged drops below a ‘sensor’. This refers to an ‘open connection’ within the transducer
circuit that ensures the device will not function if it is not connected to a ground. One of the difficulties
associated with this device was the ability to control the quantity of vapour being generated from the solution.
Additionally the requirement to submerge the transducer in a solution bath resulted in an increase in quantity of
desired agent as well as complexity if this agent were to be modified/replaced. The modified funnel based
solution inlet is depicted in Figure 58.

— . : p—

p—. /) Funnel
R l—_r ]

Figure 58: Modified transducer

The control of the quantity of vapour generated occurred via the controlled application of desired solution via a
peristaltic pump upon the transducer. The now unsubmerged transducer device was no longer able to dissipate
any thermal energy generated in operation. This was detrimental to the longevity of the component and as such,
this component was partially submerged in water for initial experimentation. It is also worth noting that during
the automation phase of the project, this component was set to activate only when required. Within the final
rendition of the mechanism, a cooling fan was utilised in an attempt to prevent the component overheating
[Figure 59]. This however resulted in the undesirable cooling of the surrounding air that is hypothesised to have
resulted in an increase in air-moisture density at the region of vapour production. This resulted in a reduction of
the generated vapour (as this was able to condense more readily into heavier solution droplets that could not be
transported to the desired outlet. As such this cooling fan was not utilised in the final operation of the device,
instead the device was partially submerged in water in an attempt to account for/dissipate heat generated [Figure
60].
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24V to 5V converter module Water filled glass ‘cup’ for cooling

(A

.I?igure 60: Glass ‘cup' filled with water to cool the

Figure 59: Utilised 5V DC transducer cooling fan transducer/aid in thermal dissipation

This mechanism was tested with water, black coffee, food colouring, UV curable resin and riboflavin solutions
at varying stages of its development. It is worth noting that through experimentation with the ultrasonic devices,
a negative interaction between the type of solution and the housing of the device could occur. This was in the
form of the deterioration of plastic housings and subsequent breaking of the units if exposed to reactive agents
within the photo curable resin [Figure 61]. Due to this, versions of the transducers having aluminium housings

were utilised.

Chemical degradation of transducer

Figure 61: Degradation of transducer by solution

The second major modification related to the requirement for a control valve. Vapour particulate has a higher
density in comparison to air and thus it naturally sinks/falls downward. The intended target for this generated
vapour was developed to be suspended vertically above this mechanism. Thus, the occurrence of vapour upon
this outlet could be restricted to the duration at which it was actuated out of the nozzle-like chamber as such no
nozzle component was required to control the flow. It is also worth noting that this actuation occurred via an air
pump having a modifiable and relatively low-pressure output to reduce the potential disruption of accumulated
fibre.
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The final modification related to the use of a conductive sheath to exert charge upon vapour particulate. This
part was intended to aid in the ability to control and target the distribution of the vapour upon desired regions [as

hypothesised in Figure 62].

Spread of particles is proportional to
distance and atmospheric conditions

I | Ovttiers | [Majorityvapour forming

Outliers
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\ o o) O~ / ‘{ (Overspray) | | a predefined path/face
®)
N 2093957 %
\NO -0 0O ~/ Distance
\OC oo/
@)
O \° v/
T Hypothesis:
Outliers Through the induction of electric field forces
(Overspray) as well as the control of environmental

factors (temperature, humidity, atmospheric
distortions) the proportion of overspray
could be diminished.

Figure 62: Illustration of the hypothesised principles and controlled application of vapour.

Whilst it is plausible to suggest that this control could be achieved through a x-y gantry system similar to those
implemented in 3D printing. This development aimed to implement the vapour control at a nanometre scale. Not
only would this require precise and expensive components for actuation, the nature of the vapour outlet and
prevention of vapour condensation would require complex control over vapour particle size, nozzle temperature,
and actuation. As such, the potential to direct the vapour particles in a similar fashion to the electrospinning
actuation of nanofiber was evaluated. This aimed to identify whether or not the vapour particles could be
charged and then directed to desired regions having been set to ground. This idea was similar to electrostatic
techniques such as electrospraying have been utilised in the surface modification/coating industries. This was
trialled however, no prominent effects on the distribution of the vapour could be identified. Additionally due to
the occurrence of arcing within the experimental setup and concerns regarding the unwanted formation of

plasma this concept and the development thereof is instead recommended for future research.
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Through the testing and validation of the ultrasonic vaporisation mechanisms a limitation relating to the
expulsion of large droplets of solution was identified. This was initially attributed solely to the propulsion of
droplets by the transducer and as such, attempts were made to minimize the outlet orifice. These attempts
highlighted a further restriction, namely that droplets could become suspended upon the surfaces near the outlet
and result in blockages. The vapour and air pressure would then build up behind these and eventually burst
through them, further projecting the unwanted large droplets upon desired surfaces. Additional attempts to
minimise this risk included types of potential masks to act as catchment areas for the droplets, however these
components were similarly blocked. Examples of this undesirable ejection of droplets, use of the masking
technique masks and the effects of undesirable material on sensitive fibre structures are demonstrated in Figure
63.

Potential vapour mask Droplet induced fibre damage

Expulsion of
large droplets

Figure 63: Image identifying the undesirable ejection of droplets, use of the masking technique and the effects of
undesirable material on sensitive fibre structures
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The final attempts at negating this sample damaging droplet expulsion took the form of a curved pipe that was
installed prior to the mechanisms outlet. This included a horizontal section equipped with a secondary outlet
orientated vertically downwards. This was intended to allow for the removal of non-vaporised material as these
droplets now under the forces of gravity were intended to take the path of least resistance downwards. The first
rendition of this concept did not however function as expected as whilst drainage of the unwanted material could
be identified, this was not able to negate the expulsion of droplets at the surface Figure 65. This was
hypothesised to be a result of the air pressure having the ability to push the blockages past the drainage point.
Thus a second version of this concept was generated having a larger chamber within the horizontal section in
which the solution droplets could fall into. This would reduce the surface area around the droplets thereby
reducing the surface tension forces keeping these suspended. The new droplet chamber was equipped with a
drain outlet much like the previous version. This achieved much more success and a final version of the

ultrasonic transducer based vapour mechanism is depicted in Figure 64.
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Figure 65: Initial drainage system unable to negate expulsion of solution droplets
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Figure 64: Final rendition of the vaporisation mechanism
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4.6.1.1 Lithography Development

An established alternative methodology to control the nature of vapour-based functionalisation related to that of
the utilisation of targeted lithographic exposure similar to that of traditional stereolithographic 3D printing. This
could be incorporated through the use of a photo-sensitive/photo-curable functionalisation agent whereby
through the application of either masking techniques or high precision lasers the accumulated vapour particulate
can be selectively cured. In order to evaluate the feasibility of this concept a simple mechanism containing an
array of powerful UV LEDs was created. This component was equipped with eight LEDs, components to help
direct the light to desirable regions of exposure and a servomotor-based masking unit which when equipped
would restrict the output light to desirable forms. This component alongside an experiment related to the curing

of distributed vapour particles is demonstrated in Figure 66.

UV Exposure window Controlled masking
I attachment

v

UV LED array

Figure 66: Final rendition of the UV exposure mechanism highlighting components for directing and masking the light
generated.
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4.6.1.2  Corona Discharge Plasma

Another technique to control the functionalisation of deposited material of interest within the project was that of
plasma surface modification. This form of polymer processing is well established in many traditional polymer
post-processing procedures [125-127]. The plasma acts to impart energy to the polymer chains resulting in the
formation of additional cross-linking of these chains with one another thus re-enforcing the material. Given the
vulnerability of un-functionalised fibres, many plasma-processing mechanisms which include high temperatures
and pressure were not deemed viable options within this project. It is worth noting that techniques requiring
vacuum chambers were not investigated due to the impracticality of implementing these within the greater
project development. The Plasmatec-X (Figure 68), an adjustable and manoeuvrable benchtop plasma device
was identified as a potential means to implement functionalisation. Unfortunately, to the aforementioned fibres
weak structural integrity, the airflow from this device resulted in a disruption and breakage of the generated
material. These limitations lead to the identification of corona discharge plasma as a viable technique [125, 126,
128, 129]. Within this process low voltages are applied at high frequencies to sharp electrodes/end effectors
which causes the ionisation of surrounding gas [126]. The technology has been described as relatively
inexpensive [128]. Through the assistance of the Institute for Geological and Nuclear Science (GNS Science) in
New Zealand a device capable of this technique was constructed (Figure 67). The author would like to once

again thank Dr. Jerome Levenier, Dr. John Futter and Dr. Bruce Crothers for their assistance in this work.
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Figure 68: The Plasmatec-X by Tantec Figure 67: Corona Discharge device developed at GNS

Whilst it was plausible to manoeuvre the point of plasma production utilising an x-y-gantry system similar to
those in typical 3D printing, an evaluation of the nature of end effectors and the potential for a stationary
alternative was investigated. This was largely motivated by the projects financial restrictions on purchasing
actuators typical in nanofabrication as well as the relative volatility of the plasma stream to potentially arc to
electronic circuitry. As such, the nature of plasma proximity both to sensitive materials as well as the proximity
threshold of end-effectors was evaluated. Given the desired stationary nature of the point of plasma production,

the ability to increase the region of plasma production and exposure was desirable.
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Figure 69 demonstrates three forms of circle-based end-effector groupings namely having five, ten, and twenty
points of intended plasma production. The first type having only five exposed wires arranged in a circular
pattern yielded strong jets of plasma occurring at the tip of each wire. It is worth noting that the nature of this
formation was somewhat erratic with the length of the projected plasma varying. The number of end points was
then doubled and plasma could once again be seen, however the projection of this occurred at a somewhat
smaller length. Finally, an end effector having twenty points of exposed wire was trialled, this demonstrated
only a partial formation of plasma. One potential cause for this is the increase in capacitive loading from the
increased amount of wire utilised. Further research is required to identify the optimal array of wiring versus
plasma production. For future work within this project, the end effector having ten points of plasma production

was utilised. The final developed mechanism equipped with sliding mechanisms is depicted in Figure 70.

Five end effectors Ten end ettectors Twenty end eftectors

Large streams of plasma Large region of plasma Restricted plasma production

Figure 69: The effects of an increase in the potential number of points of plasma production for a utilised circular
pattern/array

bi
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TESLA Music ¥

Figure 70: Final Corona Discharge Plasma-based mechanism
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4.7 External Electric Field manipulation developments

The region of the electric field within an electrospinning process is defined by the spatial relationship between
conductive elements as well as the dimensional properties of these. Example depictions of idealised fields for

parallel electrode and rotating mandrel approaches to electrospinning are illustrated in Figure 71.

Idealised electric field lines containing no undesirable external modification

Parallel electrode electric field

Rotating mandrel electric field

Generated fibre jets are contained centrally within the field’s direction

Figure 71: lllustrations highlighting the optimal state of electric fields between collector and extruder in electrospinning
for both parallel and rotating mandrel approaches

Machinery reliant on precision in automation (e.g. 3D printers, laser cutters, CNCs, and lathes) is typically
dependant on conductive components (e.g. motors, screws (leadscrews) and guiderails). Given that this project
seeks to develop an automated form of additive manufacturing utilising electrospinning, some form of electric
field manipulation/conditioning was required. Experiments aimed at the shaping or insulating of relative
conductivity took the form of three types of development. These related to attempts made to mask/hide
conductive elements, modifications to the extruder mechanism and modifications made to the desired collectors

ground.
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4.7.1 Conductive component shielding

The electrospinning jet is typically charged in the range of Kilovolts at which many materials particularly those
of a conductive nature can be considered at relative ground. Thus, the metallic surfaces of the actuation elements
must be adequately covered (shielded) to ensure that the pull towards the grounded collector is the relative
direction of least resistance for the generated charged fibres/material. Figure 72 illustrates examples within the
development of the project at which the generated fibres were attracted to these undesirable regions as well as
the measures taken to reduce this. It is worth noting that efforts were also made to further the distance between
conductive actuation elements from the nozzle. This was achieved through the extension of acrylic mounting
plates from the actuators to the desired region of actuation.

Method of conductive material insulation

Conductive element

Acrylic Panel

Generated fibre distributed Generated fibre accumulated in region near to

upon conductive lead the conductive lead screw.

screw

Figure 72: Examples of the electrospun material having been attracted toward undesirable regions due to conductive
elements and the resultant shielding utilising acrylic.

Another complication faced with regards to all collectors tested was the tendency of collected fibre to attach to
and be distorted by nearby structures which could act as obstructions to the generated jet of material. This is
illustrated in Figure 73 where fibres have attached to nearby acrylic (highlighted in yellow). Experiments with
the electrode-mandrel hybrid mechanism noted the occurrence of fibres stretching from nearby acrylic towards

the collector. This demonstrated that the proximity of the acrylic yielded interference for whipping jet of fibre.
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Figure 73: Interception of deposited fibres by acrylic (highlighted in yellow)

Regarding experiments utilising the rotating mandrel-based collector, a large accumulation of unwanted fibre

could be identified upon the actuator. Much like the occurrence of the fibre upon conductive actuation based

components this build-up of fibre was associated with the relative grounding of the motor coils during machine

operation. In order to account for this, a 3D printed ABS housing was used in an attempt to insulate this

component [Figure 74].

Undesirable coating of fibre upon motor

3D printed ABS Motor housing

Figure 74: The occurrence of undesirable fibre upon the motor and the implemented deterrent
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4.7.2  Taylor cone direction rectification/modification

With respect to the point of extrusion, much of the development of the component related to attempts related to
modifying the nature of the electric field surrounding the nozzle. This took inspiration from established
Electrohydrodynamic 3D printing. In this technique, an electrostatically charged droplet can be controlled by the
implementation of conductive material in the form of a ring that is intended to act to guide the droplet to the
desired region. The following development relates to the attempted application of similar techniques to account

for and rectify the somewhat erratic formation of the Taylor cone at varied positions upon the extruded meniscus

[Figure 75].

Varied and non—centric Taylor Cone formation

Figure 75: Images taken during an electrospinning test with emphasis on an uncontrolled varied occurance of the
Taylor Cone

This work related to the placement of additional charged aluminium around/near the point of extrusion. The
idealized electric field generated from a physics based understanding is illustrated in Figure 76. This concept
intends to have the fibre jet developed in electrospinning is solely affected by an electric field having the desired
trajectory, namely surround the potential point of extrusion with a region large enough to lock the material in the

desired direction. The attempts made to further promote the development of such an environment are detailed in

Table 16.

Physics-based understanding | ‘ Desired Field

Anraction berween opposite charges

Field not directly focused on

desired trajectory

[ Voo HE 37 YEH o |

Fibre jet trajectory locked in
field of desired direction

Figure 76: Desired electric field derived from additional conductive elements near the extruder
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Table 16: Development of electric field modulating componentry

Initial Attempt Refined Attempt Final Attempt

Initial Test Centralised Taylor Cone

jis

Aluminium field mampulator

£

Undesirable fibre formation

Aluminium rings to

connect the voltage

&
4 ey
Centralised Taylor Cone

e Wire experiments to modulate the | «  Taylor cone formation central at | ¢  Connecting plates to ensure

electric field. nozzle equal potential between field
e  Charge concentration at wire tip e Occurrence of fibres stretched modulating plate and nozzle
e Zero Taylor cone formation towards platform

Initial attempts included the use of wire material extending away from the nozzle tip towards the collector
however, this resulted in the concentration of charge occurring at the wire tip nearest the extruder and as such
there was no longer a sufficiently high concentration within the solution to result in electrospinning. Following
this realisation additional aluminium attachments were positioned below the nozzle tip. These included a plate
having a circular cut out in the middle of which the extruder was placed. It is worth noting the occurrence of
fibres stretching from the tip of the nozzle to this platform which seemed to indicate a variation in the charged
nature of the aluminium (affecting the field) as such to circumvent this additional aluminium rings were placed
to both surround and connect to the nozzle. Through these methods, a more centralised Taylor cone formation
could be identified and as such, this form of controlling the electric field was deemed a viable option for further
work regarding electrospinning production. As the nature of electrospinning productivity was not the focus of

this study, this technique was not developed further.
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4.7.2.1  Multiple nozzle extruder
The interchangeable nature of the sliding-mechanism based extruder design allowed for an ease in the
development of additional methods of extrusion. Another attempt to increase the productivity of the

electrospinning process, a mechanism for the modular addition of multiple nozzles was constructed [Figure 77].

Brass fittings that allow for

future expansion if required

Aluminium Connecting Plate

Figure 77: Brass extruder having the ability to increase the number of nozzle extruders

This consisted of four 3mm brass nozzles connected by brass fittings to allow for the electrospinning of material
from three points of extrusion. Preliminary results from this mechanism indicated likelihood for the interference
of each nozzles electric field with the nearby neighbour point of extrusion fields. This was identified by the
collision and entanglement of fibres within the process distorting the idealised trajectory as well as the non-
uniform distribution of fibre upon the collector [Figure 78].

Randomised entanglement of fibre || Randomised deposition of fibre
prior to collector upon collector

Figure 78: Images depicting the randomised entanglement or disruption of fibres both prior to and upon the collectors
hypothesised to be caused by adjacent nozzle proximity
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An attempt was made to negate this limitation by manipulating the fields surrounding the points of extrusion
through the inclusion of additional aluminium based materials [Figure 79], however this did not yield substantial

changes to the results and will require future research and development.

Attempt 1 Attempt 2 Attempt 3

Figure 79: Application of additional conductive material in an attempt to modify the electric field and prevent fibre
trajectory disruption occurring from adjacent nozzles
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4.7.3  Field manipulation through ground rod modification

Given the understanding that the nature of the electric field formed is related to the nature of both the charged
regions and grounded regions, an investigation into the modification of these forms was conducted. This
research was majorly motivated by a sudden inability to generate fibres when switching from synthetic (Nylon
6, 6) to biomaterial (collagen) solutions. Figure 80 demonstrates the difference in output collagen fibres when
compared to nylon fibres both generated utilizing a similar technique. As discussed in earlier sections related to
parallel electrode mechanism development this variation in outcome is potentially related to the reactivity of the

collagen solution and thus reduction in instabilities resulting in a varied collection.

Fibre output for synthetic (Nylon6.6) Fibre output for biomaterial (Collagen)

Clearly 1dentifiable fibre on air-gap No identifiable fibre on air-gap

Figure 80: Comparison images depicting the variation in output fibre upon the collector for nylon 6, 6 and collagen
respectively

It is worth noting that in the evaluation of the collagen experiments, the grounded rod situated in the middle of
the rotating mandrel became coated with the desired fibre. As such electrospinning was occurring, the placement
of resultant fibres was however not desirable. A simple quick and effective method to identify whether the
modification of the grounded region could benefit the placement of this fibre formation was through the use of
insulating tape upon regions of the grounded rod. Three variations on ground manipulation where evaluated,
these are referred to as Rendition 1, Rendition 2 and Rendition 3 and are depicted with brief characteristics
described in Table 17.

Table 17: The effects of ground rod modification for collagen based electrospinning utilising the developed rotating collector

Rendition 1 Rendition 2 Rendition 3

Tape used to segment rod into three regions Tape used to minimise rod surface area Tape used to segment rod into two regions

e Developed fibre occurred in | ¢ Similar to attempts to minimise | ¢  Centralised fibre generation
inconsistent regions parallel electrode surface area e  Semi-consistent

e  Predominantly above taped area e  Occurred mostly on one side e  Generation of parallel electrode
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The development of fibre between the airgaps for Rendition 1 was a dramatic improvement in comparison to the
inconsistent and somewhat non-existent occurrence in the unmodified experiments. Here the insulating tape was
placed in such a manner as to create 3 different segments of exposed grounded rod. This was intended to
promote the generation of fibre on the desired airgaps above these regions. This was not the case, and fibre can
be seen to occur relatively inconsistently was however relatively inconsistently with a bias to form above
covered/insulated portions of the rod. This seemed to represent an interruption of the multiple grounded regions
with one another. Following experiments conducted in which the grounded area was minimised (see the earlier
discussions relating to the modification of the parallel electrode collector), the second experiment (Rendition 2)
occurred as purely the minimisation of the initial rod surface area. This experiment showed a clear lack of fibre
developed above the conductive ground. This instead occurred inconsistently above the insulated/taped portions
with a bias towards the right side. The final version (Rendition 3) yielded a much more acceptable outcome for
the generated fibre. This now occurred much more consistently and centrally than other attempts. Ironically, in
this experiment much of the guide rod was insulated/covered leaving only two small regions of this element
exposed. This led to a hypothesis regarding the nature of the fibre trajectory, namely that the lower reactivity of
the collagen meant that fibre trajectory is greatly limited to the nearest ground source. This meant that fibre
generated perpendicular to the ground region would accumulate on this and not experience enough whipping to
result in a formation upon alternative nearby structures (this ideology is illustrated in Figure 81). This

understanding would explain the nature of fibre occurring centrally for Rendition 3.

Nylon Reactivity | | Reactive allowing for the extended whipping

———————— and stretching fibre for catchment
Collected fibre able to
stretch between rods

Potential Solution

Parallel electrode inspired forced whipping

Collected fibre able to stretch by
electrodes. captured between rods

Central ground rod having
two parallel electrodes
connected to shape
generated fibre whipping

No fibre captured or
stretched by rotating rods

Insulator shielding the effects
of the central ground rod

Lines indicative of field
generated by electrodes

Figure 81: lllustrations of hypothesised limitations and potential solutions to the lack of fibre occurance in experiments
having solutions with lower reactivity

82



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

Whilst the use of tape to control the resultant grounded rod surface area was effective in demonstrating the
effects of ground modification of collected fibre distribution, this was not deemed a sufficiently controllable
method/mechanism. Thus to allow for this type of modification a 3DP PLA (Polylactic Acid) part was generated
which would both act to wrap around the ground rod as well as provide opportunity to further parts for the

modification of the ground rod (Figure 82).

‘ Base plate for Ground Rod modification ‘

‘ Examples of Ground modifving attachments ’

Figure 82: PLA 3D Printed Ground Rod modification components/coverings

Initial experiments with this 3D printed mechanism did not yield consistent outcomes. This led to a further
realisation relating to the nature of the rotating rods of the mandrel collector. These were of a conductive nature
and as such had the potential to result in a modification to the output fibre placement. In order to evaluate the
effects of these rods on collected fibre placement, the entirety of the ground rod was insulated via 3D printed
components and insulating tape. This resulted in a sporadic occurrence of fibre with a right bias (similar to the
previous test: Rendition 2) which seemed to indicate that these rods were acting as independent ground rods. To
further evaluate this coverings made from tape were wrapped around on either side of the collector. This
demonstrated the reduction in regions of the occurring fibre and promoted the more central
distribution/placement of these. This was similar to prior experiments relating to conductive region
minimisation. As such to reduce the potentially undesirable effects of this conductivity these rods were wrapped
in polyurethane tubing. This modified collector was then tested similarly to the initial test. The results of this
demonstrated a dramatic reduction in the generated fibre that would seem to coincide with the lack of attracting

ground based material. This limitation and the modified collector are depicted in Figure 83.

Undesirable right biased formation of fibre
with completely covered ground rod

F )

e - . Similar test, with polyurethane covered
rotating rods and insulated ground rod

Figure 83: Experiments relating to the identification of the influence yielded by the conductive rotating rods and
resultant fibre placement/production
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One particular modification of interest involved the addition of two conductive plates that had the ability to be
attached and connected to the ground rod within the confines of the rotating collector. This was intended to yield
a combination of the benefits of parallel electrode and rotating mandrel electrospinning. The fibre formation for
the initial tests utilising this new collector could only be identified upon the electrode portions. This once again
was associated with the hypothesised lowed fibre whipping and large surface area of the electrode. Additionally
there were concerns relating to the proximity of these electrodes to the rotating rods, with the potential for fibre
to instead bridge between rod and electrode instead of across the desired air gap. To account for these
limitations, the exposed grounded portions were modified/reduced by using tape. This demonstrated a familiar
result having a right-biased accumulation of sporadic fibre placements (see Rendition 2). In an attempt to
centralise the produced fibre placement, the electrode surface area was further reduced as well as the collector’s
surface area. Whilst this did aid in a more central production of fibre this was much in much lower guantities to

what had previously been generated. This evaluation and progression is depicted in Figure 84.

Exposed electrode-mandrel combination

Modified electrode and collector surface

B ) Y 5 Y

Figure 84: Images depicting the progression of electrode-mandrel combined electrospinning optimisation

This section demonstrated the inability of experimentation to adequately increase the ability to generate
sufficient quantities of accessible fibre via electric field modification. As such the more traditional approach of
modifying the temperature and humidity of the electrospinning region was investigated within the context of the

developed machine.
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4.8 Temperature and humidity control

For a large portion of the development within the project, experiments were conducted in New Zealand’s
summer period. Here temperature and relative humidity is known to be within the range of 20-30°C and 70-75%
respectively. The seasonal shift from these relatively high temperatures to colder temperatures occurred quite
rapidly within 2019. This combined with the temperature sensitive nature of the biopolymer (collagen) utilised
in experiments at this stage in the project yielded a sudden and unexpected cessation of machine functional fibre
generation. Whilst temperature and humidity have been highlighted as having influence over the resultant fibres
[79], development within the project seeked to identify a plausible way to modulate fibre production without the
need for the complexities associated with environmental control. This was in part due to the large processing
region within the machine as well as the unwanted complexity derived from the addition of multiple sensors and
components. Given the inability to adequately modify fibre production through alternative means, a simple
system for temperature and humidity user-based control was attempted. This took the form of a hot air emitter
device which was suspended within the electrospinning chamber. By activating this device prior to and during
the electrospinning process, the internal chamber could be heated. This demonstrated a dramatic increase in
collagen fibre generation, Thus from this evaluation a simple control system utilising a temperature control unit,

sensor and 240V relay was utilised [Figure 85].

Hot/heated air-emitting device

Control Unit

240V Relay

: = L
Temperature e
controller

Figure 85: Simple control system utilised in an attempt to control the local environmental conditions for electrospinning
to occur

It was hypothesised that the application of this control system allowed for the chamber temperature as well as
the related relative humidity to be modified according to the desired set temperature. It is worth noting that the
components utilised were not optimal, as such an error range of approximately 5°C was associated with the use
of this system. One concern with this system was that the resultant change in fibre formation was not a product
of the effects of chamber temperature but rather the effects of this heating on the extruder. This logic was
derived from the established understanding of Melt electrospinning, whereby the fibre generation productivity is
directly related to the heat of the extruder utilised. As such to further investigate this, a small chamber was
crafted to surround the extruder [Figure 86]. This chamber could be heated and the results of this more localised
heating reviewed. Whilst this technique did demonstrate a beneficial relationship with the resultant fibre
formation, the added chamber was not able to completely insulate the component resulting in cooling from the
colder environment. Additionally the cooler environment resulted in a higher relative humidity and thus

reduction in fibre formation. The potential for the use of an embedded heating control system was evaluated
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[Figure 87], however this was not feasible due to the interactions/damage which would occur to the components

from the exposure to the high voltage source.

Figure 86: Extruder surrounded with housing allowing this to be heated separate
to the greater electrospinning environment

Figure 87: Heating element
and sensor fixed directly to
extruder

Given the restrictions on localized extruder based heating, an alternative method which could enable the heating

of the environment as well as directly affect extruder temperature was investigated. This took the form of a fan-

based heater which was situated underneath the extruder attachment plate. Vents were created through which

heated air could be added to the environment with the fan acting to heat the extruder via the attachment plate. To

allow for some control of this a thermometer was connected to the extruder. This would allow for reading prior

to and post electrospinning (as this had to be disconnected during the operation of the High Voltage). Additional

methods to control the environment included the use of a small-scale dehumidifier device as well as a

commercial humidity and temperature sensor device. It is worth noting that the heater was switched off during

machine operation to reduce any unwanted effects from the additional airflow provided by this component.

These mechanisms for environment control/conditioning are annotated and illustrated in Figure 88.

Figure 88: Extruder plate modification to include heating vents as well as means to evaluate extruder temperature.
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4.9 Electronics based development

As many of the desired research equipment including a desired final machine were to be generated locally, some
means to control the electronic systems within these was required. A decision was made to utilize a
microcontroller for this work as these are typically more affordable than programmable logic controllers (PLCs)
and would allow for a high degree of flexibility within the project. It is worth noting that the electronics utilized
within this project were not of an industrial nature. This allowed for a reduction in costing and avoidance of

complications derived from the integration of systems requiring different proprietary hardware or software.

The Arduino microcontrollers are an affordable, readily available and well documented product line. Whilst
there are impressive alternatives to this technology such as the Trinamic TMCM-6110 or Nucleo boards, the
Arduino was preferred. This was due to the increased user capabilities, as it was not restricted by proprietary
software such as the Trinamic software and its integrated development environment (IDE) not requiring internet
access. This device is also open source resulting in a higher prominence/accessibility of this device and a higher
degree of familiarity with this product line. The Arduino Mega 2550 was chosen for this project as this board is
popularly utilized within hobbyist ‘do it yourself” (DIY) 3D printers having a desirable fifty two digital pins
which can be assigned to various tasks. These microcontrollers as well as related characteristics are depicted in
Table 18.

Table 18: Three major microcontroller alternatives evaluated within the project

Trinamic Nucleo Arduino

e Robust microcontroller capable of | ¢  Well documented competitor to | e  Very popular within hobbyist

complex motor control Arduino utilisation
e  Proprietary IDE e Utilised in opensource 3D Printer | ¢ Large  established code
e Undesirable Limits on the development resources
control/functionality e  Proprietary online based IDE e  Completely opensource

(including IDE)
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Whilst the pins of microcontroller products are typically available for direct connection to electronic
componentry, often a separate printed circuit board (PCB) is utilized to allow for a reduction in the complexity
of wiring. One such unit typically utilized within the hobbyist construction of 3D printers is the RAMPs v1.4
[Figure 89]. These boards are capable of controlling up to five stepper motors through Pololu motor controller
units and have ports for both input (i.e. sensors such as cantilever switches and buttons) and outputs (i.e. liquid

crystal display (LCD) screens).

Allowance for five stepper motor drivers

per motor driver

Figure 89: Example of a RAMPS v1.4 board with equipped Polulu stepper drivers

The RAMPs v1.4 solution was unfortunately not able to adequately service the continual project development,
with a major limitation relating to the assigning of pins to components not actively used in the project (e.g.
LCD screen). Following this breadboard was utilized for further prototyping. It is worth noting that whilst
breadboard offers a simple and easy way to rapidly prototype with electronic componentry, this is susceptible to
limitations relating to voltages above 5V and current above 2A. Due to the requirements of the project, the
increasing number of electrical componentry for which this prototyping technique is not well suited became
apparent. This limitation sometime resulting in inaccuracies in reading or assigning signals. As such for the
testing of multiple motor and sensors a combination of perf-board (vero-board) and breadboard was utilized.
This however resulted in a highly complicated mass of electrical wiring with troubleshooting of faulty
connections tedious and time consuming. As such to simplify this work and increase system stability/reliability
a decision was made to utilize a PCB board. It is worth noting that a fundamental flaw of this board related to
the positioning of the output terminals for much of the components as such while this operated as required, the
serviceability of this was greatly restricted by the amassed complex nature of the resultant wiring. The evolution

of the electronic circuitry is demonstrated in Table 19.
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Table 19: The evolution of the circuitry required for the project's machine/mechanisms

Breadboard Veroboard-Breadboard PCB board

A - YA

T

e Simple, effective | e  Effective way to overcome | e  All—in-one solution

prototyping unit restrictions e Bad output terminal design resulting in
e Limitations related to | ¢  Allowed for mechanism testing complex wiring

current and voltage e  Complex wiring

4.9.1 PCB Limitations

A major limitation to research and development of novel mechanisms and machines with respect to electronics
relates to the continual and rapid development/modifications to control requirements. Standard PCB boards are
particularly restricted in this capability as they are designed to incorporate all the required componentry as a
final solution (i.e. they are built for purpose units). In the case of the PCB board utilized three major situations
resulted in the requirement for modification. The first being a redundancy in the requirement for a PCB
integrated and driven unit to control a 24V step up transformer. The second related to the vulnerability of the
Arduino and potential for certain parts on this device to loose functionality and thus requirements for rewiring.
The third change related to limitations in the design for the addition of new components/mechanisms. The

modifications made to account for these limitations are presented in Table 20.

Table 20: PCB modifications required due to project development

PCB regulator Port accessibility Terminal addition

. Terminal added for unused ports L :

e  Redundant component e  Problematic signals e Terminal soldered onto existing
e Replaced with required | ¢ Rectified through direct PCB
component wiring/modification to connectors e  Allowed for additional components
to be added
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Of these limitations the third is perhaps the most significant with respect to this project as the final outcome for
it is intended to be a continual research and development machine. This would require the capability to add or
remove componentry and mechanisms relative to the user’s requirements. This limitation led to the ideation of a
modular PCB orientated technique. This concept included the design of multiple boards containing the
electronic parts (e.g. resistors, diodes, capacitors etc.) required for the desired component (e.g. relay, motor,
switch etc.). An example of which could be utilized for a relay would be a PCB equipped with input (Arduino
signal) and output (relay signal) terminals with a diode connected to the ground. These boards would be stacked
like a building with the number of floors correlating to the required number of relays for the system. The wiring
of this could be wrapped and neatly connect to an Arduino terminal. Due to time constraints and the capability
to implement the desired functionality with the prior developed equipment, this concept (illustrated in Figure

90) was not deemed within the scope of the project and is instead recommended for future work in this field.

A

PCB Attachment rods/connectors

v y

Electronic component
(e.g. motor driver)

—)

Component connecting pins || Easily accessible ports
for ease in replacement of || for required inputs and
faulty component outputs

Number of PCB equivalent to
the number of motors required

Figure 90: ldeation related to the future development of modular electronic circuitry allowing for an ease in
troubleshooting and variation of componentry for the generated machinery.
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Chapter 5 FINAL DEVELOPMENT OF A NOVEL FIBRE BASED MANUFACTURING

RESEARCH AND DEVELOPMENT MACHINE

This project aimed to identify the potential for manufacturing of fibre based constructs such as the cornea.
Research and subsequent investigation was highly motivated by the principles of 3D printing and automated
additive manufacturing. Thus in order to adequately test the plausibility of the hypothesis some form of
automated fibre based manufacturing system was required. This chapter discusses the development of the final
research machine within this project namely progression associated with the Hardware, Machine

Operation/Procedure and Software/Code.

5.1 Prior machine-based developments

The final machine developed within the project was a product of prior attempts to generate a means for the
implementation of the post literature review hypothesis. The first embodiment took the form of a relatively
simplistic acrylic chamber within which stepper motor leadscrews were mounted vertically to actuate a platform
to a desired height. Additional elements to this machine included the use of an extractor fan, and a chamber in
which the High Voltage Power supply could be situated [Figure 91]. Many fundamental evaluations relating to
electrospinning were achieved through the implementation of the initial renditions of mechanisms relating to the
syringe pump, collectors and extruders. A major limitation within this design related to the undesirable arcing of
the electrostatic potential to the power supply (as such further testing required this to be placed externally) as
well as the occurrence of electrostatic interference in the devices actuators. This led to the development of a
simplified form in which clear acrylic was utilized to further evaluate the implemented processes [Figure 92].
This provided a more accessible method for the evaluation of rotating mandrel orientated techniques. The clear
nature of the device helped to identify issues regarding the fibre formation on actuator lead screws that had
previously been thought of as sufficiently protected. Revelations regarding the positioning of actuators as well
as a requirement to add grounding to motor housings to prevent undesirable disruptions or inaccuracies were

achieved through experimentation with this device.

First Machine I Inconsistent Fibre | Clear Acrylic Lab-like test unit/machine
formation :

Major evaluation
- .

= 2

Fibres stretch

around attempted

acrylic layer/shield

S :
b . BE/
Figure 91: Initial attempts at machine development with Figure 92: Simplified testing unit with an increased
issues relating to undesirable fibre accumulation ability to identify limitations within actuation
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5.2 Machine Operation/Procedure Development

From experimentation and developments within the work related to the previous machine renditions, processes
which would be required in the final machine were identified. These processes are expressed as three distinct
phases of machine operation and include the Machine Initialization, User Interface, and Machine Manufacturing
phases. It is worth noting that given the desirability for this machine to allow for variation through modularity,
the following described stages solely to the standardized use of the machine (i.e. the use of syringe pumps,
peristaltic pumps etc.) and as such are subject to variation through the machine code. The following sections
will discuss the desirable outcomes of each stage and illustrate these via flowcharts which aided in the later
development of required functions to be coded in C. Whilst these functions are displayed alongside related
flowchart headings, and a brief description for each delivered via a table, the fundamental code based

functionality within these is discussed later within the chapter.

5.2.1 Machine Initialization phase

The first intended interaction that the user would have with the machine related to the powering on of the
device, identification of certain mechanisms positions and the servicing/priming of devices. Once started a
prompt to ‘home’ the motor components, namely return the actuated elements to the desired beginning position,
would be issued. This would ensure positional control for following operations for the seven stepper motors as
well as three servomotors. Upon completion of the ‘homing’ phase, the user will be prompted to service the
vapour generating process. This is intended to involve the removal of any residual contaminant within the piping
of this mechanism via the peristaltic actuation of cleaning agent (e.g. water or other suitable agent) through the
system. The user will then be expected to purge the system of the cleaning agent and then prime/load the piping
with the desired agent to be vaporized. The user will then be prompted to load a syringe of the desired solution
and prime the related piping (in some cases until a meniscus is formed on the extruder) for electrospinning.
Figure 93 illustrates the desired progression of this operation alongside the utilized code-based functions which

are described in Table 21.

- Flowchart % Functions ).,
Il 1l :
I | Machine Initialization 1 1
I . 1 resetPins() |

| homing() i
| L Prompt user to ‘Home' | 1
I I homeallmetors() |
o En En D D A D R R W e e e = h t
I ‘p Servomotors are actuated to homing-related positions ! activafemzzfi:;n;?v:::é},mﬁ“ |
"le Stepper motors 1-7 are actuated until limits are activated ! <t 1 runmotorstolimit{) |
| I ittt ! | | homeservomotors()
|
| Prompt to clean, purge and prime vapour generator é|_|_| primevapourmechanism) I
| | _

Prompt to load and prime solution syringe I syringepumpsetup() |
| 1 | primesyringepump()
bommmmo o - e ket

User Interface %ﬂ
Figure 93: Flowchart showing the progression of the Machine initialization phase
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Table 21: List and description of the implemented homing functions within the machine code

Homing Functions — these operations relate to the movement and servicing of components to allow for further

accuracy in automation.

Function

Description

resetPins()

This acts as a method in which modified variables can be reset to a defined

value allowing for accuracy in further code.

homing()

An operation in which functions which set values/components to the desired
initial state are utilized.

homeallmotors()

This will be utilized to results in the movement of all the motors towards the

defined home positions (at limits).

homeservomotors()

An operation which utilizes functions within the Arduino Servo.h library to

move all of the servomotor arms to a defined starting position

activatehomingservomotors()

When required this process will enable the movement of specific
servomotors to ensure sensors are positioned to allow for further positional

detection of mechanisms.

runmotorstolimit()

When this is used, the relative stepper motor will be actuated until the

variable derived from its ‘limit’ sensor becomes the desired value.

primevapourmechanism()

An operation similar to primesyringepump() in which a button component is
utilized to trigger the actuation of a motor component to allow for the desired

loading of material.

syringepumpsetup()

This operation requests the millilitre per millimetre capability of the utilized
syringe as well as prompts the user to begin the loading phase for this

component.

primesyringepump()

The user is requested to utilize two button components each relaying a signal
which is processed and results in the actuation of the syringe pump stepper
motor to enable the desired loading of electrospinning solution
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5.2.2 The User Interface phase

Whilst interaction by the user was required in the previous phase of the project this was primarily of a servicing
nature, this subsequent stage requires information from the user to define how the machine will operate. This
communication is responsible for the later implementation of various modules/technologies in the process and is
largely responsible for leveraging of the modular nature of the machine to generate variations in novel results.
This data is communicated by utilizing the Arduino’s premade serial based control functions. The
communication baud rate is defined as 9600bps by setting this through Serial.begin(9600);. The Arduino
serial monitor is then set to this value and will display desired program information/prompts through
applications of the Serial.println("information/prompt"); or Serial.print("information/prompt");
command. Information presented by the user is processed through Serial.readString(); and assigned to a
variable which is compared to the desired input and processed accordingly. An example of how this is

implemented within the code is demonstrated in the annotated Figure 94.

Serial.println("A command requesting a desired input"); e{ Command/Request displayed to user via the Serial Monitor

while (the request condition is not met) {

if (Serial.available() > @) {%‘ An evaluation identifying if the user has provided an input ‘

UserIn = Serial.readString(); <] Assigns the input to a variable

if (UserIn != "desired input™) { An evaluation identifying whether the input was invalid ‘

Serial.println("error message");H A statement informing the user that an incorrect input is received

}

if (UserTn — “desired input ") { An evaluation identifying whether the input was valid ‘
OUTPUT {

}

‘ The resultant outcome of the desired input ‘

}
Figure 94: Demonstration of the Arduino based capability for serial monitor based user interaction

The first set of data requested relates to the heights/distances associated with the utilized extruder and collector.
The utilized point of extrusion based mechanism might not always have an associated standardized height. As
such to account for this variation relative to the machine limitations, the input value must be processed to
identify the possible minimum and maximum values possible for the collector height. Thus the further input
collector height will be able to provide feedback (if necessary) regarding the machine limitations. This simple

calculation is depicted in Figure 95.

totalworkabledistance = Ir:ollector‘leadscr‘ewI + (extruderrecess - EH);
I I

This refers to the total This refers to the This refers to the This is the user
distance available total length available distance between input value for
between the home for the used linear the actuator and the height of the

position and extruder actuators leadscrew extruder platforms used extruder

This value is converted into a steps-based value relative to the
millimetre per revolution and steps per revolution of the motor

Figure 95: simple equation for the identification of actuation related limits in the electrospinning process
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Following this, information important to the desired pump flowrate is requested for both the syringe pump and
vapour based mechanisms. As mentioned initially, these components may vary, however this portion of
operations is intended to allow for the input of information regarding the control of motor-based mechanisms
utilized in both the electrospinning and sequential processing modules. The user is then asked to define the
desired time for the electrospinning to occur as well as to identify the desired variation in collection angles for
the collecting surfaces (note: this is for the subsequent retrieval of fibre from the utilized collector). The next
stage presents the user with the choice of which additional process they require the retrieved fibre to be exposed
to. For each process activated, the user will be requested to provide information relative to the desired
exposure/activation characteristics (e.g. time, flowrate, or rpm). The final required user inputs relate to the
method/nature of the implementation of the machines processes. Here two options are presented with a request
regarding the number of operational iterations required being presented once the desired method has been
chosen. To ensure that the user has not made a mistake throughout this process, all input data is then presented
for final inspection prior to the Manufacturing phase. If the user is in agreement with the input values, they
many now enter a value to begin entering the next phase. Prior to this phase however the user will be requested
to manually set the desired electrospinning voltage on the now active high voltage power supply. It is worth
noting that this will not occur and the user will not be able to enter the manufacturing phase if associated safety
mechanisms identify potential danger/user error. Figure 96 illustrates the desired progression of this operation

alongside the utilized code-based functions which are described in Table 22.

- Flowchart 1 Functions
I | !
| 1
:‘ User Interface l - : I enterX(); ‘ I
" - 1 [ - .
| Lb| Height-based requests < T UserinputHeights); |
| Lo oetuder neightomy | " I
I I Collector Height (mm) | I I I
| Pump-based requests l I i UserinputPumps(); ‘ 1
I b I Desired ;;rln_g:p:mp-flzw-ran_a E;wl!h: " I I I
I "l Desired peristaltic pump flowrate (mi/h) 1 I I I
I Time-based requests [l-( l i UserinputTime(}; |
I [ Gecvommngtme & " I
I ! collection angle factor () | | I 1
I Process-based requests II< I : UserinputProcesses(); |
_____________ . | rotatingmandrelUserInput(); |
I L“”I Set/Define the Additional Processes . I I
_____________ I
I Method-based requests ll< I 1 UserinputMethod(); I
I [ Sevoetine e ethod ! I
I "g-c======= : |
User Input reviewed TotalMenuCheck(): |
|
I [T Aoty o reset/change input valies " I
""""""""" | |
| L| Printing Voltage set }%IL PrintingDeviceSetup(); |
I [f Asericsof satery checks, followed | | I I
I by user activated and setting of I I
h\gh voltage power supply value | 1 |

L________________';';'i"_"_':_L___ —_—— -

PrintingM ethodA();

ManUfaCturlng Cyde or PrintingMethodB();

Figure 96: Flowchart showing the progression of the User interface phase
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Table 22: List and description of the implemented User interface functions within the machine code

User Interface Functions — These processes relate to the stage at which the user must enter desired values which

in turn are processed and implemented through motor actuation.

enterX()

An operation in which functions which request user dependent information

are utilized.

resetTimmers()

This process acts to control time-orientated variables which are fundamental

for accurate actuation.

UserlnputHeights()

Prompts requesting the extruder and collector heights are requested and

compared allowing for accuracy in the desired distance between these.

UserlnputPumps()

This requests the flowrates for the syringe pump and vapour (peristaltic

pump) mechanisms.

UserlnputTime()

An operation which will set a variable related to the length of desired time
for the electrospinning process as well as set a variable for the desired

rotational alteration in collection instances.

UserlnputProcesses()

In this process the user will define which processes are to be utilized in the
fabrication cycle. It also acts to retrieve the desired operational time for some

of these.

rotatingmandrelUserInput()

Values are evaluated relative to the experimentally derived maximum

revolutions per minute capability of the utilized motor and set accordingly.

UserlnputMethod()

Values which control whether ‘Method A’ or ‘Method B’ are utilized are set.

TotalMenuCheck()

This allows the user to review all information set and modify values if

required.

PrintingDeviceSetup()

This stage involves the setting of the High voltage power supply as such
there is a monitoring the health and safety sensor value. If all conditions are
appropriately met the user is able to set the desired values for the fabrication

and proceed with the printing process.
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5.2.3 The Manufacturing cycle phase

This phase no longer requires user interaction with the serial monitor of the control unit. Here the
machinery/mechanisms employed will proceed to perform actions relative to the prior input information. The
electrospinning process will initially actuate the collector platform to the desired collection distance derived
from the user inputs. If the collector has been assigned a rotating/actuating mechanism, this will be activated to
ensure the collector occurs in its desired form at the start of the fibre generating processes. Once this arrives at
the desired position, the processes associated with electrospinning fibre generation will begin, namely the
application of the input high voltage to the point of extrusion and the actuation of the syringe pump(or
alternative) at the desire flowrate. This will occur for the user input electrospinning time after which all of these
processes will cease (including collector related actuators) and the collector will be moved to a desired position
for fibre transferal. Now the actuators associated with transferring the generated fibre media upon collecting
surfaces will move to pre-assigned collector specific locations. If a desired collection angle has been specified,
the collecting surface will rotated accordingly before it is actuated into the generated fibre (thereby collecting
this onto its surface). At this stage, the machine operations are allowed to vary according to the user input
methodology. If ‘Method A’ was selected the electrospinning and fibre transferal/retrieval processes would
repeat a user defined number of times, following which the resultant structure of accumulated fibre will be
subjected to the desired processing. Alternatively if ‘Method B’ was selected, the transferred layers of fibre
would be subjected to additional processing after which this technique of electrospinning, fibre
transferal/retrieval and fibre processing would be repeated a user defined number of times. Through these
methods the following structures are intended to be generated: structures comprising solely of fibre, multi-
material structures having varied proliferation of processing effects (namely a structure in which only the top
layer has been processed) and structures with embedded and repeated layers of processing. Figure 97 illustrates
the desired progression of this operation alongside the utilized code-based functions which are described in
Table 23.

r Flowchart " Functions |
( bt J!
. < ! PriotingMethodAl); I
: [ Manufacturing cycle I ; ; ‘ P e :
! L'[ Set Manufacturing Conditions l B *“-““:i-y-"""":“- "
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| [ = = - } 4 runmotortodntance!); !
| sy Colector height set | § gt |
: 1 (o‘.‘.ylo:ryxird_ A | 1
I Electrospinning Phase I =3 RO ‘I
_________ ‘ runmotorstodistance); I
! I ,' Connect high voltage | 11 r 1
| T Actuate material pump | I 1 FibeeTranster slMotor);
1l I > 1 1! Hvatehomingservomoton); I
| Fibre Collection Phase | TNV 11| Bt -veens e !
| Method A loop [ o = - i g | homeservomotory); I
| s, Coliector position set for fibee transferal | | rotatemandred(); 1
| " Transferal mechanism actuated 1 (I coBectfibee();
| Fidre collecting mechanism actuated 1 i gl rotatecolectort); J I
s 1 ¢ " |
| Method Aoop complee Additional Processes Phase |<-—' PR —— |
I e l l | rUnmotortodatance(),
| | ‘,l Moves transferred fibre 10 processing region 1 1 1] Process2(); 1
| ! Exposes transferred fibre to desired mechanisms | YN Process3(); I
__________________ Procewi(); |
| Method B loop complete I
b c e e e e o - SE——— T CU | S— !
Manufacturing complete
l User Interface Il [ TotaiMenuheck);
Figure 97: Flowchart showing the progression of the Manufacturing phase
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Table 23: List and description of the implemented Printing functions within the machine code

Printing Functions — These processes involve the automation and nature of the fabrication.

PrintingMethodA()

An operation in which functions are initiated relative to the desired

fabrication methodology.

PrintingMethodB()

An operation in which functions are initiated relative to the desired

fabrication methodology.

setcollectiondistance()

This positions the collector at the previously set distance by actuating the

relative motors.

FibreDevelopmentProcess()

The actuation of the high voltage connection controlled servomotor, syringe
pump motor and rotating mandrel process motor are all subject to this
function and activated accordingly.

FibreTransferalMotors()

This controls the actuation of the motors to regions required for the
collection of fibre.

collectfibre()

rotatecollector()

Here the motors utilized to control the positions and angle at which fibre is
collected are controlled.

rotatemandrel()

This function will actuate the rotating collector to allow for the transferal of
material at each of the defined areas of the collector.

AdditionalProcesses()

The additional processes are controlled by this operation, namely this ensures

that only the desired processing methodologies are used for the defined time.

StopElectrospinning()

This function ensures that the high voltage power supply is disconnected and
returns all components to the defined starting positions.
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5.3 Hardware/componentry ideation

In order to implement the desired processes/phases of operation, some combination of mechanical and electronic
componentry was required. The initial concept for which was illustrated and then converted into the annotated
diagram depicted in Figure 98. The majority of the actuation based mechanisms are equipped with stepper
motors which would actuate attached leadscrews thus generating the linear motion required. To control this
motion cantilever switches would act as sensors and be fundamental for the implementation of the Homing
phase. Additional mechanical actuator included the use of servomotors which would act to connect the high
voltage for the extruder and provide additional functionalities to collector and homing-based mechanisms.
Solid-state relays were also identified as potential control-orientated components which were implemented in
the actuation of the additional process phase. The concept also included an extractor fan and LED floodlight,
which were intended to be user controlled mechanisms to aid in the use of the machine. All other componentry

displayed is mechanisms specific with greater discussion relating to these occurring in Chapter 4.

5M LSS
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M6 Key
B Symbol Description
. Stepper motor
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8 8 | 8 R# EH Extruder height
ell oll o
a all &£
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]
| High Voltage Power Supply
|
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|
Vapour
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|
|
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I _ —___ I |
Syringe Pump Ls1 »

Servd

Figure 98: Initial design for complete fibre based manufacturing technology
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5.4 Software/Code development

This project required code capable of producing time dependent control of asynchronous operations to enable

the desired automated machine. This had to be able to store relevant values, update and monitor these values and
ensure accuracy for multiple tasks. As an Arduino MEGA 2325 was utilized, the control system could be coded
utilizing the C programming language. This type of programming is useful in its ability to utilize functions
(titled segments of code) which can be repeated when required. Whilst every line of the code was deemed
necessary within the project, this section will focus on certain fundamental sections and predominant functions
(the full code is attached as Appendix D: Code). These include an evaluation of code relating to motor control
and time based events. Whilst the implemented programming did account for certain factors of modularity
(specifically those of the extruder heights), this was not feasible for all possible iterations of future
developments. As such this is intended to be both utilized and modified according to user requirements. Thus in
order to adequately utilize and modify this code the user must become familiar with the fundamental feature
implemented in the program, namely the direct control of multiple stepper motor characteristics within defined

intervals.

5.4.1 Stepper Motor Control

Stepper motors are widely utilized within many varied projects in which actuation is required. These
components consist of a shaft connected to a magnetized rotor that is surrounded by stator coils (coils of copper
wiring). Through the application of charge within these coils, a magnetic field is produced. This field will cause
a reaction with the magnetic rotor and result in rotational actuation the amount of which is directly proportional
to the rotational/sequential activation of neighbour coils. This staggered activation and deactivation is referred to
as a step. Stepper motors come in a variety of forms, however for the scope of this research the hybrid stepper
motors known as Nema 14 which are popular within hobbyist machine research and development were utilized.
These motors have a standard step resolution of 1.8° and thus require 200 steps to generate a full revolution of
the motor shaft. To simplify the control of stepper motors, motor drivers are utilized. This project made use of
Big Easy Motor drivers due to their capabilities of operating at voltages up to 30V, ability to operate under
current of up to 2A and well documented resources. These components aid in the simplification of code required
in actuating a motor, namely requesting logic inputs (0-5V equating to on or off) to enable the motor, set it’s
direction, result in a motor step and define the required micro-stepping. For most of the implemented motors,
full-step actuation was utilized, with the exceptions being the syringe pump and peristaltic pump components.
Rather than individually assign code to control this however the connections for the microstepping of these

motors were connected either directly to 5V (for motors requiring micro-stepping) or ground (full-step motors).

Stepper motors were utilized within this project to perform two kinds of tasks. The first being the actuation of
leadscrew units to provide linear motion thereby positioning mechanisms in desired locations and the second
being the actuation of materials and mechanisms at a desired speed. Positional control was achieved simply
through the evaluation of the relationship between the resultant millimetre-based linear motion and the number
of motor shaft rotations. This yielded the number of steps required for 1mm worth of actuation. With respect to
motor speed however, it is worth noting that code required to run a stepper motor always has some form of a
delay between activating and deactivating the coils. This delay relates to time required for the rotor unit to

appropriately align itself with the activated stator unit and is a fundamental limitation for applications requiring
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motor outputs having high rotational speed (rpm). This project did however not require high speeds, rather the

motors were expected to deliver a means for actuating material.

One of the benefits of utilizing the Sparkfun Big Easy Motor Drivers is that these components have been

thoroughly documented by the manufacturer. This includes guides as well as example code which ensures ease

in the rapid evaluation of motors and mechanisms. Figure 99 depicts the component (motor driver) alongside the

example code identifying the relationship between connecting pins [130]. Of importance within stepper motor

code like this example is the occurrence of a delay between the activation and deactivation of the step variable.

This relates to the requirement for relates to time required for the rotor unit to appropriately align itself with the

activated stator unit and is a fundamental limitation for applications requiring motor outputs having high

rotational speed (rpm).

e

DECLARATIONS

= w = //Declare pin functions

o #define stp 2

L #define dir 3
#define MS1 4

#define MS2 S

& o
~N = #define MS3 6

#define EN 7

SETTINGS

U //Set the pins as outputs

pinMode(stp, OUTPUT);

L pinMode(dir, OUTPUT);

DR P11 pinMode(MS1, OUTPUT);
" pinMode(MS2, OUTPUT);
pinMode(MS3, OUTPUT);

pinMode(EN, OUTPUT);

‘ MOTOR PROPERTIES

MOTOR ACTUATION

//Set the motor direction
digitalWrite(dir, HIGH);

//Turn on/enable the motor
digitalWrite(EN, HIGH);
//Control desired microstepping
digitalWrite(MS1, HIGH);

digitalWrite(MS2, HIGH);
digitalWrite(MS3, HIGH);

to the component ports

//Alternate the driver step pin

digitalWrite(stp,HIGH);
delay(1);
digitalWrite(stp,LOW);
delay(1);

Figure 99: Sparkfun Big Easy motor driver with annotations related to example code provided by Sparkfun relative
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Prior Chapters have discussed the need to induce a solution flowrate for components such as peristaltic and
syringe-based pumps. This was achieved through the identification of critical values which when computed
would yield the required delay between the drivers coil activation and deactivation. The user is expected to
ensure that the coded/assigned values for the utilized syringe and peristaltic pump are updated for when
required. The first variable SyrMLitrePermmitre refers to the output millilitre amount per millimetre of
syringe actuation and the second variable relates to the denominator value for the nNoRevV which refers to the
output millilitre amount per rotation of the peristaltic pump motor. The following will describe the computation
involved for syringe pump, however this is much the same for the peristaltic pump and only requires one
additional conversion, namely the integration of syringe and motor outputs. The provided value of millilitre per
millimetre of syringe actuation is compared to the millimetre output per revolution of the motor thus yielding a
millilitre per revolution value. The user input value of millilitre per hour is then compared with this value which
computes to the required revolutions per hour. This is now related to the defined number of steps per revolution
of the motor (note this is micro-stepping dependent) and will provide the number of steps needed for this output
per hour of operation. In order to identify the required step-based delay this value is then represented in the form
of milliseconds passed per step. A final computation dividing this by two occurs as the delay will be situated
between moments of activation and deactivation. Figure 100 depicts an annotated progression of the
equation/computation utilized.

Computing the mechanism capable revolutions per hour relative to the desired flowrate

Input desired flowrate Mechanism and component capabilities

p— Ep—

millilitre millilitre millimeter millilitre millilitre millilitre  revolution revolution
(e x —) - / — - X e
hour millimeter revolution hour revolution hour millilitre hour

Converting this value to the resultant steps required per hour for the utilised mechanism

Required number of steps relative to microstepping
-

revohrrian steps ' steps
hour r et'omc!onl hour

—

Identifying the time required between steps to achieve the desired flowrate per hour

Milliseconds utilised relative to desired microcontroller control

[ Sa— )

Irmihseconds } steps milliseconds  hour milliseconds

—_— - —_— X - —_
hour | hour hour steps steps

Identifying the time required between the activation and deactivation of the step control pin

Required pin activation and deactivations to generate a step

M ETEE

milliseconds |da‘girnrwr':‘re[pin sern'ng}l I milliseconds steps milliseconds

X = - N .
steps step steps digitalWrite(pin setting) digitalWrite(pin setting)

—-—— e = o= o= w]

Figure 100: annotated progression required to compute the required motor delays relative to desired flowrates
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It is worth noting that these can be utilized for more than just flowrate applications, an example for which is the
use of this formula in generating the delay associated with the rotating mandrel. The only additional work
required relates to the variation in microstepping and revolution per hour amounts (e.g. for the rotating mandrel
collector, 200 steps per revolution are utilized and the required rpm is converted).

5.4.2 Operational efficiency

To increase efficiency within automation, often multiple actuators are activated/utilized at the same time. This is
particularly relevant for situations in which diagonal motion is required such as those seen in many 3D printing
gantry systems. A similar parallel actuation requirement existed within the desired machines movement of the
two parallel linear platforms as well as the implementation of both rotating mandrel and syringe pump
mechanisms in the electrospinning phase. This could not be readily achieved via the previously described code
which operates in a ladder/stair-like sequential manner. Here the processor/compiler will perform tasks
sequentially downward and thus is not immediately ideal for situations in which a potential compounding of
delays could occur. An example of which would be the accumulation of prior and subsequently programmed
delays affecting the implementation of code. This case is demonstrated in Figure 101 where ‘actionD’ can only

occur/be processed after the time associated with the action and delay times of A, B and C have occurred.

‘ *
actionA

delay(requiredafterA)

actionB
Program loop

delay(requiredafterB) = Sequential nature of code compilation
actionC

delay(requiredafterc)

actionD Process only occurs after prior actions

Figure 101: Illustration of the sequential nature of code compilation and the effects of prior action-based delays on
later operations

103



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

The well documented and thoroughly utilized nature of the Arduino microprocessor unit device proved highly
beneficial in providing a potential solution for this limitation. This was in the form of a forum post

(https://forum.arduino.cc/index.php?topic=223286.0) by the user Robin2 entitled “Topic: Demonstration code

for several things at the same time”. Here an example of a methodology to aid in the processing of multiple
outputs/instances (each having varied delay times) was outlined. This solution was based on the Arduino
millis() function which will provide a value equal to how much time (in milliseconds) has elapsed at this
instance of the codes operation. Through the manipulation of this information utilizing comparison statements
and loop structures, events can be triggered relative to time. Figure 102 demonstrates how through the
modification of a while loop structure a localized time has been generated against which the triggering condition

for operations is evaluated.

The total currenttime transpired within the program prior to the loop

Aloop withinwhich the program will cycle until conditions are met
previousTotalTime = millis(); /

while (the program conditions have not been met){ The total currenttime transpired at the start of each cycle of the loop
currentTotalTime = millis();4 |
Loop-basedTime = currentTotalTime - previousTotalTime;

The resultanttranspired time within the loops operation

If (the value of the Loop-basedTime meets the conditions required to perform actionA){
actionA is performed;
}

If (the value of the Loop-basedTime meets the conditions required to perform actionB){
actionB is performed;
}

If (the value of the Loop-basedTime meets neither actionA or actionB’s conditions){
Meither actiond or actionB is performed;

}

} Independent comparison statements for which actions will occur if conditions are met

Figure 102: Overview describing the formation of localised loop-based time variable and demonstrating the use of
these with comparison statements/evaluations to trigger actions

Through this the time between instances in which the multiple motor driver step controls are activated and
deactivated can be controlled allowing for a practically parallel operation/processing of the actuators. It is worth
noting that this technique does not yield true parallel processing. It does remove the effects of compounded
delay() functions, however there will still be a processing delay relative to the operational speed of the
microprocessor. This however is relatively minor in relation to the operation of the actuators and as such was
deemed negligible for this project. Thus, this methodology was utilized to generate variables and conditions
within the program to operate components and mechanisms within the machine for both defined periods of time

as well as actuate these with respect to the relative elapsed operational time.
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5.4.3 Fundamental program functions

The Arduino microprocessor can be controlled via the C programming language and as such allows for the
segmentation of code into groupings. These groups are known as functions and often will compute specific tasks
at various stages of the program. With respect to this project two fundamental functions relating to motor
control were generated, namely runmotorstolimit() and runmotorstodistance()[Figure 103]. Both of these
are similar (both resulting in actuation if the a/the condition (variable) is not met) with the major variation

being that the later takes into account the current position of the motor and will set its direction accordingly.

millis();
writetime -

Figure 103: Implemented function through which motors are actuated to desired distances

The functions require information related to the status of the motor driver control elements (direction, enable,
and step), the time-based control elements (previously expired operational time, delay/trigger time associated
with the motor, and a trigger reset-based variable) and operational elements (current motor actuation/location
and function control variable). It is important to note that the location variable refers to the amount of times a
motor step has occurred relative to the origin (at which this value is 0). Within the function variables are defined
for the time-based operations (overwriteTime and Time) and a variable for computation of the final location
(stepvalue). Through computing the difference between the prior elapsed time variable (PriorTime which is
set before the loop) and the time set within the function (overwriteTime), a counter-like variable (Time) is
created. As the PriorTime value will not change, the value associated with the subtraction of this from the
updated overwriteTime will equate to the time elapsed within the loop. Thus Time can be described as a
localized form of miLlis(). Within the distance orientated function an evaluation of the current position of the
actuator (currentdistance) relative to the desired value (variable) is conducted. For the occurrence of
variation, the motor driver enable control will be activated (allowing for actuation) and the nature of this
variation investigated. Through this the required direction of the motor and required value for computation
(stepvalue) is identified. To perform actuation the position is once again evaluated and a further condition
relating to the defined time-based restrictions of the motor evaluated. This additional comparison ensures that
the motor driver step control will not be modified unless the desired interval of the motor (time related delay)
has passed. As the Time variable will continue to increase relative to the duration of the loop, a resetting

variable (resetcondition) having an assigned value relative to the delay is required. This will ensure that
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motor actuation will only occur after a given time has elapsed between activation of the step control. Thus for
every instance in which activation occurs the desired delay time must be subtracted from the elapsed loop time
with respect to this comparison. It is worth noting that the nature of step control activation is relative to the prior
status of this, thus ensuring the variable toggles appropriately. With respect to the distance related function the
variable associated with the motor position (currentdistance) is updated relative to the stepvalue. The last
segment within the function will return the motor control variables to their default values once the condition for

actuation has been met (e.g. currentdistance equals variable).

Through the understanding of the above described functions and the manipulation of the variables within these,
the majority of the mechanisms within the machine were made to function. It is worth noting that to allow for
modifications within the code to function, an established understanding of C and manipulation of functions is
required. Additionally the Arduino Servo.h library was utilized to control the machines servomotors and the
serial output capabilities of the board utilized to provide a user interface.
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5.5 Research and development characteristics/properties of the final machine

The final rendition of the machine was intended to allow for ease in further research and development of
mechanisms and processing techniques. It is worth noting that the final construction of the machine was
comprised predominantly of 4.5mm matt black acrylic, which can be easily machined, and was laser cut into the
shapes required for assembly. The resultant machine has external dimensions 375mm (Width) by 1150mm
(Length) by 1180mm (Height)and is situated within an aluminium frame of dimension 590mm (Width) by
1300mm (Length) by 2180mm (Height), which is equipped with wheels allowing for ease in mobility. In order
for future development of technology within this machine to occur, the following design considerations need to

be accounted for:

5.5.1 Electrospinning-based design characteristics

The two utilised linear actuators within the electrospinning section have an operating distance of 450mm in
which they move two platforms upon which the collector (or potential collectors are attached). These platforms
occur at a horizontal distance of 537mm from one another with the entire linear actuator elements occurring
168.5mm above the point of extrusion attachment plate. The total operating region for the electrospinning
process in which the extruder and collector mechanism must be situated has dimensions 366mm (Width) by
575mm (Length) by 721mm (Height)[Figure 104].

Figure 104: Final dimensions of the electrospinning region
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5.5.2 Additional Processing-based design characteristics

The mechanisms implemented within the additional processing of the fibre are limited to the current size of the

tower attached alongside the electrospinning based unit. The current form of this region predominantly acts as a

housing unit in which the components required for mechanisms and machine functionality are housed. The core

region in which the transferred fibres are to be modified by the additional processes has an area of dimensions
366mm (Width) by 366mm (Length) by 405.5mm (Height) and includes an 4.5mm attachment plate positioned

67.5mm from the back wall. This component is currently equipped with three aluminium-sliding components

and allows for an ease in the addition and removal of processing mechanisms. Below this region, there are four

compartments in which the high voltage power supply, syringe pump mechanism, electronics, peristaltic pump,

and air pump components are currently stored [Figure 105].
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Figure 105: Processing region and equipment of the final machine
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55.2.1  Fibre collection and transferal design characteristics

The current method for retrieving the generated fibre from the collector makes use of a linear actuator having a
total operating distance of 950mm and the current the fibre transferal mechanism is capable of an operating
distance of 143mm. Through these components, fibres are collected in the electrospinning phase and subjected
to mechanisms in the additional processing phase. The development of these mechanisms is currently
constrained to an area having dimensions 190.5mm (Width) by 950mm (Length) by 204.5mm (Height). It is
worth noting that due to the method of actuation the current operating region for a collecting surface is 48.75mm
(Width) by 48.75mm (Length) by 204.5mm (Height), however this can be altered through modifying the

attachment to the fibre transferal actuator [Figure 106].

Figure 106: Fibre-handling system realised in the final machine with associated dimensions
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55.3 Code based characteristics

The implemented code currently functions through the assignment of current mechanism-specific variables.
These relate to the maximum traversal limits for the syringe pump mechanism (SM1_SPstepperlimit
currently set to 10050 steps), and vertical linear stage components (collectorleadscrew currently set to 420
steps) as well as defined distances for the fibre retrieval unit (77500 steps) and the fibre collecting surface unit
(10000 steps),. The function-based nature of the developed code is highly beneficial for situations requiring the
addition or modification of implemented technology. For the variation or addition of mechanisms within the
additional processing phase consult with the AdditionalProcesses(); function and associated
Process2/3/4(); functions. It is worth noting that the nature of the fibre retrieval and transferal is highly
collector specific and as such much of the information related to transferal distances and humber of collections
is required to be accounted for within the FibreTransferalMotors();, collectfibre(float
desiredFTUpos();, rotatecollector();, and rotatemandrel(); functions of the machines code
Currently the program acts to repeat the transferal of fibre onto collecting surfaces at varied angles repeating for
the length of the rotating mandrel. This will occur by traversing the mechanism in back and forth along the
mandrel which will rotate for each direction ensuring the collecting surface is presented with generated fibre for
each collection. This motion is achieved by the ‘for loop’ utilising the, rotatecollector();, and

rotatemandrel (); functions [Figure 107].

for (int rm = ©; rm <= 3; rm++) {
rotatemandrel();
for (int ¢ = 9; ¢ <= 4; c++) {
collectfibre((77000 - (c * 3€00)));
}
rotatemandrel();

for (int cf = ©; cf <= 4; cf++) {
collectfibre((65000 + (cf * 3000)));
}

Figure 107: Coded 'for-loop' utilised to generate the rotating mandrel-based collection stratergy
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Chapter 6 DISCUSSION OF EVALUATIONS RELATED TO THE HYPOTHESIS

This chapter discusses the studies which were conducted in order to identify the feasibility of elements within
the hypothesis. These directed the development of technology within the project from which the final research
and development machine was constructed. As such, the work discussed within this chapter relates to the use of
technology within various stages of the project in an attempt to realise goals related to the main hypothesis
derived in Chapter 3: Post Literature Review Hypothesis. Initial experimentation focussed on the ability to form
electrospun fibres onto pre-existing structures. Following the outcome of this work, developments related to the
ability to transfer fibre onto desired forms and the technology through which this occurs are described. The
ability to modify the samples generated by the machine and potential technology namely vapour and plasma
exposure are explored. Utilising revelations from this work, the ability to conduct this form of research and
development within the confines of the created machine are evaluated. Finally research relating to the potential
outcome of this developed technology to generate a three-dimensional form is discussed. It is worth noting that
for many evaluations/studies conducted within this chapter, accessible and cost effective techniques (e.g. fused

deposition modelling 3D printing) and materials (e.g. ABS, Acetone, expired resins) were initially utilised.

Many of the understandings developed through the evaluations within this chapter were utilised in the

generation of published conference papers. These papers are attached within Appendix A: Papers Published.

6.1 Fibre distribution/forming strategies

Initial investigations involved the analysis of the effects related to the modification of collector surface topology

to generated/accumulated fibre.

6.1.1 Wrapping/Molding of Fibres generated in Electrospinning

The utilisation of mold-based manufacturing is a popular technique for the production of three-dimensional
fibre-based constructs. This technique typically involves a manufactured shape(mold) onto which the fibre
material can be placed/wrapped. The structure is then exposed to agents and processes which result in the
bonding of the fibre into the desired form. The mold is removed after the bonding is completed, yielding a form
comprised solely of the implemented fibre-agent matrix. The electrospinning process has been thoroughly
documented as capable of generating fibre upon electrode surfaces. The utilisation of structures such as rotating
mandrels as collecting interfaces between the point of material extrusion and grounded collecting rod have been
proven as capable of shaping the resultant distributed fibre (albeit a relatively planar distribution wrapped upon
the mandrel). From this was hypothesised that through the modification of the collector surface topography, the
distributed fibre can be accumulated upon mold like structures after which post processing (such as exposure to

adhesive agents) can be utilised to generate controlled three-dimensional structures.
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6.1.2 Experiment methodology

Experimentation occurred at Revolution Fibres, utilising a relatively simplistic electrospinning device in which
and provided Nylon-Formic Acid solution. The major limitations of this device related to the manual
adjustments of critical distances related to the electrospinning distance, solution beaker(flowrate) and collector
height. This device was a derivative of Electrospinz’s ES1a device which can be seen in Figure 109 and Figure
108 (acquired from [3]). The machines components were adjusted until electrospinning of fibres occurred and
the utilised distances were measured as: distance to collector = 120mm, solution beaker height = 256mm,
collector height = 250mm. The system relied on a purely gravitational system to induce the flow of solution
there was no feasible or practical method for determining or controlling flow rate.

Figure 109: Revolution Fibres electrospinning device Figure 108: Electrospinz ES1a device from [3]

7 mold-based surfaces were designed in SolidWorks and an UP!2 3D printer, loaded with white ABS filament
and a set printing resolution of 0.25mm, was used to manufacture these. Of interest were the effects of surface
collector extrusions and cavities on resultant electrospun fibre placement. For this study, a relatively flat
collector surface was used as a control for comparison against three distinctive forms namely a semi-sphere,
patterned semi-sphere and dog-bone analogue. The sphere based forms were intended to yield information
regarding the fibre collection on organic/smooth surfaces with relatively few hard edges, whilst the dog-bone
analogue forms were utilised to determine collection characteristics on relatively complex surfaces containing
hard(90°) edges. These shapes were extruded or cut into collecting surfaces with base dimension 50mmx50mm.

Further dimensions for each surface are shown in the accompanying Figure 110.

Figure 110: Additional dimensions for generated collecting surfaces. Where 1, 3 and 5 are the cavity and 2, 4 and 6 are
the extruded versions of the semi-sphere, patterned semi-sphere and dog-bone analogue[7]
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Each collecting surface was attached to the grounded collector plate via double sided tape. Collectors were
positioned with the extruder nozzle directed approximately at their respective centres. The high voltage source
was then activated and set to approximately 32kV for 5 minutes, after which the collector and unwanted fibre
‘overspray’ were removed and the process repeated. Each fibre-coated collector was then subjected to sputter
coating (an average of 25 angstrom/2.5nm gold sputter coating applied through the use of Nanostructured

coatings DSR1 device) and then evaluated via scanning electron microscopy using a Hitachi TM3030Plus.

6.1.2.1 Results
Figure 112 and Figure 111 demonstrate the resultant fibre distributions that occurred as a film on all surfaces.

—— LA

Figure 111: Image magnified and highlighting
transparent fibres (circled in yellow)
Figure 112: Image of collecting surfaces covered in film of
nylon fibre (transparent fibres circled in yellow)[7]

Other than the expected generation of a film of fibre, no immediate fibre properties or characteristics could be
determined from a macro evaluation of the flat collector. SEM imaging of this yielded the expected information,
namely that fibres were spread out randomly at varying orientations [Figure 113], and these fibre characteristics
were repeated for all cases where fibre made direct contact to flat surfaces [Figure 115]. A note should be made
that even though the testing device was rudimentary, nanofibres were produced upon all of the surfaces

including this simplistic surface [Figure 114].

TM3030PIus0010 2017/03/29  23:06 NMU 3.0 um ‘TM3030PIus0008 2017/03/29 22:38 NMU 5.0 um TM3030Plus0011 2017/03/29 23:08 NMU 1.0 um

Figure 113: Flat surface SEM Figure 115: Example SEM illustrating Figure 114: Flat surface SEM
showing randomised fibre layout[7] randomised fibrils at base of dog-bone showing nano-scale fibre[7]
[71[7]1[5]collector [7]

A macro evaluation of the surfaces containing extruded forms identified that the film of fibres appeared to
stretch across gaps rather than wrap around extrusions and the film appeared more prominently on surfaces
perpendicular to the direction of extrusion [Figure 116]. There is an apparent lack of fibre formation on the

top/dome portion of the large semi-sphere; this is likely due to the greater distance of the spherical summit to
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that of the grounded plate [Figure 118]. Unlike with this surface, the fibres seemed to stretch across and
accumulate on top of the patterned semi-spheres instead of occurring at the base, this is potentially due to the
proximity of the patterned extrusions resulting in interference between fibre and grounded plate (thus catching
the fibres). The fibres stretched along the hard edges of the dog-bone analogue and did not seem to occur on the

areas parallel to the direction of material extrusion (although this was difficult to evaluate under SEM).

Figure 116: Image of the 3 extruded forms with yellow highlighting areas where the fibres have stretched across surfaces

SEM imaging of the areas at which fibres stretched across gaps yielded interesting results, namely that a relative
alignment of fibre could be identified on the patterned semi-sphere collector [Figure 119] however this
alignment was not present in the dog-bone analogue collector (it is hypothesised that this is due to the angle and

distance of separation between surfaces) [Figure 117].

TM3030PIus0000 . . ‘
TM3030PIlus0007 2017/03/29 22:17 NMU ?:43030’3'“0022\ ;017103/29 1834 NMU

Figure 119: SEM of aligned fibres

from the many semisphere [7] Figure 117: randomised fibres | Figyre 118: SEM showing relative
stretching along the edge of the dog- | |ack of fibres at semi-sphere collector
bone analogue [7] summit [7]

A macro evaluation of the surfaces containing cavities identified similar features found in the extruded surfaces,
namely that the film of fibres appeared to stretch across gaps rather than conglomerate inside the cavities
[Figure 123]. For the semi-sphere cavity, fibres did not stretch over the entirety of the gap; in fact this only
occurred at the edge of the cavity. As with the extruded forms, an inspection of the areas parallel to the direction
of extrusion indicates a lower amount of fibre collection (again this is difficult to evaluate through SEM). Much
like with the extruded form, the proximity of the cavities of the patterned semi-spheres could potentially resulted
in interference between fibre and grounded plate (thus suspending the fibres above the cavity). Unlike the in the
extruded form, the fibres did not seem to stretch along/against the hard edges of the dog-bone analogue, with an

exception being the area where these fibres stretched across the airgap.
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Figure 123: Image of the 3 surfaces containing cavities, with yellow highlighting areas where the fibres have stretched
across surfaces

SEM imaging of the areas at which fibres stretched across gaps yielded similar alignment characteristics for the
dog-bone and semi-sphere cavities [Figure 122 and Figure 120] interestingly the fibres stretching over the
patterned semi-sphere cavities were randomly arranged [Figure 121] this is possibly due to the distance between
surfaces being too small.

TM3030PIus0003 2017/03129 21:42 NMU

TM3030PIus0014 2017/03/30  10:32 NMU

TM3030PIus0001 2017/03/29 21:05 NMU

Figure  121: SEM  showing
Figure 122: SEM showing alignment Figure 120: SEM showing alignment randomisation of fibres above

of fibre across the dog-bone cavity || across semi-sphere gap [7] patterned sem-sphere cavity [7]

[7]

6.1.2.2  Evaluation of experimentation

The experimentation helped to re-inforce the previously discussed analogy of spider web generation (Chapter 2:
Literature Review). Namely, that fibres colliding with interference will stick to this with the subsequent length
of the fibres wrapping around the topography in the direction of actuation until collision with subsequent
interference/ground. In the case of a spider’s webbing (actuated by airflow) colliding with foliage (e.g. a tree),
often this webbing collides with multiple points of interference forming a bridge of webbing from/upon which
the spider constructs its web. Similarly, in electrospinning fibres actuated by electrostatic actuation collide with
a collecting surface. This study demonstrated that the modification of the topology of this surface had significant
affect upon generated fibres. These modifications however did not result in the occurrence of fibre structures in
a controlled manner and was not optimal (variation in shape, diameter and general alignment). The testing was
beneficial in highlighting some potential concerns for electrospinning onto three dimensional surfaces and hints
that mold based fabrication through electrospinning is not a viable option. A major limitation within this study
related to the simplistic ground/collector structure utilised. To further evaluate the potential for a mold based
approach a more refined/controlled grounding method, such as the parallel electrode configuration needed to be
investigated.
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6.1.3 Parallel electrode Electrospinning

A further attempt to generate the desired fibre formation upon a surface during the electrospinning process
related to the use of the parallel electrode technique. The previously implemented large grounded plate situated
behind the desired surfaces is hypothesised to have yielded a relatively randomised electrostatic attraction. Thus,
it was hypothesised that the influence of the now more accurately defined ground would be able to form the
fibres on top of the surface/mold in not only the desirable form but also yield desirable fibre properties of
alignment. Whilst literature had defined a minimal distance of 30mm between parallel electrode electrospinning,
an attempt was made to utilize a large surface to support fibres stretching between electrodes. Whilst fibres did
accumulate upon the large collecting plate through this technique [Figure 125] an inspection (SEM) of this

identified that these no longer retained the desired alignment [Figure 124].

TM3030Plus 2017/10/26  13:18 h MUD7.2 x800 100 um

Figure 125: attempt at supported large distance parallel Figure 124: Randomised fibre accumulation on target
electrode electrospinning of large distance parallel electrode electrospinning

This was hypothesised to be a result of the proximity of the electrodes to the collecting surface, namely that this
distance resulted in an interception of whipping fibre restricting its ability to adequately stretch towards the
alternative electrode. As such the distance between the surface and electrode was extended [Figure 126].
Further SEM evaluation of this surface indicated a tendency towards alignment at the surface edges; however,
this was lost in the central regions [Figure 127]. From this, it was hypothesised that the interference of the
surface structure was too large to allow for the further stretching of the fibre towards the parallel situated
electrode.

Hinted alignment at edge Randomised at internal region

201711102 13.01 mMUD3:8 x600 100pm  TM3030Plus

Figure 127: SEM images demonstrating a hinted alignment

Figure 126: Extended distance between large || occurring at the surface edge whilst the internal region is
flat surface and parallel electrode randomised
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An attempt seeking to leverage of the previous relationship of parallel fibres occurring at the point of connection
/interference whilst reducing the surface area of the interference involved the use of a 3D printed semi-sphere
surface [Figure 128]. It is worth noting that once again fibre stretching from the electrode to the surface could be
seen. This was not identified as ideal as it was more desirable to have the fibre wrap/stretch along the surface
towards the base of the semi-sphere. Additionally the SEM imaging of this highlighted that the intercepted
fibres would wrap around the form resulting in a predominantly randomised orientation thus losing the desired
alignment [Figure 129]. This indicated that a form placed within the regions of fibre generation within an
electrospinning process would result in a modification to the trajectory of these thus negating attempts such as
the parallel electrode technique to generate alignment.

Alignment at surface edge Loss of alignment towards surface centre

Randomised

Figure 128: Image demonstrating the fibres sl 0l N
. TM3030Pius 2017/11/06 18:52 NMUD42 x600 100um  TM3030Pius

suspended between the electrode an semi sphere-

based collector.

2017/11/06 1838 NMUD54 x1.0k 1004

Figure 129: SEM evaluation of fibre distribution upon collector

This led to a decision to no longer attempt to generate fibre upon the mold/desired surface during the
electrospinning process. Thus, a requirement for a separate collecting phase would allow for more control over
the placed fibre (no longer subject to the nature of jet whipping instabilities) and ensure coating of the entire
surface. To evaluate the process by which this collection would occur, structures were pushed through fibre
generated at 90° angles this resulted in a clearly identifiable cross-hatching of fibres upon the collector [Figure
130]. This yielded a dramatic improvement in the ability to acquire aligned fibre in various orientations upon a
collector.

Parallel electrode generated fibre ‘ Collected samples having 90° crosshatching

Figure 130: Samples generated by the collection of fibre at 90° intervals for parallel electrode electrospinning.
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6.1.4 Final Parallel Electrode Collector

Given the simplicity of the parallel electrode and the ease in use of this to troubleshoot the occurrence and
prominence of fibre generation a mechanism for this was made to be implemented in the final machine allowing
for further parallel electrode based studies. The function of this component and sample transferal is

demonstrated in Figure 131.

oy P

Figure 131: Transferal process of fibre from the implemented parallel electrode technique

One of the major concerns relating to the automated transferal of material post electrospinning is the potential
variation in fibre quantity upon the collectors. This can be seen in Figure 132 where in the case of the parallel
electrode configuration the generated fibre has not filled the desired collection region. This anomaly can be
attributed to many factors including but not limited to the imprecision in actuation and variation in electric field
due to componentry (e.g. actuators). Following this work, experimentation utilising the above collector to

generate collagen based samples was conducted.

Undesirable void of fibre between electrodes

Figure 132: Displayed inconsistency in electrode gap coverage
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6.1.5 Parallel electrode electrospinning of collagen

The electrospinning of collagen yielded far greater complexity in comparison to the nylon based studies. A
sample of collagen was constructed from the electrospinning of RevolutionFibres collagen solution at 45kV at a
distance of 125mm onto a parallel electrode configuration for 10minutes with the chamber temperature heated to
40°C, the extruder initially set to 35°C and the relative humidity set to 10%. Whilst the resulting fibres did not
form a uniform sheet of distributed fibre between the plates (Figure 133), this experiment was continued to
allow for the further analysis of the resulting collagen. The collection of collagen occurred a total of 5 times

with the collecting surface being rotated at 90° intervals.

‘Sputtered inconsistencies within the fibre including large voids

Figure 133: Inconsistencies in electrospun collagen fibres including voids

Further to this the ability to generate layers of fibres at controlled orientations was also subject to difficulties.
Figure 134 demonstrates an SEM image of a collagen sample in which a region having somewhat alignment
could be identified, however this region was surrounded by fibres which appeared to be arranged in random

orientations.

Region of relative alignment

15:56 1| MUD4.4 x400 200 um

TM3030Plus 2019/05/17

Figure 134: Collected electrospun collagen having a region of aligned fibre surrounded by non-aligned fibre

119



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

Further evaluation of this sample identified a predominance of randomly arranged fibre as well as a surface
appearing to have regions of concentrated fibre and voids (Figure 135). This did not indicate a promising use of
biopolymer to achieve similar results to the nylon-based tests. This led to experimentation in which the potential
for the implementation of the rotating-mandrel based approach to increase the alignment of the fibre was

evaluated.
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Figure 135: Additional regions/images of interest regarding the collagen-based SEM evaluations

6.1.6 Rotating Mandrel-based electrospinning of collagen

Much like the parallel electrode technique, the designed rotating mandrel mechanism had previously
demonstrated the ability to generate aligned electrospun fibre. It was hoped that the generation of significant
collagen fibres would be aided through the implementation of a version of this collector, along with
modifications relating to the electric field of the electrospinning process and the inclusion of temperature and
humidity control. Figure 136 depicts the original collector and its ability to be coated by Nylon 6,6 as well as the

implemented, modified, version of this.

Results of standard implementation of the parallel o Modified collector b
electrode-rotating mandrel hybrid collector

Figure 136: Depiction of the collector utilised in this experiment
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Electrospinning was trialled using a voltage of 45kV, a flowrate of 1ml/h, a collector rpm of 100, within a
chamber of 40°C having a relative humidity of 10% and extruder temperature of 35°C. These initial attempts to
were met with limited success [Figure 137] and much work was done in attempting to identify a suitable height
based parameter (modifications in the range of 90-150mm), however this did not yield any substantial change in

productivity.

Figure 137: Initial electrospinning yielding limited success

Literature has discussed a method whereby an air assisted form of electrospinning has been implemented as a
means to further increase fibre productivity. Given the current embodiment/restrictions of the generated system,
this could potentially be realised by activating the heater element during the spinning process. This was trialled
and yet the resultant productivity did not differ greatly. Finally, the rotating speed of the collector was
dramatically reduced (from 100rpm to 50rpm). This dramatically increased the collection of fibre allowing for
sample generation and further evaluation by SEM. It is worth noting that the fibres predominantly occurred
upon the left region of the collector, this is thought to be due to this being closer to the airflow produced by the
heater. Additionally certain regions of this generated fibre experienced voids/breakages, this is assumed to be a
result of both the near proximity (95mm) as well as the high temperature and low humidity yielding dry and

brittle fibres. These regions of interest along with the fibre coated collector are displayed in Figure 138.

Fibre coated collector Voids within fibre coating

Left side bias potentially due to heater location

Figure 138: Improved coating of collagen upon the rotating collector with characteristics and non-conformities
highlighted in red
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The SEM evaluations of the sample generated from this process did not act to display any dramatic variation in
alignment of collagen relative to the parallel electrode configuration. Whilst the surface of the sample could be
described as somewhat more consistent (a characteristic attributed to the reduction in voids from the production
process), the fibres did not demonstrate a dramatic increase in alignment. Whilst once again regions of
alignment could be identified, these were still subject to non-conformance and nearby regions of fibres having
randomised orientations. Finally it is worth noting that the average diameter of the generated fibres was
approximately 300nm, however there was somewhat variance (between 500-100nm). This sample and the

related SEM images is depicted in Figure 139.

Generated sample post sputter coating ]

N

4 Randomized fibres 5{
= v /.

: | 2 Nelismied
TM3030Plus 2019/05725 20:131 MUD39 x800

Figure 139: Collagen sample and associated SEM generated utilising the rotating mandrel approach

6.1.7 Review of fibre generation utilising the developed machine

Whilst the generated collagen samples did not demonstrate idealised characteristics of alignment, it is not within
the scope of this research project to optimise this. However, it must be noted that the developed research
machine now provides a framework in which this materials based optimisation can occur. As such the
established relative regions of alignment within samples generated by each technique were deemed an
acceptable method of validating the developed machines ability to generate controlled electrospinning based
samples. Following this evaluation, strategies capable of functionalisation relative to the generated samples were

investigated.

122



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

6.2 Sequential Functionalisation Strategies

Now that fibres could be collected, evaluations relating to the potential methods for the sequential
functionalisation of these were conducted. This portion of research took into account the feasibility of potential

technology for the integration of this within a larger automated system.

6.2.1 Vapour based functionalisation

Literature highlighted the use of vapour bath systems to affect generated fibre. Whilst it was deemed possible to
include such systems within automation, a technique capable of actively depositing vapour generated via
technology was desirable. A mechanism highlighted as particularly relevant to the scope of this project was the
use of ultrasonic transducers to transform solution into vapour. This could allow for the generation of vapour

from a wide range of solutions without the need for high temperatures or volatile chemistry.

One of the limitations associated with research related to submicron/nano-resolution fabrication relates to the
methods of evaluation for this work. Given the institution-based available technology was not readily capable of
handling such novel sample types; alternative means to validate techniques were investigated. One such
methodology aimed to utilise the accessible FDM 3D printing technology to generate samples from cost
effective ABS. The structural limitations of electrospinning generated fibres, derived from a lack of bonding,
can be made comparative to the structural limitations of FDM generated samples derived from weak inter-layer
bonding. Hence, it was hypothesised that a methodology yielding benefits to the tensile properties of 3DP ABS
would have benefits to the desired fibre constructs. An additional benefit to experimentation utilising ABS was
the popularly implemented post processing of this with Acetone vapour bath systems (similar to those utilised in
electrospinning functionalisation). The desired outcome for this processing related to the interlayer

characteristics of FDM printed parts is illustrated in Figure 140.

Typical FDM structure Idealised 3D printed structure

I Vapour based processing

.V
L\ .

Voids and layer irregularities Uniformly bonded material

Figure 140: Illustration of the desired effects of applied vapour processing on the internal strctures of 3D printed
material
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Experimentation related to this initial experimentation was aided by a Masters of Engineering student whose
project ‘Implementing a control system for vapour based crosslinking/bonding of object” was briefly described
within Chapter 1: Introduction. Prior to conducting experimentation utilising ultrasonic transduction to generate
vapour a benchmark (comparative dataset) was generated. This required the 3D printing of twenty-five ABS
ASTM D635 ‘dogbone’ which samples were grouped and suspended at varied levels of print completion over a
bath of Acetone solution. It is important to note that the varied print completion was intended to simulate the
desired sequential processing of the functionalisation technique and that the vapour bath did not require
additional actuation to generate vapour due to Acetones volatile nature allowing it to evaporate at room
temperatures. This study did make use of a computer fan to circulate the vapour in an attempt to ensure adequate
coating of the agent upon the samples. This relatively uncontrolled exposure study was then followed by a study
in which the same number of samples were similarly generated and positioned within a controlled vapour
chamber. Here a system of sensors and actuators was utilised to control the delivery of ultrasonically transduced
acetone vapour onto the samples. Of interest was that the ultimate tensile strength of the samples seemed to
degrade with the increase in exposure intervals for the benchmark study this relationship was relatively inverted
for the later controlled exposure study. The data of these studies is displayed in Table 24 with the relationship of

exposure to ultimate tensile strength displayed graphically in Figure 141.

Table 24: Table containing Ultimate Tensile strength data from both the benchmark and controlled exposure studies [1, 2]

Period of printing at which Average Ultimate Tensile Strength | Average Ultimate Tensile Strength
exposure occurred (MPa): (benchmark study) (MPa)(controlled exposure study)
0% exposure to Acetone 41.2 42.9

Exposure at 25% increments 33.7 45.1

Exposure at 50% increments 39.4 434

Exposure at 100% increments 29.1 30.7

Printing pause at 50% not exposed| 40 41.1

Graph of average increase in ultimate tensile strength relative to acetone exposure of ABS samples.
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Figure 141: Graphical display of resultant reaction of ABS samples to acetone exposure. [1, 2]

124




MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

This dramatic variation was attributed to the differences in the positioning of the samples during the exposure
interval. For the benchmark study these were suspended above the solution bath with the assumption that the
vapour/evaporated particulate would have a lower density to air and thus aided by the propulsion of the fan
would accumulate on the samples. Prior work with the ultrasonic transducer mechanisms (Chapter 4:
Experimental Component Development) identified that the generated vapour was denser than air and thus would
sink/move downwards post generation, as such for the control study the samples were placed beneath the inlet.
This would suggest further investigation related to the benchmark study, however for the purpose of this
research the resultant effects as well as the demonstrated decrease in cavitation (thereby the increase in inter
layer bonding) of the samples treated by the controlled [demonstrated in the SEM images of Figure 142] proved

adequate enough to motivate further fibre based evaluations.

Sample having zero exposure to acetone Sample exposed in 25% increments

¥ o~ 5\ % %
= By B AN
\
.
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‘ | Predominantly fused/singular melt structure
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TM3030Plus ; ] Tmm  TM3030PIus 2018/06/18 17:18 NMUD11.2 X100

Figure 142: SEM comparisons of the topographical characteristics of a sample having no exposure and a sample being
exposed to controlled acetone vapour in 25% intervals [1]

This technique was now identified as a plausible means to generate viable alteration to material via deposited
vapour agents. It was hypothesised that through the implementation of solutions such as photo-curable resins, a
functionalised structure consisting of a resin-fibre matrix could be generated. This ideology is illustrated in
Figure 143.

Functionalisation through vapour

Vapour containing functionalisation
agents (e.g. bonding, crosslinking) is
applied to discrete nanofibers

The vapour particles act to join the discrete
nanofibers to form the desired structure

Figure 143: Hypothesised relationship of fibre exposed to functionalising vapour agent
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To validate this hypothesis a simple study was conducted utilising Nylon 6,6 solution and expired 3D Systems
photo-curable resin. A sample of collected fibre was generated through a sequential process of electrospinning
for five minutes followed by collection upon a ABS 3D printed circular form. This occurred 5 times with the
orientation of collection varied at 90° per collection. Following the procurement of fibre, this sample was
subjected to generated vapour for an additional 2 minutes with the resultant matrix exposed to UV light for 5
minutes at a distance of 50mm. The complete sample was then subjected to gold sputter coating (50angstron
delivered via the Nanostructured coatings DSR1 device) and evaluated utilising a Hitachi TM3030Plus SEM.
The derived SEM images demonstrated in Figure 144 depicted a highly promising resultant matrix of fibre joint
by photo-curable resin. It is worth noting that from these images it was hypothesised that the depicted regions of
resin occurred as spheroids thus encasing multiple levels/layers of fibre. This demonstrated the ability to

join/bond fibres generated via electrospinning through this technique.

Overview of resin coated fibres Focused view of fibre spheroid

TM3030Plus 2018/07/27 13:31 NMUD4.7 x50 2mm  TM3030Plus

2018/07/27 13:21 mMMUD4.6 x800 100 um

Figure 144: SEM image depicting the capability to utilise ultrasonic transduction to generate vapour agents and
functionalise collected fibres.

Utilising the generated SEM images in conjunction with SolidWorks software, information relating to the
relative fibre orientations within the sample was generated. This evaluation allowed for the generation of two
datasets, namely the relatively vertical lines and horizontal lines. Figure 145 depicts how this data was attained
with it being fully represented in Table 25.

Imported SEM with associated data Measurement lines generated

Figure 145: The methodology for generating datasets relating to fibre orientations
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Table 25: Data relating to the resultant fibre alignment relative to the horizontal of the SEM utilised
Vertical Lines Horizontal Horizontal lines | Angled variance between Horizontal and
lines (corrected) Vertical lines
(inverted)
54.58 31.48 148.52 93.94
59.83 33.3 146.7 86.87
58.25 35.59 144.41 86.16
56.28 3291 147.09 90.81
67.14 31.96 148.04 80.9
59.5 35.73 144.27 84.77
49.66 52.23 127.77 78.11
66.33 33.63 146.37 80.04
58.04
63.74
55.65
58.2
Average Average Average variance
vertical horizontal
58.93333333 144.14625 85.2

It is important to note that the vertical lines and horizontal lines were measured relative to the image horizontal
axis, additionally the horizontal values were measured from the inverted orientation (counter-clockwise) and
this had to be accounted for. Utilising the data valuable information related to the angle variation between
horizontal and vertical lines, namely the offset between fibres could be generated. This yielded an average value
of 85.2° which strongly indicated adherence to the collection angle utilised of 90°. A major concern within this
evaluation related to the potential of fibre-interactions to offset and disrupt the dataset through each new
addition of the fibre/resin. Thus a further statistical-based analysis was conducted regarding these data sets to
determine the evaluations validity. This was achieved through the use of the Minitab software implementation
of a one-way Anova to generate graphical representations of the datasets (Figure 146). These graphs
demonstrated a condition of normality (Normal Probability plot) and a justified versus-fits relationship with
identified outliers highlighted in red. Additionally the histogram demonstrated a uniform distribution of the data

around the mean (zero) and the versus order further validated the datasets by demonstrating a non-continuous

trend.
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Figure 146: Graphical output from Minitab one-way Anova to evaluate dataset validity
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6.2.2  Application of vapour on Collagen fibre Samples

One of the major limitations of manipulating electrospun collagen relates to it’s dramatically hydrophilic
characteristics. Namely the fibres will distort and react to moisture which in turn has the potential to yield
undesirable affects for generated samples. The main limitation to the application of vapour to any sample
(including the implemented collagen samples) will relate to a pre-existing understanding of both the proximity
and vapour quantity required. Proximity relates to the potential for the vapour stream to actively damage the
samples though the force at which they pass through/deposit onto the fibres. The vapour quantity relates to both
the threshold at which the deposited solution becomes too heavy for the fibre to support. It is also important to
recognise that the accumulation of solution upon the fibre could allow for the movement of the fibre within this

and as such the quantity should not be great enough to allow for this distortion.

Thus in order to determine the effects of vapour upon this material a threshold distance between the point of
vapour production and the fibre coated surfaces was investigated. To accomplish this goal, 6 fibre coated
‘cookie cutter’ samples were generated. The fibre was formed via the electrospinning of the collagen solution at
45kV at a distance between the extruder and collector of 150mm. The implemented extruder was the single
nozzle unit and the collector was the parallel electrode-rotating mandrel variation. The collector was spun at a
rate of 100rpm and the process occurred for 10minutes per sample. Following this the samples were generated
by the transferal of the fibres onto the surfaces occurring 8 times with each transferal occurring at a 90° offset
from the prior collection, with the resultant samples demonstrated in Figure . It is worth noting that these
samples did not appear to have a uniform thickness as such two of the samples having the most drastic

differences were removed from the sample set (highlighted in yellow in Figure 147).

Thicker sample

Thinner sample

Figure 147: Samples generated for vapour based analysis

The samples were situated at 50, 100, 150, 200mm for each trial with the results demonstrated in Figure 148.

The exposure to vapour had significant modifications to the transparency of the fibre samples.

. 3 4

P

Increased sample transparency

Figure 148: Vapour proximity experiment effects on sample fibres
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Attempts made to further analyse the sample through the use of an SEM demonstrated yielded complications in
the form of sample degradation. This occurred in both attempts to sputter coat the sample as well as in the
viewing process of the electron microscope. It is hypothesised that these processes acted to continue the now
riboflavin coated collagen cross-linking process. This could have resulted on too much train on the surrounding
fibre and due to the unsupported nature of this sample result in the breakages seen in Figure 149. It is also worth
noting that an SEM of this collection demonstrated a significantly different more fused-like structure to that of
the standard fibre sample, additionally a spheroid object (plausibly a residual vapour droplet) could be identified
[Figure 150]. Given the complexities in applying solution to the hydrophilic collagen samples and the
undesirable affects this could have on the orientations of fibres within these, a non-solution based approach to
modify samples, namely plasma irradiation was investigated.

Thicker-fused fibres

W e L T

Damage to sample identified post-SEM

/ TM30PIus ' 2019/03/27 21:22 NMUD9.2 x7.0k 10 pm
Figure 149: Example of damage to sample identified Figure 150: Changes to the structure of the sample’s
during and post-SEM imaging collagen fibres
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6.2.3 Plasma based functionalisation

The use of vapour introduced an additional element within the process which was reliant on additional material
which thus would result in the final structure being composed of multiple materials (a composite structure),
additionally this coating technique was quite time intensive. Chapter 4: Experimental Component Development
discussed the potential utilisation of plasma surface modification technology which lead to the development of a
corona discharge plasma system specifically suited for this projects requirements. One of the major limitations
of this newly developed mechanisms was the lack of knowledge relating to the ideal operating
conditions/parameters, namely the required distance between sample and point of plasma production. Much like
with the initial vapour orientated investigations, FDM 3D printed ABS samples were utilised as cost effective

analogues to determine the effects of the desired processing technique.

To investigate the processing nature of the mechanism an acrylic stand with a manoeuvrable platform was
created. Additionally acrylic components utilised to position the sample and mechanism plasma
outlets/production points were made. Similar to previous studies, thirty ABS ASTM D635 ‘dogbone’ samples
were 3D printed. These were grouped and positioned accordingly at varied distances from the point of plasma
generation. Utilising the above experimental setup samples were processed with the corona discharge
mechanism and then evaluated through tensile testing, the results of which are displayed in Table 26 (as well as
graphically demonstrated in Figure 151).

Table 26: Resultant mean ultimate tensile strength for each sample set exposed to corona plasma surface

modification[10]

Sample Mean Ultimate Tensile Strength | Improvement of Ultimate Tensile Strength
(MPa) (MPa) (Relative to Benchmark)

Benchmark 18.27 NA

Sample 1 (36 mm) 18.85 0.58

Sample 2 (30 mm) 18.83 0.56

Sample 3 (24 mm) 19.01 0.74

Sample 4 (18 mm) 18.7 0.43

Sample 5 (12 mm) 17.3 -0.97

The relationship of mean Ultimate Tensile
Strength relative to plasma proximity

20
19
~ —— Mean Ultimate Tensile
17 Strength (MPa)
16 T . T |

Benchmark Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(3mm)  (30mm) (24mm) (18 mm) (12 mm)

Figure 151: Graphical display of the effects of plasma proximity on ultimate tensile strength of ABS samples[10]
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This study demonstrated that alterations yielding benefits to the crosslinked nature and thus improving the
tensile properties of polymer-based structures could be achieved through processing with this mechanism.
Additionally for the ABS samples an optimal operating window of 24mm from the point of plasma generation
could be identified. It must be noted that at this distance there was a only a 0.74MPa increase in tensile strength
which is relatively low in comparison to the 2.2MPa improvement of the optimal controlled vapour based
processing. Additionally this technique has the potential to thermally degrade the sample for situations in which
the sample is too close to the plasma. Finally, it is worth noting that additional studies should be conducted to
further evaluate the effectiveness of this processing relative to mechanisms such as focused UV exposure.
Whilst this study did demonstrate beneficial results, the lack of easily identifiable topographical alterations by
this technique as well as the lack in pre-exiting knowledge related to proximity/exposure-optimisation indicated
limit the potential future evaluation of this within fibre based studies.

6.2.4 Implementation of plasma treatment on Fibres
A simple investigative analysis regarding the use of plasma involved the exposure of a developed sample to the
simplified (single point) end-effector. This allowed for an ease in manipulation of proximity between sample

and plasma [Figure 152].

Fibre coated surface

Figure 152: Simple hand-held experimentation of plasma based exposure on functionalising collagen sample

Much like in the previous synthetics-based experiments, plasma occurring too close to the fibres resulted in
thermal degradation. Importantly, the tendency for the plasma stream to arc to the more conductive ‘cutting

edge’ of the collector yielded dramatic damage/distortion to the fibres at the samples edge [Figure 153].

Void created by thermal degradation of
sample related to plasma proximity

Charred edge created by plasma arcing to conductive component

Figure 153: Damage to sample from plasma exposure
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The plasma was capable of modifying the sample surface. This was identifiable as a colour/transparency change
in the regions where thermal degradation did not occur [Figure 154].

Pre-Plasma Exposure

Post-Plasma Exposure

Modification of opaque to slightly more transparent

Figure 154: Demonstration of the modification of sample surface from opaque to transparent

Another limitation for this technology related to the uncontrolled modification of collector-fibre relationships
due to the exerted energy from the plasma. This is hypothesised as being capable of modifying the surface of the
collector in a fashion which may result in the additional bonding of this to the fibres of the sample. This

potential occurrence could explain/justify the difficulties in removing the sample [Figure 155].

Sample stuck to collector

Figure 155: Depiction of difficulties in removing fibre from collector

The effect of plasma irradiation upon generated fibre-based samples was much more difficult to
identify/characterize in comparison to the vapour-processed samples. As such to further validate the
effectiveness of the developed technology within the project, an automated sample was generated in which

vapour-processing technology was utilised.
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6.3 Automated machine generated samples

The evaluation of the automated procedure to generate a functionalised fibre-based construct utilising the
machine made use of Nylon 6, 6 solution which was functionalised with expired 3D Systems photo-curable
resin. Within this test, the electrospinning was conducted for 5 minutes at a flowrate of 1ml/h, with generated
fibres collected on a parallel electrode-based rotating mandrel actuated at 100rpm. The resultant collection was
transferred onto a circular surface which was rotated at 45° prior to each collection. This occurred 20 times after
which the sample was moved to the vapour mechanism and exposed to vapour for a further five minutes and
then transferred to the lithography mechanism and the coated resin made to cure for 5 minutes. The resultant

annotated SEM images of this process are displayer in Figure 156.

TM3030Plus 2019/02/23 20:08 N 2019/02/23 20:42 N D6.4 x6.0k 10 pm

Figure 156: SEM images of the first sample electrospinning-vapour generated through the automated machine

Much like the previous hypothesis-validating experiment, an SEM depicting a range of fibres from this sample
was imported into SolidWorks for further evaluation of the fibre collection orientations. The chosen SEM as

well as the generated data is depicted in Figure 157 and Table 27.

Figure 157: Chosen SEM for fibre angle-based evaluation including derived measurements.
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The angle based analysis of this sample required some thresholding, namely the grouping of data into sets
having associations with the idealised variation (0°, 45°, 90°, and 135°). For each of these sample sets a mean
value was generated. These mean values were then compared with one another and then subtracted from one
another to identify the collection resultant angle between the fibres. Of the datasets, Groups 1 and 2 differed

quite significantly relative to the expected 45-degree angle, to ensure the data still retained some statistical

relevance, a further evaluation of the data set was required.

Table 27: Data representing the angular characteristics of the fibre generated utilising the developed machine
Group 1(0/180) Group 2 (45) Group 3 (90) Group 4 (135)
Range (157.8-22.5) Range (22.5-67.5) Range (67.5-112.5) Range (112.5-157.5)
11.33 42.23 86.32 121.62
12.18 44.31 72.32 114.97
22.87 65.18 70.31 124.92
42.22 81.85 113.31
36.67 70.51 113
44,58 103.5 135.39
27.71 92.45 151.28
39.39 127.15
50.46 117.32
53.51
25.86
32.91
32.99
45
66.36
Average Average Average Average
15.46 43.292 82.46571429 124.3288889
Calculated variance angle
71.1311111 | 27.832 | 39.17371429 | 41.8631746

A one-way Anova (conducted using Minitab) of the data allowed for an evaluation of the validity of this data.
The Normality graph generated from this demonstrated that the data was arranged in close proximity to the
normality line, with some outliers clearly distinguishable. The data demonstrated a good conformity within the
versus mean plot with a mean-based variation of approximately /.10, however once again the outliers could be
clearly identified. The associated histogram whilst being slightly skewed to the left could be described as having
a bell curve like appearance (if the residuals occurring to the right (near 20) are ignored. Finally the versus order

line graph further validates the data by demonstrating a non-continuous trend line. All of these graphs are

depicted in Figure 158 where the outliers have been highlighted via a red circle.
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Figure 158: Graphical results from the one-way Anova demonstrating sample set validity
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6.4 Generating a 3D fibre based object

One of the greatest challenges in identifying the potential for the developed machine to generate a self-

sustaining 3D object relates to the nature of the output of the fundamental process electrospinning. This
technique typically generates very thin layers of material and whilst the machine developed makes use of a
sequential collection and building up of these layers to generate a relatively thicker construct, the threshold at
which this will allow for a self-sustaining object is unknown. This leads to complications related to the fragility
of developed samples where by attempts to remove these from the collecting surface may lead to undesirable
breaking/fracturing of the material. Attempts to reduce the strain on the samples during the removal process

utilised thin pieces of wire through which attempts to lift the edges of the material were made [Figure 159].

Wire based removal method Lifted sample edges Failure to collect 3D sample

Figure 159: Wire based process to remove fibre based structures from 3D collector

This project was able to generate a self-sustaining 3D dome structure, however this was achieved through much
trial and error. The major difficulties associated with this process related to the failures occurring from exposure
of processing elements and the failure to remove the sample from the collector. This process is illustrated as a

flowchart in which examples of the failure and success are provided in Figure 160.

Sample Processing Failure I

1 Sample Removal Failure

Generated Sample

Sample Processing Success

Figure 160: Process of trial and error demonstrating the difficulties associateed with the generation of a self-sustaining
three dimensional fibre based object.
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The successful structure was comprised of collected collagen fibres which were then exposed to riboflavin
solution for 10 minutes and then functionalised by UV exposure for 15minutes. One of the key features of this
sample is the retention of the features of the collector utilised, namely it is both a semi-sphere as well as

retaining an indentation derived from the supporting crosshatched structure [Figure 161].

Collector support-orientated

crosshatch structure

Figure 161: Demonstration of 3D fibre-based object having retained structural elements of the collector utilised

This sample aided to further validate the hypothesis as well as yield a dramatic new potential for future research
utilising this developed machine. Given the ability to modify the parameters and mechanisms of the machine,
testing specific to both synthetic and biopolymer based fibre constructs can be conducted with a new degree of
simplicity. Prior to this work no simple and automated means of conducting such electrospinning based

manufacturing research existed.
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Chapter 7 FUTURE WORK AND RECOMMENDATIONS

This section relates to the recommended future work relating to this project. It must be noted however that
whilst much work relating to the implementation and optimisation of the materials implemented within this
study as well as novel materials can (and should) be conducted utilising the gained knowledge from this project,

here a focus is made on discussing the future Mechatronics-based developments related to the machine.

7.1 Vapour-orientated recommendations:

A greater control and optimisation of the vapour-based functionalisation can be achieved through the further
development of the transducer component. It is encouraged that future renditions of this mechanisms do not
make use of a commercial product, but rather incorporate a more adjustable system. This could take the form of
a method in which control of the implemented frequency and wavelength will be made possible thus further
allowing the potential materials to be vaporised as well as the resultant characteristics of the generated
particulate. An additional field of interest includes the future stereo-lithography printing potential of vapour

deposited photo-curable resin.

7.2 Plasma-orientated recommendations:

The effects and potential for the implemented corona discharge plasma mechanism have yet to be fully realised.
Of interest is the further analysis of both the proximity and the intensity at which this process functions.
Additional work should be conducted to yield a comparison of this technology to the effects of prolonged UV

on sample ultimate tensile strength.

7.3 Environmental control recommendations:

A more robust system for the active control and retention of parameters relating to temperature and humidity is
encouraged. Of interest is the potential for the implementation of vacuum or near-vacuum conditions within the

electrospinning region and the effects of these on fibre displacement.

7.4 Code recommendations:

The implemented code took the form of C and utilised many functions to perform the operations required by the
machine. Future work could aim to optimise this through the conversion of the established program to class
driven embedded programming. This would both allow for an increase degree in the control and implementation
of operations as well as potentially enable the control of transducers such as the ultrasonic piezoelectric disk

which requires a signal having a frequency in the MHz range.

7.5 Electronics recommendations:

Whilst a modular electronics system was developed through this project, it was not fully realised. It is highly

encouraged that this be implemented for ease in the future variation and introduction of mechanisms.
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7.6 High Voltage isolation recommendations:

To ensure a higher degree of safety the further isolation of high voltage related components through the
implementation insulator mechanisms (e.g. glass housings) is recommended. Additionally components such as
the implemented syringe system should investigate the use of a glass-orientated system to allow for active
heating of the implemented material.

7.7 Electric Field manipulation recommendations:

Much work was conducted within this project in an attempt to increase the electrospinning productivity via the
utilisation of electric field modifying conductive or insulating elements. This was in an attempt to derive a
methodology inspired by hydrodynamic 3DP that would negate a dependency on a high degree of temperature,
humidity, or vacuum-based control. One technique that was hypothesised within this project related to the use of
a secondary high voltage source. Given that the developed system would allow for the potential electrospinning
of material at distances of up to 450mm from the extruder, investigations into some technique capable of
manipulating the field at these varied distances is encouraged. It is worth noting that within this project single
nozzle experiments demonstrated that any material charged via the same power supply and positioned
sufficiently higher than the nozzle outlet would nullify the occurrence of Taylor cones and subsequent
electrospinning. As such, a secondary high voltage power supply (capable of 25kV output) must be utilised in
the further development of electric field manipulating techniques. The intended outcome for which is illustrated

in Figure 162 whereby all external potential electric interference is negated by this component.

‘ External undesirable relative grounds ‘

‘ Grounded Collector ‘

Generated fibre occurs and is
affected solely by -electric
fields in the desired region

High Voltage

‘ Additional High Voltage Shield component

Figure 162: Illustration in which the creation of a secondary electric field will negate the effects of undesirable
attraction towards auxiliary components

7.7.1  Variability within automated electrospinning

As the developed machine allows for a programmable variation in the distance between extruder and collector,
an ideal implementation of the hypothesised field manipulation would account for this. One idea that could
achieve this includes the use of cylindrical aluminium pieces having staggered sizes. Where each segment of

aluminium could be connected to the next size up or down allowing the formation of a funnel when extended
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similar to that of a telescope. A limitation of this concept relates to the amount of material required (which
might limit the minimum possible distance between extruder and collector) as well as the potential for the
electrospun fibre jets to collide with the funnel and form blockages. Another alternative potential solution was
inspired by concepts of electromagnetism and the ‘slinky’ toy. In this version, copper wire would travel in a
circular loop towards the collector with gaps between the wire expanding and contracting relative to the distance
required. This spiral of copper wire would have an additional benefit of generating a magnetic field in the
direction of the flow of current. Literature has discussed the potential benefits of magnetic fields in target fibre
formation, as such this potential mechanism property is deemed worth investigating. It should be noted however
that the use of this technique would result in non-uniform field manipulation at various distances. These

ideologies and notable features are displayed in Figure 163.

Telescope-based funnel technique Conductive Coil-based technique

= = = = | Comtracted compontnt - = = =

Figure 163: Ideation for the implementation of a secondary high voltage component to modify the electrospinnnig
electric field

7.8 Future Funded work recommendations

Given the novelty within this field of research, many future initiatives utilising the technology derived within
this project (as well as variations thereof) could relate strongly to research entities associated with
manufacturing and additive manufacturing. This work has already been pivotal to the current and future success
of a New Zealand Ministry of Business Innovation and Employment funded Smart Ideas project. The success of
this application further justifying the demand and interest associated with this form of technology. This project
strongly relates to the use of the technology developed herein for bio-fabrication as such it is recommended that
work relating to the development of novel biomaterials which are able to leverage off this form of processing

should be developed.
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Chapter 8 PROJECT CONCLUSION

This project aided in the development of the field and capabilities of Additive Manufacturing technology. It was
motivated by the needs within industry such as to fibre-reinforcement, biotechnology and tissue engineering in
the ability to additively manufacture objects constructed from fibres is highly desirable. An analysis of the
relative literature highlighted a potential methodology through which the generation of such items could be
achieved. A deficiency in technology capable of facilitating this research resulted in the need to develop a novel
form of technology capable of electrospinning-additive manufacturing research and development. Following
these realisations, much design-based experimentation, and development was conducted in order to generate a
novel technology capable of furthering this field of engineering relative to the aforementioned industry. The
currently implemented technology and the ability to vary this, due to the project outcomes emphasis on
modularity, allowed for the evaluation of potential new forms of manufacturing. These evaluations aided in the
validation of the final machine and its automated methodology. Finally, an additively manufactured, self-
sustaining three-dimensional biopolymer fibre-based object was created through implementation of this research
technology. This aided in the promotion of this works relevance to the future facilitation and development of
research to overcome limitations within fibre and biotechnology orientated fields. The final rendition of the

modular mechatronics research and development machine is displayed in Figure 164.

Figure 164: Developed modular mechatronics technology for fibre-based manufacturing and biofabrication research
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Evaluation of the effects of controlled ultrasonic
acetone vaporisation on Fused Deposition Modelling
3D Printed Acrylonitrile Butadiene Styrene

Juan Schutte Parmnitha Wijisundira
School of Engineering and School gf Engmearig and
advanced rechnology advanced rechnelogy

Maccey University
Anckland, Mew Zealand
I 5chutte/@massey.ac.0z

Massey University
Aunckland, New Zealand

Absmracs— The application of vapour exposure systems upon
AD printed objects as a means for surface modification is a
thoronghly established techmique. This study investizated the
nillization of a generated controlled vapour chamber device to
further derive the relationship between surface modification
exposure to that of part structural properties, namely interlayer
bonding. This controlled uwtilization of vapour is intended to
identify potential for fotore sequential 3D prinfing
methodologies. The study mirrored previens work as soch an
TUPBox Fused deposition modelling printer was required to
produce thirty acrylomitrile butadiene styreme ASTM Dd33
Type IV dog-bone samples. Each of these was subjected to
controlled vapour exposure relative to defined zample sets,
namely groups of 5 representfing exposure intervals at 0%, 20%,
1509, 50%, and 100% printing completion. Amnalysis for these
was conducted wia Imstrom $967 tensile testing amd a Hitachi
TA3030Plu: Scanmping electrom microscopy. These samples
depicted an directly proportiomal imcrease in ultimate tenmsile
siremgth amd layer fuosiom with imcreased vapowr exposure.
These values contradicted the previons uncontrolled study.

Eoywords—Adddirve Mannfecurmg, 3D Printing, Surface
modiffcadon, Coaring

I.  INTRODUCTION

Fused Deposition Modelhing (FDM) 3D Prmtmg (3DF)
has achieved widespread populanty due to 1ts simplicity and
affordabibity. Typically these systems are comprised of a 3-
axis gantry system upon one of which 15 fastened an extruder
system, namely a beated noz=le through which polymer
filament 15 directed/fed[1-3]. One of the major drawbacks of
this technology 15 1ts relative tendency towards poor swface
finish guality (mamely the stated appearance caused by the
layersi[4, 5] . A popular and common method amongst both
industry and hobbyist markets i1s the uhlisation of acetone
exposure on Acrylomirile Butadiene Stvrene (ABS) FDM 3D
prnted parts[6, 7]. The apparent nature of this technique 15
that 1t chemwcally mafialises a reactivity withim ABS which
promotes the merging of the distnctrve extruded pathways
and layvenng common m this form of additve manufacturnng
(AMO[3, 8, 9]. A= such this seemungly has an effect upon the
bondingbonded features of the matenalpart. One of the
fundamental weaknesses of 3D pnnting (3DF) or AM parts 15

Auckland, New Zealand
M Harmis{@mascey.ac ne

Muhammad Harris Johan Potgleter
School gf Engineering and School gf Engmeering and
advanced fechnology advanced technolog)

Massey University
Anckland, New Zazland
J Potgieter i massey. ac 0z
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delzminaton, namely the separation’zplithing of generated
parts/objects along a laver commeonly due to forces applied. It
15 generally accepted that these fathwes are denved from wezk
wnterlzyver bonding (ILE) [7, 10], namely the strength of the
mergedlinked matenial with prior and subsequent lavering.
Typically the applicaton of acetons evther az uncontrolled
rubbing or simplistic vapouwr bath systems which do not
actively momtor how much of the exposure cccurs. Given
these techmgues have the apparemt abality to merpe ABS
polvmer layers, there 13 interest to investizate the possibility
and potenfial benefits for the controlled application of these
agents at defined stages of the printing process.

One techmque to accomplish this would be to submerge
printed parts mto acetone solufion (Immersion treatment)[5].
however, this will not guarantee a umform exposure due to
run-off and acetones low rate of evaporation. A more precise
implementation could take the form of an mk_]Et seguential 3D
prntng process however this will result in a lugh degree of
complexity]11]. Thus this research was melmed to mvestzate
the potenfial uhhisation and control of vapour bath systems.
Mamely, this research amms to 1dentify a plausible
methodology for the controlled application of mitializer (e.g.
Acetone) or adhesive elements to promote ILB withn a 3DP
process.

Vapour 15 umique i that it can comprise of submicron and
nanoparticulate which can be mampulated as a gas. Controlled
vapow production bas ocewmred through many phorsical and
chemical techmiques [12]. Often these requre relatively ]:ugh
temperatures, pressuwres and complexities uncommon In
typical FDM 3DP systems [9]. As such this study was doven
to utithse simplishic vapouwr generation technology capable of
operation at lower temperatures and pressures.

A technology particularly suited for this type of work 15
ultrasomic atomusation’vaponsation. This fimetions through
the appheanon of kagh frequency signals to a plezoelectric
transducer (generally a stretched film which confracts when
exposed to an elecine =zigmal) wielding hagh-frequency
mechanical actuation[13-15]. The coating of the surface of
these devices m hgwd welds a lugh dezree of swface
agitation. This stems from the generation of waves whach at a
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cntical frequency collide, resulting in the dispulsion of liqud
particulate m the form of vapour. The rate of vapour
generation and size of vapour particulates have been
associated with modification of the delrvered signzl frequency
[13). This manner of control will allow for device output
variability.

Thiz study will leverage off previously identified
evaporant onentated Acetone-ABS studies[6, 7. 16]. Through
the utbisation of a denved device for controlled vapour
addition, the followmg will be investigated:

e The relationship between Acetone vapour exposure
to ABSILB.

e The effect on internal structures through the
controlled implementation of vapour at vaned stages
of a prnting process

I. Methodology

Generated zamples within the study took the form of the
ASTM D638 Type IV testing standard and these were
exposed to consumer grade 100% Acetone (Amazing Haste).

A.  Sample Production

Desired samples were produced through the utilisation of
a commercial grade Tier Time FDM 3D Printer (UpBox). Of
importance for this study was the capability of these prmters
to pause and resume printing operations at deswed layers. 25
Samples were produced from this device with an
mmplemented printing resolution of 0.25mm and infill of 99%
additionally theze were pninted without support material/raft.
In total 5 sample zets were generated comespondmng to
0%NA, 25%. 50%, 100% and 50%NA (where NA refers to
not applied).

B. Developed Controlled Vapour Addition Chamber

A device capable of monitoring the vapowr content of 2
chamber was designed in Solidworks where structural
components were laser cut out of 4. 5mm black acryhic and
the processing chamber constructed from waterjet 3mm clear
glass [Fig. 1]. An Arduino Mega controlled transducers and
air pumps relative to sensors and displayed the results upon
an LCD screen Utilising this technology the glass chamber
was kept at a controlled vapowr level being 20ml for the
duration of the process. This control took the form of a
feedback loop svstem mm which the controlled removal or
addition of vapour matenal was dependant on the set values
from z user and values read by sensors within the chamber.

C. Manual Sequential Printing Process

To determune the effect: of Acetone vapour as a
sequential process within 3DP the FDM process was halted
at 25% and 50% intervals. This cessation was followed by a
transferal of the printed parts to the developed controlled
Vapour Addition Chamber. Here samples were subjected to
20ml of acetone vapour for 20 minutes. A completely printed
(100%) part was also subjected to this treatment
Addinonally, a sample set was generated for a pause and
resume at 50% wathout acetone exposwre to identify the
effects of pnnting cessation of structural mtegmty. All of
these samples were evaluated with respect to a 0% exposure
with zero pauses sample set.

Fig. 1: Image depicting the constructed controlled
vapour delivery device

TM3030FLs 20180518 17.12 NMUD11.2 x100

_Fig. 2: Comparison image highhghting a distinct
change in internal structuring
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D Tensils testing

The Ulimate tensile strength (UTS) was denved for each
sample set through the wuhlisaton of an Instron 5967
equipped with a 30kN load cell. Samples were positioned and
fastened centrally with a distance of 65mm between the

clamps.
E. Microscopy

Topographical analysis occowred through the utilization of
a Hitatchi TM3030Plus Scanmng electron microscope
(SEM). This apalysis was conducted post tensile testing to
avold unwanted effects from the electron beam nradiation.
(Of inferest here were regions near the pomts of fracture and
regions at which addinonal laver merging due to vapour
processing could be established.

II. EESULTS & DISCUSSIONS

The UTS of the zample sets was proporfional fo the mumber
of mstances of exposure. This relationshop i1z deseribed
graphically m Fig. 3 wath the data for each sample present in
Table 1. It 15 plausible to suggest then that the controlled
addiion of the acetone vapour within a 3DP process is
beneficial to the ILB of a part. Exposure at every 25% of a
pnntng process yielded hagher UTS than at every 30%.
These points of exposure within the process relate to
infermediary layers as such the application of acetone vapour
here can be desenbed as aiding in the formation of bonding
between lavers. From this, a lmear relationship between the
number of infervals at which acetone 15 applhed and the
proportional increase m UTS can be mferred. OFf interest 1s
the decrease in UTS for the 100% sample. This sample was
alzo dramatically weaker than the 0% sample. This 15 hkely
due to the formation of a sohd external structure without
much mternal fusing, however, 1t 15 concerming that the TUTS
value for this was sigmficantly lower than the benchmark
(12 2MPa).

Topographical analysis through SEM imaging revealed an
increasing degree of resultant extuded pathway merging for
an increase in vapowr exposure. Fig. ! demonstrates the
extremes from 0% exposure which contains many regions of
large cavitation and distinet lavering compared to 25% the
samples recerving the most Acetone treatment. These
samples demonstrated 2 clear fusing of the mnternal stuctures
of the object generating more of a ‘singular melt’ than
comprismg of separate layers. It 15 important to note that this
sample still had some slight cavitation. Additionally, a cross-
sectional fracture SEM 1mage was generated for each sample
set 1n an atfempt to generate an understandmg of the intermal
stuctral meodifications from this process. Distinetive forms
present in these images and a companson of these 15 depucted
in Table 2. Mote here the 100% szample ha: dishnctive
lavermg, thus reiterating previous statements that the nature
of solaly external vapour exposure generates an outer core.

A.  Relevance to previous work

Im 2017, a paper titled “The effects of Acetone vapour
inter-laver processing on Fused Deposiion Medeallmg 3D
Prnted Acrylomimle Butadiene Styrene”™ was presented at
MIVIP. The resultz of this study compared to this work
demonstrated a sigmificant increase in UTS for both the 25%
and 50% both demonstrating a sipmaficantly desirable

outcomejustfication for controlled vapowr based sequental
systems (LTable 1). Mamely, these generated an increase of
11.4MPa and 4MPa respectively. It 15 worth noting that the
2017 25% sample demonstrated a decrease i UTS whereas a
more logical trend line is generated in the 2018 results. When
companng thess studies one dramatic difference mmst be
noted, pamely the placements of processed samples within the
respective vapouwr chambers. In the 2017 expenments, the
density of evaporated Acetone was assumed fo be less than
the density of air this assumption together with intended
actuation from a fan meant that exposure ocowred against the
direction of gravity. Altematively, recent work has sitmated
the parts below the pont of vapour mbtroducton thus
deposition of partculates i this study was aided by gravity.
Az such it will be of mterest to repeat the previous study.

IV. CONCLUSIONS AND RECOMMENDATIONS

Ultrasomie Atopwsation wyielded a suffimently useful
technique 1n controlling the Acetone vapour within this study.
This techmigue has the potenfial fo be mplemented as a
parallel or sequenfial within 3D Prnting. A beneficial
relafionship between Acetone exposure for FDM ABS 3DP at
specified imtervals was established. The study also indicated
the potenfal to mtroduce sequental elements within thas
technology wathout the nsk of decreasing part quality. The
UTS and supporhing SEM data supports the requirement to
automate and have a confrolled delivery of acetone vapour to

Chart Demostrating the
relationship of increased
processing to UTS

50

45

an =017

3T Study

30 — 01
Stud

25 ¥

Mean Ukimate Tensile Strength alMPa)
Sample 0%
Sample 100%
Sample 50%
Sample 25%

Sample SO%NA

Fig. 3: Image graphically representing the relationship
controlled acefone vapour to ulfimatz fenale strength

Takble 1: Table containing data from both the 2017
evaporant and current condrolled studies

Sample Average UTS(MPz2) | Average

{2017 study) UTS(MPa)
{cwrent study

0% 412 429

25% 337 451

500 394 434

100%: 29.1 0.7

5% NA 40 411
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ABS dunng the 3DP process as thus wall allow for beneficial
bondmg of mternal structures. It should however be noted that
addihonal mvestigative testing will be conducted to further
validate this technology and the resultzant relationships.

Fufure Recommendations melude:

# Inveshgations mnto less volatile adhesive/bonding
agent alternatives

+ Further mvestigations regarding the effects of
halting and processing parts within the 3DP
process.

#  Further mvestigations m 100% Sample cases.

# The 3DP of samples of vaned cnentations to
identify optimal printing for vapour exposure

+« Ap analysis of the chemical and matenal science
relafing to the inferactions of utilized polvmers
and agents.

+ Investigation into the potential for
mplementation of FDM with a chamber of
confrolled vapour satwration.

# Dermvation of 2 model relatmg to ABS interlayer
exposure to acefone wvapour withim a 3DP

PIOCess.

This work forms part of fundamental imvestigations for future
research regarding the addinon of proces=ing elements within
JDP technology.

V. ACENOWLEDGEMENTS

The authors would like to thank the Mew Zealand MNational
Science Challenge for funding this research as well as Assoc.

WI. REFERENCES

[1] A Femrewra, K. M. Anf 5. Dwven, and J. Potgister,
"Retrofitment, open-sourcing, and characterisation
of a legacy fused deposihon modelling system.” The
Internarioral Journal of Advanced Mamyfacwuring
Technology, 2016.

[2] W. Gao, Y. B. Zhang, D. Famanumjan, K Famam,
Y. Chen, C. B. Wihams, er al, "The status,
challenges, and future of additive manufacturing in
engineenng,” Computer-Adided Design, vol. 69, pp.
65-89, Dec 2015,

[3] T. D Mgo, A EKasham, & Imbalrane, E. T. Q.
Neuyen, and D Hw, "Addifive mamufactunng (3D
prmtmg): A review of matenials, methods,
apphecatons and challenges.” Compeozites Parr B:
Engineering, vol 143, pp. 172-196, 2018,

[4] J B C Dhzon, A H Espera, Q. Y. Chen, and B C.
Advinenla, "0 Mechanical charactenzaton of 3D-
prmted pobvmers." ddditve Mamyfacruring, vol. 20,
pp. 44-67, Mar 2018

[5] E. J. MeCullough and V. K. Yadavalh, "Swface
modification of fused deposition modsling ABS to
enable rapid prototyping of blomedical

Tabile 2: Table contaming cross seetional SEMs representing each sample

Twm

g
i
3
i
| 3
i
R

S0%%MA

Sl%%

5%

T rern

MIPCHTE  WeTT MAAITITIR wa

151




(6]

(7]

[8]

[?]

[10]

(1]

[12]
[13]

[14]

[15]

(18]

MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

microdevices," Jourmal of Marerials Processing
Technology, wol. 213, pp. 947-954, Jun 2013,

M. Jayanth, P. Senthil. and C. Prakash, "Effact of
chemiecal treatment on tensile strength and swiface
roughness of 3D-prinfed ABS wusing the FDM
process,” Firtnal and Physical Prototyping, vol. 13,
pp. 155-163, 2018.

A Garg, A Bhattacharva, and A Batish, "Chemical
vapor treatment of ABS parts bwmlt by FDM:
Amnaly=is of swrface finish and mechamieal strength,"
The  Imternational  Jowmal of  Advanced
Manyfacturing Technology, vol 89, pp. 2175-2191,
2016.

F. Calgnano, D). Manfreds E. P. Ambrosio, 5.
Biamino, M. Lombardi, E. Atzeni, er al, "Overview
on  Additve  Manufactwrmg — Techmologies.”
Procesdings of the IEEE, pp. 1-20, 2017,

J. Gardan, "Additve mamfacturing technologies:
state of the art and trends," International Journal of
Production Research, vol. 54, pp. 3118-3132, 2015.

P. K. Gurala and 5. P. Eegalla, "Part strength
eveluhon with bonding between filaments 1n fused
deposihon modelling," Firtnal and Physical
Protopping, vol. 9, pp. 141-145, 2014,

H. Gudzpat, M. Dey, and I Ozbolat, "4
comprehensive review on droplet-based oprnting:
Past, present and future " Biomarerials, vol. 102, pp.
20-42, Sep 2016

T. 5 5 Jong-Hee Park, Chemical Fapor
Depesition: ASM International 2001,

T. Eudo, K. Sekiguchy, K Sankeda, 2. Mamiki, and
5. MNu, "Effect of ultrasomic frequency on size
distibutions of nanosized must generated by
ultrazome atopmzation” Ultraszen Somochem, wvol.
37, pp. 16-22, Tal 2017.

H Em. J Lee and ¥. ¥. Won. "A simple
denvation of the critical condition for the ultrasome
atomiration of polymer solutions," Ultrasomics, vol
&1, pp. 20-4, Aug 2015,

D. Bncefo-Gubermrez, V. Salinas-Bamera, 7.
Vargas-Hemandez, L. Gaete-Gameton, and €.
Zanell-Iglesias, "On the Ultrasome Atomization of
Ligmds," Phyzics Procedia, wel. 63, pp. 3741,
2015.

C-C. Euwo, C-M Chen and 5-X. Chang
"Polishing mechamsm for ABS parts fabncated by
additive manufactuning,” The Imternational Jowrmal
of Advanced Manyfacturing Technology, vol. 91,
pp. 1473-1479, 2016.

152



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

DRC 16
.

g

T
MASSEY UNIVERSITY

GRADUATE RESEARCH SCHOOL

STATEMENT OF CONTRIBUTION
DOCTORATE WITH PUBLICATIONS/MANUSCRIPTS

We, the candidate and the candidate’s Primary Supervisor, certify that all co-authors have
consented to their work being included in the thesis and they have accepted the candidate’'s
contribution as indicated below in the Statement of Originality.

Name of candidate: Juan Schutte

Name/title of Primary Supervisor: Prof. Johan Potgister

Mame of Research Output and full reference:

Evaluaton of the effecs of corona discharge plasma exposurs proximity b Fused Depesiion Modeling 30 Printed Aoryioniivles Buisdl=ne Ebyrene

In which Chapter is the Manuscript /Published work: Chapter 6

Please indicate:

*  The percentage of the manuscript/Published Work that was

confributed by the candidate: 100

and

*  Describe the contribution that the candidate has made to the Manuscript/Published
Work:

The candidate has written the majority of the manuscript. The candidate has

conducted the experimentation and provided the analysis required for this
publication.

For manuscripts intended for publication please indicate target journal:

Candidate's Signature: ﬁ gag?g:ﬁnwsﬁmtfm
Date: 04/06/2019
Primary Supervisor’s Signature: Johan Potgieter t5s s s e
Date: 06/06/2019

{This form should appear at the end of each thesis chapter,/section/appendix submitted as a
mianusaript/ publication or collected as an appendix at the end of the thesis)

GRS Version &— lanuary 2049

153



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

Evaluation of the effects of corona discharge
plasma exposure proximity to Fused Deposition
Modelling 3D Printed Acrylonitrile Butadiene
Styrene

Tuan Schuatte Terome Levensur
Schoo! gff Engineering and JTon BeamMarerial Science
achanced rechnology GHS Srience
Mazzey University Wellington, Mew Zealand
Auckland, Mew Zealand J Leveneur(dgns.ci.nz

T Schutte iimascey.ac nz

Absract— Plasma derived cross-linking of polymer surfaces
iz am established tfechmique within imdwsiry. Thiz stody
imvestizated how the nilization and provimity of an atmospheric
plasma generating device affects the nltimate temsile strength and
sarface quality of 3D primted Acrylomitrile Butadiene Styrene.
The sindy made use of a2 limear stage device to accorately modify
the distance between parts and devices. We aimed to evaluate the
potential of atmospheric plasma treatment to improve the
mechanical performance of 3D printing systems. 3D printed
zamples were zenerated by a Tier Time UPBox Fosed depositon
modelling printer. Thirty ASTAM DEX8 Type IV dog-bone
samples were generated. They were grouped info § categories
corresponding to varied heights from the zenerated plasma,
namely 36 mm (Sample 1), 30 mm (Sample 2}, 24 mm (Sample 3),
18 mm (Sample 4), 17 mm (Sample £) as well as an onprocessed
Benchmark Sample. Optimal oltimate fensie strength occurred
at 24 mm being 1901 MPa whilst the sorface gquality of the
samples experienced little change.

Eeoywords—Addinwe Mannfecmring, 3D Prinong,
medification, Coafing, Plasma irradiafion

Surface

I INTRODUCTION

Fecently 3D printng (3DF) as a means of rapid prototyping
haz expenenced a2 dramafc increase In ity. The
fundamental process within this technelogy 15 the seguental
processing and bonding of additonal matenal to pricrky
processed material. Within 3DP this additive sequence 1s
repeated to form a three dimensional part. This form of additrve
mammfacturing (AM) has ocowrred through the appheation of
varous techmigues which are largely dependent on the type of
matenial to be processed. namely solids, hqmds and powders
[1, 2]. The Fused Depositon Medelling (FDM) technique of
IDP has achieved wndespread populanty due to 1t's
accessability (relative ease of use) [3, 4]. Ths form of AM
transforms sobid wire polymer filament matenal into deposited
lavers of polymer melt via thermal and mechanical actuation.
Whilst the positional nature of of this depositon 1= robustly
copfrolled through mechanically actuated gantry svstems, the
same control cannot be associated with the deposited melt. The
uniformaty of the extrusion can be controlled through the
optimmisation and modification of the extusion mechani=ms,

Hiaowen Yuan Tohan Potzietsr
Schoal of Engineering and School gf Engineering and
advanced technology aahvamced rechnology

Massey University
Anckland, Wew Zagland
EW.Yuanirmassey.ac nz

Maszey University
Auckland, Mew Zealand
] Potgieteriimascey.acnz

however once deposited there 15 a lack of direct control
mampulaton of the polvmer As the melt retains thermal
energy dunng the mterval before solhidification, 1t 15 suscephible
to the forces of gravity as well as non-umform cooling. As such
the surface quality as well as the mter-laver consistencies are
likely to confain anomohes such as regions of cavitabon. These
uregulanties may lead fo 1ssues regardmmg inter-layer bonding
and polymer cross-hnking which in twm affect the shuetural
infegnity of the part.

It 15 worth notnz that the apphicaton of surface
modifications techmiques to FDM 3DP parts made from
popular materials such as ABS and PLA 15 bemng used fo
maodify a part’s properties. A popular method for this imncludes
the use of volatile chemucals such as acetone which imitiate
elements within the polvmer to further fuse'melt the layers
together. Tvpically such applicaton of chemical solutions or
vapours occurs as 2 post-process dependant on addifional
vapour bath systems [5, 6], Thus an alternative technique
hawing lower matenal and equpment requements whalst
vielding banefits to stuetural strength and swface guality ware

Grven that meost gemenc forms of 3D pnnters unlse
polymers in ther additrve manufacturing processes, alternative
methods of polymer swface modification not reliant on such
complexities were investizated. One of the mest popular
technologies for the swrface treatment of polymers 15 plasma
iradiation.  Plasma freatment of products has  been
implemented as a form of surface modification within many
polymer based industres [7-9]. Technologies such as
Plasmatec-X by Tantec provide monowvreable benchtop device
puwpose built for this form of processing [Figure 1] Plasma
generation systems come m a vanety of forms but can be
clazssified as erther operating under low pressure (partal
vacuum)} or at atmosphenc pressure. It should be noted that
some of these fechmques are prone fto lugh temperature or
complexities not well swted for 3ODP[10] . One particular form
of plazma generation which shows promuse for this form of
process 1s corona plasma generaton[7, &, 11, 12]. Ths
atmospheric-based techmique does not requre specific gas
elements apd does necessanly produce excessively hugh
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temperatures. The plasma 1= generated through the application
of low wvoltages at lhugh frequencies to  sharp end
effectors/electrodes [8]. This results mm the 1omsahon of
swrounding gas, generatng a small volume of plasma. Finally
the technollogy has been descmbed as  relatively
mexpensive[11]. This techmoue was 1dentified as well smted
for implemetaion withm polvmer 3DP  technology.
Application of plasma treatment for 3DP 1= 1n 1ts mfancy, while
commercial outlets that propose plasma enhanced 3DP systems
[13]. only a few studies can be found that mvestgate the
mmprovements from plasma in the 3DP process [14].

A mwbust and porfable version of a coroma plasma
generafind device was created by the Insttute for Geological
and MNuclear Science (GNS Science) in New Zealand for the
purpose of further investigating the potential benefits of plasma
technology m 3DP. Cumently the desirable’optimal working
parameters of this device have yet to be wdennfied/established
for this tvpe of work, as such this smdy will attempt to derve
this content expermentally and will promanly wmvestigate the
effect of prowimuty of generated plasma fo acrylomimle
butadiene styrene 3D printed parts. Through thes study there 1z
a potental for the mdenfification of 2 new form of erther
sequenfial or post processing of 3DP parts not requinmg
sigmficantly more matenal or equpment.

I.  Methodology

The ASTM D638 Type IV sample-testing standard
{(Datapointlabs) was uiihsed for this study. The dimensions
for this were franslated mmto a Solidworks CAD 3D model and
ufilized in the generation of 30 ABS samples.

A 3D Printed Sample Generation

An UPBox commercial grade 3D Prnter (Tier Time)
loaded wath white ABS filament was uhlised fo manufacture
thirty samples. These were printed with a resolution of 0. 2rmmy
and an mfill of 99% (note these refer to UPSmdio sethngs).
Each set of 3 samples were printed simultanecusby mn identical
onentations (Figure 1) m order to attempt to achieve regularity
within the sample sets.

B. Linear Stage Development

A simple apparatus contaiming an adjustable vertical stage
with multple mounting points for devices and samples was
modelled uhilising Schdworks. This was then mamfactured
via laser cuthimg of clear acryhe [Figuwre 3], This testng
equipment allowed for the manual vertical movement of the
stage mn 20 mm mtervals. Addibonzal Sample posihomng and
Spacer parts were laser cut uwhlising 3 mm acryhe to allow for
mcrease acouwracy 1o sample placement and vanation 1o sample
height Figure 4.

C.  Experimental Prorocol

The festing stage was set with a distamee of 45 mm
between the manoeuwvtable platform and the fixed (top)
platform. The plazma device was located upon the top pansl
above the samples with the rationale that thiz pwght a1d mn
negating unwanted accummlation of hot awr from the plasma
nsing and gethng trapped at the sample. The expenment
ufilized a set machine output voltage of 26 V. Grven that
plasma represents a charged beam of lomzed gas sesking

Figure 1: The handheld plasma surface
modification product by Tanfec

S
Figure 2: The final printed sample sef.

Figure 3: Developed manual acrylic festing
stage

Grounded plate

Figure 4: The grounding plate, positioning
rlate and spacer plat wsed in this shedv.
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ground, to aid m the trajectory of this, a grounded plate was
incorparated beneath each sample.

The lmmtzhons for the parameter to be modified were
dermved expenmentally, namely adjustments were made il a
distance at which severe plasma mduced sample degradation
was reached This distance was found to be approcomately
Smm at which sample 1pnrion and brezkdowm was prevalent.

Following this evaluation 5 sample sets were allocated for
locations 36 mm (Sample 1), 30 mm (Sample 23, 24
(Sample 3), 18 oun (Sangple 4), and 12 mm (Sample 5) away
from the exposme pomt's (One Sample set acted as the
‘control” being unexposed to plasma oradiation). Each sample
was placed within the positiorng part and the deswed heizht
adjusted through spacer parts.

D Plasma Fradiation

Each Sample was exposed to plasma nmadiation twace,
with each peniod of exposure bemg equal to 10 mumites. Due
to the nafure of the linear stage. the plasma exposure was off
mﬁeh}’ﬁmm.ﬂmsﬂusemndemmtuﬁasmawas
imtended to cover a greater memion ensiring  uniform
uradiation

The first processing ccomred 1ia an exposed and twisted
alurmnmem wire having an outer diameter of approcmately 2
mm Thes was positioned centrally to the nght of the sampla.
The second plasma processing ocowred a5 4 smaller diameters
(] o) exposed and wrapped alwmnmm pomts. Thess were
located at 5 mm and 15 mm offset from the centre on elther
ade.

E.  Result evaluation

Two stages of evaluation occmred for these parts, namely
a non-destructive mucroscopy, followed by destruchive tensile

Tensile Testong
An Instrom 5967 was uhlised to genevate data relating to
fahigue analymis. Thiz device was loaded wath 2 30 kM
load cell ad a sbam gauge was whlised allowed for the
arded dermation of values such as ulfimate tensile strength
(UTS). The samples were placed cenfrally within the
devices elanmps with the upper and lower elamps set at 65
um apart.

SEM Microscopy
Samples were finally reviewed post Instron testing 113 a
Hitachs THh3030Phis. Thes was not done pror to tensile
testing due to potentizl wnwanted effects from electron
beam exposure and spatal lowfafions of the SEM
chamber As such post Instron evalmation samples were
firther reduced in size with care placed on remons of
inferest such as the poant of frachwe as these were
analysed i thi= device.
M. EESULTS & DISCUSSIONS

A major mmpaching featme wathin dos stedy was the
tendency towards plashic deformation of samples closer to the
point of plazma production. The bending of these samples can

Mew Zealand Mattonal Science Challense

Crraph showing the trend line
for the genrated mean LTS for
cach sample set

193 7

12 ?‘T :
185 H :

1% : :
LT.E‘ | I llllllllllllllllllll I

o | Desived Operational window

16 4 T T T T T 1

Benchmark
Sample 1
Samiple 7
Sampha 3
Sample 4
Sample 5

Figure §: Variafion in UTS for various distanee fo
plasma source.

Figure 6 Shape distorbions in sample due fo
delivered head

TR MIBOVE 238 MMLIDT S il Tmm

Figure 7- SEM image demonstrafing effects of

melting on sample

Table I: Table contminming fhe mean
ulimate fensile stremgth for cach sample
st
Sample Mean UTS
(MPa)
Control Banchmark 18.27
Sanple 1 18.85
Sanmple 2 18.83
Sanmple 3 18.01
Sanple 4 18.7
Sanmple 3 173
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be zeen in Figure & and 15 a clear indicator of sufficiently zh
energy contzct with Sanmples 3, 4 and 5. Due fo this, samples
were taped down to the testing statron fo retamn proximty
ACCUTACY.

A Idemtification of a bengficial opsrational window

The mean results for tensile testing are descnibed m Table
1. The highest tensile strength (1901 MPa) was found for
Sanmle 3 which was located 24 mm away from the plasma
penerzhng wie. Thiz value mdicated that with approprate
provnuty between part and coroma plasma an merease o
approamztely 0.7 MPa can be achieved The dermed mean
UTS wzlues also idemnfied a deprecizting trend when the
samples were too close to the plasma, namely Sangple 5
having a UTS approcamately 1 MPa lower thoan the control.
This trend, graphucally illustrated m Fizure 3, allowed for the
formation of an operational window wathin whick fishwre work
regarding corona plasma should be conducted It can be
bypothesised that this merease m UTS 15 derrved from the
addifzonal cross-linking of polymer chains present on the
sirface of the sample (somlar to that of established plasma
based pobymer treatments [7, 10]).

E.  Further statistical analvsis of study

Aralyas of addifions] Instron generated data in relztion to
sample group standard dewviation (5) lughlighted a potential
canse for concern in non-conformmty. Samples 1, 2 and 4 had a
o = 0.4 whlst Samples 3, 5 and the Benchmark had & = 0.9,
Thus, fivther mveshgahons where 1 and conducted
through a stafstical anabvss soffware (MimTabl8) A one-
way Anova of the data yielded the graphs depicted m Figure 5.
These depicted a normmlly distnbuted value set for the Mommal
Probabihty Plot lnghhghfing an acceptable frend m results.
The Versuz Fits ouiput was helpful m identifiang certain
values mthmﬂ:edaiamcln;epmmwtnﬂ:elunu Lizrmt
(mzhhghted m red as = 17.5) This Lkely explams the
vanability m standard deviation. These values however are not
considered detnmerntal outhers as they were stll located
within the lut boundanes. The lstozram depicted a clear
trend (ocomring as a bell cuwrve) withn the data. Tt 15 worth
nofing that this one-way Anova yielded a2 p value of 0.055
{greater than 3 = (.03} for Sample 5 mdicating that the process
having a distance of 12 mm did not mject the mull bypothesis
and thus can be declared not prachically sigmficant. Grven that
this value wes not sigmficantly different to the g walue, this
sample sat wall shll be discussed.

. Topegraphical Analysis

The mmjor surface topozraphy of each sample emamed
relatively unchanged The plasmz nmadiaton did not act to
seal the cavihies of the samples. Sample 5 differed and had a
much greater meduchion n these woids but also suffered
thermal demradation (vielding detmmental swface meltng)
[Figore 7]. It 15 worth noting that the sample swfaces
appeared very rough and this 15 plausibly due to the plasma
exposme however, the benchwork =wface had =wmlar
distortons (zlbert that these were shghily more promment)
[Figore 4]). Thus this study could not identify plausible and

RS kliial PR3Is dod Samiple Valus
sl Probuabdiy Fat ‘it P
- . -
{I L i L .
IF ’t"j iﬁ - ; ]
T , i
" .
I. 1 | ] 1 i E ma -t -
(e Vs g
Wran Dvoee
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i '
i l'"“'- ,H_. '|_.r' L LK

L Y

¥
i 48 @ W B u 1

Figure & Graphical dofa sutpuf from Minitabs
one-way ANOVA

L
Fdd i RIHEENONESE
iy emies

Sample 3

ANEOING (1) MUDED w8

Sample 2

AIONS O340 | WUDSS b

Sample 3

FLa L p el A e T T W TR ]

Figure % SEM imager depiching a
comparative view of the cross-sechional
fracture mucroscopy  for the  peneraled
Samples.
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ﬂgmﬁcantsuﬁcequaht:rmm&mtnplma
uradianon Addional cross sechonal mucroscopy of the
fracture pomt= for Sample 2 and Sample 3 did not 1denhfy any
significant distorhons to justfy the 0.2 MPa inereaze m UTS
between these. Addibonally no major stuchmal differences
could be idennfied when companng the sample sets to the
benchmark. A= such, the modificanons made to the samples
due to plasma mmterachon are loghly hkely to be of 3 sheght
cross-hnking matme affechnz the polymer chams without
vieldng sufficient energy for these to result mm stuchmsl
deformation.

IV. COWNCLUSIONS AND RECCAWMENDATIONS

This study was successful at demonstating the potential
bmmﬁuuflmplmhngma&schzgeplmagmtm
to a 3D prinfing process. The curent study demonstated that
this device was capable ufm:d:ﬁlmgﬂ:ep‘qﬂhﬁnflﬂp
sometimes drashcally so when the enforced 5 mm procormty
lint 15 not considered and as such, 2 proceszing window to be
utilized m related fuhme work., Addionally, to finther scope
the lmutations and range of the processing window descnbed
herein, additiomal procammty based studies should be conducted
uhilising more precise actuation mecham=ms.

The following research recommendatons are made
regarding firure work imrobhing this research:

¢ The use of igher end 3DP fo attam samples of a
higher standard quabity.

# The automzton of a lmear-stage testing device to
enzhble higher precision in proxumity mampulation.

e Wok to deme fewer mregulanfes within the
plamma stream and methods to denfify a wmform
plazma vield for pmltiple extrusion pomts.

s A cenfralized sample esc grommding plate to ensure

#+ Fommaton of more advenced clampimg
mecham=ms to lmont the effects of stuchoal

e Sindies related to the finther ivtezrahon of dus
techmaque within intervals of 2 3DP process.

Thaz work forms part of fimdamenta] veshgahons for fiture
research regardmy the addihon of proceszimg elements wathin
3DP technology.
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The effects of Acerone vapour inter-layer processing
on Fused Deposition Modelling 3D Printed
Acrylonitrile Butadiene Styrene.
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Absract—The characteristics of the interlaver bonding within
AD Printed objects is a fundamental feature determiming the
capabilities of the resultant object. This stdy set ont to identify
the opportunity for additional inter layer processing within 3D
Printing. Inter layer processing is the addifon of processes before
a mew laver cam be printed wpom a previows layer. Thirty
Acrvlonitrile butadiene styrene ASTM DGXE Type IV dog-bone
samples were zenerated mzing an UFBoxr Fuosed deposition
modellime  primter. These were sezmented intoe five groups
assodated with exposure at 0%, 2004, 25%, 50%, and 10090
prinfing intervals. Temsile testing was comducted through the
utilization of am Imstron 5967 amd a Hitachi TALM030Pho:
Scapning eeciron microscope was med for fopographical
analysiz of sample layer fosiom'bonding Samples showed a
inversely proporiional change im characteristics relative to imber-
layer processing, namely an increase in processing decreased the
ulfimate temsile stremzth at edongafion and decreased the
distingmishable layering and cavities within the sample.

Eawords—Addirve Manryfbemring, 3D Prindng, Surface
modificagon, Coating

I INTRODUCTICN

3D pomime (3DP) 1= 2 form of addibve mamifachorine
{AM) in which ‘laver-based’ processing of material results in
ﬂ:&gﬂmﬁuﬂof&me—{hmmmalnhect»[l_l] Thus these
pats are fimdamentally lamimate m patme. Many S0P
methodologes mly on the applicaton of presswe or heat to
deposit process the material into the desired frm.

The technology has been associated wath restnchons
ocoung  from  weak infer-layer bondmg  resulting m
delamnation as well as poor sesthetic quality, thas = prevalent
m Fused Deposihon Moddelhng (FDA) 3DF) [3] (Frgare 1)
The most pronunent form of thus technolosy mekes use of
pobmer filament wlech 15 actuated to an extsion pomt at
which the matenal 1= subjected fo thermmal actuzbon Thes
thermal achmtion results m the ocowance of 2 polymer melt
being extruded upon a colecting mwface. In a FDM 3DP
process the polvimer 15 deposited a5 “pathways" of matenal both
alongisde previously extruded matenal (formung part of a layer
as well as on top of previously placed matenal The thermosl
charactenstics of the heated polymer encowage the fusion of

adjzcent polvmer streams. As such, the comtrel of this 1= a
mzjor conmbutng factor to the objects mier-layer bondins.

The degres of mer-layer bonding of 3DP parts relates fo
the capability of the materal processing techmque to resulf 1n
the jommgfusms of new layers. The stength of the matenal
bondmg 1= penerally proporhonal to the desree of fimon [4].
Another key factor associated with good bondng 15 the surface
area mierachon between material [4]. If the swrface fimsh of a
punfed layer does not match with the subsequent layers
additon of matenal cavities can ocowr and result in a weaker
bond Due to a lack of complete quanbty confrol m 3DP=
additton of matenal, areas vacant of matenal can ocowr. These
ﬁcan:lamtnnhraducesmﬁ::emmﬂandm]xeqlmﬂv
mrmlayerbm:hngbm;]snrau]tmmofpm&nna]m
concentrations.

Whilst mmch work has been conducted mm ensinng
controlled therma]'emaronmental condimons witun 3DP (seen
m devices such a= the proffessional Fortus 250me and
consumenst UPBox, much less mterest has been duected at
meﬂmdnlngnﬂe]mmaunggenﬂamdlmrerrmdd As such there
15 meeniive to mmeshgate potental methodeologes for
mprovement of mter-layer surface quality. The enhaneement
of external swface charactenstes/quality of 3DP parts has
abeady been achieved through the mplementzhon of mamy
post-proceszing methodolomes meludmy zbrasme pobshms
and chermeal exposwe [3]. A popular techmigue for the surface
modification of 3DP Aovlomiils butadiens styrene (ABS)
FDM parts 15 through the uhbzation of Acetons vapor m a
vapor-bath exposure system [6].

Vapowr the the ocowrance of matenal particulate m 2 gasecus
phase af 3 teopaatme lower than the patenmals cmfeal
temmeranme (at which evaporaton would ccow) [7].Vapour
has been uhlized within coatmg procesdures and 15 generlly
the mesult of different chemucal reactons This process i=
known as a chepueal vapowr deposibon [3]. It 15 2 popular
coaing methodology due to 1t's ability fo evenly distibute
matenal upon a mwface and 15 capable of processing mamy
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Figure 1: Tlusmadns the standard componenss of a FOM 3DP

forms and object featwres. Given this understandmng of the
effectiveness of vapowr as a2 swrface modification agent. it wall
be of interest n the processing of mtemal object layers.

The followmgz paper will investizate whether inter-layer
swface modification will have a fimchonal alteration to the
charactenstics of both 3D Printed parts as well as the mternal
layer fusion'bonding will be altered This study forms part of
ongoing work relating to the apphcation of inter-layer
processimg within 3DP processes.

II.  Methodology

The UPBox by Tier time uses a FDM form of 3DP to
generate objects from polymer filament. This printer 15 utilized
for this study due to the ability to pause the process at a
defined layer. The cessation of prnting at defined mtervals
will allow for the controlled removal and processing of
samples.

A.  Sample Generation

Thuty ASTM D638 Type IV dog-bone samples were
gnentedﬁ'om3DPABSﬁ]ament.ﬁomﬂ:esesmgroup’
were generated The longest and thickest side of each object
was printed parallel to the pnnfing platform  The pnnfins
process was halted at 20%, 25%, 50% intervals of the total
printing layers to allow for processing. A note 15 made that the
printing was halted agam at the 50% mtervzl for an evaluation
of the effects of pnnting mtenuption on a sample. Additonal
information regarding prinhing properties 15 descnibed m Table
1.

B, _Acetone exposure

Three sanple goups were subjected to levels of exposure to
acetone vapour namely at 20%. 25% and 50% mtervals. One
sample group was only exposed to vapowr post printing.
namely at the 100% interval. The final two groups were not
exposed to acetons, these bemg the 0% and 50%NA (where
NA refers to not applied).

Vapowr processing was implemented through the uhlisation of
a vapour bath system with samples suspended 30nm above

Perforated
board vith 3¢
printed parts

e}

Fizure 2- Acetone vapour bath systam

["Tabi I: CPIBOX Settngs wilizad
Obsect infill 99%
Layer thickness 0.25mm
Print temperzhuore 230°C
Quahity Normal
Nozzle diameter 0.4mm
Filament diameter 1.75mm
Raft matenal No
Printing platform 275X 225
T96le T Vapou bath s=inss
Acetone, ml 70
Vapor bath contamer, mm 494 1L X 322W X 138H
PCfan V 5
Perforated board. num 275X 225
3D printed Type IV 5
dogbanes
Minutes 20
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acetone sohihon (Figme X). This avangement exploited the
solutions characteristic of evaporation at room temperature

(23C) 1n an attempt to control the quantty of vapour within
the chamber,

Table 3: Awv ulfimage fensile i stameiard
ﬁrm# strength and respective
Sample Average Standard
UTSJPa) devigtion
% 412 1.013
W 320 1.51%
23% 337 1.295
e o4 0.933
100%s T 1.871
% NA 40 1.272
Average UTS
PR
= e ——
£ —
2 ]
g Iy plo: |I P IS SR NA
Sample
Fipure 3 Averape fensile smensth for each sampls

C Sample Analysis

Sample groups were labelled az ‘Sample X% where 3%
refers to the percentage mierval for processang {e.z., Sample
25%% relates to the group of which vapowr exposure ocoumred at
every 25% of the total printing lavers) An Instron 3967 was
utihzed wath a load cell of 30N to deterrmne the ulhmete
tensile strength (UTTS) at extension as well as each sample
groups standard devizton (SD). This vzlue will deterrmne
sample umformity and statshical consistency of the obtzined
results; as such this value wall be presented to demonstrate the
rehabibity of the data recerved The testineg grppers were
positionad 63w apart, between which samples were fastenad
and the extension actuation was set at 0.2 oun'mom‘on
(Figure 3}, An Hitachi TA30303Pluz scanmmg electron
microscope (SEMR) was utlized to gensrate images for

topographical analysis. The mpt voltage was set at 3k with
Standard Reduction at magmfication of 100, 500and 1000.

I EESULTS & DISCUSSIONS

Az expacted the externzal swrface quality of the zamples were
altered by the exposure to acefone. namelv the distmetive
lzvermgz of ABS becams lass disinet It should also be noted
that with inereased mtemvals of exposime there was an zpparent
decrease n sample thickness (this 15 potenfially due to the
material movement into cavites). These phymical alterations
are demonstrated in Figure 5.

The following SEM analysis refers to Fizure & m which
two examples (A and B) of each sample group are displayed
with wvellow cuocles idembifying caifies and red lmes
idenfifying reprons of interest.

The Dresence of dishnpmishable lavenns dmmshed wath the
merezse 1N acetone exposime with hardhy any dishmetive
layerng 1denhifiable m the “Sanple 20%"° zZroup. The
ocommence of cavifies seemed to be mwersely proportional to
that of the vapor processng It is Interestins to note the
ocowmrence of disinctive defooration m remons of the object
which seem to coipcide wath the imtervals of imfer-laver
processing (lghhighted by the red amow), these could be
mdicztve of a chemeal alteration made by the acetone to the
ABS swrface. In general, the topographical imagpmg suggests a
higher degree of fusion with ncreased exposwre to acetone.
Twprcally, this would mdicate a higher shensth bowever by
anzlyvzing the data from the Instron ten=ile testine an opposite
relabon=lip becomes apparent.

Table 3 znd Fimme 4 contain the results of average UTS
and the S0 for different experiments performed. It st be
noted that all 30 values fall under the threshold of 5% [8], the
highest vanation being 1.87] ocowing m the 100% sample
grour. The average ulhmate tensile strensth mproves wath
merezse In percentage of acefone treatment. The hizhest
average UTS among acetone freated s was recorded as
397 MPa for sample 100%, followed by 394 MPa, 337 MPa
and 32 MPa for sapples 50 %, 25% and 20%% respectively.
Thas showed a relatrvely hnear decrease in UTS with inereazad
exposure to mier laver processing. The wmprocessed sammples
winch welded the lighest strength also mdicate that the
mfermupton of printng (namely the 50%2A sammple) showed a
negative relationship to strenpth It powst be noted that both the
100% and 50%0 sample showed a decrease of 1.5 WPz and 0.6
MMPa respectively thus reaffiromng that the exposime to acetone
had a negatve effect on TTTS.

Sample 0%

Sanple 50%:

Sampls 25%

Fipme 4: Inazs demrims the efecs of Mmisral A0eiines Processme
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Current hiterature records the strength of zimmlar parts as
approcamately 28.5 — 33.96 MPa [9. 10], thus it 1s
inferesting to note a much higher recording mn thus study
(an increase of 7.74 MPz). This 15 potentially due to an
increase m 3DP capabiliies as well as potentizlly the
result of raft-less printing and should underso fnther
investigation.

The relationship between mter layer processinzg and
tensile extension strength showed a lmear decrease m
strensth proportional to the quantity of mter laver
processmg (the average UTS for each sanple group 1=
summansed in the graph depicted in Figwe 4). This
apparent proportional decrease m strength to increase in
acetons exposwre supports the previous notion regarding
the possible changes to polymer chenustry.

From this discussion. the followins hypothesis have been
made regarding the effects of acetone nter-layer
processmg on ABS parts:

e Acetone alters the polymer chain stucture of ABS
resulting in a more bnttle sthucture having lower
ductility and thus )1.e1dmg an mversely proportional
relationship between ultimate tencile stress and
quantity of vapor exposure.

e Alterations to the polymer chams m ABS due to
acetone affect the rezctiaty of this to
futwe'following attempts of thermal fusion
(subsequent FDM layenng).

e A threshold exists in mter-layer processing of FDM
ABS to Acetone in which the optimal'entical
intervzl of vapor application wields ophmal tensile
strength.

IV. CONCLUSION/SUMMARIZATION

This study helped to highhizht the potential of inter-
layer processing within 3DP. This study has successfully
yielded an analysis of the effects of Acetone vapour
inter-layer processmg on Fused Depositon Modelling
3D Prmted Acrylomtnle Butadiene Styrene, namely that
this produced 3 negative impact on the UTS of the
resultant object. This study also highlighted the decrease
in strength of inferrupted prnted samples. From the
followng recommmendations are made regarding fuhme
work:

e  An analysis of the effects of mtermuptions at vaned
mtervals of an FDM process should be conducted.

¢ The chemical natwe of ABS and Acetone
interaction and the effect this has on polymer cham
length should be evahiated.

* The application of proven bonding agents at varied
prinfing intervals should be conducted.

e A study should be conducted regarding the current
UTS capabilities of FDM 3DP, this should mclude

dnvanousopnommpnm:xgmdu&ngmmhon
and raft-less pnnting.

164



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

Thas work wall form a fundamental growund werk for the fiture
research regarding the addibion of processing elements within
iDP.
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The effects of electrospinning collection surface
modification on nylon 6-6 placement

Juoan Schutte, Johan Potgieter, Steven Dirven, Xiaowen Yuan,
School of Engineering and Advanced Technology, Massey University
Ancldand, New Zealand
j-sclmifte @ massev.ac.nz

Absract—The natore of fibre placement'manipulation in
electrospinning has beem recorded thromgh the wtibization of
surface actoation amd electrostatic manipuolation. This stody
imvestizate: the potemtial of a simplistic approach to fibre
placement manipulation throngh the nhlization of non-wniform
non-conducting collecting swrfaces. A solotion of Nylon 6.6 and
Formic acid was electrospun with an ES1a device and throogh
the wse of SEM amnalysis submicron and nanofibre aliznmment was
identified. This siudy achieved the generation of actuation-less
and electrodeless alizmment, reiterating cwrrent kteratores
rationale of aliznment formation. The study noted limitatioms
regarding the potenfial combination of meldicavity and
electrospinning based manufacturing. From this work future
recommendafions regarding sorface modification have been
derived.

Eaywords—  Elecrrospinning, Surface Collecior, Addirve
Meaenyfacinring, 3D Printing, Surface defermafon, orientafion,
Nylon 6-6

L INTRODUCTION

Electrospinming (electrostatic spmmmg) 15 a relatrvely raped,
efficient and inexpensive process m which an electne field 1=
utilized 1o the generation of mucro- and nanofibres [1-3]. The
technology has been apphed to over 200 polymers [4] (both
naturzal and svonthetic) and can be desenbed as the combnaton
of three distinctrve parts namely the Sclution, the Charged
Extruder and the Collecting Surface [2, 5-7] (Figure 1). The
‘Solution” refers fo a pelyvmer-solvent puxture that 15 often
subjected to actnaton dwecting the flud fo a conductrve
extrusion pomt. This component, descnbed here as the
‘Charged Extruder’, iz connected to a high voltage (kV) - low
current (A power supply and 15 responsible for generating the
required electrostafiic forces within the “Solution’. An ophmal
process meludes the formation of “Solution’ upon the extruder
where only swface tension forces hold this matenal {e.z. the
generzfion of a memscus when using a symnge pump). The
extruder 15 then charsed which results in the bmldup of
electrostatic forces withm the material and formation of a
Tavlor cone. At a cnfical voltage (this vanes between polyvmers
utilized), these forces will overcome the smface tension forces
resulting in the expulsion of a stream/jet of matenial. Due to
electrostatic mstabibifies, this matenial whops through the air
evaporabng the acidic solvent leaving the deswed polyvmer
fibre, which acowmnulates upon the ‘Collechng Swface’ (an

The New Zesaland Matenal Science Challenze fimds this work

oppositely chargad area).

Thiz process 1z lnuted to the fabrication of mats (fwo-
dimen=ional objects) and does pot achively control the
onentatons or placement of the collected nanofibre. Popular
methods allowmg for the manipulation of these parameters 1z
through the modificatton of the “Colleching Surface” uhlized
[8-10]. Through the actustion of this component ahprment can
be mshlled m generated fibres. Two popular denvations of
collecting surface modification imchide the sphitting of the
swrface to gemerate a parallel electrode confizwration with an
airzap (sometimes filled with non-conductive collecting plate),
and the azctuated spmning/rotating of the surface (often in the
form of a rotatmg drum, dizk, or conveyor collector) [2, 6, 11].

The uze of rotational actuation generates alignment of fibre
in the direction of rotation; this alignment and relatrvely even
distmbution 15 due to the mutual electrostatic repulsion betwesn
deposzited fibres [1, 12-14]. It must also be noted that by
varnng rotation speed. resultant fibre aliznment can also be
mampulated [1]. 4 major advantage of this mechamsm 15 that
it refamns functionality when scaled for larger manufacturing
requrements. This teclmque 1= however only able to produce
abipned fibre m a singular direction. Control over the direction
of alignment 15 achievable via the use of parallel electrodes [15,
16] Thas methodology exploits the electrostatic attraction of the
formed nanofibre to oppositely charged areas, resuling in the
stretching of the fibre between electrodes [1]. This mechamsm
has been recorded as relatively hipmted by scale (relative
abipnment lost at gaps greater than 30mm [9, 14, 16]. A recent
study by O ef ol demonstrated that through the combination
of aligmment mechamsms these spatial hmufztons could be
relatively overcome. In this study a combinahion of ceramic
magnets, parallel copper electrodes and distilled water was
utilized to allow for ahgnment over a 1(mm distance [9].

In both the motaional and the parallel electrode
configurations, the =swface can be descmibed as relafively
planar/smmple. These techmigques do mot actively control the
location of fibre placement. Direct writing electrospinnmg 1s a
largely underdeveloped method whoch allows for greater
contral of dismbufed fibre placement. This control 1= derved
from the automation of either collector or extruder at short
collection distances. These shorter distances allow for the
reduchion m randomized jet mstabulifies (allowing for greater
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Solution in wyTinge

Charged Extrader

Taykar cone

Surlace colkcicd

Fizure 1: Figure illostating the componsnts and feamures of
glecospinning

control of fibre deposihon), however result v less evaporahon
vielding fibre: coated m solvent [17]. Thiz study wall
mvestigate the potenhal for the conirolled placement of
electrospun fibre onto and into molds for object generanon, and
thus further develop an understanding of the infricacies
associated wath electrospinning, namely the natwre of fibre
formation and placement.

IO. METHCDS

For thas study, a relatrvely flat collector swrface was used as
a control for companson against three distinetive forms namely
a semui-sphere, patterned semu-sphere and dog-bone analogue.
These shapes were extruded or cut into collecting surfaces with
base dmension 30mmx50mm Expenmentaton ocowred at
EeveolutionFibres, ufilizing thewr electrospioming device (a
dervative of Electrospmz’s ESla device) (Fiewe ! acquired
from [18]) and provided Nylon-Formae Acid selufion.

A Surface Generation

T electrospinnmg swiaces (Figuwre 3) wers designed m
SobdWorks and an UP!2 3D prnter, loaded wath white
Acrvlominle butadiene stvrene (AB3) filament and a set
prnfing resolution of 0.25mm. was used to manufacture these.
The dimensions of these and deswed research outcomes are
descnibed belowr.

Semi-sphere (Figure 4, 1 and 2} A large dome (1= 15mm,
b=15mm) shape was utilized to determume if electrospinning
was capable of being ufilized in a mold-based mapufactunng
methodology whereby fibres coating the extrusion and cawvity
regions would generate the desred three-dimensional object.

Fizurs 4: Electrospinz E5la

Paperned semi-sphers (Figure 4, 3 and 4): A pattern

| '\-l:. M

Fizure I- Image depicting collecting surfaces with vellow highlighting dog-
bane analome surface

15

50

e
s |

]

s G

=T

Figure 3: Additional dimensiens for penerated collecting surfaces. Where 1,
Jand 5 are the cavity and 2, 4 and § are the extroded versions of the semi-
sphere, patterned semi-sphers and dog-bone analozue
consishng of 49 extrusions (= 2.5mm, k= 2 3mm) was nbhzed
to determune the ability to generate an amay of fibre between
the extruded matenal (which wall have a lower degres of
conductivity). This pattern was also utihzed in a cawvity-based
approach in an attempt to retain the cavity-dermved ahgnment
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over the entire rezion of the collecting swrface. This degree of
control 15 1deal for scaffold generation [1, 6, 9. 19, 20].

Dog-bone analogue (Figure 4, 5 and 6): A dog-bone
analogue extrusion (outer width= 10mm. inner wadth= émm,
transition radius= 10mm. length= 45mm. Fiswe 3) was unlized
to determune the relationship of electrozpun fibres on surfaces
having non-umform width as well as perpendicular areas/walls
(containing hard (90°) edges).

B. Electrospinning

Each collecting surface was attached to the grounded
collector plate via double-sided tape. Collectors were
pozitioned with the extruder nozzle directed approximately at
their respective centers. Components were manually adjusted
until electrospinning of fibres occwrred and the utilised
distances measured as: distance to collector = 120mm. solution
beaker height = 256mm. collector height = 250mm. The hugh
voltage sowrce was set to approximately 32kV for 5 minutes,
after which the collector and unwanted fibre ‘overspray’ were
removed and the process repeated.

C. Analysis

Each fibre-coated sample was then subjected to sputter
coating (an average of 25 angstrom/2 5nm gold sputter coating
applied through the use of Nanostructured coatings DSRI
device) after which the topographical charactenstics were
evaluated via scanning electron microszcopy images generated
by an Hitachi TM3030Plus.

II. RESULTS AND DISCUSSIONS

SEM 1image analysic was conducted to determine the
relationship between the types of deformation namely
extrusions and cavities with the resultant fibre onentations. To
understand the deviations occwrnng from surface modification,
this analysis was conducted on the flat surface collector as a
control. Thiz collector demonstrated the expected occwrrence of
relatrve randomness in fibre onentation (Figure 7)[1].

A Extrusion-Fibre relationships

The electrospun fibres did not coat the large semu-sphere
extrusion as mtended; rather the electrostatic forces seemed to
attract these fibres away (towards the more conductive

TM3030Pue0010 20970329 23.06 NMU
Figure 7: Randomly orientated fibers upon flat collector

TM3030Pue0000 20970329 1423 NL
Fizure 5: SEM image of relatively alizned fibre stretching the gap between
extrusions

20170329 1834 NMU
Figure §: SEM mmazing of summut (uzhest area) of the extruded semi-sphere

TM3030PLE0022

TM3030Pe0007 20970329 22117 NMU
I-'Lgures SEMmgmgofduelecnosptmﬁbuaﬂhedog-bmgmlogne
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surfaces) leaving few fibres on the summut of the relatively
nonconductve area (Figure 6). This relattonship of fibre to
conductive regions seemed to differ in the patterned sem-
sphere extrusions, namely thiz zample yielded a majonty of
fibre occunmg at the extrusion swmmuts. Instead of the
expected embedded amray of fibre befween extrusions, the
material seemed fo stretch across the zaps between the patterns
(Interestingly this matenal seemed to ocour m a relatively
aligned formation (Figure 3)). Fibre alzo occurred on the
summit of the dog-bone analogue. with modifications to the
width of this vielding little effect on the resultant fibres. OF
mterast was the natwe of the matenal along the edze of the
extrusion (Figure 8). thiz seemed fo stretch away from the edge
towards the base (formung an apparent hypotenuse) and 1s
potenfially due to the latent momentum from the matenal
whipping within the electrospinming process. This apparent
movement of fibre reiterated the understanding generated from
the large extusion, namely the attracton of matenal to 2 more
conductive areas. Generally, collection swfaces that are foo
close to the extrusion point result in ‘wet’ electrospinning 1n
which the selvent from solution has not evaporated completely
[1]. It should be noted that no wet electrospinmng
charactenistics could be identified 1o this study. From these
samples, a relationship fo both the degree of extrusion as well
as proxmuty of extrusions 1= hypothesized, namealy:

+ At a entical extrusion height from a conductive base,
fibres will mo lonper occur on the swface sumpwt Thas
comcides with hfersture in which optimal electrospinming
is descnibed as cccurmng at specific distances between
collection and extrusion regions (relative to voltage and
solution whilized) [1, 21].

& At a cntical distance befween extusions, fibres wall
proceed to stretch across this distance.

E.  Cavity-Fibrs relationship

Electrospun matenial did mot actively seem to conglomerate
in the large semu-sphere cavity, rather matenal began to stretch
across the gap and resulted i the partial coverng of the
openmg (once agam this stretched fibre resulted m the
formation of a relatrve alignment 2z can be seen m Figure 9. A
siolar effect occwred on the patterned sample with the

Electrodes connected
[+ S to ground

—

-

Charges are attracted to oppositely
charged electrodes, stretching
material between them

Planar view of collector

(-] Depasiting nanofibre repel each
e other due to charges ylelding
(&) alignment

(=)

Fizurs 11: Figure dinstratng the repulsion of charged fhres in a parallal
glecirade confizumten

TWA03Pus000 2017329 21:05 MMU 20 um
Figare 9= 5EM of Large semi-sphers cavity kighlishtms the relatve
alizmment of fibres spanning the gap.

THAEDIFus03 201703E9 2142 MU 5.0 um

Figure 10: Relatively andomized fibers upon panemed semi-spheare
caollector

TWA030Pue1013 20170350 1023 NMU 30 pum
Fizurs 12: Felative alinment demonsirated by fibers spanning the smallsr
Eap of the dog-bone analogwe cavity
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material completely covenng the gaps. Interestingly no
discernable change to fibre ahgnmentplacement could be
identified wath the resultant fibres echoing those seen in the
control (flat collector) (Figure 10). The dog-bone analogue
demonstrated a parfial covermg of the cavity as well. Ths
ocewred only at the cenfral and smaller gap of the cavity and
once again demonstrated relafive ahgnment (Figure 12). These
samples rerferate the previous hypothesis regarding the enfical
distance between extrusions and the stretching of fibres
betwreen them however there 15 an apparent dispanty m the
understanding regarding the collechon of matenal i more
conductive regions. This inconsistency 1z denved from fibre
occwnng on the large semu-sphere surfaces. In the case of the
extrusion the lack of fibre was associated with a lower
conductvity whereas 1 the case of the cawity megions
presumably with similar conductivity were coated mn fibre.
Potentally this 15 due to the nature of the ocewming grounded
areas, namely the relatively grounded area in the cavity sample
was mmech smaller than that of the extrusion.

. Alignment

Whalst thus study did not actively pursue the gensration of
aliznment it 15 interesting to note the occurrence of thas feature
within the pattemed extrusion. large semm-sphere cavity, and
dog-bone analogue cavity. Aliznment within electrospinning
studies has been recorded as the result of the electrostatic
repulsion of distnbuted fibres upon subsequent fibre [11](an
example of this 1= shown in Figure 11). This study wtilized no
acoive encouragement of alignment wa mechamieal or
electrostatic actuation; as such the formaton of alipmment 15
reliant on cumrent lLteratures understanding of inter-fibre
electrostatic repulsion wielding aliznment Addihonally the
loss of relative alignment was present for the awr gap of 30mm
present m the Semu-Sphere cavity thus coinciding with
statements found m [, 14, 16].

IV. CONCLUSION AND RECOMMENDATIONS

The results from this study demonstrated the submicron and
napofibre fabrication capabibity of thiz technology (these
occuming on each surface). Although the results of this study
demonstrated, appealing charactenisties (manofibre and fibre
abznment), these did not ocowr 1 a controlled manner yielding
vanation m diameter and general placement. This study was
beneficial m hghhghtng some potenhal concerns for
electrospinming onto three dimensional swfaces and honts that
mold based fabrication through electrospimmme 1= not a viable
option. It should however be noted that some of the
charactenisties discovered in the study could potentially be a
result of the equpment uhhzed and as such further
investigation into the methodologies emploved for fibre
placement/control 1s required. The following recommendations
are made for future work involving symilar collechng suwrface
modifications:

s Large zemi-sphere extrurion and cavitv: Fuhue work
regarding a mold'coating based approach should
imvestigate the use of a uniformly conductive surface.

s Parermed semi-sphere exrrusions and  cavities: An
increase n the patterned objects dimensions as well as
increase the extrusion distances should be implemented
an attempt to force the fibre to the more conductive areas.

* Dop-bone analoguesz'Parallsl edeas: To attan electrospun
material on parallel swrfaces futwe work should
mvestigate the use of deformed conductive suwrfaces. Of
interest 15 the scaling capability of the fibres occwring
analogous to the hypotenuse from the sumwmt and base of
the paralle] edge.
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The opportunity of Electrospinning as a form of
Additive Manufacturing in Biotechnology

Tuan Schutte, Xiaowen Yuan Steven Dirven Johan Potoieter
School of Engineering and Advanced Technology, Massey University
Anckland, New Zealand
j-schmtte/@massey.ac nz

Absrract—3D Printing additive manufactoring iz a rapidly
developing form of techmology. Currently able to manipulate
many polymers (both synthetic and orgamic), this technigqume is
quickly becoming an integral part of biotechnological
developments. Thiz paper highlizht: the fondamentals of this
technology namely the mechanisms employed in standard 3D
printing, it then intreduces tisswe engimeering a field in which
current verdons of this techoology have been employed as
bioprinting. The imitation: with respect to tissne engineering are
discossed ontlining the corrent technologies inability to produce
nanofibre based structures common im fissme such as tendom,
carfillage and cormea. From this requirement for naneofibre
produoction, elecirospinning is introduced as a potential pathway
for future fissue engineering AD printing technologies and finally
the current combination of this technology with 3D Printing iz
discossed yielding current limitations in retaining required nano-
resplutions.

Keywords— 3D Printing, Additive manofacturing, Tissoe
Engineering, Bioprinting, Manofibre, Electrospinning

L INTROTDUCTION

Additive manufacturing(AM) 15 desembed as  the
successive miroduction of matenmal in a specific order to
develop/zenerate a2 final structure [1]. One of the most
prominent forms of this technology 13 3D Printing (3DP). Thas
13 a rapudly growing prototyping and mamufactunng
technology that ccowrs iIn many different forms for vanous
materials and functonabities. Vanaton m  mechamsm
employed are due to differences m the propernes of vanous
matenials (e.g. viscosity, thermal reactivity etc.) three distinct
processing methodologes have been developed namely:
matenial deposifion, processing of powders or processing of
ligmds [2] (the range of this technology 15 depicted m Figure
I, The fundamental feature of this technology 1= the laver-bry-
layer mtroduction and processing of matenal to generate
thres-dimensional obects. 30P has developed to be capable of
processing both syothefic and orgamie polvmers as such it has
found uses in many mdustnes including bictechnology,
paricularly in the field of Tissue enginesnng (TE) This
discipline has been descnbed as the result of 2 combination of
bropmaery, autonomous self-assembly and grouping of mim-
tissue  bwmlding  blocks to  generate desmeble  orgame

This work is funded through the New Zealand Natienal Science Challenge.

matenaltissue [3]. In this mstance, bromumuery refers to the
desire for replication of biological constructs. Successful
biomimicry 1= dependent on the understanding and repheation
of the fundamental aspects'constiments of biological
constructs. Early cellular components are capable of self-
induced'generated orgamzational development that allows for
the formation of requred mucro-architecture and hological
funchon, and 15 referred to as autonomouns self-assembly. Thas
capability 15 due to the mmberent capabilittes of early cellular
components to  generate  exiracellular mamx  (ECM)
components, appropriate cell sigmaling, autonomous
organzation and patterming. Additionally tissues can often be
segmented 1mnto small functional parts or mum-tssues, which
can be appropnately placed and through the ad of
tissue'cellular properhes such as self-assembly the larger
functional tissue'crgan can be mumicked/produced [3]. These
fundamental properhes of TE together with an  adept
understanding within the fields of engineermg, maging,
bromaterials, cell bielogy, biophysics and medicine wath
respect to the desired tological construct are mampulated
through the whhzation of 3DP technology mm the form of
Biopnnting (BF) to manufacture desirable fissua [4-8]. Whilst
proven in Ifs capability to produce fissue for TE, ths
technology 15 ewrently restricted by iz mamhity to generate
certain desirable features found in vive. Cme such featurse
relates to the cecwrence of fibre-based constructs withm
fissue such as cartilage, tendon., mmwscle and comea. This
hmutation of BP has led researchers to 1denhfy a plausible
teclnology capable of fibre production. One such technology
of Increasing promumence within AM and TE =
Electrospinming (E5). Thas 15 a relatrvely rapad, efficient and
inexpensive process which exploits the charactenstics of
electne fields, swface charge and Coulombic forces to
generate nanofibers from polymer-zolvent selutions [7-10].
Mano- and mucro-scale fibres have been electro-spun from
over 200 polymers (both natural and synthehe polymer=) [11].
This process can occur through the ufillization of a controlled
or uncontrolled extrusion'feed system [12]. Given that
controlled systems allow for greater control of fibre properties
(quabhty and diameter) as well as kaving 2 lngher success rate
in ES, these will be of predomunant mterest 1n thas paper as
these are fundamental features of AM [%, 13-15].
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Figare 1-Flowchant depicting a brisf overview of 3D Printing Addsinee Manofacturing technology

Thiz paper will szermve asz a bnef ovennew of topics
concermng the practices of 3DP, the relevance of these to TE,
the apphication of 3DP 1 TE as BP, the unmet requirements of
TE. ES as a rezoluton to TE requrements, and finally the
applhication of 3DP m ES. Thys work forms part of ongomg
research regarding the developments of AM in TE.

O 3D FRINTDNG MECHANISMS AND LIMITATIONS

In order to understand the opportumity for developments
within any form of 3DP an analysis must first be conducted
regarding the cwrent capabilies and mechamsms emploved
by the technology.

Standardized 3DPF AM 1z generally classified into three forms
relating te the types of matenal processed [1]. namely
filaments, particulates and hquids. Within theze groups there
are many different vanations of 3DP mechanizms (for more
information regarding these see [1, 16, 17]). Whlst thers are
many forms of the technology, fundamentally all 3DP can be
described by the following process steps [16]:

+ Confrolled and actuated (often mechameal or poneumatic)
introduction of material to a processing region.

# Matenal 1z processed (geperally through thermal
actuation) at a controlled region (thuz region typecally
becomes the previously processed region if subszequent
layers exist).

* Omce the above steps have repeated encugh to vield the
deswred object, 1t 15 then ready to be removed from the
Processing reglom.

# The removal of 3DP parts often requires the post process
removal of support matenial {either in the form of prmted
support structures or unprocessed material).

A.  FViscosity, support material and resolution

Material viscosifies restrict the type of methodelogy utihzed.
Higher and lower wviscosities are better processed by
deposifion and ligmd processing methodologies respectively
[1, 16]. Both deposition and droplet-based hquid processing
methodologies offen require support structares matenal when
complex objects contaiming overhangs are produced. This
must be removed through some form of post proceszing to
vield the desired object [16]. Stereclithographic and powder
processing AM mmvolves the laver-bw-laver mitroduchon of a
bedlaver of powder matenal through 2 powder
spreading/Toller mechanism allowing previons layvers to act as
support matenial, thus this requmes lesz post processmg
(matenal removal). Matenal depositon AM in the form of
extruzion techmques have relatrvely hmited resolufions when
compared to other forms of AM [1] {1t 15 due to this hmitation
that post processing to improve the surface quality of matenal
deposition AM 1z offen requred). Cumently the highest
prnnhng resclution occwrs m lhigud processing AM [16]. The
zbove 3DP  technologies fypically whlize common
manufacturning materials {Syothetic polymers and Metals)
however recently szmmlar AM methodologies have been
utlized in TE.

175



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

The a fondamentzl featuwre of TE relates to the successive
introduction of cellular bmlding blocks to generate tissue is
echoed m 3DP fundamental crdered introduction of material
to generate objects. It must be noted however that due to the
high temperatures and pressures emploved by some 3DP
mecham=ms (e.g. fused deposition modelling, selective laser
melting and inkjet prntng) this technology will requure
meodifications when dealing with biopolymer.

IOI. BOFRINTING IN TISSUE ENGINEERING

Bioprintmg (BP) 1z an AM based prachce, which ufilizes
organic material to generate organmic objects and fissues that
are lghly sought after in the medical field [3, 18, 19]. The
most prominent forms of BP technology are extrusion-baszed,
droplet-based and laser assisted printing. These techmigues are
classified as erther direct or mdirect, where direct refers to the
prnntng of the final orgamc stucture and mdirect refers fo the
formation of sacnficial meolds/scaffolds into which matenal 15
distmbuted and allowed to mature .after which these can
require post-proceszng to remove [19]. Given that BP 1z a
form of 3DP 1t shares similanties 1 both fundamental process
steps and the nature of technological vanaton to overcome
matenal processing requirements, namely a vanation in the
processing of macro (cell aggregate), micro (smgle cell) and
nanoicells and proteins) [20].

Of specific TE inferest are the differences between process
able biomatenal, acceptable viscomities, cell wiability, vertical
pnnt guality, and resultant cell densitv21]. These differences
are described below:

Laser aszisted BP 15 capable of processing biomatenals m a
moderate range of 1-300mPa's whereas mkjet techmoues are
associated with lower viscosity ranges (3.3-12mPa’s [3, 211
This differs wath extrusion techmigues which requre bio-
matenal to have melatively high +viscesity (ranging from
ImPa's-over 6xl0°TmPal's [21]) to restnet the unwanted
lezking of matenal from the extrusion mechamizm [18]. Both
inkjet and laser aszsisted techmigues are associated with poor
and far verfical structure quality whilst hawving high prinmt
resolubon  (with some inkjet techmgues such as
electrohydrodynanue prinfing capable of reselutions <10um)
whereas extrusion techmigues have good verfical stucture

EXTENSIVE

> PROTEIN

Fipure 2: The fundamental restrictions asseciated with biological matenial
manipulation.

quality with moderate resclufion (generally unable fto
accurately produce biological ohject: smaller than 10pm
[22]). Typically resolutions in the range of 10-1000pm are
utilized Inkjet Laser aszisted and extrusion techmaues have
low (=106 cells/ml}), medmm (<108 cells/ml) and High (in
the case of cell spheroids) resultant cell densifies. The
resultant cell wiability of extrusion techmigues are lower than
that of droplet-based BP, where cell swvival ratez are
dependent on extrusion pressure and nozzle size [3]. Inkjet BP
haz been recorded az capable of producing droplet sizes
rangng from =1pl to =300pL with deposihion rates from 1 -
10000 droplets per second, these capabilities have allowed for
the preduction of 50um wide lines (produced via pattermed
drops) of one or two cells [3]. Both the inkjet and extrusion
BP processes are limited by the deposifing mechanizm namely
15sues assoclated with nozzle size, nozzle clegming (through
matenal sedimentzhon and aggreganon), spahnal accuracy.,
exertion of shear stress on matenzl [3, 23, 24]. Current BF
practices predomunantly focus on the accurate placement of a
cell or group of cells. Most of these 3DP practices are limited
by the predopunant rehance on the uhlizaton of heat and
pressure for hgher resolutions (an exception bemg that of
electrobydrodynaoue punting [25, 26]) which can yield
complications and damages(known as denatunng) to the
bislepical matenal (llustrated m Fienre 7).

An understanding of the cwrent technology for the generation
of biological constructs 15 not sufficient for the reproduction of
fizsues as there 15 a lack of 3DP and BP methodologies for the
production of fibre for the generation of fibre based constructs
which can be sesn in biological constructs smch as tendomn,
cormea and mmscle. These limitations reveal a requrement to
further mveshigate the development of a mopolymer frnendly
form of nanofiber produchon based AM technology.

A Deriving Nano-fibres

Many technologies exist to produce nanofibres, some of which
include: Forcespinming, Melt bloming, flashspinning,
biocomponentspinning, phase separation, drawing and ES.
This techmique (with the excephion of melt ES) does not
expose material fo the high femperatures associated with
processes such as Meltblowing and Forcespinning allowing
for fabncation ublizing temperature sensifive polymers or
proteins. When compared te Template synthesiz or Self-
assembly, the ES process 13 melatively =zimple, potentially
vieldmg less room for ervor. Other techmiques such as Phase-
separathon (houted to cerfain polymers) or drawing (=
disconfiruons process) are relatrvely simplistic, however these
lack the scalability and contrel associated with ES [12]). In
general, for nanofibre production ES, whilst not perfect and
limited by timeous/productivity and solvency recovery issues,
it appears as an optimal methodology for the future
progres=ton of AM i TE.
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IV. ELECTROSFINNING

The typical ES procedure 15 simular to that of certamm 3DP
techniques 1 that both svstems imeorporate the mechanical
actuation of matenal to a pount of processing. The techmgues
differ 1n that instead of thermal actuation the use of a high
voltage exposure (zenerally abowve 20 kW) [3, 27] result= mn 2
malleability and movement'depoziion of material (the
standardized electrospinmng apparatus 15 depicted 1n Figwre 7).
Standard ES oceours throuwgh the unlization of a single nozzle
charged extuder, which produces a =inple jet/stream of
material. Navak er al sied this as a cause for relatively low
production of fibre over a given tume penod and stated an
average produchon of 300mgh [12]. To overcome this
productivity based issue multpls peedles, and needless
systems forms of extruders bave been ufilized.

A= wath 3DP technology the mechamsm: emploved m this
process vary according to the requrements of both the
matenal being processed as well as the desired outcome. Two
prominent features resultng n varation are the natuwre of
salvent texeirty and desirablity for alipnment.

A, ES selvent roxicity

Solvents ufibized wathin this process are acidic and can result
in toxicity vielding complications in biocompatibilitv]9]. Belt
ES 15 an alternative form of ES that wolizes heat to melt
polymers allowing for ES with less concern for toxicity from
sobvents. This 15 however a elattvely underdeveloped process
(Lmited to approxamately 100 published articles) and cwrently
15 recorded as only capable of producmz fibrez much larger
than those seen in traditional ES [10]. Thas techmique 15 reliant

lution in syTinge

Chgrged Extnsder

High '.l'-nlr}gi Seaircn

Tayhar cone

Surface collecios

Figure 3: Figwe ilustmating the compooents and features of
gleciTospmming

on the utlization of high temperatures which can be
detrimental to biclogical material as such 15 lughly unhkely to
be implemented 1n biotechnology. Ceoamal ES refers to ES,
which utilizes 2 ‘needls wathin a nesdle’ system to overcome
solvent hmutations. This technique allows for the mtroduction
of an addiional material info the ES process and wields
sheath-core fibres where the inner and outer matenals of the
fibres differ. The outer/sheath material asszists or cames the
inner material in the ES process. This techmigue 15 used to
electrospin matenal that erther resists the process or requires
hazardous solvents. Emulsion ES can wield similar results,
however instead of requinng complex needle components this
form of ES utlizes a chemical means of separation between
the matenals within a smgle solution [28]. Coaxial and
emmlsion electro-spun fibres tend to be larger than those
generated by traditional ES [28, 28],

B. ES aligned fibra

Standardized ES utlizing a flat swrface as the collectng area,
vields networks of randomized fibnls [7, 30]. The aliznment
of which can be altered through the application of stramm,
thermodynamics or magnensm dunng polvmenzation [30].
Within ES, techmques the modification and actuation of the
collechng surface can help generate alizmment i produced
fibres. The collecting suwrface has been split to generate a
paralle]l electrode confipwration with an awrgap (sometimes
filled with non-conduchve colleching plate), and has been
actuated to form rotaing drum, dizsk. and comveyor collectors
[7. 9, 14]. The use of rotanonal actuation generates aliznment
of fibre n the diwrection of rotation; thuis aligmment and
relatively even distribution i1z due to the mutual electrostatic
repulsion between deposited fibres [7]. It mmst also be noted
that by varnng rotation speed, resultant fibre alipnment can
alzo be mampulated [8]. A major advanfage of this mecham=m
1= that 1t retains functonality when =scaled for larger
mamufactuning requrements. For even greater control of the
direction of fibre abgnment collecting areas utilizing a sphi-
electrode/alr-gap configuration have been uhilized [31]. Thus
methodology exploats the slectrostatic attraction of the formed
nanofibre to oppositely charged areas, resulting m  the
stretching of the fibre between electrodes[8]. It mmst be noted
that this mechanism 15 relafively restnected by scale (relative
abpmment lost at gaps greater than 30mm [32-34]. A recent
study by Ohr er al demonstrated that throngh the combination
of alignment mechamsms these spatial lmifatons could be
relatively overcome In this study a combimaton of ceramic
magnets, parallel copper electrodes and distilled water was
utilized to allow for algnment over a 1(Wmm distance [32].
Another relafively underdeveloped methed. which allows for
even greater control of distributed fibre 15 that of direct wrifing
ES. Thiz control 1= denved from the automaton of exther
collactor or extruder at short collection distances. These
shorter distances allow for the reduction in randomized jet
imstabilifies this will however result m less evaporsfion
yvielding wet ES [35].
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C.  Functionality of E5 material

One of the major differences between a 3DF and a ES process
relates to the nature of the resultant matenal. Once processed
prnted matenial can be easily mamipulated, this 15 mot the case
for ES fibre mats. Ofien functionalization procedures are
utilized to generate addiional crosshinks and bonding between
the fibres to reinforce the conmecton and allow for greater
mampulation. This has occcurmed through the exposwre of
vapour bath systems as well as more dwect application
methodologies. Predomunantly this application of agents has
ocowrred as 3 post process separate to the ES procedure,
however recently advances have been made to meorporate
forms of 3DP withun the process to accomplish this o a more
automated fashion.

D, ES imirations

Cwrently ES 15 hiouted to the fabrication of mats (two
dimenszional objects). Due to the acoumulation of charge from
electrospun fibres on the collecting swrface, resultant matenal
15 restrnicted to a thickmess of appromimately 3-dmm [38].
Additional ES limutations wwolve the hazardous nature of
sobvents ublized, efficiency/produchivity and generated fibre
control. In order to overcome these limitations as well as the
functionabty requrements of ES research has mvestizated the
combination of this process with those of 3DP. Both extrusion
and droplet based 3DP AM techmques have been emploved
alongside ES, generally in the form of a layer from one
process being followed by a layer from the other process. Thas
haz enabled the construction of objects wath 2 higher degres of
three dimensionality as well as increased
functiopahzationbonding [36-38].

V. CONCLUSION

In conclusion, current AM technology has been thoroughly
apphed a5 a form of Biotechnology for scaffold and fizsue
fabnication at a mieron seale. Cwrrent himstations m BP melude
the nability to produce complex fibre-based structures such as
tendon. In order to fabreate these micron and nano-based
fibres additiomal techmology has been inveshgated, a
promusing process to accomplish this i1s through ES. Ths
technology 1z sumilar to AM i that it 15 a deposiional
technoelogzy. Cwrent research has implemented a combination
of previously established 3IDP technology and ES
methodologies to develop fibre-based structures. This paper
has wielded a good foundation for future research regardng
the developments of AM mn TE.
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APPENDIX B: POSTERS PUBLISHED

“ Project title: The Potential for Biofabrication of complex collagen tissues througn ciopnnung mewouoiogies

L — PhD Student: Juan Schutte Year: 2016 Affiliation: Massey University
Accelerator Supervisor(s): A.Prof. Johan Potgieter, Dr. Steven Dirven, Dr Xiaowen Yuan

ProjectAim:
This project aims to achieve the development of requirements for the production of complex collagen basedtissues

Collagen:

Collagen is the most abundant form of fibrous protein within the animal kingdom and can be found in
connective tissue and the extracellular matrix.

Corneas: Cornea
The cornea is an excellent example of a complex cecllagen tissue. This tissue is comprised of many layers
containing collagen. One such layer is the Stroma, which makes up approximately 90% of the cornea.
Research has shown a distinctive lack of viable Stroma analogue development.

Stroma:

The Stroma provides an excellent example of a highly structured collagen based layer, consisting of
predominantly Type | collagen. This layer provides much of the strength structure and transparency found in the
cornea. The collagen within the Stroma occurs in the form of layers of interwoven sheets of aligned collagen
called lamellae. Thus development of a means for replication of tissue similar to this could potentially allow for
the generation of many fundamental collagen based constructs.

Relevant Technology:

Electrospinning is a capable methodology for the production of aligned nanofibers such as those found in the
corneas Stroma. Unfortunately the process of electrospinning requires material to be exposed to solutions
which are not biocompatible.

Traditional Bioprinting approaches deal predominantly with extrusion methodologies and heat. Issues regarding
fibre control and delamination are prevalent within this technology which results in complications in the
production of highly ordered tissue such as the Stroma.

Research:

Within this project research including but not limited to biofabrication technologies, collagen properties,
collagen processing methodologies, cornea production/processing technology, and fabricated collagen tissue
biocompatibility will be conducted.

ZPraduct Assstersior Revsarsh Mesting: ¥ Augut 2018
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COLLAGEN STRUCTURE

and can be found in connective tissue and the extracellular matmn=.

Corneas
One example of a collagen based tissue is the comnea. The comea 15 comprised of clear dome-like layers which

cover the front of the eye and enable vision. If the comea is imeversibly damaged (be it from disease or injury) a
corneal transplant 1s required. Often these transplants require donor corneas which are a finite resource in high
demand. As such there 13 a need for the development of a method capable of producing complex collagen based

tissues like the cornea.

DES|RED OUTCOME

CORNEA STRUCTURE

o Manu facturing
Requirement {'," — | means capable of
Beplacement Cornea Cormea Production

o=
- Improved treatment
For corneal blimdness

BIOPRINTER

Omne such method of production 1s boprinting. Bioprinting involves the arrangement (‘s

of biclogical matter in a manner that results in a useful crganic structure. It should

however be noted that for accurate bioprinting a thorough understanding of both the

biological matter as well as the desired organic structure needs to be developed.

R ch

Thus there is a need to develop a thorough understanding of collagen within

complex collagen based tissue. research including but not limited to bioprinting

techn ;, collagen properties, collagen processing methodologies, comnea
production/processing technology, and collagen bioprinting compatibility will be

conducted.

In closing it is the aim and objective of the above descrnibed project to achieve the development of requirements
for the production of complex collagen based tissues.

[1] = Collagen Strucmre, Figure Semnsirates e irple helix strocore of collagen (Ovegom Suie University, sd.)
helin strucmie of collagen (Vision Care Specdalisn, d.)

[2] - Ceenea & Figne d the o Iy accepied Lavers of e B
[3] = Demered Outcame, Figoee demonstrales the current Seuned utende for this peopect.
[4] - Bicg Figwe & aizs Exwsionoes’s 313 Bdoploiier Biog {Chvas & Yeong, 200153

[5] = Bicg 2, Figuose d ales an exampile of the implementation of Biopriating to schisve a functional stucme from cells (Chua £ Veoag, 2015)
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Collagen is the most abundant form of fibrous protein within the andmal kingdom and can be

found in connective tissue and the extracellular matrix.

Cor

The comea is an excellent example of a complex collagen fissue. This tissue is comprised of mamy

layers containing collagen. One such layer is the Stroma, which makes up approximately 90% of
the cornea. Research has shown a distinetive lack of viable Stroma analogue development.
Stroma

The Stroma provides an excellent example of a ghly structured collagen based layer, consisting
of predominantly Type I collagen This layer provides much of the strength stmucture and
transparency found in the cornea. The collagen within the Stroma occurs in the form of layers of
interwoven sheets of aligned collagen called lamellae. Thus development of a means for replication

of tissue similar to this could potentially allow for the generation of many fundamental collagen

pinning is a capable methodology for the production of aligned nancfibers such as those
found in the comeas Stroma Unfortunately the process of electrospinning reguires material to be
exposed to solutions which are not biocompatible.
Traditional Bioprinting approaches deal predomunantly with extrosion methodologies and heat.
Issues regarding alignment and delamination are prevalent within this technology which results in
complications in the production of highly ordered tissue such as the Stroma.
Research
Within this project research including but not limited to bicfabrication technologies, collagen properties, collagen
processing methodologies, comnea production/processing technology, and fabricated collagen tissue biocompatibility

will be conducted.

In closing it is the aim and objective of the abowve described project to achieve the development of requirements
for the production of complex collagen based tissues.

[1] - Celbagen Stricturs, Figiee dernsnlnate the ijls helix e of colkgen

[2] - Ce=reea Sirusiurs, Figuee demarinmtes The loion of the somed

|3] - Deimpad Ot &, Fagas o i iy ol D dwaliirad 1 o, which i b be ssed &s 4 goal
[4] - EX : g, Figrars e B prisssple ol Elk frnisg and T rewils thenssl
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SCIENCE

Lhallenges

Siarhead 5: Biomaterial 30 P‘rin.tini

_1.1Jn most nhmld.mt protem within the animal kingdom, occuring
i esearch project has identified type I fibre

T} collagen as the fundamental stmetural element of
occuring fissues. As Figure 1 demoenstrates, this oceu-
Aming

azsociated (FA
many natuarally
rance 1s often charactenised by submicron and nanofibres co
D-banding.

Additionally this protein is highly relevant within New Zealand based
biomaterials research as it can be loc ally sourced.

Additive Manufacturing

Within Additive Manufacturing’s 3D Prinfing, there exists a relative di-
ficiency in the capability to generate controlled fibre-based structures
such as those seen m the comea stroma or woven carbon fibre based
industry. gure 2 indicates this technology has largely focussed on
the manipulation of solid filament, powders and liqud resin manipula-
tion ofen via thermal or extensive pressurised aciation. These tradi-
tional approaches are thus limited in their ability to process biomateri-
als.

Electro

A technique of mereasing pﬁpularm for the production of submicron
and nm.*-ilhre: 15 e lrﬂrl:l‘ There are many variations of this
vailable literature, the parrallel elec-
trode tE:hl:uqun: was hlghll.ghted due to its capability of sequentially
controllmg generated fibre onientation (Figure 3). One of the major

Spinning

Crrent research is 'c1w=l"]:u=nu|11er the further n:lr"elnpmrnt nt rerh-
nigues and technology within Massey University's Cenire for Additrve
Manufacturmg.

This research is conducted in collaboration with the members of
Spearhead 3: Biomaterial 3D Printing, namely:
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Spearhead 5: Biomaterial 3D Printing

Device Development

Following fundamental evaluations of technology such as traditional 3D Printing, electrospinning, surface modification
technology and the nature of naturally occuring biological structures, invaestigative research was conducted. This yielded
results which promoted a requirement for the development of a more controlled automated method of manufacturing.

b ewsasdond Fodee
lerestxa

Mechatronics Engineering
Through a combination of systems Design, CAD,
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APPENDIX C: RELATED PATENT APPLICATION (PARTIALLY DISCLOSED)

Due to confidentiality the below excerpts are strictly indicative of the resultant patent application.

CONTROLLED ADDITIVE EIECTROSPINNING-BASED FIBRE ORIENTED THREE-

DIMENSIONAL MANUFACTURING

ABSTRACT
Methods are disclosed which of electrospinming and Additive manufacturing technology to
produce three dimensional objects compnsed of fibre occumng in a  highly ordered/controlled
fashion. Examples of such control mclude ali I ing, directional ori o1, comp
functionality and fibre diameter. The meﬂmd inchudes the eleclmstanc: magnetic, thermal and
physical jpulation of electrospinning polymer fibre (either synthetic or orgamic) to ensure
confrolled deposition upon a target. A laver generated through this is then subjected to the controlled
addition of functionalisation agents resulting in inter-fibrl cross-linking which can include the
delivery of composite finctionality. This sequence of confrolled electrostatic-based deposition
llowed by the ¢ lled addition of functionalisation is repeated as a form of sequential additive
mamifacturing. This technique has resulted in various objects disclosed herein.

FIELD
This disclosure related to methods of sequential additive ing including electrospinning in
particular the g tion of three di 1onal controlled fibre-based compositions such as isotropic

fibrous forms and particularly fimctionalised fibrous forms.

BACKGROUND

Controlled properties of isofropy or anisotropy are fundamental for the mamnufacturing of both
synthetic and organic structures. Whlst this level of control has been achieved in a two-dimensional
fashion there exists an opportunity to derive a process which leverages off electrospimming and
Additive Manufacturing technologies to generate similar fibre-based structures in a three dimensional
form Though current techniques exist in combining electrospinning and additive manufacturing,
often these do not focus on the ion of di ional prop including features such as
aliznment and layer resolution). encourage inter-fibril bronding (via ceross-linking) or leverage off
composite fimctionalities. The ability to bridge this research and manufacturing gap is highly relevant
to both precision engineering as well as fields of biotechnology.

DESCRIPTION OF DRAWINGS
Figure 1 A-B illustrate the fimdamental nanre of the described process

Figure 2 illustrates the nature of the mechanisms employed within the process v.here AC depuct
variations to collection mechanisms and C-E present variations to extrusion mec

Figure 3 15 a schematic view of an embodiment of an apparatus configured to manufacture an article,

where C-D d les of this embodi utilising the polymer Nylon 6, § (PAGE);
Figure 4 15 a schematic view of another embodiment of an conf] 1 to mamafacture an
article, where C-D d les of this embodi utilising the polymer Nylon 6. 6
(PABE);

Figure 5 demonstrates through microscopy the infer-fibre bonding of derived layers;

Figure 6 demonstrates throngh microscopy the nature of fimctionalisation and additive material
strategies within derived layers, with A represenfing composite synthetic material and B representing
melusion of organic matenals;

Figure 7 an active(A, ") and passive(B. dome) three dimensional structure;

Figure § demonstrates through fatigue testing data the relative properties of derived structures in
relation to traditional forms of additive mamifacturing (i e. PAGS processed in the described technique
versus selective laser sintering fabrication).

Figure 9 demonstrates the nature of melt electrosp g(of PAGE). coaxial electrospinmng(of
keratin-collagen solution) and exmulsion electrospinming(of 303{-3X solution) through this nechmqu.e

Figure 10 details additional properties of derived les including data for structure width,
structure length, fibre diameter. transparency, cell proliferation;

SUMMARY

Disclosed herein are methods which combine techniques of electrospimning in bination with
Additive Manufacturing and automation technelogy to yield fimctional three dimensional fibre-based
structures. The inventors developed a variable techmique to exploit the parameters of electrospinning
and ul ic transduction in the proximity of modified additive mamufacturing technology. The
technique is typically sequential in nature with targeted electrospimning followed by targeted
finctionalisation  delivered by  ultrasonic  transduction and additive manufacturing
technology/actuation.

In some exanmples targeted fimctionalisation agent delivery is inclusive of additional material yielding
composite properties to the electrospun layer.

Additional examples yielded from this technique include isotropic biopolymer and synthetic polymer
structures for use in fields of tissue engineenng (eg regenerative medicine) and advanced
engmeering This technique has been achieved through the utilisation of nmiltiple devices as well asa
central/singular device.

An in depth example utilising Nylon 6-6 in combination with Formic Acid at 15 wiv?s to generate
aligned micro-fibres at vaned angles.

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS

Disclosed herein are methods for fabricating micron and mano-resolution fibre based three
di jonal structures. Embodi of this technology may be utilised to produce both composite
and non-composite styled materials‘objects from either synthetic or organic pelymers. A fandamental
feature of the invention is the utilisation of electrostatic actuation to derive fibres in the form of

electrospinning. This featwre can be embodied in the forms associated with electrospinning namely:
5 g coaxial electrospinning or s T The embodi of

g contain the following highlighted features:

melt el

Solution: Electrospinning requires the material (from which the resultant fibres are to be generated) to
be in a solution. These solutions are often in the form of a polymer (the desired material) dissclved in
an acidic solvent. Sclvents with a low boiling point are g [y more in el Spimming
as this allows for dry formation of fibres.

Charged Extruder: A charge 15 induced through the use of a veltage source comnected to the extruding
mechanism through which the matenal mfroduced to the system The charactenstics of the
electrospinning process as well as the resultant fibre are influenced by the applied voltage, distance
from collecting surface and rate of extrusion/flow of solution. The following discusses these factors:

Applied Voltage: The applied voltage is often i the range of several kilovolts and varying this will
have an effect on factors such as spinning current, beaded morphology, fibre morphology and fibre
structure. Increasing the voltage results in longer and smaller (diameter) fibres, however beaded
merphology is likely to ocour reducing the surface area.

Distance from collecting surface: The distance between the extruder and the collecting surface
influences the fibre evaporation rate, deposition time and inconsistency interval. These factors affect
the properties of the resultant fibre e g. decreasing of this distance results in a wet fibre containing a
beaded structure.

Rae of extrusion/flow of solution: Increases in the extrusion/flow rate of the sohition results in larger
fibre diameters as well as beaded morphology as such for smaller diameters a low rate of

flow should be iny
Collecting surface: This surface will collect the matenial which is undergoing the electrospinning

process. The resultant fibre will be affected by the type of collecting surface used as well as actuation
of the surface (namely the speed of actuation). Factors such as the crystal onentation of fibres and
evaporation of solvent are influenced by the speed of collecting surface rotation/actuation.

185



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

The above declared features and the relationships between them will be included in the discussion of
the following embodiments.

hods

In one an c ion to vary the distance from charged extruder to
the collection region is utilised to allow for modifications to electrospinning parameters accounting

for various materials

In another embodiment of the apparatus the housing of components within or extemally are of non-
conductive material (minmising nisks of infernal electnic fields on the user and extemnal fields on the
internal process.

One embodi of the isms of utilised allows for these to be variable yielding a
modular apparatus.

In some embodiments material utilised to generate fibres is altered. some embodiments alter this
during each layering-process whilst other embodiments have this occur sequentially.

In some embodiments the process will occur within a centralised housing together with a user
interface system as an apparatus with other embodiments occurming as the described process occuring
in multiple apparatus utilised sequentially;

In some embodiments the functionabisation strategy will impl a vapour or evaporation based
(zaseous phase) application of matenal

In some embodiments the finctionalisation strategy will mmcorporate lithographic elements such as a
controlled laser which can be embedied in the form of a UV source for cross linking.

In some embodiments the process works to electrospin alizned nanofiber across oppositely charged
parallel electrode plates from which the fibres are mammally removed via an insert between the
electrodes

In some embodiments this insert is rotated allowing for the collection of matenal at varying angles in
respect to previous collections

In some embodiments such collected fibre is exposed to finctionalisation strategies such as cross-
linking agents at an interlayer or post layerng stage.

In some embodiments the process works to collect electrospun material upon a rotating collection
plate.

CLATIMS
We Clain:

1. A method for the fabrication of fibre-based three dimensional structures comprising of the
following steps:
a. Electrospiming of material;
b. Collection of electrostatically charged material in a controlled and aligned fashion;
¢ Collection of alizned material upon a defined processing surface;
d. Subjecting collected fibres to finctionalisation strategies in defined regions;

[}

The method of claim 1 in which steps a-d are subjected to repetition to denive a defined three
dimensional object;

3. The method of claim 1 in whch the non-finctionalised fibres are removed;

4. The method of claim 1 in which a finctionalisation strategy is not utilised sequentially (step d
15 not mcorporated in the methodology)

w

The method of claim 1 in which step d is embodied such that utilised material or agents are of
a liquid, solid or gaseous nature are utilised

6. The method of claim 1 in which step d is embodied as a method of lith hic actuation or

polymerisation.

7. A method of claim 1 in which the finctionali strategy is employed post multiple
Tepetitions of steps a-c.

8 A method of claim 1 in which step ¢ mvolved the modification to collection crientation
allowing for vanation in fibre orientation per collection layer.

9. A method of claim 1 in which step ¢ can cccur nmltiple times prior to requiring the repetition
of stepa.

10. A method of claim 1 in which melt elec ing, coaxial el i emmlsion
electrospinning is utilised for step a;

TERMS

Additive a form of manufacturing in which objects are fabricated through the layer-

Manfachuring: by-layer addition and processing of material

3D Printing: An automated form of additive manufachuring

Tissue engineering: An inter-disciplinary engineering approach which seeks to resolve issues
in the replication and modification of biological maiter.

Martrix: Meshwork of proteins and'or carbolhydrates, cells can be embedded or
infilfrate into the network; extracellular matrix is structural component af
Hissues i vive

Gal- Solid comprised off 1) 3D polymer network and (2) enough liquid to ensure
elastic material properties{15], can be embedded with cells and mjected
inio tissues with/without cells incorporated

Scaffold: 3D and highly porous interconnected polymer network Ihvdrated with a
liquid allowing cell attachment, proliferation, ad wanspert of nunrients
and metabolic waste, generally embedded with cells or made to allow
native cell infilration if implanted

Polymerization: A process of reacting monomer molecules together in a chemical reaction
to form pelymer chains or three-dimensional networks.

Isorrapy: implies identical properties in all directions

Anisotropy: the praperty of being directionally dependent

Funetionalisation: A process whereby an object is subjected to parameters which strengthen
and allow for the later manipulation of the object

Cross-linking: The process whereby chemical bonds are formed berween fibres

Coating: 2D film of polymer on a substrate, cells can be added on tap of coaning
(beyond the scope of this review, but often used to alter the stiffness of
subsrates upon which cells are seaded)

Layering Process A process in which a defined layer of material is addsd to a defined region.

11. A method for claim 1 in which vanations to the point of electrospimnig (extrusion
point/charged extruder) will occur. Altematives including:

a. Single needle/nozzle

b. Multiple needlenozzle
c. Needleless/mozzle-less

12. A method for claim 1 in which variation in the material utilised in step a occurs within the
process

13. A methed for claim 1 in which synthetic polymers are ufilised:
14. A method for claim 1 in which organic polymers are ufilised;
15. A methed for claim 1 in which synthefic or organic material is deposited upen the material;

16. A method for claim 1 in which the collection of material in step b and/or ¢ occurs upon or
between an actuated surface;

17. A method for clam 1 in which the collection of matenal in step b and/or ¢ occurs upon or
between a stationary surface;

18. A method for claim 1 in which the distance between the point of electrospiming and the
regions of collection are variable both prior and during the fabrication process;

19. A methed for claim 1 in which magnetic field manipulation is utilised to modify derived fibre
properties;

20. A fibrous construct derived from a method of any of the claims 1-17;
21. The fibrous construct of claim 12 ocowmng comprising of organic or synthetic agents;
22. The fibrous construct of claim 18 being comprised of a composite material;

23 The fibrous construct fabricated through claims 1-X for utilisation as seaffolds;
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APPENDIX D: CODE

i
Name: MachineProgram.ino
Created: 7/11/2018 12:42:55 PM
Author: jschutte

*/

/
/] ~—-ennnnme- LIBRARIES
/

#include <Servo.h>

/
/ey XS TN Y TN J—
/

//Stepper Motors //////////I THINK | AM GOING TO REMOVE ALL THE MICROSTEPPING, Have 2 Connectors i.e. a HIGH and A LOW
//Syringe Pump Motor

#define SM1_SP_Step 20

#define SM1_SP_Direction 21

#define SM1_SP_Enable 19

#define SP_MS 44

//Vapour Peristaltic Pump
#define SM8_VP_Step 17
#define SM8_VP_Direction 18
#define SM8_VP_Enable 16

#define VP_MS 46

//Z/Collector-Extruder Distance Motors ///-LOL use same pins!-PLEASE NOTE YOU NEED TO SET THE MICROSTEPPING AS LOW FOR THESE I.E. SET TO ONE INPUT LOW
//CEUMotorl

#define SM2_CEU_Step 25

#define SM2_CEU_Direction 27

#define SM2_CEU_Enable 23

//CEUMotor2

#define SM3_CEU_Step 24
#define SM3_CEU_Direction 26
#define SM3_CEU_Enable 22

//Rotating Mandrel Motor
#define SM4_RM_Step 31
#define SM4_RM_Direction 29
#define SM4_RM_Enable 33

//Fibre Transferal Unit

#define SM5_FTU_Step 37
#define SM5_FTU_Direction 35
#define SM5_FTU_Enable 39

//Fibre Collection Unit

#define SM6_FCU_Step 43
#define SM6_FCU_Direction 41
#define SM6_FCU_Enable 45

//Rotating Fibre collector unit
#define SM7_RFCU_Step 49
#define SM7_RFCU_Direction 47
#define SM7_RFCU_Enable 51

//Servo Motors //define servo motor pins
//Collector homing servo

Servo ServM1_RM;

int ServM1_RM_pos = 0;

//Rotating Fibre Collection Unit homing servo
Servo ServM2_RFCU;
int ServM2_RFCU_pos = 0;

//High Voltage Connection Control Servo
Servo ServM3_HVC;
int ServM3_HVC_pos = 0;

//LED Masking Servo
Servo ServLED;

//Limit Switches
#define LS1_LimSP 8
#define LS2_LimCEU1 7
#define LS3_LimCEU2 6
#define LS4_LimRM 5
#define LS5_LimFTU 4
#define LS6_LimFCU 3
#define LS7_LimRFCU 2
#define LS8_LimD 40

//Buttons

#define FwdSyringe 34
#define FwdlLight 32
#define BwdSyringe 30
#define BwdLight 28
#define PeriP 36
#define PeriPLight 38

//Relays

#define R1_PS 50
#define R2_AP 13
#define R3_Vap 12
#define R4_LED 9
#define R5_CPG 10

#define vapourTrans 53

R V7 V-1 J—
/

String Userln; //a variable used to temporarily store the input form the user in the user interface portion of the code
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//user input values
float EH=0, CH=0, DF =0, TC=0, NC=0, DR =0, NoRevE =0, NoRevV =0, NoRevM = 0, SyrMlitrePerMmitre = 0, VapFrRev = 0, VF = 0, rpmin = 0;
float MachineTimeOn = 0; //Time set for code to run

//Control variables relating to the activation and duration of certain processes
float HasCollected = 0, Timeprocess =0, P1 =0, P2 = 0, P2var = 0, P2_FTUpos = 0, P3 = 0, P3var = 0, P3_FTUpos = 0, P4 = 0, P4var = 0, P4_FTUpos = 0, MA =0, NPX =0, MB =0, NX = 0;
float P2timeset = 0, P3timeset = 0, P4timeset = 0;

//Cotrol variables for positional control

float desiredFTUpos = 0; //THIS IS THE DESIRED DISTANCE, MODIFY THIS IN LATER CODE!!!!
float desiredFCUpos = 0; //THIS IS THE DESIRED DISTANCE, MODIFY THIS IN LATER CODE!!!!
float totalworkabledistance = 0; //as above

int getMotorsInPosition //control variables relating to FTU actuation

int deactivateSMLimits = 0; //control variables relating to FTU actuation

int getCollectorInPosition1 = 0; //control variable for FCU

int getCollectorinPosition2 = 0; //control variable for FCU

int collected = 0; //collecting control variable 4 times collected

int Aproc = 0, AP2 = 0, AP3 = 0, AP4 = 0;

//variables which will control the limits On or Off for the motor
int CV_RM =0, CV_FTU = 0, CV_FCU = 0, CV_RFCU = 0, CV_SP = 0, CV_CEU = 0, CV_CEU2 = 0;

// Varaibles which are used to control the time between High-Low activations for Steppers (THIS WILL RELATE TO SPEED!)
float delayTimeSM1_SP = 0;

float delayTimeSM2andSM3_ZS = 0;

float delayTimeSM4_RM =
float delayTimeSM5_FTU
float delayTimeSM6_FCU
float delayTimeSM7_RFCU
float delayTimeSM8_VP = 0;

//Variables utilised to reset the time (required for delays) after an instance of High-Low
float ResetTimeSM1_SP =
float ResetTimeSM2_ZS1 = 0;
float ResetTimeSM3_ZS2 = 0;
float ResetTimeSM4_RM =0;
float ResetTimeSM5_FTU = 0;
float ResetTimeSM6_FCU
float ResetTimeSM7_RFCU
float ResetTimeSM8_VP =0;

float TimeOn = 0; // stores the value of millis() in each iteration of the program

intx=0; //general control/loop program variable
int homingval = //homing variables
int FirstinputRun = 0, userinputval = 0; //user interface value

float oldTime = 0; //variables to reset time and prevent overflow
float currentTime = 0;

//Limit Variables containing the maximum actuation limitations
float SM1_SPstepperlimit =0; //Alimit variable preventing syringepumpfrom overactuating
float limitSyr =0;  //A comparison variable ensuring the syringe pump does not overactuate

float SPPos = 0;
float CUE1Pos = 0;
float CUE2Po:
float FTUPos
float FCUPos = 0;
float RFCUPo: ;
float RMPos =

void setup() {

Serial.begin(9600);
//Set pin modes here

//Stepper Motor Setup

//Syringe Pump
pinMode(SM1_SP_Step, OUTPUT);
pinMode(SM1_SP_Direction, OUTPUT);
pinMode(SM1_SP_Enable, OUTPUT);

pinMode(SP_MS, OUTPUT);

//Collector-Extruder Distance Motors
//CEUL

pinMode(SM2_CEU_Step, OUTPUT);
pinMode(SM2_CEU_Direction, OUTPUT);
pinMode(SM2_CEU_Enable, OUTPUT);

//cEU2

pinMode(SM3_CEU_Step, OUTPUT);
pinMode(SM3_CEU_Direction, OUTPUT);
pinMode(SM3_CEU_Enable, OUTPUT);

//Rotating Mandrel
pinMode(SM4_RM_Step, OUTPUT);
pinMode(SM4_RM_Direction, OUTPUT);
pinMode(SM4_RM_Enable, OUTPUT);

//Fibre transferal unit
pinMode(SM5_FTU_Step, OUTPUT);
pinMode(SM5_FTU_Direction, OUTPUT);
pinMode(SM5_FTU_Enable, OUTPUT);

//Fibre collection unit
pinMode(SM6_FCU_Step, OUTPUT);
pinMode(SM6_FCU_Direction, OUTPUT);
pinMode(SM6_FCU_Enable, OUTPUT);

//Rotating Fibre collection unit
pinMode(SM7_RFCU_Step, OUTPUT);
pinMode(SM7_RFCU_Direction, OUTPUT);
pinMode(SM7_RFCU_Enable, OUTPUT);

//Rotating Fibre collection unit
pinMode(SM8_VP_Step, OUTPUT);
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pinMode(SM8_VP_Direction, OUTPUT);
pinMode(SM8_VP_Enable, OUTPUT);

pinMode(VP_MS, OUTPUT);

//Limit Switch Setup
pinMode(LS1_LimSP, INPUT_PULLUP);
pinMode(LS2_LimCEU1, INPUT_PULLUP);
pinMode(LS3_LimCEU2, INPUT_PULLUP);
pinMode(LS4_LimRM, INPUT_PULLUP);
pinMode(LS5_LimFTU, INPUT_PULLUP);
pinMode(LS6_LimFCU, INPUT_PULLUP);
pinMode(LS7_LimRFCU, INPUT_PULLUP);
pinMode(LS8_LimD, INPUT_PULLUP);

//Buttons

pinMode(FwdSyringe, INPUT_PULLUP);
pinMode(FwdLight, OUTPUT);
pinMode(BwdSyringe, INPUT_PULLUP);
pinMode(BwdLight, OUTPUT);
pinMode(PeriP, INPUT_PULLUP);
pinMode(PeriPLight, OUTPUT);

//Relay Setup

pinMode(R1_PS, OUTPUT);
pinMode(R2_AP, OUTPUT);
pinMode(R3_Vap, OUTPUT);
pinMode(R4_LED, OUTPUT);
pinMode(R5_CPG, OUTPUT);
pinMode(vapourTrans, OUTPUT);

//Servo Motor Setup and start position
ServM1_RM.attach(42);
ServM2_RFCU.attach(14);
ServM3_HVC.attach(15);
ServM1_RM.write(120);
ServM2_RFCU.write(10);
ServM3_HVC.write(70);
ServLED.attach(48);
ServLED.write(10);

resetPins();

//FirstinputRun = 5; //for testing quickly with total menu check
//enterX();

//homing(); //function which starts when machine started and requests homing operations

//TESTING FUNCTIONS
//FORA

CV_sP=0;

digitalWrite(SP_MS, HIGH);
digitalWrite(VP_MS, HIGH);

delayTimeSM1_SP = 1;
delayTimeSM2andSM3_zS = 1;
delayTimeSM4_RM = 10;
delayTimeSM5_FTU = 1;
delayTimeSM6_FCU = 1;
delayTimeSM7_RFCU = 10;
delayTimeSM8_VP =1;

SM1_SPstepperlimit = 10050; //value derived from manual measure measurement!!!!
limitSyr = 0;

EH=123;
CH = 95; //110 parrallello //95 single nozzle// rotat 150
totalworkabledistance = 420 + (200 - EH);

SyrMlitrePerMmitre = 0.06;

P2timeset = (180000);

P3timeset = (180000);

P4timeset = (180000);

MachineTimeOn = (600000);

NoRevM = rpmlin * 60; //rev/hour

delayTimeSM4_RM = ((3600000 / (200 * NoRevM)) / 2);

//Stepper Motor Process Variables

NoRevE = DF / (SyrMlitrePerMmitre * 2); //THE DENOMINATOR RELATES TO THE Syringe ml/mm which then compared to the motor mm/rev (2mm/rev in standard) equals a ml/rev value. e.g.

NoRewV = VF / 10; //denominator value indicative of motor ml per revolution output

delayTimeSM1_SP = ((3600000 / (3200 * NoRevE)) / 2); // will provide the delay in microseconds for a flowrate in rev/hour for motor having 16th microstepping e.g. h/(stps*rev/h) = hA2/revsteps namely
How much time (h) is required between the steps necessary

delayTimeSMB8_VP = ((3600000 / (3200 * NoRewV)) / 2);

MB=1;

NX =10;

SPPos = 0;

CUE1Pos = 0;

//END
testingfunctions();
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void testingfunctions() {

SM1_SPstepperlimit = 10050; //value derived from manual measure measurement!!!!
limitSyr = 0;

Serial.printin(digitalRead(LS1_LimSP));

Serial.printin(digitalRead(LS2_LimCEU1));

Serial.printin(digitalRead(LS3_LimCEU2));

Serial.printin(digitalRead(LS4_LimRM));

Serial.printin(digitalRead(LS5_LimFTU));

Serial.printin(digitalRead(LS6_LimFCU));

Serial.printin(digitalRead(LS7_LimRFCU));

Serial.printin(digitalRead(LS8_LimD));

float Time_home = 0;
float overwritetime_home = 0;

delayTimeSM2andSM3_ZS = 1;
delayTimeSM5_FTU = 1;
delayTimeSM6_FCU = 1;
delayTimeSM7_RFCU = 10;

ResetTimeSM1_SP =0;

ResetTimeSM2_ZS1 = 0;
ResetTimeSM3_ZS2 = 0;
ResetTimeSM4_RM = 0;
ResetTimeSM5_FTU
ResetTimeSM6_FCU
ResetTimeSM7_RFCU
ResetTimeSM8_VP =

NoRevM = rpmlIn * 60; // max rev/hour = 200 (numerator)
delayTimeSM4_RM = ((3600000 / (200 * NoRevM)) / 2);

DF =0.25; // 0.25;
NoRevE = DF / (SyrMlitrePerMmitre * 2); //THE DENOMINATOR RELATES TO THE Syringe ml/mm which then compared to the motor mm/rev (2mm/rev in standard) equals a ml/rev value. e.g.
VF =1000;

NoRewV = VF / 10; //Denomination equals ml output per motor revolution (in this case 10).

delayTimeSM1_SP = ((3600000 / (3200 * NoRevE)) / 2); // will provide the delay in microseconds for a flowrate in rev/hour for motor having 16th microstepping e.g. h/(stps*rev/h) = hA2/revsteps namely
How much time (h) is required between the steps necessary

delayTimeSM8_VP = ((3600000 / (3200 * NoRewV)) / 2);

int control = 0;
digitalWrite(SP_MS, LOW);

Serial.printin("Function Tester");
Serial.printin(" ");

Serial.printin("H = home omotors");
Serial.printin("A = Electrospin");
Serial.printin("B = Vapour");
Serial.printin("C = PrimeVapourMechanism");
Serial.printin("D = Lights");
Serial.printin("E = Syringe/Plasma");
Serial.printin("");

//homeservomotors();
//delay(5000);
//activateshomingservomotors();

//ServM3_HVC_pos = 25;
//ServM3_HVC.write(ServM3_HVC_pos);

while (x==0) {

if (Serial.available() > 0) {
Userln = Serial.readString();

if (Userln 1= "H" && UserIn !="h" && Userlin !="A" && Userln != "a" && Userln |="C" && Userln !="c" && UserIn |="B" && Userln !="b" && UserIn !="D" && Userln
I="d" && Userln !="E" && Userln !="e") {
Serial.printin("That is not an option");

}

//HOMING MOTORS SECTION

homeallmotors();
SPPos =0;

/*while (x == 0) {
digitalWrite(R1_PS, HIGH);
digitalWrite(R2_AP, HIGH);
digitalWrite(R3_Vap, HIGH);
digitalWrite(R4_LED, HIGH);
digitalWrite(R5_CPG, HIGH);
delay(1000);
digitalWrite(R1_PS, LOW);
delay(1000);
digitalWrite(R2_AP, LOW);
delay(1000);
digitalWrite(R3_Vap, LOW);
delay(1000);
digitalWrite(R4_LED, LOW);
delay(1000);
digitalWrite(R5_CPG, LOW);
delay(1000);

¥
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float priorTime_home = millis();
delayTimeSM4_RM = 10;
delayTimeSM1_SP =1;
digitalWrite(SP_MS, LOW);
CV_SP=0;

//temporary testing values
setcollectiondistance();
Serial.printin("Collection Distance set");
//Serial.printin(oldTime);

oldTime = millis();
FibreDevelopmentProcess();

Serial.printin("Electrospinning Phase Over");

homeservomotors();

testingfunctions();

"B" || Userln =="b") {
delayTimeSM7_RFCU = 50;
digitalWrite(VP_MS, HIGH);
VF =25;
NoRevV = VF / 0.5; //UPDATE THESE IN FUNC
delayTimeSM8_VP = ((3600000 / (3200 * NoRewV)) / 2); //UPDATE THESE IN FUNC
ResetTimeSM8_VP = 0;

P2timeset = (60000);
AP2=1;

p2=1;

Process2();

testingfunctions();

"C" || Userln=="c"){
primevapourmechanism();

if (Userln =="D" | | Userln =="d") {
P3timeset = (60000);
AP3=1;
P3=1;
Process3();/*
homeservomotors();
ServM3_HVC_pos = 70; //25

ServM3_HVC.write(ServM3_HVC_pos);

testingfunctions();*/

YE" || Userln == "e") {
primesyringepump();
*

activateshomingservomotors();
ServM3_HVC_pos = 40; //25
ServM3_HVC.write(ServM3_HVC_pos);
/*P4timeset = (60000);

AP4=1;

pa=1;

Process4();*/
//testingfunctions();

}
}

}
}
/)
//-------- HOMING INTERVAL ---
/)
void resetPins() {

//Stepper Motor Setup

//Syringe Pump
digitalWrite(SM1_SP_Step, LOW);
digitalWrite(SM1_SP_Direction, LOW);
digitalWrite(SM1_SP_Enable, HIGH);
digitalWrite(SP_MS, HIGH);

//Collector-Extruder Distance Motors
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//cEUL

digitalWrite(SM2_CEU_Step, LOW);
digitalWrite(SM2_CEU_Direction, LOW);
digitalWrite(SM2_CEU_Enable, HIGH);

//cEU2

digitalWrite(SM3_CEU_Step, LOW);
digitalWrite(SM3_CEU_Direction, LOW);
digitalWrite(SM3_CEU_Enable, HIGH);

//Rotating Mandrel
digitalWrite(SM4_RM_Step, LOW);
digitalWrite(SM4_RM_Direction, LOW);
digitalWrite(SM4_RM_Enable, HIGH);

//Fibre transferal unit
digitalWrite(SM5_FTU_Step, LOW);
digitalWrite(SM5_FTU_Direction, LOW);
digitalWrite(SM5_FTU_Enable, HIGH);

//Fibre collection unit
digitalWrite(SM6_FCU_Step, LOW);
digitalWrite(SM6_FCU_Direction, LOW);
digitalWrite(SM6_FCU_Enable, HIGH);

//Rotating Fibre collection unit
digitalWrite(SM7_RFCU_Step, LOW);
digitalWrite(SM7_RFCU_Direction, LOW);
digitalWrite(SM7_RFCU_Enable, HIGH);

//Vapourisor Peristaltic Pump
digitalWrite(SM8_VP_Step, LOW);
digitalWrite(SM8_VP_Direction, LOW);
digitalWrite(SM8_VP_Enable, HIGH);

digitalWrite(VP_MS, HIGH);

//Relay Set up
digitalWrite(R1_PS, LOW);
digitalWrite(R2_AP, LOW);
digitalWrite(R3_Vap, LOW);
digitalWrite(R4_LED, LOW);
digitalWrite(R5_CPG, LOW);

void homing() { //here the program will set all the actuators to their respective 0 positions

resetPins();

//Value Check

//Serial.printIn("Limit Switch Values:");
Serial.printin(digitalRead(LS1_LimSP));
Serial.printin(digitalRead(LS2_LimCEU1));
Serial.printin(digitalRead(LS3_LimCEU2));
Serial.printin(digitalRead(LS4_LimRM));
Serial.printin(digitalRead(LS5_LimFTU));
Serial.printin(digitalRead(LS6_LimFCU));
Serial.printin(digitalRead(LS7_LimRFCU));
Serial.printin(digitalRead(LS8_LimD));

//Buttons

//Serial.print("Button Values:");
//Serial.printIn(digitalRead(FwdSyringe));
//Serial.printin(digitalRead(BwdSyringe));

//Control Variable
//Serial.print("Control Variable Value:");
Serial.printin(homingval);

//Homes all stepper motors

if (homingval == 0) {
Serial.printin("HOMING STAGE 1");
Serial.printin(" ");

Serial.printin("CAUTION!: PLEASE REMOVE ALL SYRINGES, EXTRUDERS, COLLECTORS AND ADDITIONAL DEVICES BEFORE STARTING HOMING OPERATIONS");

Serial.printin("NOTE: You must complete the homing functions before you can continue");
//Serial.printin("");
Serial.printin("Close the door and enter 'A' to home all machine motors");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userin !="A" && Userln !="a") {
Serial.printin("That is not an option");
if (Userin =="A" | | UserIn =="a") {
if (digitalRead(LS8_LimD) != 1) {
Serial.printin("Close the door to continue");
homing();
}
if (homingval == 0 && digitalRead(LS8_LimD) == 1) {
homeallmotors();
Serial.printin("Done Homing Motors");
homingval = 1;
homing();
}
}
}
}

}

//User promted to prime the syringe Pump
if (homingval == 1) {
syringepumpsetup();

}

//Homes and primes the vapour mechanism
if (homingval == 2) {
Serial.printin("HOMING STAGE 3");
Serial.printin("");
Serial.printin("Vapour mechanism setup/homing");
/*Serial.printIn("");
Serial.printin("You must now purge any residual solution in this mechanism");
Serial.printin("Follow the following steps:");
Serial.printn("1- Open the Transducer latch");
Serial.printin("2- Open/move the transducer away from the solution-vapour channel");
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Serial.printIn("3- Place an empty container underneath the solution-vapour channel");
Serial.printin("4- Remove the Input Solution container and replace this with a container filled with water");
*/Serial.printIn("5- Enter 'A' to begin the flushing the solution piping");

Serial.printin("");

while (x==0) {

}

//Finishes the homing function
if (homingval == 3) {

if (Serial.available() > 0) {
Userln = Serial.readString();

if (Userin != "A" && Userln !="a") {
Serial.printin("That is not an option");
}
if (Userln =="A" | | Userln =="a") {
primevapourmechanism();
}

Serial.printin("System Homing finished");

SPPos =0;
CUE1Pos = 0;
CUE2Pos = 0;
FTUPos = 0;

FCUPos =
RFCUPOS = 0;
RMPos = 0;

resetPins();
enterX();

void homeallmotors() {

CV_CEU2);

int all_atLimits = 0;

homeservomotors();
activateshomingservomotors();

CV_sP=0;

digitalWrite(SP_MS, LOW);

delayTimeSM1_SP = 1;
delayTimeSM2andSM3_zS = 1;
delayTimeSM4_RM =
delayTimeSM5_FTU = 1;
delayTimeSM6_FCU = 1;
delayTimeSM7_RFCU = 1;
delayTimeSM8_VP =1;

float priorTime_home = millis();

//All motors run at the same time until limits are activated

while (all_atLimits 1= 7) {
if (CV_SP==0) {

}

runmotorstolimit(SM1_SP_Direction, SM1_SP_Enable, SM1_SP_Step, priorTime_home, ResetTimeSM1_SP, delayTimeSM1_SP, LS1_LimSP, 1, CV_SP);

if (CV_CEU == 0) {

}

runmotorstolimit(SM2_CEU_Direction, SM2_CEU_Enable, SM2_CEU_Step, priorTime_home, ResetTimeSM2_zS1, delayTimeSM2andSM3_zZS, LS2_LimCEU1, 1, CV_CEU);

if (CV_CEU2 == 0) {

}

runmotorstolimit(SM3_CEU_Direction, SM3_CEU_Enable, SM3_CEU_Step, priorTime_home, ResetTimeSM3_zS2, delayTimeSM2andSM3_ZS, LS3_LimCEU2, 1,

/*if (CV_RM == 0) {

}

runmotorstolimit(SM4_RM_Direction, SM4_RM_Enable, SM4_RM_Step, priorTime_home, ResetTimeSM4_RM, delayTimeSM4_RM, LS4_LimRM, 1, CV_RM);

J*if (CV_FTU ==0) {

}

runmotorstolimit(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, priorTime_home, ResetTimeSM5_FTU, delayTimeSM5_FTU, LS5_LImFTU, 1, CV_FTU);

/*if (CV_RFCU == 0) {
runmotorstolimit(SM7_RFCU_Direction, SM7_RFCU_Enable, SM7_RFCU_Step, priorTime_home, ResetTimeSM7_RFCU, delayTimeSM7_RFCU, LS7_LimRFCU, 1, CV_RFCU);

P/

if (CV_FCU == 0) {

}

runmotorstolimit(SM6_FCU_Direction, SM6_FCU_Enable, SM6_FCU_Step, priorTime_home, ResetTimeSM6_FCU, delayTimeSM6_FCU, LS6_LimFCU, 1, CV_FCU);

if (CV_SP ==1&& CV_CEU == 1 && CV_CEU2 == 1 && /*CV_RM == 1 && /*CV_FTU == 1 && */CV_FCU == 1 /*&& CV_RFCU == 1*/) {

//Timer Based Homing
void runmotorstolimit(const int motordirect, const int motorenable, const int motorpin, float PriorTime, float &resetcondition, float delay_speed, const int limitpin, int variable, int &controlvar) {

float overwritetime = millis();

CV_RFCU =0;
homeservomotors();
all_atLimits = 7;

//this finds the current time for the loop and is used to overwrite all previous time in the below line of code

float Time = overwritetime - PriorTime; // here any previous time for the code is removed e.e. if prior to this loop the time was 456 ms, then the overwrite time will be 457 ms for the second run of the
loop meaning that the Time control variable will act to count up (e.g. 456-457 = 1) for each loop.
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if (digitalRead(limitpin) != variable) {
digitalWrite(motorenable, LOW);
digitalWrite(motordirect, LOW);

if (digitalRead(limitpin) 1= variable && (Time - resetcondition) >= delay_speed) {
if (digitalRead(motorpin) == HIGH) {
digitalWrite(motorpin, LOW);

}
else {

digitalWrite(motorpin, HIGH);
}

resetcondition = resetcondition + delay_speed;

if (digitalRead(limitpin) == variable) {
digitalWrite(motorpin, LOW);
digitalWrite(motorenable, HIGH);
controlvar =1;
resetcondition = 0;

}

void runmotorstodistance(const int motordirect, const int motorenable, const int motorpin, float PriorTime, float &resetcondition, float delay_speed, float &currentdistance, float variable) {

float overwritetime = millis(); //this finds the current time for the loop and is used to overwrite all previous time in the below line of code

float Time = overwritetime - PriorTime; // here any previous time for the code is removed e.e. if prior to this loop the time was 456 ms, then the overwrite time will be 457 ms for the second run of the
loop meaning that the Time control variable will act to count up (e.g. 456-457 = 1) for each loop.

//Serial.printIn("this

works");
float stepvalue = 0;
if (currentdistance != variable) {
digitalWrite(motorenable, LOW);
if (variable - currentdistance > 0) {
digitalWrite(motordirect, HIGH);
stepvalue =0.5;
}
else {
digitalWrite(motordirect, LOW);
stepvalue =-0.5;
}
if (currentdistance != variable && (Time - resetcondition) >= delay_speed) {
if (digitalRead(motorpin) == HIGH) {
digitalWrite(motorpin, LOW);
currentdistance = curr istance + I
}
else {
digitalWrite(motorpin, HIGH);
currentdistance = currentdistance + stepvalue;
}
resetcondition = resetcondition + delay_speed;
if (currentdistance == variable) {
digitalWrite(motordirect, LOW);
digitalWrite(motorpin, LOW);
digitalWrite(motorenable, HIGH);
resetcondition = 0;
}
}

void runmotorsawayfromlimit(const int motordirect, const int motorenable, const int motorpin, float PriorTime, float &resetcondition, float delay_speed, const int limitpin, int variable, int &controlvar) {

float overwritetime = millis(); //this finds the current time for the loop and is used to overwrite all previous time in the below line of code

float Time = overwritetime - PriorTime; // here any previous time for the code is removed e.e. if prior to this loop the time was 456 ms, then the overwrite time will be 457 ms for the second run of the
loop meaning that the Time control variable will act to count up (e.g. 456-457 = 1) for each loop.

//Serial.printIn("this
works");

if (digitalRead(limitpin) != variable) {
digitalWrite(motorenable, LOW);
digitalWrite(motordirect, HIGH);

}
if (digitalRead|(limitpin) = variable && (Time - resetcondition) >= delay_speed) {
if (digitalRead(motorpin; IGH) {
digitalWrite(motorpin, LOW);

}
else {

digital Write(motorpin, HIGH);
}

resetcondition = resetcondition + delay_speed;

if (digitalRead(limitpin) == variable) {
digitalWrite(motordirect, LOW);
digitalWrite(motorpin, LOW);
digitalWrite(motorenable, HIGH);
controlvar =2;
resetcondition = 0;

}

void changemotorDirection(const int motorDirectionPin) {
if (digitalRead(motorDirectionPin) == LOW) {
digitalWrite(motorDirectionPin, HIGH);
}
else {
digitalWrite(motorDirectionPin, LOW);
}

void homeservomotors() {
//Ensures all servos are out of the way
ServM1_RM_pos = 120;
ServM2_RFCU_pos = 10;
ServM3_HVC_pos = 70;

ServM1_RM.write(ServM1_RM_pos);
ServM2_RFCU.write(ServM2_RFCU_pos);
ServM3_HVC.write(ServM3_HVC_pos);

}

//UPDATE THE REQUIRED SERVOMOTOR ANGLES

void activateshomingservomotors() {
//Activates the servos with limit switches to the desired position
ServM1_RM_pos = 60;
ServM2_RFCU_pos = 90;

194



MODULAR MECHATRONICS TECHNOLOGY FOR FIBRE-BASED MANUFACTURING AND BIOFABRICATION RESEARCH

//ServM3_HVC_pos = 45; //ONLY ENABLE THIS WHEN TESTING COMPONENTS

ServM1_RM.write(ServM1_RM_pos);

ServM2_RFCU.write(ServM2_RFCU_pos);

ServM3_HVC.write(ServM3_HVC_pos); //ONLY ENABLE THIS WHEN TESTING COMPONENTS
}

void syringepumpsetup() {
Serial.printin("HOMING STAGE 2");
Serial.printin("All Motors are homed");
Serial.printin("");
Serial.printin("Syringe Pump Setup");
Serial.printin("");
//Serial.printIn("Enter which value you would like to modify: (e.g. enter: 'A' to modify the 'Syringe ml/mm capacity' value");
Serial.print("A) Syringe ml/mm capacity: ");
Serial.print(SyrMlitrePerMmitre);
Serial.printin(" ml/mm");
Serial.printin("B) Begin pump adjustment to load syringe and prime extruder");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln 1= "A" && Userln !="a" && UserIn !="B" | | UserIn !="b") {
Serial.printin("That is not an option");
}
if (Userin =="A" | | Userln =="a") {
Serial.printin(" ");
//Serial.printIn("NOTE: For flowrates less than or equal to 1ml per hour, utilise syringes having less than 10ml total capacity ");
Serial.printin(" ");
Serial.printin("Enter the value for the millilitre (ml) output per millimetre(mm) actuation of the utilised syringe");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
Serial.printin(UserIn);
SyrMlitrePerMmitre = Userin.toFloat();
Serial.print("You have set the Syringe ml/mm as:");
Serial.print(SyrMlitrePerMmitre);
Serial.printin("ml/mm");
Serial.printin("");
syringepumpsetup();
¥
}
¥
if (Userin =="B" | | Userln =="b") {
primesyringepump();
}
}
}

}

//The SM1_SPstepperlimit is set here from manual component evaluation
void primesyringepump() {

digitalWrite(SP_MS, LOW);

delayTimeSM1_SP = 1;

Serial.printIn("You may now open the door to load the desired syringe");

SM1_SPstepperlimit = 10050; //value derived from manual measure measurement!!!!
limitSyr = 0;

Serial.printin(" ");

Serial.printin("Use the FWD and BWD Buttons to move load the syringe or enter '/ when done");

while (x ==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();

")
Serial.printin("You have entered an invalid character");
Serial.printin(" ");

Serial.printin("Use the FWD and BWD Buttons to move load the syringe or enter /' when done");

if (Userln 1=

}

if (Userln =="/") {
Serial.printin("done");
Serial.printin("");

digitalWrite(SM1_SP_Enable, HIGH);
digitalWrite(SM1_SP_Direction, HIGH);
digitalWrite(SM1_SP_Step, LOW);

SM1_SPstepperlimit = SM1_SPstepperlimit * 16;
digitalWrite(SP_MS, HIGH);

if (homingval == 1) {
homingval = 2;
homing();

}

if (homingval == 3) {
TotalMenuCheck();
}

}

if (digitalRead(FwdSyringe) == 0 && limitSyr < SM1_SPstepperlimit && digitalRead(BwdSyringe) I= 0) {
digitalWrite(SM1_SP_Enable, LOW);
digitalWrite(SM1_SP_Direction, HIGH);
digitalWrite(SM1_SP_Step, HIGH);
delay(1);
digitalWrite(SM1_SP_Step, LOW);
delay(1);
limitSyr = limitSyr + 1;
}
if (digitalRead(FwdSyringe) == 0 && limitSyr == SM1_SPstepperlimit) {

Serial.printin("Motor cannot move further forwards");
Serial.printin(" ");
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if (digitalRead(BwdSyringe) == 0 && limitSyr > 0 && digitalRead(FwdSyringe) != 0) {
digitalWrite(SM1_SP_Enable, LOW);
digitalWrite(SM1_SP_Direction, LOW);
digitalWrite(SM1_SP_Step, HIGH);
delay(1);
digitalWrite(SM1_SP_Step, LOW);
delay(1);
limitSyr = limitSyr - 1;

}

if (digitalRead(BwdSyringe) == 0 && limitSyr == 0) {
Serial.printin("Motor cannot move further backwards");
Serial.printin(" ");

}

void primevapourmechanism() {
digitalWrite(VP_MS, LOW);
//digitalWrite(SM8_VP_Direction, HIGH); // ONLY HAVE THIS ACTIVATED WHEN YOU WISH TO RUN THE PUMP IN REVERSE aka AFTER THE FAB CYCLE AND YOU WANT TO REMOVE/RECLAIM MATERIAL

FROM PIPES
Serial.printin(" ");
Serial.printin("Use the FWD button to pump the water through the vapour generator");
/*Serial.printin("Water should flow through the device into the collecting container");
Serial.printin("Once clean water flows through the device, remove the Input water container");
Serial.printIn("Continue to press the button to remove any residual water");
Serial.printin("Place the Input Solution container loaded with desired material back into the mechanism");
Serial.printin("Now press the FWD button to prime the mechanism with the desired solution");
Serial.printin("The mechanism is considered primed when the desired solution flows from the solution-vapour channel");*/
Serial.printin("When primed, you may now enter '/' to end this homing stage");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln 1="/") {
Serial.printin("You have entered an invalid character");
Serial.printin(" ");
Serial.printin("Use the Pump button to pump the water through else enter '/ when done");
Serial.printin(digitalRead(PeriP));
¥
}
if (digitalRead(PeriP) == 0) {
digitalWrite(SM8_VP_Enable, LOW);
digitalWrite(SM8_VP_Step, HIGH);
delay(1);
digitalWrite(SM8_VP_Step, LOW);
delay(1);
}
"1
Serial.printin("done");
Serial.printin(" ");
digitalWrite(SM8_VP_Enable, HIGH);
digitalWrite(SM8_VP_Step, LOW);
digitalWrite(VP_MS, HIGH);
if (homingval == 3) {
TotalMenuCheck();
¥
if (homingval == 2) {
homingval = 3;
homing();
¥
}
}
}

/
//-+----- USER INTERFACE INTERVAL -------
/

void enterX() {
resetTimmers();
userinputval = 0;

if (FirstinputRun == 0) {

//Printing Parameter Variables

FirstinputRun = 1;

UserlnputHeights();  //Extruder Height and Collector Height
}

if (FirstinputRun == 1) {
FirstinputRun = 2;
UserlnputPumps();  //Values for Syringe Pump and Peristaltic Pump Actuation

}

if (FirstinputRun == 2) {
FirstinputRun = 3;
UserlnputTime(); //Values relating to time based operations

}

if (FirstinputRun == 3) {
FirstinputRun = 4;
UserlnputProcesses(); //Relating to Desired Printing Processes

}

) {
FirstinputRun = 5;
UserlnputMethod(); //Relating to Desired printing Method

if (FirstinputRun

}
if (FirstinputRun == 5) {
userinputval = 1;
TotalMenuCheck();
}
void resetTimmers()

{

TimeOn =0; // stores the value of millis() in each iteration of loop()
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ResetTimeSM1_SP = 0;
ResetTimeSM2_7ZS1 = 0;
ResetTimeSM3_7S2 = 0;
ResetTimeSM4_RM = 0;
ResetTimeSM5_FTU
ResetTimeSM6_FCU
ResetTimeSM7_RFCU = 0;
ResetTimeSM8_VP = 0;

}

//UPDATE VARIABLES FOR DISTANCES IF CEU ACTUATORS OR POE RECESS IS INCREACED

void UserlnputHeights() {
int extruderrecess = 200; //200mm is the standard distance of the recess (gap between bottom of lead screws and bottom of POEattacment) in the machine
int collectorleadscrew = 420; //The step limit for the CEU actuators is coded as 10625steps which at 250stps/mm equals 425mm (given 5mm tolerance

Serial.printin("USER INPUT STAGE 1");

Serial.printin("");

Serial.printin("Enter which value you would like to modify: (e.g. enter: 'A' to modify the 'Extruder Height' value");
Serial.print("A) Extruder Height: ");

Serial.print(EH);

Serial.printin(" mm");
Serial.print("B) Collector Height:
Serial.print(CH);

Serial.printin(" mm");
Serial.printin("");
Serial.printin("Enter '/' to confirm these values");

while (x == 0) {
if (Serial.available() > 0) {
Userln = Serial
if (Userin I=

"a" && Userln !="B" && Userln |=
Serial.printin("That is not an option");

" &8& Userln I1="/") {

if (Userln =="A" | | UserIn =:
Serial.printin(" ");
Serial.printin("Enter Height of Extruder in mm");
while (x==0) {

if (Serial.available() > 0) {
Userln = Serial.readString();
EH = UserIn.toFloat();
Serial.print("You have set the Extruder Height as:");
Serial.print(EH);
Serial.printin("mm");
Serial.printin(" ");
userinputval = 1;
totalworkabledistance = collectorleadscrew + (extruderrecess - EH);

UserlnputHeights();

}

"B" || Userln == "b") {

if (userinputval == 0) {
Serial.printin("Set the value for Extruder height first as future values are dependant on this.");
UserInputHeights();

}

if (userinputval == 1) {
Serial.printin(" ");
Serial.printin("Enter the distance between the extruder and collector in mm");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
CH = Userln.toFloat();
if (CH < (extruderrecess - EH)) {
Serial.printin("Due to the utilised extruder height, the machine cannot actuate
to this distance.");
Serial.print("the current minimum distance is:");
Serial.print((extruderrecess - EH));
Serial.printin(" mm");
Serial.printin("Please enter a viable distance");
CH=0;
UserlnputHeights();
}
if (CH > totalworkabledistance) {
Serial.printin("This value is greater than the maximum distance capable by the
machine");
Serial.print("the current maximum distance capable is:");
Serial.print(totalworkabledistance);
Serial.printin(" mm");
Serial.print("Please enter a viable distance");
CH=0;
UserinputHeights();
}
Serial.print("You have set the distance as as:");
Serial.print(CH);
Serial.printin("mm");
Serial.printin(" ");
UserInputHeights();
}
}
}
}
if (Userin =="/") {
Serial.print("Values Confirmed");
enterX();
}
}
}
}

//REMEMBER TO HARD CODE THE VAPOURISOR STEPPER FLOWRATE PER REVOLUTION!!!!
void UserinputPumps() {

//Stepper Motor Process Variables

NoRevE = DF / (SyrMlitrePerMmitre * 2); //THE DENOMINATOR RELATES TO THE Syringe ml/mm which then compared to the motor mm/rev (2mm/rev in standard) equals a ml/rev value. e.g.

NoRevV = VF / 0.38; //denominator value indicative of motor ml per revolution output

delayTimeSM1_SP = ((3600000 / (3200 * NoRevE)) / 2); // will provide the delay in microseconds for a flowrate in rev/hour for motor having 16th microstepping e.g. h/(stps*rev/h) = h”2/revsteps namely
How much time (h) is required between the steps necessary

delayTimeSM8_VP = (3600000 / (200 * NoRewV)) / 2);
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Serial.printIn("USER INPUT STAGE 2");

Serial.printin("");

Serial.printin("Enter which value you would like to modify:");
Serial.printin("");

Serial.print("A) Desired Electrospinning Syringe Pump Flowrate:
Serial.print(DF);

Serial.printin(" mL/h");

Serial.print("B) Desired Vapour Flowrate: ");
Serial.print(VF);

Serial.printin(" mL/h");

Serial.printin("");

Serial.print("Resultant Time Syringe Pump delay :
Serial.print(delayTimeSM1_SP);

Serial.printin(" um

Serial.print("Resultant Time Peristaltic Pump delay : ");
Serial.print(delayTimeSM8_VP);

Serial.printin(" um");

Serial.printin("");

Serial.printin("Enter '/' when done");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln != "A" && Userln !="a" && Userln != "B" && Userln !="b" && Userln !="/") {
Serial.printin("That is not an option");
}
if (Userln =="A" || UserIn =="a") {
Serial.printin(" ");
Serial.printin("Enter the Desired Electrospinning Syringe Pump Flowrate:");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
DF = Userln.toFloat();
Serial.print("You have set the Desired Electrospinning Syringe Pump Flowrate as:");
Serial.print(DF);
Serial.printin("ml");
Serial.printin(" ");
UserinputPumps();
}
b") {
Serial.printin(" ");
Serial.printin("Enter the Desired Vapour Flowrate:");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
VF = Userln.toFloat();
Serial.print("You have set the Desired Vapour Flowrate as:");
Serial.print(VF);
Serial.printin("ml");
Serial.printin(" ");
UserInputPumps();
¥
}
Serial.printin(" ");
Serial.printIn("Done");
Serial.printin(" ");
enterX();
}
}
}

}
void UserinputTime() {

Serial.printin("USER INPUT STAGE 3");

Serial.printin("");

Serial.printin("Set the values below, if correct enter '/' to confirm");
Serial.print("A) Electrospinning Time: ");
Serial.print(((MachineTimeOn) / 1000));

Serial.printin(" seconds");

Serial.printin("NOTE some of these are derived values(they will effect one another)");
Serial.print("B) Collection Angle Factor: ");

Serial.print(DR);

Serial.printin(" degrees");

/*Serial.print("C) Number of collection instances ");
Serial.print(NC);

Serial.printin(" collections");

Serial.print("D) Time between collection ");

Serial.print(TC);

Serial.printin(" seconds");

Serial.printin("");*/

Serial.printIn("Enter '/' to confirm these values");

while (x ==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();

if (Userln ! && Userln !="a" && Userln I="/") {
Serial.printin("That is not an option");

}

if (Userin =="A" || Userln == "a") {

Serial.printin("Enter the desired electrospinning time in seconds:");

Serial.printin(" ");

while (x==0) {

if (Serial.available() > 0) {

Userln = Serial.readString();
MachineTimeOn = UserIn.toFloat();
Serial.print("You have set the desired time as:");
Serial.print(MachineTimeOn);
MachineTimeOn = MachineTimeOn * 1000;
Serial.printin("This equals");
Serial.print(MachineTimeOn);
Serial.print(" in milliseconds");
Serial.printin(’
userinputval = 1;
UserlnputTime();

}

"B" || Userln =="b") {
if (userinputval == 0) {
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Serial.printin("Set the value for Electrospinning Time first as future values are dependant on this.");
UserlnputTime();
}
if (userinputval == 1) {
Serial.print("Enter the desired change in rotational degree per collection/cut:");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
DR = Userln.toFloat();
Serial.print("You have set the desired collections degree as:");
Serial.print(DF);
Serial.printin(" degrees");
UserInputTime();

}

if (Userln =="C" | | Userln =="c") {
if (userinputval == 0) {
Serial.printin("Set the value for Electrospinning Time first as future values are dependant on this.");
UserlnputTime();
}
if (userinputval == 1) {
Serial.print("Enter the desired Number of collection instances:");
while (x ==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
NC = Userln.toFloat();
TC = MachineTimeOn / NC;
Serial.print("You have set the desired number of collections as:");
Serial.print(NC);
Serial.printin(" collections");
UserInputTime();

}

"D" || Userln =="d") {
if (userinputval == 0) {
Serial.printin("Set the desired Electrospinning Time first");
UserlnputTime();
}
if (userinputval == 1) {
Serial.print("Enter the desired time between cuts:");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
TC = Userln.toFloat();
if (TC > MachineTimeOn) {

Serial.print("Invalid value: Entered values cannot exceed desired

electrospinning time");

}

TC=0;
UserlnputTime();
}
NC = MachineTimeOn / TC;
Serial.print("You have set the desired number of collections as:");
Serial.print(NC);
Serial.printin(" collections");
UserlnputTime();

}

}

if (Userin =="/") {
Serial.print("Values Confirmed");
enterX();

void UserlnputProcesses() {

NoRevM = rpmlin * 60; //rev/hour
delayTimeSM4_RM = ((3600000 / (200 * NoRevM)) / 2);

Serial.printin("USER INPUT STAGE 4");

Serial.printin("");

//Serial.printIn("This printer has many processes please confirm which processes you wish to utilise");
Serial.printin("Enter the values of the processes you which to include and '/' to confirm once done");
Serial.printin("");

Serial.printin("A) Process 1: Rotating Mandrel");

if (P1==0) {
Serial.printin("Confirmed: OFF");
}
if (P1==1){
Serial.printin("Confirmed: ON");
Serial.print("Rpm =");
Serial.print(rpmin);
Serial.print(" revolutions per minute = Resultant Mandrel Motor Time delay : ");
Serial.printin(delayTimeSM4_RM);
}

Serial.printin("");
Serial.printin("B) Process 2: Vapour Exposure");

if (P2==0) {
Serial.printin("Confirmed: OFF");

}

if (P2==1){
Serial.printin("Confirmed: ON");
Serial.print("Time Set = ");
Serial.print(P2timeset);
Serial.printin(" milliseconds ");

}

Serial.printin("");
Serial.printIn("C) Process 3: UV lithographic Exposure");
if (P3==0) {

Serial.printin("Confirmed: OFF");

}

if(P3==1){
Serial.printin("Confirmed: ON");
Serial.print("Time Set =");
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Serial.print(P3timeset);
Serial.printin(" milliseconds ");

}

Serial.printin("");
Serial.printIn("D) Process 4: Corona Plasma Discharge Exposure");

if (P4==0) {
Serial.printIn("Confirmed: OFF");

}

if (P4==1){
Serial.printin("Confirmed: ON");
Serial.print("Time Set =");
Serial.print(P4timeset);
Serial.printin(" milliseconds ");

}

Serial.printin("");
Serial.printin("Enter '/' to confim values and continue");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln 1= "A" && Userln !="a" && UserIn != "B" && Userlin !=
Serial.printin("That is not an option");

" && Userln I= "C" && Userln !="c" && UserIn !="D" && UserIn !="d" && UserIn !="/") {

}
if (Userln =="A" | | Userln =:
Serial.printin("Enter 'Y' to turn on this process or 'N' to leave this off");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln !="Y" && Userln !="y" && Userln != "N" && Userln !="n") {
Serial.printin("That is not an option");
}
if (Userln =="Y" || Userln =="y") {
Serial.printIn("You have set this process 'O
rotatingmandrelUserinput();
}
if (Userln =="N" || UserIn =:
Serial.printIn("You have set this process 'OFF");
P1=0;
UserInputProcesses();
}
¥
}

"B" || Userln == "b") {
Serial.printin("Enter 'Y' to turn on this process or 'N' to leave this off");

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln 1= "Y" && Userln !I="y" && UserIn !="N" && UserIn !="n") {
Serial.printin("That is not an option");
"Y' || Userln =="y") {
Serial.printin("You have set this process 'On"");
Serial.printin("Enter The value in seconds you wish this process to run:");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
Serial.print(UserIn);
P2timeset = Userln.toFloat();
Serial.print("You have set the desired time as:");
Serial.print(P2timeset);
P2timeset = P2timeset * 1000;
Serial.printIn("This equals");
Serial.print(P2timeset);
Serial.print(" in milliseconds");
Serial.printin(" ");
P2=1;
UserlnputProcesses();
}
}
"N" || Userln =="n") {
Serial.printIn("You have set this process 'OFF"");
P2=0;
UserlnputProcesses();
}
}
¥
}
if (Userin =="C" || Userln =="c") {
Serial.printin("Enter 'Y' to turn on this process or 'N' to leave this off");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userin !="Y" && Userln !="y" && Userln != "N" && UserIn !="n") {
Serial.printin("That is not an option");
}
if (Userin =="Y" || Userln =="y") {
Serial.printin("You have set this process 'On"");
Serial.printin("Enter The value in seconds you wish this process to run:");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
P3timeset = Userln.toFloat();
Serial.print("You have set the desired time as:");
Serial.print(P2timeset);
P3timeset = P3timeset * 1000;
Serial.printIn("This equals");
Serial.print(P2timeset);
Serial.print(" in milliseconds");
Serial.printin("");
P3=1;
UserInputProcesses();
}
}
if (Userin =="N" || Userln =="n") {
Serial.printin("You have set this process 'OFF");
P3=0;
UserInputProcesses();
}
¥
¥
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}

}

}
if (Userin =="D" | | Userln == "d") {

Serial.printin("Enter 'Y' to turn on this process or 'N' to leave this off");

while (x ==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userin I=
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Y" && Userln I="y" && Userln = "N" && Userln !="n") {

Serial.printin("That is not an option");

}

if (Userln =

"' || Userln == "y") {

Serial.printin("You have set this process 'On");

Serial.printin("Enter The value in seconds you wish this process to run:");

while (x==0) {

}

"N" || Userln

if (Serial.available() > 0) {
Userln = Serial.readString();
P4timeset = UserIn.toFloat();
Serial.print("The time is set as:");
Serial.print(P4timeset);
P4timeset = P4timeset * 1000;
Serial.printIn("This equals");
Serial.print(P2timeset);
Serial.print(" in millinseconds");
Serial.printin(" ");
P4a=1;
UserlnputProcesses();

Serial.printin("You have set this process 'OFF");

P4=0;

UserlnputProcesses();

Serial.printin(" ");
Serial.printin("Done");
Serial.printin(" ");
enterX();

Serial.printIn("Please enter the desired RPM for the rotating mandrel");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
rpmin = Userln.toFloat();
if (rpmin > maxmotorRPM) {
Serial.printin("The mechanism cannot provide this rpm");
rpmin =0;
rotatingmandrelUserlnput();
}
if (rpmin <= maxmotorRPM) {
P1=1;
Serial.print("The rotating speed set is: ");
Serial.print(rpmin);
Serial.printin("revolutions per minute");
UserlnputProcesses();

void UserlnputMethod() {

Serial.printin("USER INPUT STAGE 5");

Serial.printin("");

Serial.printin("This printer is capable of performing two printing methods");
Serial.printin(" ");

Serial.printin("Method A");

Serial.printin(" ");

Serial.printin("This method will collect fibre a desired number of times.");
Serial.printin("AFTER this the collection will be expossed to the desired processes.");
Serial.printin(" ");

if (MA==0) {
Serial.printin("Method Confirmed: OFF");
}
if (MA==1) {
Serial.printin("Method Confirmed: ON");
Serial.print("Number of times fibre is collected Prior to additional processing:");
Serial.printin(NPX);
}

Serial.printin(" ");

Serial.printin("Method B");

Serial.printin(" ");

Serial.printin("This method will collect spun fibre, afterwhich it will expose this to the previously assigned processes.");
Serial.printin("This method repeats this collection-exposure sequence for a desired number of times.");

Serial.printin(" ");

if (MB == 0) {
Serial.printin("Method Confirmed: OFF");
}
if (MB == 1) {
Serial.printin("Method Confirmed: ON");
Serial.print("Number of times fibre collection-exposure process occurs:");
Serial.printin(NX);
}

Serial.printin(" ");

Serial.printin("Please enter either 'A' or 'B' to select the desired Method");
Serial.printin(" ");

Serial.printin("Enter '/* when done");

while (x ==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln != && Userln !="a" && Userln !="B" && Userln !="b" && UserIn !="/") {
Serial.printin("That is not an option");
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further process exposure.");

process.");

}

}

Serial.printin("Please enter 'Y' to turn on Method A or 'N' to leave this off");

Userln = Serial.readString();

if (Userin !="Y" && Userln !

while (x ==0) {
if (Serial.available() > 0) {
}
if (Userln =
}
}
}
if (Userin == "B" | | Userln =="b") {

&& Userln !="N" && Userln 1="n") {
Serial.printin("That is not an option");

"Y" || Userln =="y") {

Serial.printin("You have set this process 'On");

Serial.printin("Please enter the number of times you wish to repeat the collection PRIOR to

while (x ==0) {
if (Serial.available() > 0) {

Userln = Serial.readString();
NPX = UserlIn.toFloat();
Serial.printin("here");

MA=1;
UserlnputMethod();

}

"N" || Userln =="n") {

Serial.printin("You have set this process 'OFF");
MA =0;
UserlnputMethod();

Serial.printin("Please enter 'Y' to turn on Method B or 'N' to leave this off");

while (x==0) {
if (Serial.available() > 0) {

Userln = Serial.readString();

if (Userln 1="Y" && Userln !

if (Userln ==

"Y' || Userin

'y" && Userln !="N" && Userin !="n") {
Serial.printin("That is not an option");

V) {

Serial.printin("You have set this process 'O

Serial.printin("Please enter the number of times you wish to repeat the collection-exposure

while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
NX = UserlIn.toFloat();
MB=1;
UserlnputMethod();
}
}

if (Userln =="N" || Userln =="n") {

}

}
if (Userln=="/") {

void TotalMenuCheck() {
//temporary testing values
CV_SP=0;

digitalWrite(SP_MS, LOW);

delayTimeSM2andSM3_ZS = 1;
delayTimeSM4_RM = 10;

delayTimeSM5_FTU = 1;
delayTimeSM6_FCU = 1;
delayTimeSM7_RFCU = 10;

SM1_SPstepperlimit = 10050;
limitSyr = 0;

DR = 45;
EH = 160;

CH = 300;

totalworkabledistance = 420 + (200 - EH);
DF=1;

P1=1;
rpmin = 100;

SyrMlitrePerMmitre = 0.01;
P2timeset = (10000);

P3timeset = (10000);

P4timeset = (10000);
MachineTimeOn = (60000);
NoRevM = rpmlin * 60; //rev/hour

Serial.printin(" ");
Serial.printin("Done");
Serial.printin(" ");
enterX();

//value derived from manual measure measurement!!!!

delayTimeSM4_RM = ((3600000 / (200 * NoRevM)) / 2);

//Stepper Motor Process Variables

NoRevE = DF / (SyrMlitrePerMmitre * 2); //THE DENOMINATOR RELATES TO THE Syringe ml/mm which then compared to the motor mm/rev (2mm/rev in standard) equals a ml/rev value. e.g.

NoRevV = VF / 0.38; //denominator value indicative of motor ml per revolution output
delayTimeSM1_SP = ((3600000 / (3200 * NoRevE)) / 2); // will provide the delay in microseconds for a flowrate in rev/hour for motor having 16th microstepping e.g. h/(stps*rev/h) = hA2/revsteps namely
How much time (h) is required between the steps necessary

Serial.printIn("You have set this process 'OFF");
MB =0;
UserinputMethod();
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delayTimeSM8_VP = (3600000 / (200 * NoRewV)) / 2);

Serial.printin(digitalRead(LS1_LimSP));
Serial.printin(digitalRead(LS2_LimCEU1));
Serial.printin(digitalRead(LS3_LimCEU2));
Serial.printin(digitalRead(LS4_LimRM));
Serial.printin(digitalRead(LS5_LimFTU));
Serial.printin(digitalRead(LS6_LimFCU));
Serial.printin(digitalRead(LS7_LimRFCU));
Serial.printin(digitalRead(LS8_LimD));

Serial.printin("USER FINAL CHECK");

Serial.printin("Please enter the value you would like to modify or enter 'P' to finalise the setup :
Serial.printin("H) Rehome the motors(required for additional/re-printing)");

Serial.printin("A) User Inputted Mechanism Heights: ");

Serial.print("Extruder Height = ");

Serial.print(EH);
Serial.print(" mm");
Serial.print(" and ");
Serial.print("Collector Height
Serial.print(CH);
Serial.printin(" mm");
Serial.printin(" ");
Serial.printin("B) User Inputted Extruder/Pump Values: ");
Serial.print("Desired Electrospinning Syringe Pump Flowrate =
Serial.print(DF);

Serial.print(" mL/h");

Serial.print(" and ");

Serial.print("Desired Vapour Flowrate: ");

Serial.print(VF);

Serial.printin(" mL/h");

Serial.printin("");

Serial.print("Resultant Time Syringe Pump delay =");
Serial.print(delayTimeSM1_SP);

Serial.print(" um");

Serial.print(" and ");

Serial.print("Resultant Time Peristaltic Pump delay : ");
Serial.print(delayTimeSM8_VP);

Serial.printin(" um");

Serial.printin("");

Serial.printin("C) User Input Time Related Values: ");
Serial.print("Electrospinning Time = ");
Serial.print(((MachineTimeOn / 1000)));
Serial.print(" seconds");

Serial.print(" and ");

Serial.print("Collection Angle Factor =");
Serial.print(DR);

Serial.print(" degrees");

/*Serial.print(" and ");

Serial.print("Number of collection instances =");
Serial.print(NC);

Serial.print(" collections");
Serial.print(" and ");
Serial.print("Time between collection
Serial.print(TC);

Serial.printIn(" seconds");
Serial.printin(" ");*/
Serial.printin("D) User Confirmed Processes: ");
Serial.printIn("Process 1: Rotating Mandrel =");
if(P1==0){

Serial.print("OFF");

}
if (P1==1){
Serial.print("ON");
Serial.print(" and ");
Serial.print("Rpm =");
Serial.print(rpmin);
Serial.print(" revolutions per minute = Resultant Mandrel Motor Time delay : ");
Serial.print(delayTimeSM4_RM);

}
Serial.print(" and ");
Serial.printn("Process 2: Vapour Exposure =");

if (P2==0) {
Serial.print("OFF");

}

if (P2==1){
Serial.print("ON t=");
Serial.print(((P2timeset / 1000)));
Serial.print(" seconds");

}

Serial.print(" and ");
Serial.printin("Process 3: UV lithographic Exposure =");

if (P3==0) {
Serial.print("OFF");

}

if (P3==1) {
Serial.print("ON t=");
Serial.print(((P3timeset / 1000)));
Serial.print(" seconds");

}

Serial.print(" and ");
Serial.printIn("Process 4: Corona Plasma Discharge Exposure = ");

if (P4==0) {
Serial.print("OFF");

}

if (P4==1){
Serial.print("ONt=");
Serial.print(((P4timeset / 1000)));
Serial.print(" seconds");

}

Serial.printin(" ");
Serial.printin("E) User Confirmed Method: ");
if (MA==1){
Serial.printin("Method A=");
Serial.print("ON");
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Serial.print(" and ");
Serial.print("Number of times fibre is collected Prior to additional processing:");
Serial.print(NPX);

}
if (MB == 1) {
Serial.printin("Method B =");
Serial.print("ON");
Serial.print(" and ");
Serial.print("Number of times fibre collection-exposure process occurs:");
Serial.printin(NX);
}

Serial.printin(" ");
Serial.printIn("enter 'P' to end the setup");

while (x==0) {
i (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln I= "H" && Userln !="h" &&Userln !="A" && Userln !="a" && Userln != "B" && Userln !="b" && Userln !="C" && Userln !="c" && UserIn !="D" && Userln |=
"d" && Userln !="E" && UserIn !="e" && Userln = "P" && Userln !="p") {
Serial.printin("That is not an optio

)
}
if (Userln =

"H" | | Userln =="h") {
Serial.printin(" ");
Serial.printin("CAUTION: REMOVE Any loaded material/syringe before homing");
Serial.printin("Enter Y to rehome the motors or 'M' to return to the menu");
while (x==0) {

if (Serial.available() > 0) {
Userln = Serial.readString();

if (Userln 1= "Y" && Userln !="y" && UserIn !="M" && Userln !="m") {
Serial.printin("That is not an option");

}

if (Userin =="Y" || Userin =="y") {

homeallmotors();
TotalMenuCheck();

if (Userln == "M" | | Userln =="m") {
TotalMenuCheck();
}

}

if (Userln =="A" || Userln =="a") {
UserlnputHeights();

}
if (Userin =="B" || Userln =="b") {
Serial.printin(" ");
Serial.printin("CAUTION: REMOVE Any loaded material/syringe before homing");
Serial.printin("Enter S to reprime the syringe motor, V to reprime the vapour motor, U to set the user values or 'M' to return to the menu");
while (x==0) {
if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userln 1="S" && Userln !="s" && Userln !="V" && Userln !="v" && Userln !="U" && Userln !="u" && Userln
I="M" && Userin I="m") {
Serial.printin("That is not an option");
¥
if (Userin =="S" | | Userln =="s") {
syringepumpsetup();
if (Userln =="V" || Userln =="v") {
primevapourmechanism();
}
if (Userln =="U" || Userln =="u") {
UserinputPumps();
}
if (Userin =="M" || Userln =="m") {
TotalMenuCheck();
}
}
¥
}
if (Userin =="C" | | Userln == "c") {

UserlnputTime();

}
if (Userin =="D" | | Userln =="d") {
UserlnputProcesses();

"E" || Userln =="e") {
UserlnputMethod();

“p || Userln == "p") {
PrintingDeviceSetup();

}

void PrintingDeviceSetup() {

Serial.printin("");

Serial.printin("Enter Y to begin device setup or M to return to the menu");

while (x ==0) {

if (Serial.available() > 0) {
Userln = Serial.readString();
if (Userin !="Y" && Userln !="y" && Userln !="M" && UserIn !="m") {
Serial.printin("That is not an option");

}

if (Userln == "M" || Userln == "m") {
Serial.printIn(" ");
TotalMenuCheck();

"Y' || Userln =="y") {
if (digitalRead(LS8_LimD) == 0) {
Serial.printin("Close the door to continue ");
Serial.printin(" ");
PrintingDeviceSetup();

if (Userln =:

}
if (digitalRead(LS8_LimD) == 1) {
digitalWrite(R1_PS, HIGH);
Serial.printin("The High Voltage Power Supply may now be turned on and set ");
Serial.printin("Once set enter P to continue, else enter M to return to the menu");
while (x==0) {
if (digitalRead(LS8_LimD) == 0) {
Serial.printin(" ");
Serial.printin("ERROR: Door unexpectidly opened, returning to menu");
Serial.printin(" ");
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digitalWrite(R1_PS, LOW);
TotalMenuCheck();
}
if (Serial.available() > 0) {
Userln = Serial.readString();
while (x==0) {
if (Userin !="P" && Userln !="p" && Userln !="M" && UserIn I="m") {
Serial.printIn("That is not an option");
Serial.printin(" ");
}
if (Userln =="M" || Userln =="m") {
digitalWrite(R1_PS, LOW);
TotalMenuCheck();

}

if (Userln ==

P" || Userln =="p") {
digitalWrite(R1_PS, LOW);
Serial.printin(" ");
Serial.printIn("Set Up Complete");
/Ix=1;
SM1_SPstepperlimit = SM1_SPstepperlimit * 16;
limitSyr = limitSyr * 16;

if (MA==1) {
PrintingMethodA();

}
if (MB == 1) {

PrintingMethodB();
}

/
/[ PRINTING INTERVAL -----r-rro-
/

void PrintingMethodA() {
Serial.printin("Printing method A");
for (inta=0; a<NPX; a++) {
int ftuready = 0;

float prior_time = millis();
while (ftuready == 0) {
runmotorstodistance(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, prior_time, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, 37500);

if (FTUPos == 37500) {
ftuready = 1;
¥
}

setcollectiondistance();
Serial.printin("Collection Distance set");
//Serial.printin(oldTime);

oldTime = millis();
FibreDevelopmentProcess();
Serial.printin("Electrospinning Phase Over");
TimeOn =0;

homeservomotors();
FibreTransferalMotors();
collected = 0;

}

AdditionalProcesses();
x=0;

StopElectrospinning(); //this must end everything and rehome the various actuators

if (digitalRead(LS8_LimD) == 0) {
homeservomotors();
Serial.printin(" ");
Serial.printin("ERROR: Door unexpectidly opened - you must rehome the machine");
Serial.printin(" ");
//homing();
TotalMenuCheck();

}
void PrintingMethodB() {
Serial.printin("Printing method B");

for (int b = 0; b < NX; b++) {
int ftuready = 0;

float prior_time = millis();
while (ftuready == 0) {
runmotorstodistance(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, prior_time, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, 37500);

if (FTUPos == 37500) {
ftuready = 1;
}
}

setcollectiondistance();
Serial.printin("Collection Distance set");

//Serial.printin(oldTime);

oldTime = millis();
FibreDevelopmentProcess();
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Serial.printin("Electrospinning Phase Over");
homeservomotors();
FibreTransferalMotors();

collected = 0;

int fculoop = 0;

CV_FCU=0;
CV_RFCU =0;

prior_time = millis();

while (fculoop == 0) {

if (CV_FCU ==0) {
runmotorstolimit(SM6_FCU_Direction, SM6_FCU_Enable, SM6_FCU_Step, prior_time, ResetTimeSM6_FCU, delayTimeSM6_FCU, LS6_LimFCU, 1,
CV_FCU);
}
if (CV_FCU ==1) {
CV_FCU
CV_RFCU
FCUPos =0;
feculoop =1;
}
}
AdditionalProcesses();
}
x=0;
StopElectrospinning();
if (digitalRead(LS8_LimD) == 0) {
homeservomotors();
Serial.printin(" ");
Serial.printin("ERROR: Door unexpectidly opened - you must rehome the machine");
Serial.printin(" ");
//homing();
TotalMenuCheck();
}
}

void setcollectiondistance() {
CV_RM=0;
//in order to know this you need to know the mm/revolution of the linear actuator
//1mm = 25 steps
//after homing we are at the maximum distance (collectorleadscrew)

//CH = mm desired distance, ASSUMPTION as above 1mm per 25steps)
int desiredzCEUheight = ((totalworkabledistance - CH) * 25); //this equals the number of steps to reach the desired distance

int Time_setCED = 0;
int coldistLoop = 0;

//Gets CEUs where they needs to be

float priorTime_setCED = millis();

while (coldistLoop == 0) {
//Rotating fibre control unit
runmotorstodistance(SM2_CEU_Direction, SM2_CEU_Enable, SM2_CEU_Step, priorTime_setCED, ResetTimeSM2_ZS1, delayTimeSM2andSM3_ZS, CUE1Pos, desiredzCEUheight);
runmotorstodistance(SM3_CEU_Direction, SM3_CEU_Enable, SM3_CEU_Step, priorTime_setCED, ResetTimeSM3_ZS2, delayTimeSM2andSM3_ZS, CUE2Pos, desiredzCEUheight);
runmotorstolimit(SM4_RM_Direction, SM4_RM_Enable, (SM4_RM_Step), priorTime_setCED, ResetTimeSM4_RM, delayTimeSM4_RM, P1, 0, CV_RM);

/*Serial.printin("Fibre collection distance");
Serial.printin(zCEUheight1);
Serial.printin(zCEUheight2);
Serial.printin(desiredzCEUheight);
Serial.printin(digitalRead(SM2_CEU_Enable));
Serial.printin(SM3_CEU_Enable);
Serial.printin(SM2_CEU_Step);
Serial.printin(SM3_CEU_Step);*/

if (CUE1Pos == desiredzCEUheight && CUE2Pos == desiredzCEUheight) {
coldistLoop = 1;
}

if (digitalRead(LS8_LimD) == 0) {
homeservomotors();
Serial.printin(" ");
Serial.printin("ERROR: Door unexpectidly opened - you must rehome the machine");
Serial.printin(" ");
//homing();
TotalMenuCheck();

}

void FibreDevelopmentProcess() {
CV_RM=0;
ServM3_HVC_pos = 35; //25
ServM3_HVC.write(ServM3_HVC_pos);
TimeOn =0;
int limdelay = 0;

digitalWrite(SP_MS, HIGH);
digitalWrite(R1_PS, HIGH);

if (digitalRead(LS8_LimD) == 0) {
digitalWrite(R1_PS, LOW);
homeservomotors();
Serial.printin(" ");
Serial.printin("ERROR: Door unexpectidly opened - you must rehome the machine");
Serial.printin(" ");
//homing();
TotalMenuCheck();
}

if (limitSyr == SM1_SPstepperlimit) {
homeservomotors();
Serial.printin(" ");
Serial.printin("ERROR: The process has run out of available material - you will need to rehome the machine");
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Serial.printin(" ");
homing();
}

if (HasCollected == 1 && MB == 1) {
AdditionalProcesses();
if (P2==0&& P3==08&& P4 ==0) {
Serial.printin("Proccesing Phase Over");
}
}

float oldTime = millis();
while (TimeOn <= MachineTimeOn) {
currentTime = millis();
TimeOn = currentTime - oldTime; // capture the latest value of how long the machine has been on

//Serial.printin("ON");
runmotorstolimit(SM4_RM_Direction, SM4_RM_Enable, (SM4_RM_Step), oldTime, ResetTimeSM4_RM, delayTimeSM4_RM, P1, 0, CV_RM);

runmotorstodistance(SM1_SP_Direction, (SM1_SP_Enable), (SM1_SP_Step), oldTime, ResetTimeSM1_SP, delayTimeSM1_SP, limitSyr, SM1_SPstepperlimit);

if (TimeOn == MachineTimeOn) {
digitalWrite(SM4_RM_Enable, HIGH);
digitalWrite(SM4_RM_Step, LOW);
digitalWrite(SM1_SP_Enable, HIGH);
digitalWrite(SM1_SP_Step, LOW);
digitalWrite(R1_PS, LOW);

ServM3_HVC_pos = 60;
ServM3_HVC.write(ServM3_HVC_pos);

}

if (digitalRead(LS8_LimD) == 0) {
limdelay = limdelay + 1;

}

if (digitalRead(LS8_LimD) == 1) {
limdelay = limdelay * 0;

}

if (digitalRead(LS8_LimD) == 0 && limdelay == 5) {
digitalWrite(R1_PS, LOW);
homeservomotors();
Serial.printin(" ");
Serial.printin(limdelay);
Serial.printin("ERROR: Door unexpectidly opened - you must rehome the machine");
Serial.printin(digitalRead(LS8_LimD));
Serial.printin(" ");
//homing();
TotalMenuCheck();

///YOU MUST SET THE SIZE FOR THE COLLECTOR HERE OR ADD THIS MENU LATER
void FibreTransferalMotors() {

CV_RM);

RMPos, 10);

Serial.printin("Fibre transferal motors");

int CEUtocollectdist = 0;

RMPos = 0;

float ceutodisttime = millis();

while (CEUtocollectdist == 0) {
runmotorstolimit(SM2_CEU_Direction, SM2_CEU_Enable, SM2_CEU_Step, ceutodisttime, ResetTimeSM2_ZS1, delayTimeSM2andSM3_ZS, LS2_LimCEU1, 1, CV_CEU);
runmotorstolimit(SM3_CEU_Direction, SM3_CEU_Enable, SM3_CEU_Step, ceutodisttime, ResetTimeSM3_zS2, delayTimeSM2andSM3_zZS, LS3_LimCEU2, 1, CV_CEU2);

if (CV_CEU == 1 && CV_CEU2
CUE1Pos
CUE2Pos = 0;
CEUtocollectdist = 1;

i

}
int FTUloop = 0;

activateshomingservomotors();
int fibretransferaldelayTimeSM4_RM = 10;

float priorTime_home = millis();
while (FTUloop == 0) {
if (FTUPos != 80500) {
runmotorstodistance(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, priorTime_home, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, 80500);

}
if (CV_RM == 0) {
runmotorstolimit(SM4_RM_Direction, SM4_RM_Enable, SM4_RM_Step, priorTime_home, ResetTimeSM4_RM, fibretransferaldelayTimeSM4_RM, LS4_LimRM, 1,

}
if (CV_FCU == 0) {

runmotorstolimit(SM6_FCU_Direction, SM6_FCU_Enable, SM6_FCU_Step, priorTime_home, ResetTimeSM6_FCU, delayTimeSM6_FCU, LS6_LimFCU, 1, CV_FCU);
}

if (FTUPos == 80500 && CV_RM == 1 && CV_FCU == 1) {
priorTime_home = millis();
while (RMPos != 10) {
runmotorstodistance(SM4_RM_Direction, SM4_RM_Enable, SM4_RM_Step, priorTime_home, ResetTimeSM4_RM, fibretransferaldelayTimeSM

}

if (RMPos == 10) {
CV_CEU=0;
CV_CEU2=0;
CV_RFCU =0;
CV_FCU =0;
CV_RM
CUE1Pos = 0;
CUE2Pos = 0;

4_RM,
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FCUPos =0;
RFCUPos = 0;
RMPos = 0;
homeservomotors();
FTUloop =1;

}

if (FTUloop == 1) {
for (int rm = 0; rm <= 3; rm++) {
rotatemandrel();
for (intc=0; c<=4; c++) {
collectfibre((79000 - (c * 3000))); //collector = 25mm therefore 25000 steps is enough but we will add a tolerance of 500 thus 3000
}
rotatemandrel();
for (int cf = 0; cf <= 4; cf++) {
collectfibre((67000 + (cf * 3000))); //collector = 25mm therefore 25000 steps is enough but we will add a tolerance of 500 thus 3000
}

}

// The desiredFTUpos variable will vary according to the size of the colleccting surface
void collectfibre(float desiredFTUpos) {

Serial.printin("In the collected Fibre function");
rotatecollector();
int FCULoop = 0;

float priorTime_home = millis();
while (FCULoop ==0) {
runmotorstodistance(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, priorTime_home, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, desiredFTUpos);

if (FTUPos == desiredFTUpos) {

float priorTime_home = millis();
while (FCULoop ==0) {
runmotorstodistance(SM6_FCU_Direction, SM6_FCU_Enable, SM6_FCU_Step, priorTime_home, ResetTimeSM6_FCU, delayTimeSM6_FCU, FCUPos,
10800);

if (FCUPos == 10800) {

float priorTime_home = millis();
while (FCULoop ==0) {
runmotorstodistance(SM6_FCU_Direction, SM6_FCU_Enable, SM6_FCU_Step, priorTime_home,
ResetTimeSM6_FCU, delayTimeSM6_FCU, FCUPos, 8000);

if (FCUPos == 8000) {
FCULoop =1;
}

}

void rotatecollector() {
Serial.printin("In the rotatcollector function");

delayTimeSM7_RFCU = 10;

float RFCUangle = 0;
int stepsToRotate = ((DR * 200) / 360);

int RCLoop = 0;

//Gets RFCU where it needs to be
float priorTime_rotate = millis();
while (RCLoop == 0) {
//Rotating fibre control unit
runmotorstodistance(SM7_RFCU_Direction, (SM7_RFCU_Enable), (SM7_RFCU_Step), priorTime_rotate, ResetTimeSM7_RFCU, delayTimeSM7_RFCU, RFCUangle, stepsToRotate);
if (RFCUangle == stepsToRotate) {
RCLoop =1;
}

}

//HardCode Here the Angle between the struts of the rotating mandrel if required
void rotatemandrel() {
//Need to home the motor here
//Activate servos for the RM homing
int collectiondelayTimeSM4_RM = 10;
Serial.printIn("In the rotatemandrelfunction");
float MandrelCollectAngle = 0;
float desiredMandrelCollectAngle = ((45 * 200) / 360); //This will find the steps required in rotating the mandrel by 90 degrees

int RMLoop = 0;

//Gets RFCU where it needs to be
float priorTime_mandrel = millis();
while (RMLoop == 0) {
//Rotating mandrel control
runmotorstodistance(SM4_RM_Direction, (SM4_RM_Enable), (SM4_RM_Step), priorTime_mandrel, ResetTimeSM4_RM, collectiondelayTimeSM4_RM, MandrelCollectAngle,
desiredMandrelCollectAngle);
if (MandrelCollectAngle == desiredMandrelCollectAngle) {
RMLoop = 1;
}
}
//PLEASE UPDATE THE PLACEHOLDER VALUES
void AdditionalProcesses() {
Serial.printin("Additional Processes");
Serial.printin(" ");
Serial.printin(P2);
Serial.printin(P3);
Serial.printin(P4);

AP2=1;
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AP3=1;
AP4=1;

Aproc =0;

while (Aproc !=1) {

if (P2==1){
Process2();
}
else {
AP2=0;
}
if (P3==1){
Process3();
}
else {
AP3=0;
}
if (P4==1){
Process4();
}
else {
AP4 =0;

}
if (AP2 == 0 && AP3 == 0 && AP4 == 0) {
Aproc=1;
Serial.printin("done?");
return;

}

void Process2() {
Serial.printin("Process 2 - Vapour");
Serial.printin(P2timeset);
Serial.printin(AP2);
Serial.printin(AP3);
Serial.printin(AP4);

P2_FTUpos = 27000;
//tests
//VF = 1000; Water test for mi/h

//NoRewV = VF /0.38; //
//delayTimeSM8_VP = ((3600000 / (3200 * NoRewV)) / 2);

float overwritetime_process = 0;
float Time_process = 0;
float priorTime_process = millis();

while (AP2 ==1) {
//runmotorstodistance(SM5_FTU_Direction, (SM5_FTU_Enable), (SM5_FTU_Step), priorTime_process, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, P2_FTUpos);
FTUPos = P2_FTUpos; //TEST

if (FTUPos == P2_FTUpos) {
priorTime_process = millis();
while (AP2 == 1) {
runmotorstodistance(SM6_FCU_Direction, (SM6_FCU_Enable), (SM6_FCU_Step), priorTime_process, ResetTimeSM6_FCU, delayTimeSM6_FCU,
FCUPos, 1500);
//FCUPos = 5000; //TEST

if (FCUPos == 1500) {

priorTime_process = millis();
while (Time_process <= P2timeset) {
overwritetime_process = millis();
Time_process = overwritetime_process - priorTime_process;

runmotorstolimit(SM7_RFCU_Direction, SM7_RFCU_Enable, SM7_RFCU_Step, priorTime_process,
ResetTimeSM7_RFCU, delayTimeSM7_RFCU, P2, 0, CV_RFCU);

runmotorstolimit(SM8_VP_Direction, SM8_VP_Enable, SM8_VP_Step, priorTime_process, ResetTimeSM8_VP,
delayTimeSM8_VP, P2, 0, CV_RM);

digitalWrite(R3_Vap, HIGH);
digitalWrite(R2_AP, HIGH);

if (Time_process == P2timeset) {
CV_FTU=0;
digitalWrite(R3_Vap, LOW);
digitalWrite(R2_AP, LOW);

priorTime_process = millis();
while (AP2 == 1) {
runmotorstodistance(SM6_FCU_Direction, (SM6_FCU_Enable),
(SM6_FCU_Step), priorTime_process, ResetTimeSM6_FCU, delayTimeSM6_FCU, FCUPos, 500);
//FCUPos = 500; //TEST

if (FCUPos == 500) {
digitalWrite(SM8_VP_Enable, HIGH);
digital Write(SM8_VP_Step, LOW);
digitalWrite(SM7_RFCU_Enable, HIGH);
digital Write(SM7_RFCU_Step, LOW);
Serial.printIn("Process 1 done");
AP2=0;
return;

}

void Process3() {
Serial.printin("Process 3 - Lithography");
Serial.printin(P3timeset);
Serial.printin(AP2);
Serial.printin(AP3);
Serial.printin(AP4);
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P3_FTUpos = 14500;

float overwritetime_process = 0;
float Time_process = 0;
float priorTime_process = millis();

priorTime_process = millis();
while (AP3 == 1) {

//runmotorstodistance(SM5_FTU_Direction, (SM5_FTU_Enable), (SM5_FTU_Step), priorTime_process, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, P3_FTUpos);

FTUPos = P3_FTUpos; //TEST
if (FTUPos == P3_FTUpos) {

priorTime_process = millis();
while (AP3 == 1) {

//runmotorstodistance(SM6_FCU_Direction, (SM6_FCU_Enable), (SM6_FCU_Step), priorTime_process, ResetTimeSM6_FCU, delayTimeSM6_FCU,

FCUPos, 2500);
FCUPos = 2500; //TEST

if (FCUPos == 2500) {

priorTime_process = millis();
while (Time_process <= P3timeset) {

(SM6_FCU_Step), priorTime_process, ResetTimeSM6_FCU, delayTimeSM6_FCU, FCUPos, 500);

}

void Process4() {
Serial.printin("Process 4 - Corona Plasma Discharge");
Serial.printin(P4timeset);
Serial.printin(AP2);
Serial.printin(AP3);
Serial.printin(AP4);

P4_FTUpos = 3000;
float overwritetime_process = 0;
float Time_process = 0;

float priorTime_process = millis();

priorTime_process = millis();
while (AP4 == 1) {

overwritetime_process = millis();

ServLED.write(90);
digitalWrite(R4_LED, HIGH);

if (Time_process == P3timeset) {

Time_process = overwritetime_process - priorTime_process;

digitalWrite(R4_LED, LOW);
priorTime_process = millis();
while (AP3 == 1) {

//runmotorstodistance(SM6_FCU_Direction, (SM6_FCU_Enable),
FCUPos = 500; //TEST

if (FCUPos == 500) {
Serial.printIn("Process 2 done");
ServLED.write(10);
AP3 =0;
return;
//AdditionalProcesses();

runmotorstodistance(SM5_FTU_Direction, (SM5_FTU_Enable), (SM5_FTU_Step), priorTime_process, ResetTimeSM5_FTU, delayTimeSM5_FTU, FTUPos, P4_FTUpos);

//FCUPos = P4_FTUpos; //TEST

if (FTUPos == P4_FTUpos) {
priorTime_process = millis();
while (AP4 == 1) {

runmotorstodistance(SM6_FCU_Direction, (SM6_FCU_Enable), (SM6_FCU_Step), priorTime_process, ResetTimeSM6_FCU, delayTimeSM6_FCU,

FCUPos, 1000);
//FCUPos = 1000;

if (FCUPos == 1000) {

priorTime_process = millis();
while (Time_process <= P4timeset) {

(SM6_FCU_Step), priorTime_process, ResetTimeSM6_FCU, delayTimeSM6_FCU, FCUPos, 500);

}

void StopElectrospinning() {
//this must end everything and rehome the various actuators

Serial.printin("Printing finished: rehoming motors and returning to the menu");

overwritetime_process = millis();
Time_process = overwritetime_process - priorTime_process;
digitalWrite(R5_CPG, HIGH);

if (Time_process == P4timeset) {

digitalWrite(R5_Cl
priorTime_proces:

while (AP4 == 1) {

PG, LOW);
s = millis();

runmotorstodistance(SM6_FCU_Direction, (SM6_FCU_Enable),
//FCUPos = 500;

if (FCUPos == 500) {
Serial.printIn("Process 4 done");
AP4=0;
Serial.printin(P4);
return;
//AdditionalProcesses();
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homeservomotors();
activateshomingservomotors();

int control = 0;

float priorTime_home = millis();

int rehomedelayTimeSM4_RM = 10;

while (control ==0) {
//activateshomingservomotors();
priorTime_home = millis();
while (control == 0) {

//runmotorstodistance(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, priorTime_home, ResetTimeSM6_FCU, delayTimeSM6_FCU, FTUPos, 5000);
if (CV_RM == 0) {
runmotorstolimit(SM4_RM_Direction, SM4_RM_Enable, SM4_RM_Step, priorTime_home, ResetTimeSM4_RM, rehomedelayTimeSM4_RM,
LS4_LimRM, 1, CV_RM);
}
if (CV_FTU == 0) {
runmotorstolimit(SM5_FTU_Direction, SM5_FTU_Enable, SM5_FTU_Step, priorTime_home, ResetTimeSM5_FTU, delayTimeSM5_FTU, LS5_LimFTU, 1,
CV_FTU);

}
if (CV_CEU == 0) {
runmotorstolimit(SM2_CEU_Direction, SM2_CEU_Enable, SM2_CEU_Step, priorTime_home, ResetTimeSM2_ZS1, delayTimeSM2andSM3_ZS,
LS2_LimCEU1, 1, CV_CEV);
}
if (CV_CEU2 == 0) {

runmotorstolimit(SM3_CEU_Direction, SM3_CEU_Enable, SM3_CEU_Step, priorTime_home, ResetTimeSM3_ZS2, delayTimeSM2andSM3_ZS,
LS3_LimCEU2, 1, CV_CEU2);

}
if (CV_FCU == 0) {
runmotorstolimit(SM6_FCU_Direction, SM6_FCU_Enable, SM6_FCU_Step, priorTime_home, ResetTimeSM6_FCU, delayTimeSM6_FCU, LS6_LimFCU, 1,

CV_FCU);
}
if (CV_RM == 1 && CV_FTU == 1 && CV_FCU == 1 && CV_CEU == 1 && CV_CEU2 == 1) {
homeservomotors();
setup();
}
}
}
}
void loop() {
//Serial.printIn(TimeOn);
/*}132352.94117647058823529411764706/2 This is to print 1ml/h utilise 11029.411764705882352941176470588/2 to test at mm at Sminutes*/
}
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