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ABSTRACT

Damage and disease of connective tissue (CT) pose a risk to an increasing percentage of
the population, and the ability to develop biocompatible polymers that better replicate
the intrinsic properties of CT would aid in improving the function of CT replacements.
Poly(Vinyl Alcohol) (PVA) cryogel is a particularly versatile biomaterial because it
has ‘tuneable’ mechanical properties which can mimic a wide range of soft tissues.
PVA is compatible with magnetic resonance (MR) imaging; allowing tissue implants
to be monitored non-invasively. PVA is compatible with novel sub-zero temperature
additive manufacturing (AM) techniques, which provides considerably greater freedom
in the design process, as well as social and economical benefits to implant manufacture.
The overarching aim of this thesis is to explore the design for additive manufacture,
and intrinsic material properties of PVA cryogels, with respect to their use as physical

models of connective tissue.

Viscoelastic and MR 7T, characterisation was conducted to assess the relation-
ship between PVA composition and its viscoelastic behaviour under dynamic load-
ing representing physiological conditions, and the relationship between composition
and MR T, relaxation time. The AM of PVA has been progressed through a bio-
inspired approach to control the 3D printing toolpath, allowing for the introduction
of anisotropic and functionally graded material behaviour. This has been achieved
through the analysis of key AM process parameters, and the development of a para-

metric method to vary the infill geometry, and in turn the mechanical properties of

AM PVA.

This thesis establishes a composition-dependent correlation between the viscoelastic
moduli and MR T5 relaxation time. This thesis has also shown that AM PVA samples
exhibit pronounced orthotropic properties; with the smallest nozzle size tested showing

a ~30% decrease in viscoelastic moduli when tested perpendicular to the print direc-



)

tion. Samples with custom infill geometries were successfully manufactured, and the
empirically derived relationships have been shown between parameters used to define

the toolpath shape, and hyperelastic mechanical properties.

Critically, this thesis has explored the design and manufacture of PVA cryogels; for
the first to time assessing its viscoelastic properties under physiological loading, and
defining bio-inspired AM methods to introduce and control orthotropic and functional

graded properties intrinsic to CT.
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Chapter 1

INTRODUCTION

This chapter aims to introduces the background literature pertinent to this thesis.
This focuses on the role and structure of connective tissues (section[1.2)); an overview of
biomaterials, and a literature review of potential materials for CT replacement (section
; the current uses of PVA cryogels, and its suitability to replace CT (section ;
a literature review on the status of additive manufacture of PVA (section [L.4)); as well

as an overview of imaging techniques used to analyse PVA. (section [L.5)).

1.1 Clinical and economic importance of engineer-

ing novel biomaterials

The development of biomaterials for novel clinical applications offers significant social
and economic impact. For example, damage to connective tissues of the human body
impact on the quality of life, and life expectancy of a large percentage of the world
population [12| [13]. Connective tissues include arterial tissues, articular cartilage,

and bone among others. These tissues have a role in mechanical loading as they
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typically bind, support and/or protect other tissues and organs in the human body.
Cardiovascular Disease (CVD) was responsible for 164,000 deaths in the UK in 2019,
and accounts for 27% of total deaths recorded [14]. Osteoarthritis (OA), a degenerative
disease of synovial joints, is another prevalent example of connective tissue damage. In
the USA, 1.5M hip and knee joint replacements were predicted for 2020, compared to
700,000 performed in 2012 [15].

It is apparent that the clinical impact of connective tissue damage and disease is
heavy and ever increasing. The surgical intervention, often required to repair or replace
diseased damaged tissue, poses an enormous and increasing cost to the worldwide
economy. In 2017, CVD cost the UK economy £28 billion [12]. The total cost of CVD
in the USA was $555 billion in 2016; in line with increasing population and obesity
rates. This figure is projected to be $1.1 trillion per year by 2035 [13]. The design and
engineering of biomaterials which better mimic the function of CT is one solution to

providing precision healthcare to a growing section of the population.

Mechanical testing is a fundamental technique used to characterise the stiffness,
hyperelasticity [16] 17, 18] 19 20, 21] and viscoelasticity [22, 23] 24], 25| [26] 27, 28] of
CT. It also allows for the assessment of the failure modes of CT [29] 30} 31, 25], and the
impact of physiological changes caused by disease on the function of CT [32] [16] 20].
Most importantly to this thesis, mechanical testing is also crucial in assessing and

characterising synthetic biomaterials for use as physical models of CT [33] 34], 35} 136].

Tissue mimicking phantoms are an efficient and cost effective method of experimen-
tally simulating the design, development and testing of novel diagnosis or intervention
techniques, whilst avoiding the use of animal tissue. One such synthetic biomaterial
which demonstrates particular promise as a tissue mimicking material, is PVA. PVA
exhibits tuneable mechanical properties [37], favourable biocompatibility [33, [38] as
well as compatibility with imaging techniques such as MRI [39]. This has lead to PVA

being particularly well known as a vessel mimicking material and forms an essential
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tool in the research of cardiovascular biomechanics, diagnostic CVD techniques and
medical device testing |40} [41] [42]. The mechanical characterisation of PVA has shown
its applicability to be used as a tissue mimic for multiple CTs [43] [44] 45 9], and has
been shown to be hyperelastic and viscoelastic. However, the viscoelastic properties of
PVA under dynamic loading conditions have not yet been studied. Dynamic mechan-
ical analysis would allow for a better understanding of the viscoelastic properties of a
material under dynamic loading, at frequencies representative of physiological condi-
tions. For example, the frequency of loading most appropriate to test a biomaterial to
replicate CT in the cardiovascular system would be comparable to physiological ranges

of heart rate [23].

Additive manufacture has been swiftly adopted by the medical field, giving the
opportunity to manufacture patient specific implants in short time scales [46, 47]. AM
technology is most frequently used for the manufacture of patient-specific orthopaedic
implants, medical models and instrumentation [47] although recent innovations have
allowed for the AM of soft polymeric materials, more suitable for soft tissue scaffolds
[48]. PVA has also been shown to be compatible with AM, if adaptations are made
to use sub-zero temperature build plates [9]. However, the concept of sub-zero AM is
still in its infancy, and the influence of AM techniques on the mechanical behaviour
of PVA has not been quantified. This is especially important for PVA, where the use
of controlled freezing and thawing is used to alter mechanical properties, therefore
meaning the freezing process during sub-zero AM is likely to alter the formation of

PVA crystallites.

Although a significant amount of research has been undertaken on the intrinsic
material properties of PVA, this area of literature remains fragmented. For example
consistent manufacturing parameters have generally not been used between studies,
resulting in difficulty drawing conclusions and trends between the many process pa-

rameters, material properties and manufacturing techniques present. Hence, there is
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scope to systematically evaluate the relationship between compositional changes in
PVA, manufacturing methods, and the resulting intrinsic material properties; allowing
for a more cohesive understanding of the material properties of PVA as a replacement

biomaterial.

1.2 Mechanical function of connective tissue

1.2.1 Connective tissues and the ECM

Connective tissue (CT) encompasses a range of biological tissues, all of which perform
mechanical functions in the body. Common examples are: articular cartilage, inter-
vertebral discs, tendons and ligaments, and vascular tissues. Although the mechanical
function of a CT depends on its application, the general structure will remain the
same, with the key component of all CT being the extracellular matriz (ECM). This
primarily consists of collagen fibres and a hydrated gel often referred to as the ground

substance predominately consisting of hydrophilic glycosaminoglycans (GAGs).

Most CTs can be described as fibre reinforced composites, with collagen fibres
present in the tissue, reinforcing the surrounding ECM. It should be noted, that due to
the structure of collagen fibres, they will only reinforce the surrounding matrix when
loaded under tensile forces. Therefore, the mechanical strength of CT is impacted
significantly by the orientation of collagen fibrils within the tissue, as well as the per-
centage of the tissue made up by collagen. Due to the orientation of collagen having a
significant impact on the mechanical properties of CT, they often exhibit anisotropic

or orthotropic behaviour [49)].

The primary mechanism which allows for fibre reinforcement, results from the shear

forces present between collagen fibres and the ground substance [50]. If the collagen
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fibres present in CT were the same length as the tissue itself, one would expect the
collagen fibres to undergo a extension, with the restoring force in the fibres balancing
the force applied. However, in most cases the collagen fibres will be significantly shorter
than the length of the tissue; despite this they are still able to reinforce the CT. In this
case, an applied tensile force will initially cause the ECM to flow, which will induce a
shear force between the ground substance and collagen fibres. As the fibres undergo a
shear force, they will extend, allowing a restoring force to still be able to reinforce the
ECM, as long the shear force is high enough to cause significant elongation. The shear
force induced in collagen fibres will not be constant throughout its length, with the
maximum force being in the centre of the fibre, reducing to zero at either end. The total
shear force present, and therefore the fibres ability to exhibit adequate reinforcement

is dependant on the length of the fibre [50].

[+ 41

I L+46L

Figure 1.1: The straightening seen in a crimped fibril of length, I, in a fascile of
length L.

A second mechanism which impacts collagen’s function as a fibre reinforcement,
called crimping, is also present [51]. This is related to the shape of the fibril itself,
and describes the dimensional properties of collagen, where it will gradually straighten
under a tensile load (figure . A useful example to understand the implication of
crimping is to examine the stress/strain relationship of a tendon under uniaxial ten-
sion, which exhibits a toe region’, where the tendon is more compliant, and a linear
elastic region, resulting in a hyperelastic ‘J’ shaped curve (figure [17, [18]. This
‘]’ shaped stress/strain relationship is common for connective tissues; a few examples
include arterial tissue [52], articular cartilage [16], and nerve tissue [25]. Crimping
aids in explaining the toe region of the this relationship, in which the fibre crimps

are straightened, whilst applying minimal stress to the underlying structure of the
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Figure 1.2: Impact of crimping on the behaviour of a connective tissue under load.

Although the collagen network provides the majority of a CTs resistance to me-
chanical force under tension and shear forces, proteoglycans also play an important role
in contributing to the mechanical behaviour of CT under compression [53]. Within the
ECM, proteoglycans are trapped within the collagen matrix, and the most common
is aggrecan. This contain negatively charged chains of sulfated glycosaminoglycans
(GAGs), which create a fixed charge density [54]. This fixed charge density in turn
provides an osmotic swelling pressure, and also attracts positive cations which increases
the osmotic swelling pressure further [50]. This process aids in resisting compressive
forces [53], as well as influencing the water content of the CT. This mechanism is most
often discussed with respect to the mechanical behaviour of articular cartilage under

compression.

The important conclusion of this brief overview is that the structure of CT is non-
trivial and the fundamental mechanisms that constitute fibre reinforcement, result in
CTs frequently exhibiting anisotropic and hyperelastic properties. This knowledge
proves fundamental when searching for a suitable material to mimic the mechanical

response of CT. To further consider the mechanical behaviour of different C'Ts, sections
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[1.2.2 and [1.2.3 will give an overview of the structure and mechanical behaviour of two

examples: the arterial wall and articular cartilage. The aim of this brief overview will
be to view the histology of arterial tissue and articular cartilage from a biomechanical
perspective, explaining how structural differences in CT on a microscopic scale, result

in significant and complex differences in mechanical behaviour on a meso-scale.

1.2.2 The arterial wall

Elastic Tunica Muscular Tunica
T extgrna aﬂery externa

media

Tunica Tunica

intima intima

Figure 1.3: A comparison of the walls of an elastic artery and a muscular artery.
Reproduced from - [1|] under creative Commons 4.0.

All arteries consist of three layers: the intima, media, and adventitia where each
layer of the arterial wall is responsible for a different function (figure [55]. Arteries
are classified as either elastic or muscular, where elastic arteries contain more colla-
gen and elastin in the media compared to muscular arteries which contain a higher
proportion of smooth muscle cells in the media. The majority of large arteries close
to the heart (with the exception of the coronary artery) are considered elastic, whilst
the majority of peripheral arteries are classified as muscular. The intima includes
the endothelium, a thin layer of endothelial cells in direct contact with the blood-
stream. Primary functions of the endothelium include aiding in vascular homeostasis
and the formation and break-up of thrombi [56]. Endothelial cells proliferate due to

mechanotransduction, where wall shear stresses caused by blood flow activates the cells.
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Therefore the material properties of the arterial wall are fundamental to the function

of the endothelium [57].

The media consists of collagen fibres, elastin and smooth muscle cells [58]. Thin
elastic laminae separate the media into concentric, fibre-reinforced layers called mus-
culoelastic fascicles [2]. The adventitia is a sheath of CT, predominately made up of
collagen fibres. The adventitia aids in reinforcing the arterial wall, and anchors the

vessel to surrounding tissue [58].

Through polarized light microscopy it has been shown that the orientation of colla-
gen fibres varies between the layers of the artery, where alignment in the adventitia and

intima are seen to be more dispersed than in media, where collagen fibres are aligned

circumferentially [59] (figure [L.4)).

helically arranged fibre-
reinforced adventitial layer

transversely isotropic fibre-
reinforced medial unit

helically arranged fibre-
reinforced intimal layer

collagen fibres
elastic lamina externa
collagen fibril
smooth muscle cell
clastic fibril A |
elastic lamina interna
endothelial cell

Figure 1.4: Idealisation of the orientation of collagen fibres in each layer of the
arterial wall. Reproduced with permission [2]

Due to the principles of fibre reinforcement present in connective tissues (as ex-
plained in section [1.2.1), a difference in the mechanical behaviour between all three
layers of the arterial wall is reported [2]. In a healthy artery at low stresses, the cir-

cumferential alignment of musculoelastic fascicles in the media mean it is generally
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responsible for the majority of arterial strength. The dispersed, crimped nature of
collagen in the adventitia does not immediately reinforce the ECM. However as the
fibres straighten under significant high strains, the adventitia reinforces the arterial

wall, reducing the likelihood of overstretching and rupturing [2].

As the structure of each layer of the arterial wall is tailored to its mechanical
function, an ideal material replacement would allow the ability to control the both the
material stiffness and hyperelastic response in order to accurately replicate each layer
within the arterial wall. For example, the material used to replicate the adventitia
should have a more ‘J’ -shaped response between stress and strain, only providing

additional stiffness at high strains to prevent rupture.

1.2.3  Articular cartilage

The primary function of articular cartilage is to provide a low friction surface to allow
smooth motion of synovial joints, as well protect the joint through the dissipation
and storage of energy when subject to loading. Articular cartilage is comprised of
approximately 70% water, 20% type II collagen, and 8% proteoglycans [3]. Articular

cartilage has four layers: calcified cartilage, and the deep, transitional, and superficial

zones (figure [LA)).

The deep zone is responsible for majority of cartilage’s ability to withstand com-
pressive forces; where collagen fibres orientated perpendicular to the articular surface,
greater collagen fibre thickness, higher proteoglycan content, and lower water content
result in a material tailored to resist compression [60]. Conversely, collagen fibres in
the superficial zone are orientated parallel to the articular surface. In this case, the
mechanical function of the superficial zone is to resist shear, tensile and compressive
forces across the articular surface during articulation. Between these two layers is the

transitional zone where collagen alignment is considerably less defined. Although the



1 - INTRODUCTION 10

cw disc shaped chondrocyte
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Figure 1.5: A diagram illustrating the idealised orientation of collagen fibres across
all layers of articular cartilage. Reproduced from - [3] under creative Commons 4.0.

transitional zone does aid in resisting compressive forces, it crucially provides a smooth
gradient between the structures and properties of the superficial and deep zones[3][60].
As explained in section [I.2.1, the swelling pressure introduced by proteoglycans also
aids in withstanding compressive forces, and as such water content has also been shown

to significantly alter the mechanical response of articular cartilage [61].

In the case of articular cartilage the ideal material to replicate it’s biomechanical
behaviour would have an articular surface designed to resist forces associated with ar-
ticulation, whilst having a sufficiently low coefficient of friction; a deep zone designed
to resist compressive forces during loading (i.e. whilst walking or running); and a
zone which provides a functionally graded transition between the two. As with the
case-study in section [1.2.2 discussing the histology of arteries, this hypothetical mate-
rial is non-trivial to manufacture and a complete understanding of the structure and

mechanical behaviour of a candidate material is fundamental to its success.
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1.3 Synthetic biomaterials

1.3.1 Overview of synthetic biomaterials

A biomaterial is classed as any material, either synthetic or biological, that has been
manufactured and used for medical applications [62], including for example, materials
for hip replacements [63], fracture fixation [64], heart valve replacement [42], stents [65],
other connective tissue replacements [66], and dental implants [67]. The definition of
a biomaterial does not include a requirement for invasive surgery, with materials used
for less invasive applications such as contact lenses [68] and methods for drug delivery

[69] also being included.

Broadly, biomaterials can be separated into three categories: biotolerant, biologi-
cally inert, and bioactive (figure [70]. A biotolerant material should not cause any
adverse reaction or rejection, however over time there will be a formation of fibrous
tissue surrounding the implant. Polymers such as PMMA and polyethelene, as well
as ceramics, are examples of biotolerant materials commonly used as bearing surfaces
in total joint replacement [71]. The interaction between either the implant or wear
particles and the surrounding tissue can cause inflammation, meaning the biological
interaction must be comprehensively understood in order to make informed material
choices [71]. This is not the case for bioinert materials, meaning they are better suited
for implants that require direct interaction with biological tissues, as no fibrous cap-
sule will develop around them. For example titanium is a bioinert material frequently
used for hip replacements, where osseointegration can be utilised to increase implant

fixation [72].

Bioactive materials are able to induce a biological response in the surrounding tis-

sue, often stimulating tissue regeneration or releasing bioactive molecules [73]. Some
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A) Manufactured implant B) Micro CT scan I )

Cartilage Hydrogel
(¢) Bioactive: GelMA

L3

(a) Biotolerant: PMMA (b) Bioinert: Titanium

Figure 1.6: (a) Cranial implant manufactured from PMMA (Reproduced from -[4]
under creative Commons 2.0. (b) A titanium coated implant, showing close integration
with bone (Reproduced from - [4] under creative Commons 2.0). (c) GelMA implant
used for in situ cartilage repair (Reproduced from - [6] under creative Commons 4.0.).

biomaterials can also be described as bioresorbable, meaning they break down in the
body over time. Most commonly, polylactic acid (PLA) and polyglycolic acid (PGA)
are used for fracture fixation implants where support is only required for a relatively
short period of time. This means the implant can resorb, negating the need for addi-
tional surgery for the removal of implants, or the build-up and corrosion of metallic
implants [74]. Clearly the field of biomaterials encompasses an incredibly broad range
of materials, applications, and design or manufacturing considerations. Therefore, this

section will focus closely on the use of biomaterials to replace soft connective tissues.

1.3.2 Materials for connective tissue replacement

As this thesis is focused on the replication of the intrinsic material properties of CT,
an overview of the materials and methods currently used for soft tissue replication,
replacement, and repair is crucial to identify specific gaps in research knowledge that
could be improved upon. This section will broadly discuss the state of the art materials
currently used in tissue engineering and for the replication of CT, focusing specifically
on material requirements for this thesis. This section will then provide an overview of

the structure and material properties for the material used throughout this thesis, as
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well as justification for why it was chosen.

Due to the nuanced mechanical behaviour of CT (as discussed in section [I.2), not
all biomaterials are suited to replicate or replace them. To be a viable candidate for
CT replacement, the requirements listed here should be considered. It should be of
course be noted that the exact requirements and order of importance will depend on

the specific CT in question.

Key requirements for selecting CT replacement materials from a biomechanical per-

spective:

e Biocompatibility should be carefully considered, especially where cell prolifera-
tion or stimulus is required. Therefore the material (or derivatives of the material)

must have proven cell compatibility.

e The ability of the material to withstand compressive, tensile, or shear forces
should be as close as possible to the CT in question. An ideal material would
have infinitely tuneable material properties, allowing the replication of many CT's

without significant further investment in time or research.

e The specific mechanical behaviour relevant to the CT in question. It is important
to note the difference between this, and the strength of a material. Two materials
may have the same Young’s modulus at low strains, but may respond very dif-
ferently under high strains or at different loading frequencies. As above, an ideal

material would have infinitely tuneable hyperelastic and viscoelastic properties.

e The manufacturability of the material should be considered with respect to the
ability to design and manufacture heterogeneous materials. Compatibility with

AM will be crucial to meeting this requirement (section [1.4))
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1.3.2.1 Biocompatible AM materials

Common methods of AM will be discussed in full in section However, as compat-
ibility with AM is an important material requirement, well established AM materials
that are also biocompatible will be briefly discussed here. This list is actually quite
extensive, encompassing metals, polymers, and resins used for applications such as
joint replacement, fracture fixation, and dental implants [75]. With respect to the me-
chanical function of CTs, these materials are orders of magnitudes too stiff. That said,
some flexible polymers developed for AM are biocompatible and should be drawn to

the readers attention, although are ultimately not suitable for CT replacement.

Most of the flexible materials compatible with traditional AM techniques (such as
fused deposition modelling) are thermoplastics, with thermoplastic elastomer (TPE),
thermoplastic polyamide (TPA), and thermoplastic polyurethane (TPU) being exam-
ples of biocompatible 3D printable materials which are less stiff compared to traditional
polymers. For example NinjaFlex (NinjaTek, Mannheim, USA) is TPE variant that
has been shown to be biocompatible, and can be elongated by 800% strain before ma-
terial failure|76][77]. With an elastic modulus of 26 M Pa, significantly less stiff than
most polymers (with elastic moduli in the order of G Pa), Ninjaflex is in the order of
magnitude of some stiffer CTs such as tendon [78]. However, little research has ex-
plored the use of TPEs as CT replacements, and all flexible 3D printable thermoplastics
(such as NinjaFlex) have the same problem with respect to the material requirements
previously described: It is not possible to tune their intrinsic material properties. This
means they are unable to replicate softer connective tissues, and they do not offer
the potential to tune viscoelastic or hyperelastic properties through material compo-
sition parameters. The cell compatibility of materials such as TPE has also not been

extensively researched.
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1.3.2.2 PDMS

Polydimethylsiloxane (PDMS) is the most widely used silicone based biomaterial and
is generally considered to be bioinert [79]. PDMS has been used for a wide range
of biomedical applications due the ability to tune mechanical, acoustic and optical
properties [80]. It has also been shown to exhibit viscoelastic behaviour [81]. Although
the use of PDMS as a material to replicate CT is quite limited, it has been extensively
used for the fabrication of arterial phantoms [82][81]. This is accompanied by good
stability and durability, meaning PDMS is a good candidate for in vitro testing where

an approximation of the mechanical behaviour of CT is required [80].

However, crucial limitations mean PDMS is not a suitable material choice to directly
replace CT. Firstly, although it is well suited for use as a phantom, PDMS lacks the
breadth of knowledge and research in replacing a wide range of connective tissues
compared to other materials. Secondly, although it is possible to change the mechanical
properties of PDMS by varying the ratio of the elastomer and curing agent, it does not
offer a fine level of design control over material properties and structure. Additionally,
to the authors knowledge little research has been conducted on the viability of AM,
although Hinton et al. successfully 3D printed PDMS structures [83]. However, this
study was unsuccessful in fusing filament strands together in the XY plane, resulting
in effectively zero strength [83]. Therefore, this thesis has focused on more versatile

materials with greater compatibility with AM techniques.

1.3.3 Hydrogels

Hydrogels are a category of polymeric materials which are swollen with water, and
can maintain a given geometry [84]. The structure of a hydrogel is maintained by

the introduction of crosslinking, which is the formation of bonds from one polymer
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Hydrogels
Manufacturing Source Biocompatibility Cross-linking Biodegradability
Casting Synthetic Bioinert Physical Degradable
Additive Hybrid Bioactive Chemical Non-degradable
Natural Irradiative

Figure 1.7: A non-exhaustive list of key properties to considered when comparing
hydrogels.

chain to another. This cross-linking can either be done through chemical, physical, or
irradiative processes, where either covalent or physical bonds will be formed respectively
[64] (figure [L.7). Due to the high water content of hydrogels, they normally exhibit
good biocompatibility, and were among the first biomaterials used in the 1950’s and

60’s [64].

The addition of cross-linking within a hydrogel can influence: its mechanical prop-
erties, where an increase in the number of crosslinks will increase the rigidity of the
crystalline structure; decrease its viscosity, as polymer chains will be less able to flow;
and reduce the solubility of the material, although they are able to absorb the solvent
they are situated in until reaching an equilibrium swollen state [85]. The equilibrium
state will be a balance between the osmotic pressure in the hydrogel, and the retractive
force of the 3D structure of the polymer network. Physical cross-linking involves the
formation of hydrogen bonding, entangled chains, hydrophobic interactions, or crys-

tallite formation [85]. Chemical cross-linking on the other hand, is the formation of
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more permanent covalent bonds between polymer chains, often using chemicals like

glutaraldehyde [86) [87].

Hydrogels can be synthesised either from natural or synthetic compounds [88]. Syn-
thetic hydrogels (such as poly(ethylene glycol) [PEG] and poly(vinyl alcohol) [PVA])
have been extensively used in tissue engineering as replacements for CTs due to good
biocompatibility and mechanical strength [88]. Natural hydrogels (such as alginate,
gelatin and their derivatives) typically have significantly lower mechanical strength,
but are still widely used in biomedical applications as they are derived from organic
compounds [89]. This means they are non-toxic and elicit little to no inflammatory

response when implanted.

To give more detail on the benefits and limitations of natural hydrogels with respect
to this thesis, two examples will be discussed: Alginate and gelatin based hydrogels.
However, due to the constraints created by the material requirements of CT, the most
promising materials discussed in this chapter are synthetic hydrogels. PVA will be the
primary synthetic hydrogel discussed, as it meets all the material requirements speci-

fied, whilst also being efficient to manufacture, adjust, and refine material properties.

1.3.3.1 Natural hydrogels

Alginate is one of the most commonly used hydrogels used for biomedical applica-
tions, and is well suited to aiding wound healing, drug delivery, and tissue engineering
[90]. Alginate is a natural hydrogel normally synthesised from brown algae through
treatment with aqueous alkaline solutions [91]. Depending on the application, different
additives can be introduced to alginate. For example cell-adhesive peptides can be
introduced to increase cell adhesion [90]. Despite well documented biocompatibility,
one of the key issues of alginate derived hydrogels is a lack of mechanical strength.

The most common form of gelling alginate uses a cross-linking agent to introduce ionic
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bonds. When a force is applied these ionic bonds have a tendency to dissociate, and
reform elsewhere. This results in a loss of water content and plastic deformation, and
ultimately poor mechanical properties [90]. For example gelatin sodium alginate was
shown to have a Young’s modulus of 3.21 kPa, several orders of magnitude below
the the vast majority of CT [92]. Physical crosslinking can increase the mechanical
strength, however toxicity caused by the cross-linking process causes added complexity

in ensuring biocompatibility [90].
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Figure 1.8: (A) Young’s modulus of gelMA and gelMA-tyr. (B) Cartilage biopsies
adhered together using GelMA-Tyr. (C) Ultimate strength og gelMA and gelMA-tyr.
Reproduced under Creative Commons licence 4.0 [0].

Similarly to alginate, gelatin based hydrogels are a group of natural hydrogels that
are frequently used for biomedical applications, again most commonly in drug deliv-
ery and tissue engineering [93]. Gelatin is a particularly attractive hydrogel for tissue

engineering as it is water soluble at 30 °C', and non-immunogenic [93]. Additives
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are frequently added to gelatin to effect material characteristics such as mechanical
behaviour, and gelatin methacrylamide (gelMA) has been shown to have tuneable
viscoelastic properties [94]. GelMA has also shown promise in connective tissue re-
generation. For example, a tyramine gelAM (gelAM-tyr) hydrogel was shown to act
as both a cell carrier and cartilage-binding glue to aid cartilage repair [6] (figure .
It should be noted that it was not possible for gelMA-tyr to act as a cartilage re-
placement, rather it was used to bind damaged cartilage together. This is due to the
low mechanical strength of gelMA and gelMA-tyr, with elastic moduli and ultimate
strength in the range of 2 - 6 and 5 - 20 kPa respectively (figure [lﬁﬂ .

A 3D printing (22°C) Release (37°C)
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Figure 1.9: (A) Schematic of the FRESH process showing the hydrogel (green) being
extruded and cross-linked within a gelatin support bath (yellow). (B) Images of the

letters “CMU” FRESH printed in alginate illustrating the ability to 3D print complex
free-standing structures. Reproduced under Creative Commons licence 4.0 [7]

-= >

Alginate and gelatin based hydrogels are well studied with respect to additive man-
ufacturing. The most common technique used is Freeform Reversible Embedding of
Suspended Hydrogels (FRESH) (figure [L.9). This process involves extruding a hydro-

gel into a shear thinning fluid. As the needle moves through the fluid, the shear forces
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reduce fluids viscosity and allow the hydrogel to be easily extruded. Once the hydrogel
has been extruded and is static, the viscosity of the surrounding fluid increases and
supports the hydrogel. [7][95][96]. This technique has been well studied has been used

to successfully manufacture complex geometries from hydrogels such as alginate.

Despite clear compatibility with AM, alginate is ultimately more suited to appli-
cations in tissue engineering where mechanical strength is less crucial. As well as for
uses in drug delivery and wound healing, alginate has been shown to be useful for
aiding bone healing and cartilage repair [90]. However, it is seldom used to replace
the mechanical function of CT; for example in the case of cartilage repair, alginate
has shown potential in transplanting chondrogenic cells to restore damaged cartilage,
not as a cartilage replacement [90]. Ultimately, due to the lack of mechanical strength,

natural hydrogels are unable to meet the material requirements to suitably replace CT.

1.3.3.2 Synthetic hydrogels

The material requirements described in section are fundamental to the success in
the aims set out in this thesis, where the material must have adequate, tuneable me-
chanical properties, good biocompatibility, and compatibility with AM. This section
has shown that very few materials meet all of these requirements, where materials
such as PDMS have mechanical strength, but do not have the control over mechanical
behaviour that is required, or suitable compatibility with AM; or hydrogels such as
alginate or GeIMA, which have very good compatibility with AM and are used exten-

sively in tissue engineering, but are not suitable to replicate the mechanical function

of CTs (figure [1.10).

Synthetic hydrogels are a group of biomaterials that most closely fit the material
requirements outlined. Most focus will be placed on poly(vinyl alcohol) cryogels (which

this thesis will refer to as PVA), as with its good biocompatibility, tuneable material
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Figure 1.10: Venn diagram comparing materials and their suitability for the material
requirements as a replacement for C'T.

properties, evidence of using manufacturing parameters to tune specific behaviour,
compatibility with AM, and a wealth of literature proving its ability to replicate many
connective tissues, it will be the material used throughout the research presented in

this thesis. Firstly however, synthetic hydrogels will be broadly discussed.

Despite their ubiquity in tissue engineering, natural hydrogels have been slowly
replaced by, or hybridised with synthetic hydrogels for some applications due to bet-
ter mechanical strength and longer lifespans [88]. Alongside PVA, commonly used
synthetic polymers for biomedical applications include poly(ethylene glycol) (PEG),
polyaxomers (also known as pluronics) and Poly (hydroxyethyl methacrylate) (pHEMA)
[88]. As with their natural counterparts, synthetic hydrogels have been broadly used
for tissue engineering, drug delivery and wound dressings [88][97] [98]. Due to their

superior mechanical strength, synthetic hydrogels have also been used to replicate or
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replace the mechanical function of CT. PVA is most frequently discussed with respect
to CT, and in a 2017 review which extensively assessed natural and synthetic hydro-
gels, PVA was the only material explicitly described as “highly viable for replicating
tissue structure”, as well as being a “feasible replacement for current artificial grafts”
[88]. For example, PVA been used to replicate the structure of various CTs including

cartilage, inter-vertebral discs, meniscal tissue, and for heart valve replacement (section

5.

Broadly, PVA is the most widely used synthetic hydrogel used specifically to repli-
cate the structure of CT, and will be the focus of the rest of this literature review. The
structure, chemical composition of PVA, and biomedical uses of PVA will be discussed
in section [1.3.4, whilst the the state of the art of PVA AM will be reviewed in section
[1.4 Common imaging techniques used to analyse PVA will then be evaluated in section
.51

1.3.4 Poly(vinyl alcohol)

OH

Figure 1.11: Chemical structure of PVA

PVA is a widely used biocompatible, synthetic polymer[99, [33], that consists of
a mixture of PVA polymer chains and water, that is physically cross-linked through
one or more freeze-thaw cycles (FTCs). It is particularly prevalent as a component of
tissue scaffolds and as a tissue mimicking material. It is possible to refine mechanical

properties of PVA by altering the concentration, molecular weight of the hydrogel,
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and the temperature, duration, and number of FTCs during manufacture. This allows
the material to replicate a broad-spectrum of soft tissues [43] [100], and has led to its

frequent application as:

e A component of heart valve stents [43], prostheses [42];
e Intervertebral disc prostheses [45];

e As a material for articular cartilage [101, 44} 102, 103, 104} 105] and meniscus

replacement [106];
e A carrier for drug delivery [69];

e and to model the mechanical properties of super-soft biological materials such as

brain and lung tissue [9];

e A phantom material for arterial flow studies [39], and a vessel mimicking material

for cardiovascular phantoms [40, 107, 108, 109].

PVA is a synthetic polymer with the chemical structure [CH,CH(OH)),, (figure
, and can be cross-linked using either chemical, physical, or irradiative processes.
PVA is manufactured through the polymerisation of vinyl acetate into poly(vinyl ac-
etate), followed by the hydrolysis of poly(vinyl acetate) into PVA [38]. This reaction
does not undergo completion, meaning a percentage of the functional groups will re-
main poly(vinyl acetate). This percentage is referred to as the degree of hydrolysis,

and impacts material properties such as solubility and its ability to crosslink [110].

This thesis is concerned with physical cross-linking formed during the process of
undergoing FTCs. The process of undergoing FTCs introduces hydrogen bonds be-
tween the hydroxyl groups of polymer chains, and between polymer chains and water

molecules (figure [1.12)) [I11]. During the freezing process, PVA-rich and PVA-poor
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Figure 1.12: Diagram illustrating the formation of hydrogen bonds between PVA
polymer chains.

regions begin to form due to phase separation. Ice crystal formation further concen-
trates PVA-rich areas, which allows an increase in formation of hydrogen bonding and
therefore PVA crystallites [112]. A network of PVA is formed as the hydrogel thaws,
where bulk water will occupy pores within the PVA matrix. As the number of freeze
thaw cycles is increased, this process is repeated, with the crystalline structure of PVA

incorporating more PVA chains, therefore further reinforcing the hydrogel [113].

Due to a broad range of variable parameters during manufacture, as well as the
capability of producing hydrogels free from non-biocompatible crosslinking agents, PVA
lends itself to a wide range of applications as a physical model for connective tissue.
The stiffness of various compositions of PVA has been documented, and table gives
a brief overview of the range of elastic moduli that have been recorded. The material
properties of PVA span the range of values expected of natural tissues; which provides

the ability to ’tune’ the mechanical properties for a specific application.



Table 1.1: Table indication key measurements of the mechanical properties of PVA in literature.

MW /kDa Concentration No. FTC Elastic Modulus / MPa Notes Ref.
or equivalent
Sheets with thicknesses [114]
95 10-16% 15-45 40-90 0.19-0.22 mm tested under tension
89-98 10-35% 2-10 0.0012 - 0.8 Compression modulus, 1-5% strain ~ [112]
9% PVA,
78.4 1% gelatin 1-3 0.1-0.9 Uniaxial tension to 60% strain [115]
This value is for 6 FTC given across [43]

N/A 15% 1-6 0.2-0.8 range of strains of 10-70%.
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Although the elastic modulus of PVA has been extensively researched, considerably
less has literature has explored its viscoelastic behaviour. PVA has been shown to be
viscoelastic [I16][117])[118], however it has not previously been tested under dynamic
loading. Dynamic mechanical analysis aims to model physiological loading by applying
a sinusoidal load across a range of frequencies, quantifying how much energy has been
stored (the elastic response) or dissipated (viscous response). For a materials suitability
to replace a connective tissue to be fully validated, it must not only have a suitable
elastic modulus, but also respond consistently across the range of loading conditions
expected in vivo. DMA provides an invaluable tool to quantify this, and section [2.1.5.1

briefly explains how it is used to calculate the viscous and elastic response of a material.

One of the most frequent applications of PVA is as a replacement for the mechanical
function of articular, where it has been shown to have sufficient mechanical strength,
able to replicate the tensile and compressive moduli of cartilage (approximately 17 and
0.53 - 1.82 M Pa respectively)[105]. Another key characteristic that allows PVA to be
a suitable material for cartilage replacement is the favourable wear properties, where
PVA has a similar coefficient of friction to cartilage due to fluid-film formation when
subject to compression [104]. Advances in AM methods for PVA will also be discussed
in section [1.4] showing potential to replicate the transition of mechanical strength from

the deep to superficial zones.

Most promisingly to this thesis, it has been shown that intrinsic mechanical be-
haviour of PVA hydrogels can be precisely controlled through adjusting manufacturing
parameters. For example, Millon et al. showed the ability to introduce anisotropic
behaviour in PVA by applying tensile forces to the hydrogel during the FTC process
(figure [34]. This anisotropy can be explained by due to the microstructure of
PVA; where, in brief, the application of strain during the FTC process causes align-
ment of PVA crystallites in the direction of tension. These crystallites will continue to

grow in the direction of stress during further FTCs, resulting in anisotropic behaviour
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relative the induced stress and number of FTCs [34] [8]. This technique has allowed
the close replication of the anisotropic properties of the porcine aorta [34] [8]. Due
to freezing and thawing of PVA being fundamental to this process, combined with
the shear thinning nature of PVA, the advent of AM techniques reliant on a freezing
process (section provide the exciting potential to create similar anisotropic effects

through manufacturing parameters alone.
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Figure 1.13: PVA conduit ((A) cycle 1, left) and the 75% initially strained PVA
conduit (cycle 3, right). (B)Stressstrain curves for the anisotropic PVA conduit (75%
initial strain, cycle 3), the anisotropic PVA sheet sample (75% initial strain, cycle 3),
and porcine aorta (both directions). Reprinted with permission from [8]. Copyright
2007 American Chemical Society .

Ultimately, PVA meets all the material requirements to replace CT described in

section [1.3] and to summarise:
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e PVA has suitable mechanical properties, whilst also having greater control over

these properties compared to flexible polymers or PDMS.

e Like most hydrogels PVA has good biocompatibility, but has significantly better

mechanical strength compared to natural hydrogels.

e PVA is one of the most studied synthetic hydrogels for replicating CTs, for ex-
ample being used to replicate cartilage, heart valves, inter-vertebral discs, and

menisci.

e The simple structure of PVA allows it to be carefully controlled to tune its me-

chanical behaviour.

e Like other hydrogels, PVA is compatible with some types of AM.

1.4 Additive manufacture

1.4.1 AM technologies

Traditional manufacturing techniques can be broadly split into machining, casting and
forming. Using these techniques, it is possible to manufacture an extensive range of
solid and hollow body objects, from a broad range of materials. However, additive
manufacture (AM) has allowed a new wave of innovation in design and engineering
in the past two decades, allowing for rapid prototyping of complicated geometries,
functionally graded material properties [119, [120], and an improvement in resource
efficiency and sustainability [121) 122]. AM also has the potential to reduce costs and
save time compared to more traditional manufacturing techniques, when manufacturing

highly intricate parts in low volumes, as well as simplifying supply chains [123].

A key advantage of AM compared to other techniques is the ability to control in-
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trinsic material properties through the manufacturing process, for example enabling
the design of heterogeneous material properties [124]. As hydrogels are viscous, water-
based materials, the vast majority of traditional manufacturing techniques are incom-
patible, with only casting being a viable choice. However, the casting process cannot be
used to influence material heterogeneity, and in the case of PVA, the resulting sample

homogeneity will only be affected by the FTC process described in section [1.3.4.

Additive manufacture provides the only compatible manufacturing method that of-
fers the potential to influence the intrinsic properties of PVA through highly controlled
adjustment of process parameters. This section will broadly outline various AM tech-
niques, highlighting those which hydrogels are compatible with; as well as outlining

key literature into the research of AM PVA, and discussing the gaps in this literature.

AM or 3D printing, are terms used to describe any manufacturing process which
involves the gradual fabrication of a part by building thin layers (typically 25 - 300 pm)
of material upon another. A diverse selection of materials, such as metals, polymers,
ceramics, resins, and hydrogels can be manufactured using AM [125] [46]. Depending
on the material being used, different types of AM may be preferable, and whilst this
thesis will focus on bio- and hydrogel printing, as well as the clinical applications of

AM, the five core processes at the heart of AM will be outlined briefly:

e Material extrusion, such as Fused Deposition Modelling (FDM), where a material
is extruded above its melting temperature as a strand to 'draw’ a 3D object [126].

This is the most prevalent form of AM;

e Vat polymerisation, such as stereolithography (SLA) which generally consists of
a vat of polymer resin that is sensitive to ultra violet or visible light, and an

energy source which selectively cures the material [127];

e Material jetting, where droplets of material are deposited to build up the object
[128]. This has been frequently used for bioprinting (section [4.2.1);
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e Powder bed fusion, in which a powder bed is selectively melted and fused to form

a solid object [129];

e Directed enerqy deposition, where a powder is deposited and essentially welded

onto the surrounding material, slowly building it up [130].

Additive manufacture has proved to be a disruptive technology in the medical field,
allowing for the manufacture of low volume, patient specific implants and medical
instrumentation to be fabricated. For example, FDM has been frequently used with
biocompatible, and often biodegradable polymers such as polylactic acid [131} 132] and
polycaprolactone [133] [134], to manufacture implants and drug delivery devices; whilst
techniques such as powder bed fusion have been used to manufacture patient specific
implants for craniofacial [135], loading bearing [136], and spinal fusion applications

[137] using titanium.

1.4.2 AM of Hydrogels

The additive manufacture of hydrogels is often referred to as bioprinting, which has
become a prominent area of research within biomedical engineering over the last two
decades [138]. Methods of bioprinting which use one of the core techniques described in
section [I.4.1 have been developed, and are tailored specifically to the AM of hydrogels
whilst often supporting cell growth [138]. Methods for AM of hydrogels will be briefly
discussed here, and a review of state of the art methods compatible specifically with

PVA will be discussed in section [1.4.3

Bioprinting encompasses a broad range of technologies and disciplines, aiming to
combine tissue engineering and core engineering principles, to produce intricate 3 di-
mensional (3D) geometries, whilst allowing for the proliferation of living cells [46].

Bioprinting shares many of the same advantages as AM over traditional manufactur-
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ing methods including rapid prototyping and potentially lower costs on small scale
manufacturing. This allows for the economic feasibility for patient specific manufac-
ture [139] - a significant advantage over other methods of manufacturing. However,
key disadvantages have slowed the wider adoption of bioprinting for connective tissue
applications, including cell viability [140], and mechanical stiffness of commonly used
hydrogels [48], with a lack of literature describing and characterising the mechanical
behaviour of potential materials [141]. This thesis hones in and focuses on the latter,
aiming to use and develop bioprinting techniques to work with stiffer biocompatible

madterials.

The majority of bioprinting aims to produce either tissue scaffolds or tissue replace-
ments. Tissue scaffolds aim to provide support to surrounding tissue, whilst allowing
regrowth, either becoming incorporated into the tissue, or biodegrading. An implant
on the other hand, is a permanent replacement for tissue that aims to replicate the
tissues function. In the case of tissue scaffolds, there is a requirement for cellular
growth, both to allow tissue growth around a scaffold, and decrease the likelihood of
rejection, it is therefore important for the materials used to be conductive to cells
and mimic the extracellular environment as closely as possible. Cell laden hydrogels
meet the requirement of cell conductivity, and are normally referred to as bioinks [46].
Bioinks are commonly 3D printed using ink jetting, however due to the lower viscosity
of bioinks, they tend to lack mechanical stiffness, and are not necessarily capable of
acting as mechanical replacements to tissue [48]. In this case, when the material needs
to directly replace connective tissue, the material properties produced from droplet
based techniques will likely be too low [141]. Direct ink writing (DIW), follows a sim-
ilar process to FDM, where a constant stream of material is extruded from a nozzle.
Typically, shear thinning, viscous materials are the best suited to DIW, as they de-
crease in viscosity whilst being extruded, and then increase in viscosity and therefore
stiffness afterwards, allowing the geometry of the part to be maintained. As with PVA

(where undergoing FTCs are used to crosslink polymer chains), processing either dur-
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ing, or post manufacture (normally either chemical or photoactive) is often required to

increase mechanical stiffness [142].

1.4.3 AM of PVA

Some forms of PVA are commonly used in AM across many disciplines as a material
support, with PVA filaments widely available for FDM. The forms of PVA used are
water soluble, and offer no long term structural support meaning that PVA manu-
factured with traditional FDM, would not be suitable for replication of the structure
of connective tissues. This has however found use in the bioprinting discipline as a

dissolvable drug delivery material [69] [143], [144]

Given the low viscosity of PVA solutions, it does not immediately lend itself to
being a prime candidate for AM. This means that it is not able to maintain its geometry
post-extrusion due to its initial low viscous state, requiring physical or chemical cross-
linking to increase in stiffness. However, as PVA proves to be a compelling, widely
used biomaterial, several studies have been undertaken, showing the potential to 3D
print PVA solutions. The majority of these use a technique that will be referred in
this thesis as sub-zero AM. Freezing has also previously been put forward as method
of scaffold manufacture for other materials [145]. PVA is extruded onto a print bed
cooled to sub-zero temperature, allowing it to freeze immediately after extrusion and
therefore allowing it to retain spatial geometry. An brief overview of key literature on

sub-zero AM is given in Table [1.2] showing key findings for each.

Sub-zero AM was first proposed by Adamkiewicz & Rubinsky who demonstrated
the potential of freezing extruded hydrogels during the AM process in order to man-
ufacture tissue scaffolds [146]. This methodology retained the geometry of extruded
agar by 3D printing directly into a container of liquid nitrogen. Although this study

showed the huge potential of this technique, it did not test either the accuracy of the
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printing technique, or ascertain the mechanical properties of the AM structures [146].
A similar technique was used by Wang et al. for the bioplotting of scaffolds manufac-
tured from PLA based materials [147]. This system used a flow of coolant beneath the
print bed to allow the the extruded material to freeze on contact. As before, neither
print resolution or mechanical properties were reported. Tan et al. were the first to
comprehensively study sub-zero AM, developing a system that used dry ice (which
has a sublimation temperature of -78.5°C) to cool a stainless steel print bed [9]. This
was also the first study to use PVA as the hydrogel used for manufacture, and also
to report the mechanical properties of the 3D printed structures, showing comparisons
between mechanical properties of cast samples, and super soft biological tissues (such
as brain and lung tissue)[9]. Although Tan et al. reported print resolutions of 0.26
mm, the images presented show promising but inaccurate print accuracy, where the

final geometry is distorted compared to the CAD model used (Figure [1.14]).

Figure 1.14: Taken from [9] under creative commons attribute 4.0. (a) Cylindrical
pore microstructure, adapted from [10] and (b) 8 unit cells printed; thawed printed 8
cell structure in (¢) isometric view and (d) side view. Scale bars, (¢) 10 mm and (d) 5
mm.



Table 1.2: Recent literature on sub-zero AM of PVA.

Print

Resolution

PVA type Print bed temperature /°C /mm Key results Reference
PVA & : Use of additives (graphene oxide) to .
PVA/GO-HA Not described -10 045 improve printability of PVA. 148
. . Comparison of printability )
PVA /gelatin Not described ~ -10 0.29 of PVA and PVA /gelatin. [149]
Dry ice = 785 Comparable mochanical properics
PVA Dry ice. Temp of bed 0.26 bt . prop 0]
ot siven to brain/lung tissue.
& Successful cell seeding.
. : Additive manufacture of porous .
P(DLLA-co-TMC) Not described — -40 Not given [147
shop memory scaffolds. ’
Agar Printed directly None given Not given 3D printing directly into liquid No, 146

into LN2

(assumed -195)

allowing better Z-axis resolution.
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Understanding and improving the print quality, and effect of additives, were the
focus of the next two important studies undertaken on sub-zero AM. Firstly, Kim et
al. studied inclusion of gelatin to increase cell viability, fabricating scaffolds for hard
tissue regeneration [149]. This study freeze-dried scaffolds post manufacture before
chemically cross-linking, giving higher mechanical stiffness to Tan et al. Kim et al.
noted a significant decrease in scaffold pore size as the concentration of PVA was
reduced (and concentration of gelatin was increased), as well as a significant decrease

in compressive modulus [149].

Finally Meng et al. fabricated structures for articular cartilage replacement using
a composite of PVA, graphene oxide, and hydroxyapatite (PVA/GO-HA) [148]. Pri-
marily this study showed a significant increase in print quality as the concentration of
PVA/GO was increased, as the extruded polymer showed better shear-thinning prop-
erties, as well as increased print quality with the addition of hydroxyapatite. This
was the first study to also attempt to 3D print a gradient structure using sub-zero
AM, achieving to fabricate a structure with a higher density at the surface, allowing
increased stiffness, whilst having greater porosity at its base, allowing for stronger
bioactive connections with biological tissues. Meng et al. also noted the temperature
gradient present, with higher temperatures further away (Z axis) from the print bed.
This introduced a gradient of pore size in the PVA, as the growth of ice crystals slowed
down higher above the print bed. Although three of these have performed simple me-
chanical tests (uniaxial compression) on AM PVA | it should be noted that the impact

of AM on the mechanical properties of PVA has yet to be fully explored.

These studies have proven the feasibility of using AM to manufacture PVA con-
structs, and most interestingly to harness the AM process to introduce graded proper-
ties, as shown by Meng et al [148]. However, all these studies lack thorough analysis
of the mechanistic consequence of the AM process, with most only performing uniaxial

compression testing. Although this successfully quantifies the elastic modulus of the
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3D printed construct, it does not give much insight into how the AM process alters the
structure of PVA compared to casting. For example, tensile testing will also give insight
into potential weaknesses between filament strands. For the knowledge of sub-zero AM
of PVA to progress, it is therefore crucial to understand the mechanistic consequence
of AM parameters on the mechanical behaviour of the resulting construct. This will
allow insight into how the design for manufacturing process should be alternated to
both avoid unwanted stress concentrations, and to quantify how process parameters

can be adjusted to alter and control the mechanical behaviour of PVA.

1.5 Imaging techniques for material characterisa-

tion

Imaging techniques are broadly used in materials science to analyse material charac-
teristics such as heterogeneity, crack propagation, and surface properties. These tech-
niques range from methods of optical microscopy, non-optic microscopy (for example
scanning electron (SEM), or atomic force microscopy), X-ray techniques, ultrasound,
and NMR or MRI. The most suitable imaging technique for a given application will

depend on the material in question, and the aim of the analysis.

Multiple techniques have been used to analyse PVA, with most of these techniques
being used to image surface properties of the hydrogel. Sardinha et al. for example
used atomic force microscopy to compare the surface roughness of PVA to articular
cartilage [11] (figure [1.15). AFM is a useful imaging technique for this application, as
it allows the surface properties of the hydrogel (or cartilage) to be measured without
dehydration. However, it is not possible to use this technique to image the internal

structure of PVA.

SEM has been extensively used to analyse the structure of PVA [150][151][101]. For
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Figure 1.15: Atomic force microscopy (AFM) scans (10 mx10 m) of unworn PVA

and bovine articular cartilage and respective surface roughness values (RMS). Repro-
duced with permission [11].

example the difference in effect of freeze thaw cycle on the micro-structure of PVA was
shown by Jiang et al. [I51]. However, a key limitation of SEM is the requirement for
the hydrogel to be fully dehydrated prior to imaging. As with AFM, SEM also only
allows the imaging of surface properties; in order to image the internal structure of a
sample it must be cut open. Therefore, these imaging techniques can be classified as
‘destructive’, where either dehydration or physical damage mean the hydrogel cannot

be used for its primary purpose once it has been imaged.

Non-destructive techniques used to analyse PVA include X-ray diffraction (XRD).
XRD is frequently used to study the crystalline structure of materials, and has been
used to study the structure of PVA [152]. Unlike SEM, XRD does not require dehy-
dration or damage to the sample and is not limited to the surface properties of the
sample. Although diffraction techniques allow for analysis of the micro-structure of
PVA, XRD does not produce an image of the sample. This means XRD does not allow

easy visualisation of the heterogeneity of the sample.

Both ultrasound and MRI allow imaging of the interior of the hydrogel whilst
not dehydrating or otherwise permanently damaging the sample. The use of PVA
with these techniques has predominately been aimed towards developing MRI and
ultrasound techniques such as elastography [41][153][109]. It is important to note that

the use of PVA in these studies was to aid in developing diagnostic techniques; the
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imaging techniques were not used to as a method to analyse the material itself.

The distinction between the aim of disease diagnostics or material characterisation
is most clear with Ultrasound. Ultrasound is a prevalent clinical imaging technique that
has been widely adopted due to its low cost and complexity, whilst being non-invasive.
Compatibility with ultrasound results in PVA being used as a phantom material to
further improve clinical ultrasonic diagnostic techniques. However, ultrasound does
not present itself as the best method to analyse the material itself, where resolution

and image noise are unlikely to be sufficient to analyse the heterogeneity of PVA.

MRI proves to be the most promising non-invasive technique. Non clinical MRI in-
struments offer very high resolution (0.1 - 0.2 mm). MRI is well suited to characterising
PVA due to its inherent dependence on water content and how water molecules interacts
with its surroundings. It is therefore possible to non-invasively and non-destructively
analyse differences in PVA composition, and the heterogeneity within a sample. Orr et
al. characterised PVA using MRI, exploring the effect of PVA concentration on 77 and
Ty relaxation times [154]. However, this study was focused on replicating the T and
T, relaxation times of the neonatal brain and did not ascertain differences in hydrogel
heterogeneity. As MRI technology improves, the advent of small, high resolution MRI
instruments designed specifically for non-clinical applications allows the suitability of
MRI as a method to assess the heterogeneity of PVA hydrogels. Ultimately due to the
better resolution of MRI, and its intrinsic relationship with water content to produce
image contrast (which are inherent to the characteristics of hydrogels), it is the most

compelling imaging technique to non-invasively study PVA.

1.5.1 Diagnostic imaging techniques

Imaging techniques are fundamentally important to the investigation of many diseases

and injuries, as a tool to both aid diagnosis and long term treatment. These techniques
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are also useful for analysing biomaterials, and the interactions between implants and
biological tissues [155]. Medical imaging encompasses a wide variety of techniques,
and the 5 most commonly used by the NHS as of 2020 [156] are Magnetic Resonance

Imaging (MRI), ultrasound, and 3 subsets of radiography.

Most pertinent to this thesis, MRI relies on fundamental properties of atomic par-
ticles (most commonly protons) to non-invasively image internal biological structures
within the body. Section|2.2|gives an overview of the core concepts of MRI required for

this thesis. MRI is widely used in routine diagnosis for many purposes, for example:

e Imaging of the cardiovascular system [157]. Examples include diagnosing and
treating atherosclerosis [158| [159, [160], imaging of ventricular function [161], and

the diagnosis of different cardiomyopathies [162];

e Imaging of other connective tissues. For example: the pathology of achilles ten-
don injuries [163], to study the changes in the synovial joint from osteoarthritis
[164] and obesity [165], as well as for the assessment of intervertebral disc degen-

eration [166];
e Non-invasive imaging of implants and biomaterials, for example:

— Imaging the fatigue of bioprosthetic heart valves [167];
— Characterisation of cartilage replacements [168];
— To assess bone healing after the implantation of scaffolds [169].

e The assessment of tumours or cancers, for example: for brain tumour detection;

[170], and for prostate [I71] and breast cancer screening [172] [173].

Ultrasound is a non-invasive imaging technique which applies acoustic energy at
high frequencies (typically > 20k H z), constructing an image based on the reflection of

the emitted waves at tissue boundaries [174], and is most commonly used to image soft
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tissues. Owing to the Doppler effect, ultrasound can also be used to study blood flow

[175].

Radiography utilises a form of ionizing radiation, most commonly X-rays or gamma

rays. The most commonly techniques are:

e Simple X-ray scans, routinely used for the diagnostic assessment of bone fractures

and dislocations.

e Computed tomography, which offers higher resolution than X-ray, allowing it to
be used for the diagnosis of more subtle fractures, organ injuries, as well as blood

clots, and 3D reconstruction of biological structures and organs [176].

e and Fluoroscopy, which is a type of X-ray imaging used to image biological pro-
cesses over time, showing a continuous X-ray image on a monitor. One of the
most common uses Fluoroscopy is the assessment of joint and spinal stability in

orthopaedics [177],

The purpose of this overview is to show that MRI is also the only well established
diagnostic technique that allow for the non-destructive imaging of PVA constructs.
This therefore gives future diagnostic benefits to analysing PVA using MRI, where
well established clinical technique allows for the future potential of using MRI to anal-
yse in situ PVA implants, where it could enable future non-invasive identification or

monitoring of implants manufactured from PVA.

1.6 Aims & objectives

The aim of this thesis is to explore the design for additive manufacture, and intrinsic
material properties of PVA cryogels, with respect to their use as replacement for con-

nective tissue. Intrinsic viscoelastic and MR properties of PVA will be analysed, and
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the potential of AM to control the mechanical behaviour of 3D printed samples will be

explored. The objectives of this thesis are as follows:

e To explore the relationship between the compositional changes in PVA on both
its dynamic viscoelastic properties and MR T; relaxation time, as well as explore

the correlation between these two intrinsic material properties;

e To develop a sub-zero AM platform, and to validate the effect of AM on the

viscoelastic properties of PVA;

e To further explore the use of AM to control the material properties of PVA, by

developing a method to parametrically control the AM toolpath.

1.7 Thesis structure

As this is a multidisciplinary thesis, chapter [2|includes key relevant theory required to
understand the methodologies, results and conclusion presented. Section presents
the fundamental mechanics of materials that underpins the viscoelastic and hyperelas-
tic work presented in chapters [3 [ and [p] Section then gives a brief overview of
the theory of MRI, which is fundamental theory required to interpret the results and
discussion presented in [3| regarding the MRI of PVA. This information has been in-
cluded to enhance communication between different disciplines. If the reader is already

familiar with these subjects, they may wish to proceed to chapter 3]

Chapter [3| presents the dynamic viscoelastic characterisation of PVA, exploring the
impact of concentration, molecular weight, and the number of freeze thaw cycles. The
MR 75 relaxation time has also been characterised for the same compositions, and the

correlation between the two properties has been explored.

Chapter [4] explores a method to additively manufacture PVA at sub-zero temper-
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atures, and explores the anisotropy caused by the additive manufacturing process of
3D printed samples with different nozzle sizes. This chapter also analyses the effect of

true stress and strain on the viscoelastic properties of AM and cast PVA.

Chapter [5| further explores the additive manufacture of PVA, presenting a method
to introduce functionally graded mechanical properties into 3D printed PVA. Exploring
and defining the effect of different parameters of the tool path on both the stiffness

(Young’s modulus) and hyperelastic material properties under uniaxial tension.

Finally, chapter [6] presents the overall findings of this thesis, and discusses where

this research could lead in the future.

This thesis contains appendices presenting material not included within the main
body, to avoid repetition and disrupting the main reporting, but are included for
completeness. Appendix A contains viscoelastic and MRI T5 data relevant to chapter
Appendix B contains viscoelastic data relevant to chapter [4, as well as the Matlab
code used to calculate the viscoelastic properties based on both engineering and true
stress and strain. Appendix C includes further figures of AM PVA samples relevant to
chapter |5 and appendix D gives the Matlab code written to generate G-code for the

toolpaths presented in chapter [5]



Chapter 2

THEORY

The purpose of this chapter is to outline the relevant theory required to understand the
methodologies, results and conclusion presented in this thesis. Section presents the
fundamental mechanics of materials that underpins the viscoelastic and hyperelastic
work presented in chapters [3} [4] and [5] Section then gives a brief overview of
the theory of MRI; most importantly how T, relaxation time is calculated. This is

fundamental theory required to interpret the results and discussion presented in

regarding the MRI of PVA.

2.1 Mechanics of materials

The following section outlines the fundamental mechanics that define elastic, hypere-
lastic, and viscoelastic mechanical properties. The following references provide further
information regarding: the mechanics of materials [178]; constitutive modelling of CT

[21, [179]; viscoelasticity [180]; and DMA [181].

43
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2.1.1 Stress & strain: An introduction

The deformation of materials under load is a key principle of material mechanics, where
the basics of how materials deform, and how deformation is measured underpins the
majority of materials engineering. Understanding the core concepts of deformation is
vital knowledge before discussing more intrinsic material properties such as hyperelas-
ticity and viscoelasticity. Forces (normally given in Newtons, N) are fundamentally
important when studying engineering within a biomedical context - from the biome-
chanics at play whilst running, or lifting heavy objects; the cyclic forces exerted on
the arterial wall or heart valves from blood circulation; to the forces vital to bone
formation and healing through mechanotransduction. However, the shape and size of
a given structure must be considered to gather a complete picture of how it will deform
(figure . Taking into account a structures geometry allows a force to be normalised
with respect to the surface area it is applied to, and deformation to to be normalised

in terms of a unit length.

Load, F
Area, A

Initial area, Ag

Ny,

\ Length,
L

>

Initial length,
Ly

Figure 2.1: Uniazial tension of rectangular sample, showing force (F'), length L, and
wnatial length Lo

In most cases, stress, (c) Nm~2 (or Pa) is a much more useful unit of measure,
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giving insight into how much force is being applied per unit area of a material, and
is calculated by dividing the force applied (V) by the cross-sectional area, A of the
sample (Equation . It is important to note that the area used to measure stress is
normally measured as the initial cross-sectional area, Ay - the importance of this will

be become more relevant in section [2.1.2

S (2.1)

When deformation is measured, the change in dimension that occurs in the direction
of the applied force is of most interest. As with the value for force, this measurement,
AL can be normalised to the sample geometry, where the ratio of the change in sample
length to the initial length can be calculated to give the relative change in length. This

measurement is called strain, €, and is unitless (Equation [2.2)).

€= = — (2.2)

2.1.2 True stress & strain

The measurements that have just been described are known as engineering stress and
engineering strain, and in most cases are good approximations of the stresses and strains
present in a material. This is because instantaneous changes in area and length have
not been taken into account when calculating these values. Taking into account these
changes is not as simple as it may first seem, and will either require taking very accu-
rate measurements of the cross-sectional area during testing, or making assumptions
about how the material deforms. For most materials, an assumption of incompress-
ibility is made, meaning that the volume of the sample is assumed to remain constant

throughout deformation. Therefore the product of A and L will remain constant, and
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the instantaneous A can be calculated (Equation 2.3)). This allows the formation of an

definition for true stress, o, (Equation

Lo
F FL F
TEA T Mh, A te) = oellded 24

In order to calculate true strain (), it is required to sum the instantaneous strain
values throughout the total deformation range. The instantaneous strain can therefore

be integrated with limits of L and Ly in order to calculate &; (Equation [2.5)).

Lar L
£ /Lo 7 d lnLO In(1+¢.) (2.5)

2.1.3 Elasticity

A material can be described as elastic if it returns to its original shape after being
unloaded. The majority of solid materials, for example metals, are linearly elastic.
This means they follow Hooke’s law (Equation , stating that the force applied, F
to the material is in direct proportion to the induced displacement, z, where £ is a

material specific constant.

F =kx (2.6)

Alternatively linearly elastic materials can be described by the relationship between

stress and strain (Equation [2.7)), where the constant, E is the modulus of elasticity (or
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Young’s modulus). The Young’s modulus is an often cited material property that

describes the material’s stiffness, and is calculated as the ratio of stress, o to strain,

(Equation [2.7).

g
c=Fe - E=°2 (2.7)
15
Ultimate tensile stress
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| |
| |
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| |
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Figure 2.2: Typical stress € strain response of a linearly elastic material indicating:
the elastic region, yield stress, ultimate tensile stress, and failure stress.

It is important to note that E can only be accurately calculated for a material
in the linear elastic region, prior to occurrence of any plastic deformation. For this
reason, other commonly given mechanical properties include the yield strength - which
indicates the maximum stress a material can undergo before plastically deforming, and
ultimate tensile strength - which is the maximum stress before the material breaks.
Figure shows the typical stress and strain response of a linearly elastic material

until failure.
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2.1.4 Hyperelasticity

Even though most materials can be modelled as linearly elastic at low strains, the
majority of soft connective tissues and hydrogels are non-linear (figure . A com-
mon constitutive model of non-linear mechanics is hyperelasticity, which derives the
relationship between stress and strain from a strain energy density function, where
the strain energy density is simply the energy per unit volume required to deform the

material.

Stress
Stress

Strain Strain
(a) (b)

Figure 2.3: Ezxample plots showing the stress € strain relationship for linear elastic
(a) and a typical hyperelastic (b) material. The area under the graph gives the strain
energy per unit volume.

There are two classifications of hyperelastic model: phenomenological, which are
used to model the observed behaviour of a material under deformation; and mechanistic
models, which derive the model based on the underlying material structure. For the
purpose of this thesis only phenomenological models of hyperelasticity will be covered,

as hyperelastic models will be fitted to data collected through mechanical testing.

For a hyperelastic material, the mode of deformation is crucial when ascertaining
its mechanical behaviour, given a material will respond differently when loaded under
uniaxial tension, compression or shear. As the hyperelastic data presented in this thesis

is under uniaxial tension, this is will be the focus of this section when understanding
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the material behaviour of hyperelastic materials.

033 <33
, 032 €32
O — /012 631\/512
021\ g 621\ g
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Ta9 093|013 99 £93|€13
(a) Stress tensor (b) Strain tensor

Figure 2.4: Figures indicating the components of stress (a) and strain (b) for a three
dimensional material. Principal stresses and strains are shown in orange

The strain energy function, W is most commonly defined as a function of the strain
tensor, ¢ (Equation , with the stress at any given deformation being calculated
from this function. This function is often calculated as the sum of the deviatoric and
volumetric strain energies. For materials deformed under uniaxial tension, only the
principal strains (shown in orange in figure b) are relevant as no shearing should

occur.

2.1.4.1 Principal stretches

There are two methods for deriving a strain energy density - either by using principal
stretches, or strain invariants. The principal stretches are given by the ratio of the final
length L to the original length Ly in all three dimensions (z,y, z) (Equation[2.9) (figure
2.5). For a material under no stress, the principal stretches will equal zero, with

uniaxial tensions and compression giving positive and negative results respectively.
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Figure 2.5: Diagram showing the change in dimensions used to calculate principal
stretches in the x,y and z azes.

L L L
Ae = Ay=—% A =— 2.
L()x Y LOy LOz ( 9)

Note that the principal stretches, A\ are equal to 1 4 ¢, (Equation [2.10)), and can

therefore be used to describe the amount of strain that a material undergoes under any

mode of deformation.

_L:1+

A= 2=
Ly; Ly; Lo;

=1+e, (2.10)

2.1.4.2 Strain invariants

The strain invariants can be used to describe the overall strain applied to a material
(Equations 2.11] 2.12] and note tr(e) refers to the trace of the tensor, and det(¢)
refers to its determinant). Unlike the principal stretches, the strain invariants do not
vary depending on the coordinate system, and therefore remain constant regardless of

the mode or axis of deformation. These invariants are calculated from the strain tensor



2 - THEORY 51

(figure [2.4b, where €, is the strain in a given mode and axis.

Il :tT’(€> = €11 + €22 + €33 (211)

1
I = 5{["(5)]2 —tr(e)} = ely + €33 + €3 — €11622 — E22833 — E33E 11 (2.12)

I3 = det(é‘) =E€11 (522533 - 5%3) — €12 (811633 - 523531) + €13 (521532 - 522531) (2~13)

The majority of the hyperelastic models shown below only use I; and I, to define
the strain energy function. I; and I, can be most often interpreted as the dilatational
and distortional components of the strain tensor respectively, where the dilatational
component relates to changes in volume, and the distortional component relates to

changes in shape [182].

2.1.4.3 Common hyperelastic models

The strain energy function of a general polynomial model for a compressible material is
given in equation This has two components, the first is a function of I and I, and
the second term is a function of the strain energy potential, J. For an incompressible

material, the volumetric term is not required, so the function can be simplified to

equation [2.15]
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W= Zn: Ciy (I =3)" (I, - 3)” + > Di(J - 1)* (2.14)

i,j=0 k=1
W=> Cyl—3) (I—3) (2.15)
i,j=0
where C}; are material constants, and Cyo = 0.

For all polynomial models (i.e. for any value of n), the initial shear, u and bulk

moduli kg are calculated based only on the first order polynomial (where n = 1), from

equations and [2.17]

o = 2(C1,0Co,) (2.16)
2
= — 2.1
o= 217

The reduced polynomial model is a special case of the polynomial model, where the
impact of the second invariant is ignored. Yeoh (1993) justified this as the impact of I,
on W, is generally much lower than I3, and is also more difficult to isolate and assess
[183]. This results in it often being sensible to ignore, resulting less error that cannot
be easily assessed or quantified. The general equation of a reduced polynomial model
for an incompressible material is given in equation [2.18] For any reduced polynomial

model, the intial shear is given by C' .

n

W =Y Ci(l,-3) (2.18)

1=0

Common special cases of the reduced polynomial model are the Neo-Hookean model
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where n = 1, and the Yeoh model where n = 3.

The Ogden model (equation [2.19)) bases the strain density function on the princi-
pal stretches (Aj, Ao, A3). It is assumed for that for an incompressible material that

A3 = 0.

N
W (An Ao As) = S E2 (A5 57 + A5 — 3) (2.19)

a
p=1 P

where N, 11, and «y, are material constants.

An Ogden model is defined in terms of an initial shear modulus given by u, and the
material property «. Although this does not directly correlate to a material property,
it describes the shear behaviour of the the material. A value of o = 2 describes a
Newtonian material, whilst & < 2 and « > 2 describe shear thinning and thickening
behaviour respectively. As it describes a materials properties under shear, it « should
be constant for a given material, and shear thickening behaviour should require an

explanation (for example the presence of fibre reinforcement) [184].

2.1.5 Viscoelasticity

As previously mentioned (in section a purely elastic material will return to its
original shape once a load has been removed, provided, of course, that it does not
undergo plastic deformation. This is because the material is able to store the energy
applied to it; that energy is then released when the material is unloaded, and it is
able to ’spring’ back to original shape. A purely viscous material on the other hand,
will dissipate all of the energy applied to it during loading, and will retain its new
shape once unloaded. The vast majority of biological soft tissues are somewhere in

between, and exhibit viscoelastic mechanical behaviour, meaning they will both store
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and dissipate a proportion of the energy applied to the material during loading. A good
visual representation of this difference between elastic and viscoelastic materials can be
seen when examining the impact of unloading a material. As a purely elastic material
does not dissipate energy, the unloading cycle should mirror the loading cycling (figure
a). However, due to the dissipation of energy a hysteresis loop is present when
plotting the loading and unloading of a viscoelastic material (figure b), where the

area between the lines gives the amount of energy dissipated.

£ Unloading &
= =
7 7
é’ Loading LC_J‘ Loading ‘
n n Unloading
Strain Strain
(a) (b)

Figure 2.6: FExample plots showing the loading and unloading cycle for a linear elastic
(a) and linear viscoelastic (b) material.

Viscoelastic materials also exhibit stress relaxation and creep. When a purely elastic
material is held under a constant load, the material deformation will remain constant,
as no energy is dissipated over time. Conversely, due to a viscoelastic material’s ability
to dissipate energy, the strain applied to the material will begin to creep, meaning
the deformation will increase over time at a constant load (figure a). Similarly,
a viscoelastic material held a constant strain, will exhibit stress relazation, mean the
induced stress will decrease over time under a constant displacement (figure[2.7b). De-
pending on the precise nature of the material, the induced stress will either asymptote

to a final value, or potentially to zero.
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Figure 2.7: Ezample plots showing the effects of stress relaxation (a) and creep (b)
for a viscoelastic material. The response for an elastic material is shown for reference
(dashed).

2.1.5.1 Dynamic mechanical analysis

Up until this point, only quasi-static material properties have been discussed. That is
to say, the tests performed to calculate either the Young’s modulus of a material, fit a
hyperelastic model, or assess the impact of stress relaxation, require only the applica-
tion of a load to a material. This can be useful to understand fundamental mechanical
properties of a material, however, especially with viscoelastic materials, testing under
dynamic conditions is fundamental in simulating the stress and deformation that occur
under physiological conditions. For example, applying a static load to a heart valve will
not simulate the stress induced at 180 bpm. This is due to the fact a lot of viscoelastic
elastic materials exhibit frequency dependant material properties, and may respond

very different at low strain rates compared to high [2§].

Dynamic mechanical analysis (DMA) is a method used to characterise the viscoelas-
tic mechanical properties of a material, ultimately outputting: a storage modulus, F’,
which characterises the amount of energy stored; and a loss modulus, E”, which char-
acterises the energy dissipation of the material. DMA involves applying a sinusoidal

displacement, x to a material at a given frequency, and measuring the corresponding
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sinusoidal load, F' (figure [2.8). Given that for a viscoelastic material the strain will
'lag’ and return back to its original state after the load does so (as seen in the hysteresis

loop of figure b), there will be a phase lag, §, between the two waveforms.

Ts
o ' k=
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Figure 2.8: Sinusoidal load, and corresponding displacement plotted against time. Ty
shows the time lag between the two waveforms.

In order to calculate the relevant mechanical properties, the data acquired from
testing needs to be transformed from the time domain to the frequency domain. This
means that Fourier analysis needs to be performed. A fast Fourier transform (FFT) of
both the waveforms for displacement and load should be calculated, and the magnitudes
of dataset length for the fundamental frequency can then be found; harmonics are
ignored for both. (figure . The phase lag, 0 can be calculated as the difference

between the phase angles of the displacement §,., and force, r (Equation [2.20)).

§ =6, —0F (2.20)

Once Fourier analysis has been performed, the complex stiffness, K* can be calcu-
lated by dividing the peak load magnitude, F** by the peak displacement magnitude, x*
(Equation . The complex modulus (which can be seen as the dynamic counterpart
to the elastic modulus) can then be calculated by taking into account the specimen

shape, dividing K* by the shape factor, S of the material (Equation [2.22]). The shape
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Figure 2.9: FFT plots indicating peak magnitudes for load and displacement in the
frequency domain.

factor is calculated as the volume of the specimen.

F*

K*=__ 2.21
— (221)
K*

£ = 2.22
3 (2.22)

At this point it should be noted that, because acquired data has been Fourier
transformed, both K* and E* are complex numbers, meaning they have both real
and imaginary components. We can understand how to calculate the storage and loss

moduli by plotting E* on an argand diagram (figure [2.10)).

From figure it can be see that the real and imaginary components can be
calculated using trigonometry given a known value for . In the case of E*, the real
component gives the value for the storage modulus (Equation [2.23)), and the imaginary

component gives the value for the loss modulus (Equation [2.24]).

E' = E*cos() (2.23)
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Imaginary, y

Figure 2.10: Argand diagram visualising the real and imaginary components of E*.

E" = E*sin(0) (2.24)

2.2 A brief overview of NMR & MRI

This section will give a brief overview of the theory required to understand the concepts
of MRI and T} & T relaxation times. A complete explanation of the MRI phenomenon
is beyond the scope of this thesis. For further reading, the following references may be

of interest [185] [186].

MRI is an application of Nuclear Magnetic Resonance (NMR), and is reliant on
a property of atomic particles called spin, I. Spin describes two intrinsic quantum
mechanical properties: angular momentum, and the magnetic moment of the particle.
An atom exhibiting spin is often depicted as a small spinning top . Although
this is a helpful way to picture spin, it is not entirely accurate as the particle does not
actually rotate about an axis. Rather, spin is a fundamental property of nature and
interacts with the electromagnetic force, in the same way that mass is a fundamental

property interacting with the gravitational force.
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Magnetic moment

Angular
momentum

Figure 2.11: A representation of atomic spin. This visualisation helps understand
the core principles of NMR.

In the case of a proton, I = 1/2 and under the influence of an external magnetic
field, By, the spin will have two states: spin up I = +1/2, where it is parallel to the
magnetic field and spin down I = —1/2, where it is anti-parallel. As the magnetic field
will apply a torque to the particle, the angular momentum caused by spin will cause
it to precess about the axis of the magnetic field, much like a gyroscope (figure .
The frequency, w of precession is directly proportional to the strength of the magnetic

field, By (equation [2.25))

w =By (2.25)

where 7 is an atom specific constant.

For a collection of protons, the probability of the state of a particle being spin up
and spin down can be calculated, and the net magnetisation, M, of the system, can
be calculated. The net magnetisation can be treated in terms of classical mechanics,
and would be expected to act like a vector. Under equilibrium, M, will align in the
direction of By, which we will assign to the 2z axis. During the acquisition of an MR

image, a radio frequency pulse (with a frequency equal to that of the precession), will



2 - THEORY 60

Applied magnetic

Figure 2.12: A representation of atomic precession caused by the introduction of an
external magnetic field. (The axis of precession is shown by the dashed purple arrows.)

be applied to the system, causing the vector, M to precess around By, aligning with

the zy plane (figure [2.13]). This excitation is what is measured as an NMR signal.

B, M, RF Pulse
\ 90°
Z - — _———
¢ \
T M,,
X

Figure 2.13: A representation of the excitation of the net magnetisation by an RF
pulse, causing M to flip from the z axis to the x,y plane.

There are two key relaxation processes which are most commonly measured in MRI,
T1, which is related to the signal measured in the longitudinal axis (parallel to By) and
Ty, related to the signal measured in the transverse (the x,y plane). The maximum
signal you could expect to measure in the x, y plane, is when the precession of all spins
in a system are in phase, and in an ideal scenario this should be the case immediately
after an excitation pulse has been applied. However, as the spin of an individual proton
will be dependant on the its localised magnetic field and interactions between nearby

spins, the spins will dephase and the resulting signal will exponentially decay. The
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time constant of this decay is the Ty relaxation time (figure [2.14).
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Figure 2.14: A diagram illustrating the dephasing of spins in the x,y plane that
results in a decrease in signal intensity. Grey arrows indicate the spin of individual
particles, whilst the blue arrow represents the net magnetisation M, ,. Note that the
proportion of spins that will be in phase, and contribute to the NMR signal, is grossly
overestimated in diagrams such as this.

T,y

Magnitude of

Figure 2.15: An example of how contrast is created in a Ty weighted image. Materials
with longer Ty times will have more signal after Tg, and will appear brighter. Image
taken from the visible human project (public domain).

T, relaxation is an intrinsic property of a tissue or material, and the signal will
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most likely decay at a different rate for different materials. Therefore contrast can be
created in an image by acquiring data at a specific time, Ty after excitation. Figure
shows an example of this, where one material with a longer Ty (shown in blue)
and therefore a comparatively higher signal after Ty, is depicted as brighter. Whereas

another material (purple) with almost no signal after T, is shown as black.

The other key relaxation process that is commonly observed in MRI, is the return
of the net magnetisation to equilibrium, returning to its initial state prior to RF ex-
citation, where it is aligned with By. If the magnitude of M, is measured during this
relaxation process, it will increase according to an exponential function, tending to My,

and the time constant of this function is called 77 (figure [2.16)).

Z Tlme ¢

X
M, y

S(t) = My(1 — e™)

Time

Magntiude of M,
= I
‘ -
|

Figure 2.16: A diagram illustrating the measurement of Ty, where the net magneti-
sation slowing returns to equilibrium, where it is aligned with By.

As with T, T7 is an intrinsic property for a biological tissue or material. Therefore
contrast can be created in images with materials that exhibit different values of T}. In
this case the repetition time, Tk, which is the time between excitations, is varied. For

a chosen value of Tg, a material with a longer T relaxation time will not have fully
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returned to equilibrium. Therefore the magnitude of M, will not reached its maximum

(equal to My), and will appear darker in MR images.

Finally, it is important to note that, although 77 and 75 have been described in-
dependently, it is not possible to fully isolate the two processes. Instead, T} and T3
weighted images are produced by carefully controlling the input parameters when ac-
quiring an image, so that one of the two relaxation processes is the determining factor

for image contrast.
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Chapter 3

THE VISCOELASTIC
CHARACTERISATION AND MRI OF
PVA.

3.1 Introduction

As made evident in chapter 1 (section , the mechanical behaviour of a given CT
is specific to its biological function. CT's exhibit, viscoelastic, hyperelastic, anisotropic,
and functionally graded behaviour. Replicating all these functions for a given CT is
non-trivial, and prior to exploring the potential of AM to control some of these intrinsic
material properties (chapters[4and|f)), it is important to fundamentally understand the
mechanical behaviour and structure of cast PVA. This allows for a more informed un-

derstanding of how the additive manufacturing process changes the intrinsic properties

of PVA.
The material properties of PVA have been broadly studied, showing its potential

65



3 — THE VISCOELASTIC CHARACTERISATION AND MRI OF PVA. 66

to replicate the stiffness of many CTs (As discussed in section [1.3.4). However, few
studies have comprehensively studied the effect of concentration, freeze thaw cycle, and
MW. Further to this, to the authors knowledge no previous studies have systemically
studied the viscoelastic response of PVA under a range of frequencies relevant to the
physiological loading of CT. This is important because the viscoelastic behaviour of
CTs is often frequency dependant. For example, articular cartilage responds differently
when loading expected whilst walking (1 Hz), vs. when running (8-12 Hz). Viscoelastic
behaviour is intrinsic to the structure of a material, and so is difficult to directly
control. However, for the viability of a material to replace a CT, it must behaviour in
a predictable manner across a wide range of frequencies. The first key contribution to
knowledge from this chapter will therefore be to comprehensively assess the effect of
PVA composition on its viscoelastic behaviour across a range of physiologically relevant

frequencies.

As noted in section MRI offers the best potential to non-invasively image PVA
due to intrinsic dependence on water content to produce image contrast; for example,
a change in PVA concentration will directly correspond to a change in MRI signal
[154]. However, the use of high-resolution MRI to assess PVA material heterogeneity
has not been assessed. PVA has been described as a biphasic material, consisting
of a solid and liquid phase, and the interaction between the two phases is a driving
factor of viscoelastic behaviour [187] [I88]. As the interaction between PVA crystallites
and water is dependant on concentration, FTC, and MW, it is hypothesised these
parameters will affect the viscoelastic response of the hydrogel. Therefore, both MRI
signal and viscoelastic behaviour are primarily driven by PVA composition, allowing
the potential to correlate the two measurements. The second key contribution to
literature of this study will therefore be to assess if a significant trend can be measured
between MRI T5, relaxation time and viscoelastic properties, as well as assessing the

heterogeneity of PVA with MRI.
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PVA cryogels are extensively used for numerous applications and possess the dis-
tinctive advantages that the mechanical properties can be designed through manufac-
turing. Yet, the extensive use of PVA, and ultimately the clinical translation, must
be supported by relevant and thorough mechanical and chemical characterisation. To
date, there are some key omissions in research literature which aim to characterise this

biomaterial.

The majority of soft tissues in the body are viscoelastic [26, 27, 23], including
connective tissue [141], therefore mechanical viscoelastic characterisation is crucial to
under pin any research involving PVA tissue scaffolds or mimics. It has been reported
in the literature that PVA exhibits viscoelastic properties [116], 117, [118], yet it has
not yet been characterised using dynamic mechanical analysis (DMA). DMA measures
dynamic viscoelasticity; characterising a material in terms of its ability to store energy
(storage modulus) and its ability to dissipate energy (loss modulus). An induced stress
results in instantaneous strain (the elastic response) and a time-dependent strain (the
viscous response). This characterisation technique is analogous to in vivo dynamic
loading, and as such, is a crucial methodology to describe the mechanical response of

the material.

PVA can be imaged by magnetic resonance (MR) imaging (MRI) using the nuclear
magnetic resonance (NMR) signal of the water within the material. This is regarded as
an important characteristic, particularly in its application as a vessel mimicking mate-
rial [109,139]. Chu et al. demonstrated, for a fixed concentration, the change in MR T1
and T; relaxation times with FTCs. Orr et al.[39]. Orr et al. showed the effect of PVA
concentration and temperature on the MR T1 and 75 relaxation times, using a 3T MRI
instrument [154]. In these studies, the relationship between manufacturing parameters
and MR relaxation is incomplete. This study will investigate MW, concentration and
FTCs simultaneously, and thus, it will comprehensively support the dynamic mechan-

ical analysis. Neither of these previous studies [39, [154] were able to confirm sample
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homogeneity, due to the lower spatial resolution, typical of clinical MRI instruments.
This research will apply a high-resolution micro-imaging instrument (77°) and thus

determine the impact of the manufacturing protocol on the sample homogeneity.

3.1.1 Aims and objectives

The research presented in this chapter will mechanically and chemically characterise
PVA cryogel against compositional and manufacturing parameters, which to date have
not been addressed in research literature. The chapter aims to characterise the effect of
composition against MW and number of FTCs on the viscoelastic mechanical properties
and the MR T3 relaxation time of PVA. This will be achieved through the following

objectives:

e The relationship between concentration, MW and the number of FTCs, and the

viscoelastic mechanical properties of PVA will be assessed;

e The relationship between compositional variation and MR T3 will be assessed, as

well as the use of MRI to identify material heterogeneity;

e The potential relationship between viscoelastic and MR properties will be ex-

plored.

3.2 Methodology

3.2.1 Sample preparation

Cylindrical specimens with dimensions of 20 mm diameter and 10 mm height were used

for all DMA and MRI analyses. The specimen size was chosen to give the maximum
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surface area to assess the heterogeneity of PVA compositions through MR Imaging
(relative to the core of the instrument). PVA was acquired from Sigma Aldrich (St
Louis, Missouri, USA) and had a hydrolysis of 99+%. To incorporate the range of
molecular weights (MW) of PVA this study utilised two different MWs; 89-98 kDa
and 146-186 kDa. Each MW was manufactured at concentrations of 10, 15, 17.5, and
20%. A total of 72 samples (six samples for each composition of PVA) were used for

mechanical testing; with another 36 (three samples per composition of PVA) samples
used for imaging (table [3.1).

Table 3.1: Reference table for molecular weight, freeze thaw cycles, and concentrations
of PVA compositions used in this study.

Composition reference Molecular Weight (kDa) No. Freeze thaw cycles Concentrations (% x)

10
15
17.5
20
10
15
17.5
20
10
15
17.5
20

PVA-A 89-98 3

PVA-B 146-186 1

PVA-C 146-186 3

PVA powder was stirred into distilled water, covered (to reduce evaporation) and
stirred using an automatic overhead stirrer, at 90°C' for one hour, where upon it was
fully dissolved. The mixture was stirred for another 1 hour, to retain homogeneity,
whilst the solution was allowed to cool down to room temperature. The solution was
poured into cylindrical moulds and then underwent 3 FTCs. The FTC process consisted
of three phases across 24 hours; 12 hours in the freezer at -20°C' , 4 hours in the freezer
without active cooling (to increase temperature gradually), and finally 8 hours at a
room temperature of 22 + 1°C' (figure . After the required FTCs, the samples were
stored in distilled water for three days to reach hydrostatic equilibrium. Each MW

and all concentrations were assessed after 3 FTCs. Molecular weight 146-186 kDa was
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Figure 3.1: Approximate freeze thaw cycle process over a 24 hour period. 4 hour
period without active cooling is approximated (dashed orange). Grey dashed lines show
+1°C uncertainty in freezer and room temperature.

assessed at 1 FTC. Molecular weight 89-98kDa was not assessed at 1 FTC due to low

stiffness.

3.2.2 Experimental Protocol

3.2.2.1 Magnetic resonance imaging

MR images of 3 PVA samples at four different concentrations of PVA-A, PVA-B, and
PVA-C, were collected using a Bruker Biospin DMX-300 spectrometer (Bruker UK
Limited, Coventry, UK) operating at a proton resonance frequency of 300.13 MHz
with a field strength of 7T. A Micro 2.5 imaging probe, with a 25 mm 'H quadrature
Radio Frequency (RF) coil, was used for all experiments. MR 75 relaxation maps were
determined from a series of 8 echo images using the spin-echo imaging sequence RARE

(Rapid Acquisition with Relaxation Enhancement) [189]. Images were collected using
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Figure 3.2: Flow-chart showing protocol used to assess the effect of 3 repeat freeze
thaw cycle and equilibration on Ty relaxation time

a 128 x 128 pixel array, 25 x 25 mm? of view and a slice thickness of 1 mm. MR
T, relaxation maps were calculated using a repetition time (TR) of 15,000 ms, with a
RARE factor of 8. To quantify the difference between the number of FTCs, and storage
in water on the MR T3 relaxation time of PVA, nine samples of 10% 146-186 kDa PVA
were imaged immediately post-thawing, after 1 and 3 FTCs without storage in water
(figure . They were then allowed to reach equilibrium in distilled water for three
days, and subsequently imaged again. These samples were not mechanically tested in

order to remove any additional variables which may alter their MR 75 relaxation time.

3.2.2.2 Dynamic mechanical analysis

A Bose Electroforce 3200 (Bose Corporation, Electroforce systems Group, Minnesota,
USA; now TA Instruments, Delaware, USA) mechanical testing machine, running Win-
test software (TA Instruments, Delaware, USA) was used to perform all DMA. A si-
nusoidal displacement (d) was applied to the samples, and corresponding load (F') and
phase lag (§) were measured. A Fast Fourier Transform (FFT) of both the load (F™)

and displacement (d") was then performed, with the ratio between their respective
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data-set lengths giving a dynamic stiffness (K*); equation [3.1] The storage (k') and
loss (k") stiffness were then calculated using equations and The sample diame-
ter (D), and height (h) were measured for all samples in order to calculate their shape
factor (S); which for a cylinder is given by equation 3.4} The storage (E’) and loss (E")
moduli were then calculated using equations [3.5] and respectively. This method
is consistent with characterising the dynamic viscoelasticity of natural and synthetic

biomaterials [26], 23].

F*

Fr= (3.1)
K = k*cos() (3.2)
k' = k*sin(6) (3.3)
S = %2 (3.4)
E = % (3.5)
E" = % (3.6)

Samples were compressed by 20% of their measured height using a frequency sweep
of 0.5 — 10 Hz. This frequency range was chosen to replicate the strain rates expected

in different connective tissues; such as coronary arteries (0.5 — 10 Hz) [23], heart valve
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leaflets (0.5 — 10 Hz) [22], chordae tendineae (0.5 — 10 Hz)[24], and articular cartilage
under physiological loading (1 — 10 Hz). A preconditioning cycling of 5 Hz for 60
seconds was run prior to each test to negate the effects of stress relaxation. Complex
moduli can be calculated from storage and loss moduli using equation (note it is

not included in the results or supplementary sections to avoid repetition of data).

E* =\ E?E"? (3.7)

3.2.2.3 Data analysis

All statistical analyses were performed using SigmaPlot (SYSTAT, San Jose, CA,
USA). Data has been represented as mean + standard deviation (SD) unless otherwise
stated. Regression analysis has been used to empirically fit trendlines for comparisons
between viscoelastic properties (storage, E’ and loss, E” moduli) and concentration
(equations and ; MR T, relaxation rate, MR Ry and concentration (equation
; and viscoelastic properties and MR Ty relaxation rate (equations . All
the constants of the equations for regression and coefficients of determination (R?) for

trend lines are given in supplementary data.

E' E" = a+ be™ (3.8)

E' = f+g4C (3.9)

Ry =2+ yC (3.10)
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E' 4 = ag + bye®t2 (3.11)
E'p =a,+ bRy (3.12)
E" s = a; + bttt (3.13)
E'p =a;+ bR, (3.14)

Where a,, by, and d, are constants for £’ ; and a;, b;, and d; are constants for E”; and

(' is the concentration of PVA.

A one way ANOVA was used to ascertain whether a statistically significant differ-
ence between the loss moduli of 15, 17.5 and 20% PVA-C was present. Results with

p < 0.05 were considered significant.
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3.3 Results

3.3.1 Dynamic viscoelasticity and composition of PVA

3.3.1.1 PVA concentration and viscoelastic properties

Storage Modulus: An increase in PVA concentration from 10-20% resulted in an in-
crease in Storage modulus at all frequencies (figure ; this was the case for the three
compositions of PVA (A, B, C). For example, for PVA-A tested at 0.5 Hz, the stor-
age modulus increased from 158 £+ 9.5 kPa at 10% concentration to 484 + 24 kPa at
20% concentration. Frequency affected all compositions in a similar manner, with an
increase in storage modulus as the frequency was increased (figure . For PVA-A,
between 0.5 and 10 Hz, average increases of 8.2, 8.1, 15, and 13% were calculated for

10, 15, 17.5, and 20% concentrations.

An exponential relationship was evident between storage modulus and concentra-
tion for PVA-A (R? = 0.99) and PVA-B (R? = 0.96) (figures and [3.4p). This
differed to the linear relationships shown by PVA-C (R? = 0.94) (3.4c). These rela-

tionships were apparent for all frequencies.
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Figure 3.3: Storage modulus for PVA-A (a), PVA-B (b), and PVA-C (¢), at concen-
trations of 10, 15, 17.5 and 20% w/w. Error bars show 95% confidence intervals (n =

6).
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Figure 3.4: Storage Modulus plotted against concentration for 0.5 Hz (red), and 10 Hz
(black) for PVA-A (a), PVA-B (b), and PVA-C (c). Error bars show 95% confidence
(n= 6). Regression lines for 0.5 Hz (red), and 10 Hz (black) are also given; dashed
lines show 95% confidence intervals for regression.
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Loss Modulus: For all samples, loss modulus was found to be lower than storage
modulus. For PVA-A and B, a similar relationship was seen between loss modulus
and PVA concentration, with an increase in concentration resulting in an increase in
loss modulus at all frequencies tested (figure . For example, for PVA-A tested at
0.5 Hz, an increase from 25.4 + 2.3 kPa at 10% concentration to 86.5 + 2.3 kPa at
20% concentration was measured. A large increase in loss modulus was seen at all
frequencies between 10 and 15% concentration for PVA-C (increasing from 38.1 + 5.4
kPa to 87.8 £ 11 kPa at 0.5 Hz, and 39.9 £+ 3.0 kPa to 73.1 + 13 kPa at 10 Hz).
However, no statistically significant difference was seen between 15, 17.5 and 20% at

any frequency (p = 0.53 £ 0.25) (figure 3.5)).

Frequency was shown to impact loss modulus; for PVA-A between 0.5 and 10 Hz,
average changes of 22%, 4.8%, 10%, and 7.8% were seen at 10 ,15, 17.5, and 20% w/w,
respectively (figure . A more consistent increase of 49, 49, 50, and 41% at each
concentration was seen for PVA-B (figure [A.2). For PVA-C, a change of 0.1% was
seen at 10%, and a decrease of 20, 21, and 27% was seen for 15, 17.5, and 20% w/w
(figure , respectively. An exponential relationship was derived empirically between
the loss modulus and concentration for PVA-A (R? = 0.95) and PVA-B (R? = 0.91)
(figures and [3.6pb). However, a similar relationship was not observed for PVA-C
(figure [3.6f), thus no trend line has been empirically fitted.
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6).
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3.3.1.2 Molecular weight of PVA and viscoelastic properties

The Storage modulus increased for all concentrations of PVA with increasing molecu-
lar weight, from 89-98 kDa to 146-186 kDa (figures and [3.3f). This increase was
observed for all frequencies, with an average of a 2.1 x increase at 10% w/w concentra-
tion; 2.0 x at 15% w/w concentration; 1.8 x at 17.5% concentration; and 1.7 x at 20%
concentration. As stated in section 3.1.1, the frequency dependency of storage mod-
ulus showed little change, and both compositions could be empirically characterised
using an exponential trend line to compare storage modulus and PVA concentration
(figures and [3.5¢). An increase in loss modulus was also observed for 10, 15, and
17.5% at all frequencies. An average increase of 1.3 x at 10% w/w concentration; 1.6
x at 15% w/w concentration; 1.1 x at 17.5% concentration. A decrease of 0.91 x was
noted for 20% w/w concentration. As per section 3.1.1, the frequency dependency of
the loss modulus was shown to be different for the two MWs of PVA, with the loss
modulus increasing with respect to frequency for PVA-A | and decreasing for PVA-C.
It was also previously noted that no significant trend could be used to describe the
effect of concentration on loss modulus for the higher MW PVA | as compared to lower
MW PVA concentrations where the trend could be empirically characterised using an

exponential trend line.

3.3.1.3 Freeze thaw cycles on viscoelastic properties

The storage modulus increased for all concentrations of PVA with an increase from 1
to 3 FTCs (figures and [3.3f). This increase was observed for all frequencies, with
an average 6.1 x increase at 10% w/w concentration; 3.5 x at 15% w/w concentration;
2.8 x at 17.5% concentration; and 2.4 x at 20% concentration. An increase in loss
modulus was also observed for all samples at all frequencies when the number of FTCs

was increased. However, smaller increases were seen at higher frequencies for each
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concentration. This decrease varied from 14 x at 0.5 Hz to 7.2 x at 10 Hz at 10%
w/w concentration; 9.9 x to 4.2 x at 15% w/w concentration; 7.3 x to 3 x at 17.5%
w/w concentration; and 4.9 x to 2.3 x at 20% w/w concentration. The inter sample
variation increased for 10% PVA when the number of FTCs was increased to 3. With
SD being 2.8 £ 0.08% of the mean after 1 FTC, and 17 + 0.4% of the mean after three

cycles.

3.3.2 Magnetic resonance imaging and composition of PVA

3.3.2.1 Molecular Weight, Concentration and MR 7, Relaxation Time.

MR T5 Relaxation time was shown to decrease as concentration of PVA was increased
from 10 to 20% (Table . The plot of MR T5, relaxation rate against concentration
for all compositions shows a linear relationship (Figure . The difference in MW
(comparing PVA-A and PVA-C), created a minimal difference in MR T, relaxation
times < 5%. Comparing PVA-B and PVA-C showed that as the concentration was

increased, the difference between the MR T5, relaxation time increased with FTC.

Table 3.2: MR T, Relazation times (mean £+ SD) for PVA-A, B, and C, at concen-
trations of 10, 15, 17.5 and 20 % w/w.

Yow Jw PVA-A PVA-B PVA-C Increase in  Increase in
MW (A-C) FTC (B-C)
Mean (ms) SD Mean (ms) SD Mean (ms) SD % Mean difference
10 117 0.8 119 5.2 123 3.6 5.1 3.4
15 90.2 1.1 86 2.6 90.3 1 0.1 5
17.5 82.8 0.4 70 1.5 82.2 1.3 -0.7 174

20 77.9 1 59.1 0.7 78 0.1 0.1 32
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Figure 3.7: MR T, Relazation Rate vs. concentration for PVA-A (a), PVA-B (b),
and PVA-C (c). Points show average Ty Relazation Rate for each sample. Error bars
show intra-sample standard deviation. Dashed lines show 95% confidence intervals for
Teqgression.
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3.3.2.2 Freeze thaw cycles and MR 7T, relaxation time

An increase in the number of FTCs led to an increase in the mean MR 75 relaxation
time of a sample, increasing from 101 + 5.5 ms after one FTC, to 109 £ 8.6 ms after
three FTCs (table[3.3)). A further increase to 122 + 5.7 ms was seen after three days of
equilibration in distilled water. No clear trend can be see when analysing the change
in inter-sample SD of the mean with FTCs. Figure qualitatively demonstrates that
the number of FTCs and further equilibrium altered the heterogeneity of samples. This
observation is quantified by the increase in the mean intra sample standard deviation
from 4.1% of the mean after 1 FTC, to 8.1% after 3 FTCs, and to 10.6% after equili-
bration (table [3.3). This increase in the intra-sample variation can also be seen when
analysing the distribution of MR 75 relaxation times for all pixels within each relax-
ation map (figure 3.9). The pixel distributions from three of the nine samples after
1 and 3 FTCs and after equilibration, are displayed, and a broader peak in MR T,
distribution after 3 FTCs (figure [3.9b) can be observed, compared to the distribution

after 1 FTC (figure [3.9).

Table shows the measurement of the sample cross-section from the MR 75
relaxation map as an indicator of the change in sample shape after each step. This
showed a decrease in area between 1 and 3 FTCs from 298 4+ 6 mm2 to 275 + 4 mm2,

and a further decrease to 246 + 4 mm2 after three days of equilibration.

Table 3.3: MR T, Relaxation times for 10% w/w PVA at 1 and 3 freeze cycles, and
after a further 8 days of equilibration. (n = 9 samples)

No. Freeze Mean (ms) Inter-sample Inter-sample Mean of Mean Intra- Mean A

thaw cycles SD of Means SD of means Intra-sample sample SD Cross-sectional
(ms) (% of mean) SDs (ms) (% of mean) area (mm?)

1 (equivalent to PVA-B) 101 5.5 5.4 4.1 4.1 298 £ 6

3 (equivalent to PVA-C) 109 8.6 7.9 8.8 8.1 275 £ 4

3 + Equilibration 122 5.7 4.8 12.9 10.6 246 £ 4
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Figure 3.8: MR Ty Relaxation maps of three samples of 146-186 kDa PVA with a
concentration of 10% w/w, after 1 and 3 cycles, and after 3 days of storage in distilled
water to allow for equilibration.
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Figure 3.9: Histograms showing the distribution of MR T, relaxation time across
all pizels for three samples after 1 (a) and 3 (b) FTCs, and after a further 3 days of
equilibration (c). Fach colour refers to a single sample. (i.e. blue refers to the same
sample after 1 and 8 FTCs, and after equilibration.)
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3.3.3 Viscoelastic properties and MR 75 relaxation time

Based on the empirical evidence, the PVA-A data could be fitted to an exponential
function (R? = 0.99) between storage modulus and MR T relaxation rate (figure[3.10R).
For PVA-B a linear relationship (R? = 0.95) was empirically fitted (figure ) For
PVA-C it was not possible to identify a correlation between storage modulus and MR,
T, relaxation rate; therefore, no trend line has been fitted (figure m:) These trends

(or lack of) were consistent for all frequencies.
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Figure 3.10: Storage Modulus plotted against MR T, Relazation Rate for 0.5 Hz
(red), and 10 Hz (black) for PVA-A (a), PVA-B (b), and PVA-C (c). Error bars show
95% confidence (n= 6). Regression lines for 0.5 Hz (red), and 10 Hz (black) are also
given; dashed lines show 95% confidence intervals for regression.

For PVA-A, an exponential empirically-derived relationship was derived between
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loss modulus and MR Ty relaxation rate (R? = 0.95) (figure [3.11h). It was also noted
that the fit appeared to improve as frequency decreased, with R? ranging from 0.98
at 0.5 Hz to 0.94 at 10 Hz. A linear relationship was observed between loss modulus
and MR T; relaxation rate for PVA-B (R? = 0.88) (figure [3.11p). R? increased from
0.70 at 0.5 Hz to 0.94 at 10 Hz. As with the comparison between storage modulus and
MR T5 relaxation rate for PVA-C, it was not possible identify a correlation between

loss modulus and MR T, Relaxation rate; therefore, no trend line has been presented

(fgure BI11).
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Figure 3.11: Loss Modulus plotted against MR Ty Relazation Rate for 0.5 Hz (red),
and 10 Hz (black) for PVA-A (a), PVA-B (b), and PVA-C (c). Error bars show 95%
confidence (n= 6). Regression lines for 0.5 Hz (red), and 10 Hz (black) are also given,
dashed lines show 95% confidence intervals for regression.
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3.4 Discussion

This study evaluated the effect of PVA concentration for two MWs, 1 and 3 FTCs
on the dynamic viscoelastic properties, characterised using DMA, as well as demon-
strating the potential to link routine clinical imaging to the material properties of
an implant. For PVA-A and B, there was a statistically significant correlation, be-
tween increasing concentration of the polymer and an increase in the storage and loss
moduli. The storage modulus was shown to increase with concentration for PVA-C,
however no statistically significant increase was seen in loss modulus between 15 and
20% (p < 0.05). Furthermore, the dynamic (complex) modulus increased with con-
centration for all compositions. This increase in the parameters of viscoelasticity as
concentration is increased, is in agreement with previous literature, where a higher
concentration of PVA resulted in a higher Young’s Modulus [114]. It was noted that
for PVA-C, that whilst a linear relationship was identified between complex modulus
and concentration, a non-linear relationship was identified between loss modulus and
concentration. As the concentration of PVA-C increases, the behaviour of the loss
moduli implies that the sample is storing a greater proportion of energy, to enable
elastic recoil, and therefore dissipating a lower proportion of energy. This behaviour
is only occurring for PVA-C samples, which are a higher MW composition, and have

undergone 3 FTC.

Previous research, modelling the poro-viscoleastic properties of PVA, showed that
it can be described as a biphasic material [I87]. However, in this study, the difference
in viscoelastic response with the proportion of water in the hydrogel, does not correlate
with loss modulus for all compositions i.e. PVA-C. Other studies have shown that as the
concentration and MW of PVA is increased, an increase in polymer cross-linking occurs
during FTCs, resulting in a denser polymer structure and a reduction in pore size [45],

further resulting in an increase in the mechanical stiffness of the hydrogel [114]. This
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hypothesis is further supported by the behaviour of the viscoelastic properties presented
in this study. An increase in crosslinking present in PVA-C compared to PVA-B (due
to an increase in FTCs) and PVA-A (due to MW), increases the restriction on water
movement in the samples due to an increase in in polymerisation and decrease in pore
size. It is hypothesised that this restriction on the water, reduces the hydrogel’s ability
to dissipate energy, as its freedom to flow out of the sample when a force is applied,
will be reduced [37]. This theory is in agreement with several studies of the creep and
stress relaxation properties of PVA; which have shown that as polymer concentration
is increased, the response of creep and stress relaxation decreases [45, 187, [35]. This
hypothesis would need to be tested on a wider range of MWs and FTCs, to confirm this
theory. However, this study has shown that whilst compositional changes greatly affect
the viscoelastic properties of PVA, the various parameters (for example concentration)

do not affect different compositions in a consistent manner.

Miramini et al. [141] conducted a literature review to characterise the mechanical
properties of connective tissue; this study yielded an elastic modulus (or equivalent)
range of 0.09 — 10 M Pa, 0.2 — 8 M Pa and, 0.1 — 7 M Pa for coronary, aortic, and
femoral arteries respectively, and <1 — 170 M Pa for articular cartilage. This range
of values for connective tissue is extremely wide. Burton et al. [23] showed that the
storage modulus of coronary arterial tissue is even higher (14.47 to 25.82 M Pa). Yet,
Holzapfel et al. [20] calculated the ultimate tensile stress of coronary arteries to be
between 0.4 — 1.4 M Pa. The values for the stiffest composition of PVA cryogel shown
in this study, has a storage and loss moduli (0.8 M Pa and 0.1 M Pa respectively),

which fall on the lower side of these reported literature values.

Proton (!H) MRI is able to map the distribution of hydrogen within a sample [190].
The lifetime of the MR signal, is dependent on two primary relaxation times, MR T'1
and MR T, which are sensitive to the chemical and physical environment of protons in

a sample. In particular, both relaxation times are sensitive to molecular mobility and
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in the case of MR 75 relaxation, the relaxation time decreases with decreasing mobility
[190, [185]. Therefore, solids have typically lower MR T3 relaxation times compared to
liquids. Additionally, MR T relaxation time is also sensitive to chemical exchange and
internal magnetic field gradients [191], in the presence of interfaces between materials
of different magnetic susceptibilities, which is measured by MR 75* [190]. In the case of
MRI, measured 75 relaxation times can be sensitive to diffusion, to an extent dependent
on the experimental imaging parameters. In this study, the imaging parameters were

fixed throughout, and thus relative differences and trends can be identified.

This study evaluated the effect of PVA concentration for two MWs, 1 and 3 FTCs
on MR 75 relaxation time. It was found that MR 75 relaxation time decreased as
concentration was increased for PVA-A, B and C (Table [3.2). The reduction in MR
T5 relaxation time, and thus signal, correlates with the reduction in the %wt. of water
in the samples. This result is in agreement with Orr et al. [I54]. The additional
parameters assessed in this study, identified further trends. There was an increase in
MR T, relaxation time with FTC, which contradicts the trend reported by Chu and
Rutt [39]. Table[3.2|also identifies that the difference in MR T5 relaxation time, between
1 and 3 FTCs, increases with the concentration (previously unreported). Table
shows that there was a reduction in cross-sectional area with the FTCs and subsequent
equilibrium process, which further aligns with results from [39], and is attributed to
water being expelled by crystallite growth. The robustness of the observations between
FTCs and MR T5 relaxation time are inherently limited due to two discrete data points.
Whilst it potentially identifies two novel trends, these require further investigation to
establish correlation and statistical significant. Nevertheless, some observations can be
made about research methodology, and hypotheses can be drawn based on scientific

insight.

MRI was able to qualitatively and quantitatively assess the change in sample het-

erogeneity with manufacturing protocol, showing that an increase in FTCs results in
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an increased pixel distribution of MR T; relaxation time throughout a sample (table
m, figures and . Figure also shows a deviation from normal distribution
after equilibration, with a skew to lower values of MR T, relaxation times. In part,
this can be attributed to the ‘halo’ of lower signal intensity around the edge of the
samples (figure , which further agrees with the expulsion of water described by
Chu et al. [39], occurring at the boundary of the sample. The literature reports that
increasing the number of FTCs during manufacture, results in compositional hetero-
geneity within the hydrogel [38]. This is due to the formation of ice crystals during the
freezing process, resulting in an increase in the concentration of the polymer solution
in surrounding regions and promoting more interactions between the polymer chains,
and between the polymer and ice crystals [I11]. Thawing of the ice crystals, results in
pockets of water, which can lead to a microporous structure throughout the hydrogel.
Subsequent F'TCs reinforce this process, which results in the formation of polymer rich

and polymer poor regions [38, 192].

The generation of water pockets, and increased mobility of the water molecules,
in the microstructure of the material is hypothesised to cause the increase in MR T5
relaxation time with FTC. It is important to emphasise, that the increase in MR T,
relaxation time with FTC, is attributed to an increase in water mobility, as opposed to
water concentration, which through the cross-sectional area results in table|3.3[and [39]
was assumed to reduce. This observation is further strengthened by table [3.3] which
shows (by comparing PVA-B and PVA-C) that by reducing %wt. water concentration,
has less impact than the increase in water mobility from additional FTCs. To confirm
the microstructural changes of the PVA with FTC requires further investigation. The
phase heterogeneity of PVA has been previously measured using different experimental
methods, including X-ray diffraction [152], small angle neutron scattering [193 8], and
confocal laser scanning microscopy [194]. MRI is not able to resolve the microscopic
pore structure of PVA however, this study has demonstrated that the formation of

polymer-rich and polymer-poor regions can be indirectly measured through the result-
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ing variation in polymer and water content of these regions and thus the signal. It is
unlikely that this microscopic variation in composition has an impact on the viscoelastic

properties of the hydrogels, as these are bulk measurements.

Comparing tables table and table[3.3] the mean MR T; relaxation time for 10%
PVA-C in Table 3.2 (123ms) is equivalent to 10% PVA-C after 3 days of equilibrating in
water in Table (122ms). Reflecting on the difference in methodology between these
experiments, the difference in MR T5 relaxation time pre and post equilibration ( 10%),
demonstrates the critical importance of the storage conditions of PVA cryogels. This
parameter was not reported in [39], and was approximately 4 weeks in [154]. Chu and
Rutt [39] also described different manufacturing and imaging protocol, most notably,
they state long echo times, which would increase susceptibility to internal magnetic
field gradients. To robustly determine the source of the opposing trends between MR
T, relaxation time and FTC reported in [39] and this study an increased and more
detailed assessment of manufacturing parameters, under matched imaging parameters,

would be required.

Finally and importantly, this study has demonstrated, for the first time, a corre-
lation between viscoelastic mechanical properties and the MR 75, relaxation time for
a defined composition. Note that “correlation does not imply causation”, and in this
case both the viscoelastic and MRI properties of PVA are dependent on the hydro-
gel’s water content. The mechanical properties and MR T; relaxation time of PVA are
correlated because both are affected by changes in PVA composition. This unique re-
sult suggests the possibility of MRI based quantification of the composition-dependent
mechanical properties of PVA. Such a development would have huge ramifications in
the development and application of tissue scaffolds, implants and phantoms. Future
development and validation could allow in situ and non-invasive imaging of the me-
chanical function of PVA cryogels, with the wider principles shown in this study also

applicable to be used with other biocompatible hydrogels [195]. Magnetic resonance
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elastography (MRE) is currently the most researched method used to measure mechan-
ical properties in vivo, with PVA being a commonly used phantoms material to develop
MRE [196]. The techniques presented here could be used to enhance and validate such
developments by using in vivo imaging to validate mechanical properties and monitor

the changes in homogeneity in a sample or implant.

With the advent of alternative manufacturing techniques for hydrogels, such as
additive manufacture, the ability to create both more intricate geometries [9], multi-
material models [197, [198] and to alter the mechanical properties of PVA by varying
AM parameters has been shown [199]. These advances show the opportunity to have
considerably more accurate material models for soft connective tissues, allowing for
changing mechanical properties throughout an implant or phantom [200]. It will there-
fore become increasingly more important that the optimal PVA composition is chosen
for manufacture. This study has shown the impact of changes in PVA composition
on viscoelastic mechanical properties, and therefore will allow researchers to make not
only more informed material choices, but gives further insight into the impact of each
manufacturing parameter on its mechanical properties, allowing future research to fo-
cus on which parameters to vary in order to achieve a given stiffness, or to obtain
certain viscoelastic properties. As this study presents data in the frequency domain, it
is also beneficial for stress analysis of the dynamics involved in an implant or connective

tissue model under physiological loading conditions [201].

This study has successfully shown the impact of the compositional and manufac-
turing parameters of PVA cryogel on its viscoelastic properties and MR T5 relaxation
time. Future research will require an increased number of parameters to explore the
impact on the loss modulus and MR 75 relaxation time. Further to this, an increased
number of FTCs would be required to increase the dynamic moduli of the cryogel to

the equivalent range for some arterial tissue reported in the literature.
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3.5 Conclusion
This study has explored the effect of MW, concentration and the manufacturing proto-

col of PVA cryogel on its viscoelastic mechanical properties and the MR T Relaxation

time. It was shown that:

e An increase in concentration results in an increase in storage and loss moduli.

The trend between concentration and viscoelastic moduli is dependent on the

MW and the manufacturing protocol.

A linear relationship exists between MR T5, relaxation rate and concentration,

inclusive of both MWs and variations in manufacturing protocol.

e MRI can qualitatively and quantitatively identify sample heterogeneity, which

was shown to increase with number of FTCs and further equilibrating in water.

This chapter has contributed a comprehensive assessment of the viscoelastic be-
haviour of PVA to the current understanding of the mechanical behaviour of PVA.
This gives a more complete understanding of the viscoelastic behaviour of PVA under
physiologically relevant loading conditions, allowing the decision process when defining
PVA compositional parameters to be optimised. The results presented in this chapter
have also demonstrated a causal relationship between the MR 75 relaxation rate and
viscoelastic properties of PVA. This is a novel result in itself, as it demonstrates that it
is feasible to estimate the mechanical properties of PVA from MRI. This demonstrates
the potential to image the composition-dependent viscoelastic properties of PVA re-
motely. Such an attribute could enable future in situ and non-invasive identification or

monitoring of the mechanical properties of tissue scaffolds or implants manufactured

from PVA.
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Chapter 4

SUB-ZERO AM AND VISCOELASTIC
ANALYSIS OF PVA

4.1 Introduction

It is clear from the review presented in section [1.4.3 that the AM of PVA proves to be
a compelling method to further control the mechanical behaviour of PVA constructs.
However, sub-zero AM of PVA is in its infancy and little research has been presented
to analyse the effect of AM process parameters on the mechanical behaviour of the
material. The key contribution to literature of this chapter will be three-fold. Firstly,
it will comprehensively assess the effect of key AM process parameters (nozzle size and
print orientation), providing a more informed understanding regarding the differences
between cast and AM PVA for future research. Secondly, it will continue the compre-
hensive study on the viscoelasticity of PVA presented in chapter [3] this time exploring
the behaviour of AM PVA and cast control samples under tension in the same range of

physiologically relevant frequencies. Finally, it will explore the novel potential to pro-
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duce and control anisotropy in PVA constructs using AM, analogous to the anisotropic

behaviour created by collagen fibre alignment in CT (section [1.2.1).

AM is a key enabler of design for materials, particularly to replicate the complex-
ity of bioinspired features [7]. However, whilst AM can create enhanced geometrical
complexity, currently there are a limited number of compatible biomaterials. The AM
of materials to replicate CT (e.g. articular cartilage and arteries) is constrained by a

trade-off between biocompatibility and representative mechanical properties [141].

PVA perpetuates research interest as a biomaterial capable of replicating the me-
chanical properties of tissue, for example it has long-standing applications in the mim-
icking of arterial tissue [39]. Recent studies have described the development of AM,
to include sub-zero temperatures (C') or cryogenic printing platforms, which allow tra-
ditional biomaterials, such as PVA, to be manufactured additively [148]. Sub-zero
AM has thus enabled the manufacture of composite PVA hydrogels through physi-
cal crosslinking upon deposition. Compressive characterisation has shown that AM of
PVA composites can replicate the soft tissue mechanics of brain and cartilage [148] [9].
Furthermore, PVA itself has been shown to achieve properties akin to tendons [202].
However, the mechanical properties of PVA are highly dependent on freeze-thaw (FT)
parameters [43], thus, any characterisation of sub-zero 3D printed PVA is only relevant

to the reported manufacturing parameters.

CTs are not homogenous, isotropic materials, and the key mechanism that causes
anisotropy in CT is the alignment of collagen fibres, which when under tension act as
a fibre reinforcement [203]. If the collagen within a CT is not randomly oriented, they
will provide more reinforcement in the same direction as the net alignment of fibres.
The orientation of collagen is therefore dependant on the function of the CT, and on
the region it is located within the CT. For example, collagen orientation varies between
the three layers of arterial wall, meaning they exhibit different mechanical behaviours,

and therefore have a different responsibility with regard to the function of the tissue
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[203, 20,

Byrne et al. (2018) propose “biologicalisation in manufacturing” as a method by
which bio-inspired principles can be used to develop new frontiers in digitalisation
and advanced manufacturing [204]. This process of drawing inspiration from biolog-
ical mechanisms has been previously applied to AM, where Saliba et al. explore the
comparisons between developmental biology and AM [205]. In this case the use of
manufacturing process parameters as variables of design was proposed, where time
was used a dimension for design throughout manufacturing, analogous to the temporal

response of foetal growth.

Extrusion based AM of traditional polymers (such as ABS) inherently creates a
direction dependency of mechanical behaviour relative to the toolpath [206]. Although
research into the mechanical behaviour of AM hydrogels is lacking [207], Ersumo et al.
(2016) showed that AM changes the time-dependent mechanical properties of hydrogels
[207]. The advent of AM of PVA offers a unique opportunity to explore the direction
dependency of the mechanical properties of a viscoelastic soft biomaterial. To date
however, sub-zero AM of PVA remains mechanically undefined with respect to man-
ufacturing parameters. The inspiration of this research is to draw upon the intrinsic
othrotropic properties of CT caused by the alignment of collagen fibres; exploring the
potential for filament alignment of 3D printed PVA to introduce and control anisotropic

behaviour of soft tissue replacements.

4.1.1 Aims & objectives

Drawing on the bioinspired concept of varying manufacturing parameters as a method
by which to achieve enhanced material complexity [205]; this chapter aims to charac-
terise the orthotropic viscoelastic properties of sub-zero AM PVA. This will be achieved

through the following objectives:
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e Develop and calibrate a sub-zero AM platform to 3D print PVA;

e Manufacture samples with three different nozzle sizes, maintaining a constant

ratio between the filament width and diameter;

e Mechanically characterise samples manufactured with three nozzle sizes using
DMA, with the loading condition oriented both parallel and perpendicular to the

direction of printing;

e Viscoelastic properties will also be explored further in this chapter - analysing

the effect of true stress and strain on viscoelastic moduli.

Figure 4.1: The bioprinters used in this thesis. The Allevi 2 (right) used in Chapter
4, and Cellink Inkredible+ (left) used in Chapter 5.

4.2 Methodology

4.2.1 Extrusion based bioprinting

This section will briefly explain how an extrusion based 3D printer works and how

they are controlled. An understanding of this process is vital for understanding the
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methodologies presented in chapters [4] and [5 as well as interpreting their discussion

and conclusions.

Extrusion based bioprinting is heavily based on FDM, with the core process of
manufacturing being the same, and only the method of extrusion, and manufacturing
parameters differing. Extrusion 3D printers consist of a print head, which is normally
attached to a gantry allowing movement in one (or sometimes more than one) direction
(figure [4.1). This stage is held above a print bed where the part will be manufactured.
Stepper motors are used to control the motion of all three axis, and often allow move-

ments as small as 0.1 mm).

Unlike polymers typically used with FDM, which require being heated to ~ 200°C,
the hydrogels and bioinks used with DIW tend to have viscous properties at room
temperature, meaning the nozzle normally does not require heating. Instead of a
polymer filament being mechanically extruded, the print head consists of a syringe in
which the hydrogel is stored. Constant pressure is then applied to the syringe, either
through pneumatic pressure, mechanical force, or through a turning screw (figure .

Both the bioprinters used in this thesis use a pneumatic system to apply pressure.

Parts manufactured using most 3D printing techniques, are built up layer by layer.
In this case, the print head will follow a toolpath, whilst extruding material. G-code is
predominately used as the method of defining the toolpath, controlling the movements
of the print head, as well as controlling its temperature and extrusion pressure. Simply,
G-code is an instruction set listing commands to be carried out by the 3D printer. In
the case of bioprinting, these will range from defining the speed at which the grouphead
will travel, the pressure applied to the syringe, and a list of coordinates defining the

movement of the print head.

Through commands, values for X, Y, and Z coordinates can be set, as well as a

value for the feedrate, F' which will define the speed of the print head. For a standard
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Figure 4.2: An illustration of the three types of extrusion for direct ink writing:
pressure (left), mechanical force (middle), and screw based (right).

FDM printer (and some bioprinters applying pressure by mechanical force) a value of
E is also given. This gives a command for the amount of filament to be extruded
(or in the case of a bioprinter the speed of the motor used to depress the syringe).
For the 3D printers relevant to this thesis, pneumatic pressure is used, and therefore
this command is redundant. Instead, M 760 and M761 commands are used to turn
air pressure on and off. In this case, the pressure is set on the 3D printer, and is not

defined by G-code.

For the majority of applications it is not necessary to directly write G-code, with
software commonly used to generate the toolpath for a given 3D computer aided design
(CAD) model, and a list of user defined printing parameters. Key parameters relevant
to this thesis are listed in table [4.1] Although this means a thorough understanding of
G-code is not required to use 3D printers, the brief overview given here helps understand
the code used in chapter 5] and shown in appendix [D] allowing the generation of custom

toolpaths.
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4.2.2 Sample preparation

PVA with a molecular weight of 146-186 kDa was dissolved in deionised water by
mechanically stirring the solution at 90°C' for one hour. Stirring was continued for 1
hour after removing from the hotplate, until the solution reached room temperature.
A PVA concentration of 10% w/w was used for all samples.; After AM, all samples
underwent 3 x 24 hour freeze thaw cycles (described in chapter 2). PVA was acquired

from Sigma Aldrich (St Louis, Missouri, USA) and had a hydrolysis of 99+%.

Sub-zero AM was conducted on an Allevi 2 Bioprinter (Philadelphia, Pennsylvania,
USA (figure . All samples were manufactured with dimensions of 10 x 6 mm.
The final sample thickness was dependent on the nozzle size. Extrusion nozzles with
standard needle gauges of 25G, 22G, and 18G were utilised (henceforth these will
be referred to as small, medium, and large nozzles respectively); with 12 samples
manufactured with each nozzle (table [4.2). All samples were manufactured with a
print speed of 500 mm /min. For each nozzle size, 6 samples were mechanically tested
in a parallel and 6 in a perpendicular orientation (relative to the print direction - shown
in figure . A further 6 control samples were manufactured by casting (Table .
Samples were extruded at a room temperature of 24°C' (+/- 1°C), onto a hardened steel
printing platform (cooled to —35°C' (£1°C') prior to the print). The time-dependent
temperature profile of the printing platform is presented in appendix [B in figure [B.1.

This methodology ensured the preservation of the PVA filament and overall geometry

Table 4.1: Key print parameters relevant to this thesis.

Print parameter Definition

Extrusion pressure Pressure applied to the syringe, Pa

Print speed Speed of print head in the X and Y axes, mms~!
Strand diameter Desired diameter of the extruded hydrogel, mm
Layer height Desired height of the extruded hydrogel, mm

Diameter of the extrusion needle. This is not
directly controlled by the printer,
but influences other print parameters.

Needle diameter
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Table 4.2: AM parameters for samples manufactured for DMA testing using an Allevi
2 Bioprinter.

25G (small) 22G (medium) 18G (large) Cast

Inner Nozzle Diameter (mm) 0.26 0.34 0.84 N/A
Strand Diameter (mm) 0.45 0.7 1.2 N/A
Line Spacing (mm) 0.4 0.63 1 N/A
Pressure (kPa) 310 172 70 N/A
Sample Thickness (mm) 0.5 0.75 0.9 0.75

during extrusion. For all samples, the layer height was set as equal to the inner diameter
of the nozzle. In bioprinting, the pressure is not linearly proportional to the extrusion
rate. The chosen printing pressure and respective filament width, established through
an empirical approach, are shown in Table .2l The line spacing used throughout the
print was set as 90% of the filament width. This line spacing ensured a balance between

manufacture with no defects and no over extrusion.

g
=5
~
£
2 g
(<5}
= 10 E g
5 = 10
0 20 ) 0
. = 20 z
5 ) 9 -10 length / mm
length / mm -10 20 width / mm
width / mm
(b)
(a)

Figure 4.3: FEzample toolpaths generated in Matlab, showing the parallel (a) and
perpendicular (b) orientations. The testing condition was parallel to the sample length.

To ensure that the extruded PVA was frozen immediately on contact with the
printing platform, the sample thickness needed to remain less than 1mm. Therefore,
all samples printed with the small and medium syringe sizes were manufactured with
two layers, and samples printed with the large nozzle size had one layer. The variability

of sample thickness was taken into account in the DMA analysis (section 4.2.3).
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4.2.3 Dynamic mechanical analysis

The protocol used for DMA in this study is the same as described in chapter 3 (section
@), however samples in this chapter were tested under tension. Samples were
tested under tension by 20% of their measured height using a frequency sweep of 0.5
— 10 Hz. Similarly to chapter [3 this frequency range was chosen to replicate the
strain rates expected in different connective tissues; such as coronary arteries (0.5 — 10
Hz) [23], heart valve leaflets (0.5 — 10 Hz) [22], chordae tendineae (0.5 — 10 Hz), and

articular cartilage under physiological loading (1 — 10 Hz) [31].

4.2.4 Effect of true stress and strain

The stiffest materials manufactured using the cast methods presented in chapter [3] and
AM presented in this chapter, have been analysed further. In this case, samples of AM
PVA manufactured with the smallest nozzle size analysed in the parallel orientation
(n = 6), and cast PVA with a MW of 146-186 kDa and 3 FTC (PVAC) (n = 6) have

been analysed.

When data is collected using the Electroforce 3200, values for storage and loss
moduli are calculated using a shape factor in the Wintest software (TA Instruments,
Delaware, USA). The shape factor takes into account only the initial cross-sectional
area and height, therefore meaning the viscoelastic properties are calculated based on
engineering stress and strain. The theory used by Wintest to calculate are given in full
in chapter |3, and summarised below. Briefly, the load and displacement sine waves are
Fourier transformed, resulting in the complex stiffness (and by extension, the storage
and loss stiffness). Moduli are then calculated by dividing these stiffness values by
the shape factor. To further analyse the effect of true stress and strain, a script was

written using Matlab (MathWorks, Massachusetts, USA) to calculate the storage and
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loss moduli using the raw time domain, load and displacement data. This code has
been previously validated by Lawless (2019), and was adapted for this thesis to allow
calculations of viscoelastic properties from true stress and strain [208]. In this case the
true stress and strain were calculated from the raw data prior to the Fourier transform,
with the output therefore being the 'true’ complex modulus instead of the equivalent

engineering complex stiffness calculated by Wintest.

In order to calculate true strain, the engineering strain is first calculated (equation
4.1). The true strain can then be calculated using equation for samples under

tension, and for samples under compression [209)].

Al
Ee = T (4.1)
et =In(l+¢) (4.2)
gr = —In(l —¢) (4.3)

Where Al is the change in sample length, and L is the initial length.

Assuming the materials tested are incompressible and therefore the Poisson’s ratio

is approximately 0.5, the change in cross-sectional area (equations [4.4] [A.5 and [4.6)),

and therefore the true stress can be calculated (equation [4.7)).

L="Ly+¢ (4.4)
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L
Ay
A == 4.
=3 (1.6)
F
O — Zt (47)

Where A is the ratio of actual to initial sample length, A is the sample cross-sectional

area, and F is the force applied to the sample.

The complex modulus can then be calculated as a ratio of the F'F'T of true stress
and strain (equation , and storage and loss moduli can be calculated as described
in Chapter 2|

* fft(at)
B =Tt

4.2.5 Statistical analysis

All statistical analysis was performed using Matlab (MathWorks, Massachusetts, USA).
95% confidence intervals were calculated. Unpaired student t-tests were used to ascer-
tain whether a statistically significant difference was present between the parallel and
perpendicular orientations (complete data shown in Appendix . A one-way ANOVA
was used to assess the difference in storage moduli between all nozzle sizes and cast

samples.
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Figure 4.4: Example print using a 25G syringe nozzle, indicating the parallel and
perpendicular orientations, with respect to the print direction.

4.3 Results

4.3.1 Dynamic mechanical analysis

Figure 4.4 shows an example of the surface of the samples. The toolpath dependent
meso-structure of is clearly visible. The method of manufacturing, by nature, cre-
ates mechanical properties which are dependent on direction. This is demonstrated by
comparing the moduli of the parallel (orange) and perpendicular (black) data sets in
figures [4.5 and Further to this, the orthotropic nature of additively manufactured
PVA was shown to be significantly affected by the nozzle size relative to print direction

(figures and [£.6]). Samples manufactured with the small nozzle showed an average
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36.4 + 0.26% increase in storage modulus across all frequencies when mechanically
tested parallel to the print orientation (compared to perpendicular). In comparison,
the medium nozzle samples demonstrated a 13.6 + 0.18% increase in storage moduli be-
tween the parallel and perpendicular orientation. No statistically significant difference

was seen for the large nozzle size (p > 0.05).

A significant difference in storage modulus was observed across the four groups
across all frequencies (p < 0.05). A multiple comparison test then showed no statis-
tically significant difference between the storage modulus of the medium, large nozzle
size or cast samples (p > 0.05). This highlights that the storage modulus of the smaller

nozzle size was significantly higher than all other groups across all frequencies.

A similar trend was seen with loss modulus (figure , with samples manufactured
using the small nozzle showing the greatest increase in moduli between the parallel
and perpendicular orientation. It was noted that this increase in loss moduli was also
dependent on frequency, ranging from a 34.2% increase at 0.5 Hz to 25.6% increase
at 10 Hz. A smaller increase was noted for samples manufactured using the medium
nozzle, ranging from a 16.1% increase at 0.5 Hz to 11.0% increase at 10 Hz. No
statistically significance was identified with frequency for samples manufactured with

the largest nozzle.
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Figure 4.5: Storage modulus for cast and additively manufactured PVA with varying
nozzle diameter. Error bars show 95% Confidence intervals. (n = 6)
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Figure [4.7] shows images of preliminary ramp tests of three samples. These tests
were performed when defining the optimal print parameters, prior to the viscoelastic
study presented above. Samples a, b and ¢ were photographed before, during and
after the test indicating the failures modes seen. Figure shows a sample tested
in the parallel orientation, a sample in the perpendicular orientation, and
another sample in the perpendicular orientation where print defects were present. It

was ensured all samples used for viscoelastic elastic analysis exhibited no print defects.

() ()

Figure 4.7: Images of preliminary uniaxial tests of the medium nozzle size, showing
the parallel (a), and perpendicular (b) orientations. (c) shows the failure mode of a
a perpendicular sample, with print defects. Images were taken at the start of the test
(top), during the test (middle), and at the end of the test (bottom)
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4.3.2 Analysis of the effect of true stress and strain on DMA

4.3.2.1 DMA under tension

Figure shows an example of the raw data acquired from the Bose 3200 for one
sample of AM PVA | after true stress and strain have been calculated. Peak true stress
was higher than engineering stress for all samples, for example at 0.5 Hz a mean value
of 17.7 £ 1 kPa was calculated, compared to 14.7 £ 0.8 kPa for engineering stress.
The minimum stress was also observed to be higher with a mean value of 10.5 + 1 kPa
compared to 9.2 £ 0.9 kPa. A change in the minimum and maximum strain was also
reported. The engineering strain was constant at 15 - 20% for all samples tested, and
lower values of 14.0 - 18.2% were calculated for the true strain. Standard deviation
has not been given for strain as any error was due to the precision of the Bose 3200,
which is £ 0.005 mm. The hysteresis loops at 0.5 and 10 Hz have also been shown
to further illustrate the effect of true stress and strain on the stress response during

sinusoidal loading (figure [4.10)).

Once viscoelastic properties were calculated based on true stress and strain, a dif-
ference in both storage and loss moduli was also seen (figure . For example at 0.5
Hz, the storage modulus calculated from engineering stress and strain was 92.4 4+ 8.5
kPa, lower than 142 4 12.1 kPa calculated from true values. Across all frequencies
an average difference of 54 + 0.3 % was observed. Likewise, a difference was also ob-
served for the loss moduli. For example at 0.5 Hz, the loss modulus calculated from
engineering values was 3.3 £ 0.6 kPa, higher than 4.5 + 0.9 kPa for true values. The

average difference across all frequencies was 40%.
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Figure 4.8: Engineering (Eng) and true stress (a) and strain (b) with respect to time,
for 1 sample of AM PVA under sinusoidal tension at 0.5 Hz
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Figure 4.10: Hysteresis loops for one sample of AM PVA, at frequencies of 0.5 (a),
and 10 Hz (b), calculated from true (orange), and engineering (Eng) (black) stress
and strain. Data has been smoothed using a Savitzky-Golay filter in Matlab to improve
clarity. For completeness, raw data has been in included in grey.



4 — SUB-ZERO AM AND VISCOELASTIC ANALYSIS OF PVA 119

4.3.2.2 DMA under compression

Figure shows an example of the raw data acquired from the Bose 3200 for one
sample of cast PVA tested under compression, after true stress and strain have been
calculated. Peak true stress was lower than engineering stress for all samples, for
example at 0.5 Hz, a mean value of 79.2 + 3.9 kPa calculated, compared to 99.0 +
4.9 kPa for engineering stress. The minimum stress was also observed to be lower
with a mean value of 46.7 &+ 2.4 kPa compared to 55.0 £ 2.8 kPa. A change in the
minimum and maximum strain was also reported. The engineering strain was constant
at 15 - 20% for all samples tested, and was higher with values of 16.2 - 22.3% for the
measurement, of true strain. As previously stated, standard deviation has not been
given for strain data. These trends were seen for all frequencies tested. The hysteresis
loops at 0.5 and 10 Hz have also been shown to further illustrate the effect of true

stress and strain on the stress response during sinusoidal loading (figure |4.13)).

Values of storage and loss moduli calculated based on true stress and strain were
lower than those calculated with engineering stress and strain (figure m For example
at 0.5 Hz, the storage modulus was 837 + 56 kPa when calculated from engineering
stress and strain, compared to 507 + 34 kPa when calculated from true values. Across
all frequencies an average difference of 39 + 0.2 % was observed. Likewise, a difference
was also observed for the values of loss moduli when calculated with true stress and
strain. For example at 0.5 Hz, the loss modulus was 96.9 + 6.9 kPa when calculated
from engineering values, compared to 66.0 &+ 4.7 kPa when calculated from true values.

The average difference was 33 + 0.7% across all frequencies.
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Figure 4.11: Engineering (Eng) and True stress (a) and strain (b) with respect to
time, for 1 sample of AM PVA under sinusoidal compression at 0.5 Hz.
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Figure 4.13: Hysteresis loops for one sample of cast PVA (PVAC), at frequencies of
0.5 (a), and 10 Hz (b), calculated from true, and engineering (Eng) stress and strain.
Data has been smoothed using a Savitzky-Golay filter in Matlab to improve clarity. For
completeness, raw data has been in included in grey.
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4.4 Discussion

4.4.1 Effect of orientation of filament on viscoelastic proper-

ties

This study has shown the capacity of AM to control and manufacture mechanical
anisotropy into PVA cryogels whilst retaining constant material properties. A change
in nozzle size created a change in the viscoelastic behaviour of the cryogel, relative
to the printing direction. No statistically significant difference (p > 0.05) was seen
between storage and loss moduli of the two orientations for the large nozzle (figures
and [1.6p). For the medium size, storage and loss moduli were 13.6 & 0.2 and 12.9
+ 2.2% higher when tested parallel to print direction (figures and [1.6h). A larger
difference of 36.4 + 0.25 and 28.9 + 3.0% was reported for the small nozzle size. As the
ratio of nozzle diameter and filament width was kept constant, the key parameter that
varied between the the manufacturing processes was pressure, where a higher pressure
of 310 kPa was required to extrude filament from the smallest nozzle size (compared

to 172 and 70 kPa required for the medium and large sizes).

PVA has previously been shown to be a shear thinning fluid [210], and other shearing
thinning fluids have been well researched for biomedical applications, with the majority
of uses being for drug delivery and tissue engineering [211] 212]. The key mechanism
that causes shear thinning in hydrogels is the disruption to reversible bonding upon
application of a shear stress [213], and the shear properties of AM PVA composites
has been studied with respect to printability [148]. However, this study did not as-
certain the effect of pressure on the mechanical properties of PVA [148]. The author
hypothesises that the process of extrusion through a nozzle, induces a shear force on
the fluid, causing an alignment of the polymer chains within the PVA solution. This

may explain the higher moduli observed for the small nozzle samples tested in the par-
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allel orientation. For example, the storage modulus for these samples had an average
magnitude of 94.6 + 1.3 kPa, with the comparative values for the medium and large
nozzles being 78.3 + 0.65 kPa and 80.2 £ 0.74 kPa. This hypothesis is in agreement
with Chen et al. (2019), who demonstrated that polymer chain alignment in PVA,
results in anisotropy through a process of ‘drawing’ [214]. This theory also agrees with
Millon et al. (2006 and 2007), who showed that the introduction of tensile stress dur-
ing the FT manufacturing process increases and allows control over the anisotropy in
PVA cryogels [34] [§]. However, this process is unlikely to retain sample geometry and
is reliant on simple, cast methods of manufacture. This chapter has shown a further
methodology to create anisotropy within PVA, which gives greater design control over

the mechanical properties.

The samples which were tested in the perpendicular orientation, tended to fail
along the boundaries between filament strands. Figure [4.7b, shows the failure mode of
a preliminary sample, tested in the perpendicular orientation. Failure in this sample
is seen along the boundary between filament strands, where fewer crosslinks are likely
to have formed. This confirms the second mechanism by which anisotropy can be
introduced into the cryogel; toolpath orientation. The length of time taken for PVA
to freeze, has been shown to impact the number of physical crosslinks that form when
undergoing FT cycles [215]. To retain the geometric properties of a PVA filament,
there must be a short time period between deposition and freezing. However, this may
also inhibit the formation of physical crosslinks between filament strands, as the PVA
solution will not have as much contact time between strands of filament, before it is

frozen into a cryogel.

When comparing samples manufactured in the perpendicular orientation, a clear
relationship is present, with a decrease in nozzle diameter resulting in a greater number
of filament strands, and thus an increase in the number of weaker region between

strands, for a given unit length. This is observed when analysing the viscoelastic data
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presented in figures [4.5p-d and [4.6b-d, where both storage and loss moduli decrease as
the nozzle size decreases. For example, in the perpendicular orientation at 0.5 Hz, the
storage modulus decreases from 77.0 £ 2.1 kPa for the large nozzle, to 67.0 = 5.2 kPa
and 59.3 + 5.5 kPa for the medium and small nozzle. This results in weaker physical
bonds between the filaments along the loading direction for the perpendicular samples.
The significant decrease in storage modulus seen in the perpendicular orientation when
the nozzle diameter is reduced to 0.26 mm, is due to the increased number of filament
strands, and therefore number of weak boundaries. This smaller nozzle diameter also
results in extrusion of a smaller mass flow rate, thus a reduction in thermal mass, and
faster freezing time. Conversely, the lower number of weak filament boundaries, and
higher mass flow rate explains the homogeneity of samples manufactured with the large

nozzle size.

Figure highlights the importance of correct line spacing, where minimal contact
between filament strands, or at worse, no bonding present between strands, results in a
sub-optimal mechanical strength, crack formation and ultimately premature failure of
the material. Throughout the viscoelastic testing presented in this chapter, all samples
were checked for print defects, and no samples showed signs of cracks or failure between

filament strands due to the comparatively lower strains used during DMA.

The results of the research presented in this chapter, have shown that AM pro-
cessing parameters have a measurable impact on the mechanical properties and visible
meso-scale morphology of PVA. The evidence discussed above points towards there
being two mechanisms at work, which both alter the orthotropy of AM PVA. These
mechanisms are the hypothesised polymer chain alignment within the filament strand,
and weak boundaries introduced between filamnents strands due to a short time pe-
riod for crosslinking to occur. Although the authors suggest possible mechanisms to
explain the orthotropic behaviour shown, these hypotheses could be investigated fur-

ther through surface imaging techniques (e.g. scanning electron microscopy) to study
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the morphology at a higher magnification. This chapter has shown the importance of
understanding key process parameters involved in AM of PVA at sub-zero tempera-
tures. By altering these parameters, it has been shown that it is possible to control the
orthotropic behaviour, without changing the composition of PVA used, or introducing

‘post-processing’ techniques such as straining samples during the FT process.

4.4.2 Effect of true stress and strain on DMA

This chapter has also evaluated the effect that calculating viscoelastic properties using
true stress and strain has on the resulting values of storage and loss moduli. To
accurately measure the change in area for uniaxial tension, the dimensions of the
sample must be measured throughout the test. This is generally achieved by using
a multi-camera setup to image the sample from different axis, and requires precise
calibration to acquire accurate data of the sample’s dimensions [216, 217]. As this
requires a complicated setup, it is rarely used, and if true stress is reported, it is most
often estimated in a similar manner to the method used in this chapter. For example
the convention for analysing the stress & strain response of the coronary artery is
to plot true stress and stretch [20, 21, 218, [52]. This method is suitable only for
incompressible materials with a Poisson’s ratio of 0.5, meaning the total volume of the
sample is preserved, and the increase in sample length is directly proportional to the

decrease in area [219).

Although at small strains, the difference between true and engineering stress &
strain is often negligible [220], the hysteresis loops in figures and illustrate
the expected behaviour at higher strains, where an increase in sample length (under
tension), results in a decrease in the cross sectional area of a sample, and therefore an
increase in the stress measured. Whilst under compression the opposite is true, and

an increase in area throughout the test is observed, resulting in a decrease in stress.
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The comparison between calculations made with engineering and true stress and
strain for uniaxial testing has been well documented[220] 221] 222], and as previously
stated, mathematical approximations of true stress are commonly calculated for known
materials. Viscoelastic data acquired from DMA has been extensively reported for a
variety of connective tissues[23, 22 24] [31, 201], and this data is all calculated from
engineering stress and strain. In the case of data acquired from the Bose 3200 used in
this study, this is due to the lack of any method to measure the change in shape during
uniaxial testing, where only the initial sample shape is used to calculate viscoelastic
moduli by Wintest. This study has successfully used Matlab to calculate and quantify
the differences expected when true stress and strain are taken into account, showing for
the strain rates tests in this thesis, that a maximum difference of 50% in the viscoelastic
properties could be expected between the engineering stress used in prior studies and
the actual stress the exerted on the material. This method could be applied to studies
that have characterised materials using DMA, however it should be noted the the code
used to calculate the viscoelastic properties has only been validated on the Bose 3200

used for mechanical testing in this thesis.

Ultimately, the literature values for the viscoelastic characterisation of connective
tissues using DMA have been calculated using engineering stress and strain. Therefore,
the data presented in this thesis has also been reported using engineering stress and
strain, to allow the future comparison of results. However, it should at least be under-
stood that the actual stress in a sample will be different, and this chapter quantifies
the extent that viscoelastic moduli will change when taking into consideration the true

stresses in the material.
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4.5 Conclusion

This study demonstrates that sub-zero AM can be used to control the orthotropic
viscoelastic behaviour of PVA through the process parameter variation, demonstrating
the future potential to design connective tissue replacements which closer replicated

the anisotropic behaviour of CT. This study has shown that for sub-zero AM of PVA:

e A decrease in nozzle size increases orthotropic mechanical properties, and two

key mechanisms have been identified that could cause this.

e The first mechanism is polymer chain alignment, resulting in smaller nozzle sizes

manufacturing stiffer materials in the parallel orientation.

e The second mechanism is the introduction of weak boundaries between filament
strands, caused by the formation of fewer crosslinks. This results in smaller nozzle

sizes producing materials which are less stiff in the perpendicular orientation.

For the first time, this chapter has considered the effect of key process parame-
ters of sub-zero AM, contributing an assessment of the relationship between nozzle
size and print orientation and mechanical behaviour of PVA to the relatively new field
of PVA AM. This fundamental research is crucial to understanding and further de-
veloping the AM process to manufacture complex material properties. Through the
assessment of AM process parameters shown in this chapter, a novel method of intro-
ducing and controlling anisotropic behaviour analogous to the role of collagen in CT
has been presented. This fundamentally proves the ability of AM to repeatably intro-
duce anisotropic behaviour without the need for complex pre- or post-processing of the
material, leading to the potential to better replicate the fibre-reinforced, anisotropic

nature of CT.



Chapter 5

SUB-ZERO AM AND HYPERELASTIC
ANALY®SIS OF PVA LATTICES

5.1 Introduction

The work presented in chapters |3| and [4| has been aimed towards comprehensively
characterising all compositional and AM manufacturing parameters that are relevant
to its use as a CT replacement material. This chapter aims to apply the knowledge
learnt in the previous chapters (most pertinently the conclusions presented in chapter
to explore the design of novel AM toolpaths. This study will aim to introduce
and control hyperelastic functionally graded properties often present in CT (section
. The fundamental characterisation of the AM process parameters presented in
chapter [4] is crucial to understanding the strengths and weaknesses of the sub-zero
AM process used throughout this thesis. For example, it has shown that inherent
weaknesses are present between filament lines for small nozzle sizes. This understanding

has been used as a crucial design input when developing novel toolpaths to manufacture

129
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functionally graded, hyperelastic PVA constructs in this chapter; as well as allowing

for more informed interpretation of the results.

Functionally graded AM (FGAM) has been previously researched as a method of
varying the mechanical and physical properties of a construct through tailoring AM
parameters such as print directionality, density and the material used during the print
[223] 224]. This gives engineers significant advantages and flexibility in the design pro-
cess, allowing for local optimisation of material properties such as strength or weight,
or mimicking internal structures, variations in density, and the mechanical strength of

biological materials.

Three key methods of functional grading are commonly used: Multi-material func-
tional grading, where a gradual change in material results in physical changes [225];
single material functional grading, where the grading is achieved through changes in
porosity [226]; and functional grading achieved through changes in the material micro-
structure [227]. Functionally graded materials (FGMs) manufactured through these
methods show distinct similarity to many structures in nature, such as biological con-
nective tissues, which are often naturally graded structures. Examples can be found
of functional grading between different biological materials, or through changes within
the structure of a single CT [228] [120]. For example the changes in porosity, density
and biological constituents of bone [229]; the interface between cartilage or tendon
and bone [228]; the gradient between the three regions of the intervertebral disc [230];
arterial wall stiffening and thickening prior to the onset of atherosclerosis; as well as
within these tissues themselves, where changes in the alignment of collagen or elastin
may result in gradual changes in mechanical behaviour. To date, within the field of
bioengineering, the majority of FGM have been designed and manufactured from tra-
ditional materials for orthopaedic or dental applications where grading has been used
to change the porosity of implants. Mahmoud and Elbestawi give an overview of key

studies where functional grading has been used for orthopaedic implants [119]. Simple
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FGMs have also been used for mitral valve implants [231].

Although hydrogel AM has become more prominent, and sub-zero AM has been
achieved in a few studies, the use of FGAM specifically for hydrogels has not been
well studied. Functional grading of PVA was achieved by Wahab et al. (2019), who
successfully demonstrated the concept of functional grading for PVA constructs through
the freeze thaw cycling of different compositions of cast PVA [232]. This process cast
two compositions of PVA between a divider, which once removed, allowed diffusion
between the compositions. Undergoing further freeze thaw cycles then resulted in
polymerisation between the two compositions, and therefore a gradient of material
properties. However, the necessity of a divider means more complicated boundaries
between the compositions will not be possible, as well as meaning the resulting gradient
will be difficult to define. In this case, AM proves to be a promising solution, allowing
for repeatable control over the infill geometry or composition of PVA used, in order
to achieve a functionally graded construct. Meng et al., produced AM PVA structures
with varying infill density, however only uniaxial compression test were performed
on the whole structure, giving little insight about the impact of infill density of the
mechanical properties of PVA [148]. Little information was reported on the method
used to define the gradient in infill. Overall, little research has been done in order to
evaluate and quantify the use of AM processes to control the mechanical behaviour of

PVA, therefore allowing the manufacture of functionally graded constructs.

Chapter 4| has shown that AM PVA exhibits significantly weaker mechanical prop-
erties when under uniaxial tension perpendicular to the filament orientation (section
@ This means that in order to reduce stress concentrations and the likelihood
of failure, a constant line of filament must be present along the entire length of the
sample in the direction of loading. This proves to be an interesting design problem,
with the majority of computer aided manufacturing (CAM) for AM programmes not

taking this into account, with even fewer allowing for functional grading of the material
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by varying this throughout the manufacturing process. However, promising research
has shown the potential to parametrically control manufacturing parameters, allow-
ing for control of chosen parameters [233], as well as proving the concept of using
mathematical equations to define the toolpath. This research shows the potential to
control the mechanical behaviour of a 3D printed material through a mathematically
driven toolpath, however no mechanical testing was performed to define the relation-
ships between the generated toolpaths and the resulting mechanical behaviour [233].
The research presented in this chapter will continue the bio-inspired design approach
started in chapter In this case, the crimping patterns exhibited by collagen fibres
will be used as inspiration to explore the use of sine-wave tool path design as a proof

of concept to control the mechanical behaviour of PVA.

5.1.1 Aims & objectives

This chapter aims to design a novel method to manufacture FGAM PVA, whilst en-
suring a constant extrusion of PVA in the direction of printing. This will allow for a
variation in the pore size and shape of the geometry to be additively manufactured,
without reducing the ultimate tensile strength of the material. The objectives for this

chapter are as follows:

e A sine wave shaped toolpath has been chosen to parametrically control the tool-

path, as it has specific parameters which can be evaluated directly.

e The impact of the wavelength and amplitude of the sine wave on hyperelastic

mechanical properties will be assessed.

e Further to this, the corresponding density of PVA within the sample, and align-
ment of the PVA filament with respect to the direction of loading will be studied
to ascertain the most important factors impacting the mechanical behaviour of

AM PVA using this method of FGAM.
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5.2 Methodology

5.2.1 Sample preparation

Sample preparation was identical to the method presented in section [4.2.2. PVA with
a molecular weight of 146-186 kDa was dissolved in deionised water by mechanically
stirring the solution at 90°C' for one hour. Stirring was continued for 1 hour after
removing from the hotplate, until the solution reached room temperature. A PVA
concentration of 10% w/w was used for all samples, and all samples underwent 3 x 24
hour freeze thaw cycles. PVA was acquired from Sigma Aldrich (St Louis, Missouri,

USA) and had a hydrolysis of 99+%.

5.2.2 Preliminary work

All samples for preliminary testing were additively manufactured using a Cellink Inkred-
ible+ Bioprinter (Boston, Massachusetts, USA). It has been previously shown that AM
introduces a number of complications with hydrogels, in terms of both the extrusion
process, and the resulting geometry [234] 235 236]. For example the geometry of AM
hydrogels will not exactly match the toolpath used, where both the cross-sectional
shape of the filament and size and shape of pores within the infill are altered due to
the flow of material after extrusion, prior to sufficient cross-linking (or in the case of
AM PVA, sufficient freezing) needed to maintain geometry [234]. As this chapter aims
to additively manufacture lattice designs, which are much more susceptible to these
complications compared with the methodology described in chapter 4 (section ,
preliminary work was undertaken to assess the relationship between extrusion pressure
and the resulting diameter of the extruded PVA using a 0.51 mm nozzle (figure[5.1). It

should be noted that this was also performed as a different bioprinter was used in this
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chapter, and therefore the exact parameters from chapter [4] could not be used. Custom
G-code was written to print 9 filament strands, with a layer height of 0.3 mm, at a
print speed of 300 mm /min. A 0.51 mm nozzle was used for all samples manufactured.
These parameters were chosen to be similar to those described for the small nozzle size
in chapter 4 (section , with a layer height of 0.3 mm chosen to increase the thick-
ness of the lattice samples without requiring significantly more layers. A print speed of
300 mm/min was used when manufacturing all lattice designs, as on this platform, this
resulted in better geometry resolution. The diameter was measured at three points of

each filament, and an average across all 9 was calculated (Figure [5.1j)).
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Figure 5.1: Mean filament diameter compared to extrusion pressure for a 25G needle
diameter. Error bars show standard deviation.
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Prior to the manufacture of lattice designs, solid samples (i.e. with a 100% infill)
were manufactured using a sine wave toolpath with the a 0.5 mm filament diameter and
0.45 mm line spacing. This experiment was performed to establish whether the material
response could be manipulated through changing only the toolpath of AM PVA. 4
samples were manufactured with a toolpath wavelength of 2 mm, and amplitude of 1
mm (Figure . The PVA composition used was consistent with the lattice samples
described in[5.2.3. Similar to the samples with linear toolpaths described previously in
Chapter 4 (section m, samples were printed with 2 layers to avoid large increases

in temperature that may affect the print quality.
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N W e Ot

—
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Figure 5.2: The toolpath of a single layer of the samples manufactured with a wave
toolpath, with 100% infill. Samples tested were manufactured with 2 layers.
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5.2.3 AM protocol for uniaxial test samples

All samples for uniaxial tests were additively manufactured using a Cellink Inkredible+
Bioprinter (Boston, Massachusetts, USA). This bioprinter was used to enable further
customization of the toolpath, because it allows customised G-code to be uploaded to
the platform, necessary to the design of the lattice structures. Matlab (MathWorks,
Massachusetts, USA) was used to generate G-code for 2D lattice structures with a sine
wave unit cell (Figures 2 & 3). Lattice samples with 5 different unit cell geometries
were manufactured, with 3 samples manufactured for each lattice design (Table 2);
allowing for samples to be manufactured comparing the wavelength and amplitude of
the unit cell. All samples were 20 mm in height (8 mm testing region + 6 mm region
to be clamped on both sides) and 0.8 mm in thickness. A constant number of filament
“lines” were used for all samples, resulting in a different sample width depending on

the amplitude of the lattice unit cell.

5.2.3.1 Toolpath design

Matlab was used to design custom toolpaths allowing for the manufacture of lattices
with varying dimensions. Importantly, the design of the toolpath required a constant
bonded filament from one end of the sample to the other, enabling mechanical strength

along the axial length of the filament to be maintained. The full Matlab code is shown

in appendix [D]

The toolpath design was based on a sine wave, with both the frequency and am-
plitude being variables that may be controlled by the user. This resulted in a simple
toolpath which allowed for both a constant filament along the length of the sample, and
parametric control of the toolpath variables. To manufacture functionally graded con-

structs, the code then allowed for the frequency to be adjusted throughout the length
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of a filament, as well as adjusting the amplitude and/or frequency along the height
of the sample (However all of the samples manufactured in this chapter had constant
parameters with respect to sample height). For the purpose of this study, only cuboid
shapes were manufactured, however there is scope for this to be expanded to allow for

more intricate geometries.

5.2.3.2 Programme functionality

Define
whether freq. and
amp will vary with
layer height

Input sample
dimensions for
first layer

No Sy
¢ Input sample
) dimensions for
last layer

Input initial
sample
dimensions

\

v XYZ coords

generated

Sine wave
generated
Input secondary

sample
dimensions

-———J

\

XYZ 'Visualisation G-code fil
coordinates f——— pf of toolpath /—=| Input file name |——» :Lo‘r,et‘ de
generated output and print speed generate

Figure 5.3: Flow chart showing user process to generate lattice g-code

Prior to inputting data, the user will be asked whether the sine wave parameters
should be varied along the sample height (Z axis). If the user chooses this option, they
will be required to input overall shape dimensions, as well as the sine wave parameters

for the first and last layers, as well as a function to describe how these parameters will
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change between the outer layers. A flow chart showing the overall workflow is shown
in figure [5.3] The full code is given in appendix [D] If a variation in parameters with
respect to sample height is not required, the user is asked to input the sample length,
the minimum and maximum frequency required along the length of the sample, the
amplitude (mm) of the wave, and a function which will define how the wavelength will

vary along the length of the sample.

An initial array is then created between 0 and the sample length; this will be used
as the X coordinates to plot the sine wave. Data points are created every 0.1 mm. A
second array of the same length is then created between the minimum and maximum
frequency. If the same frequency is input for both, there will be no change in wave-
length along the sample length. This array will be used as an input to the function

defining how the frequency will be varied.

Fs = 10; % Number of samples per mm

dt = 1/Fs;

X = 0:dt:width; % create X coord array

len = length(w); %» Find length of X

f_in = linspace(min, max, len); 7% Create freq. array

Once this function has been applied to the array of frequencies, the sine wave is
plotted using the following code. This is a simplification of equation 2.1 which will plot
a sine wave with modulating frequency. This array is then multiplied by the amplitude

to give the Y coordinate used to plot the sine wave.

wave = (sin(2*pi*cumsum(f)/Fs)) / 2;

Y = wavexamplitude
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sin(2m / f(t)dt) (5.1)

Once a sine wave with the desired dimensions has been generated, it is plotted for

the user. If required, the change in frequency across the length of the sample is also

plotted (figure [5.4)).
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Figure 5.4: Matlab output visualizing sines waves with a constant frequency of 0.5
waves/mm (a), and a linearly varying wave between 0.1 and 0.5 waves/mm (b)

Once a single wave has been generated, the user must give the remaining sample
dimensions: sample width; strand diameter; sample thickness; and layer height. The
strand diameter dictates the gap between filaments within the lattice, and must have

been previously measured for the required layer height. A final prompt will ask for a
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Table 5.1: Unit cell geometry use to generate the G-code for 5 lattice designs.

Lattice A B C D E
Wavelength (mm) 0 4 2 2 2
Amplitude (mm) 1 1 1 15 2
Sample width (mm) 5 5 5 8 12

file name, and the required print speed. A G-code file is generated and can be sent
to the 3D printer via USB, or SD card. A final plot is produced showing the toolpath
generated for the sample. This is shown for all five lattice designs tested in this study
in figure [5.5] To reiterate the differences between these lattices: Lattices A, B and C
have constant amplitude (1 mm) and varying wavelength; and lattices C, D, and E

have constant wavelength (2 mm) and varying amplitude (table [5.1)).
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Figure 5.5: Matlab generated toolpaths for 5 lattices tested in this study
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5.2.4 Uniaxial tensile tests

Samples were held in place using grips lined with P120 emery paper. Uniaxial ramp
tests were performed on a Bose Electroforce 3200 (mechanical testing machine, running
Wintest software. Samples were tested axially under tension with a displacement of 10
mm at a strain rate of 0.25 mm/s. The applied strain was calculated using equation
b.2l The load was measured in grams and the corresponding force and stress was
calculated using equations and .4} The Young’s modulus of each sample was then

calculated using equation

The area of PVA in each lattice was calculated using a colour threshold filter in Fiji
[237] as a percentage of total enclosing sample area (Appendix |[C| Figure [C.1). This
allows for precise selection of an image based on the hue, saturation and brightness of
each pixel. These parameters were manually adjusted to select only the pixels which
were part of the PVA lattice. This was compared against the Young’s modulus of each

lattice to ascertain the impact of PVA volume percentage on mechanical stiffness.

€= % (5.2)

F=mg (5.3)
F

o=~ (5.4)

(5.5)
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Table 5.2: Strain energy densilty functions for the 6 models used in this chapter.
N, u, and oy, are material constants for Ogden model. Cj; are material constants
for the (reduced) polynomial models, Cyoo = 0, and I and I are the first two strain
invariants of the left Cauchy—Green deformation tensor given in section@

Model type Order (n) Strain energy density function (W)
Ogden ; 25:1 Z_z (Xfp + A7+ A" — 3)
Polynomial ; (Mooney Rivilin) ZZ]’:O Cij (I — 3)i (I — 3)j
Reduced polynomial é EXN[;)LI)-IOOkean) Yoo Cio (I — 3)’

5.2.5 Hyperelastic characterisation

Each of the five lattice designs (mechanically characterised by 3 samples) were evalu-
ated for hyperelastic Constitutive modelling in this study. Abaqus (Dassault Systemes,
Vélizy-Villacoublay, France) was used to calculate hyperelastic coefficients for all hy-
perelastic models used in this study. Raw data for stress and strain was sampled to
reduce the total number of data points to 160 in order to reduce error from noise in the
data. It was ensured that data points were taken at equal spaces throughout the total

range. The Drucker stability criterion was used to assess the stability of each model.

Six different phenomenological models were examined, and the best fit was chosen.
The criteria for choosing the model was based on both model stability within relevant
strain ranges, and minimising fitting error. The simplest model which fitted these
criteria was chosen. The models analysed were: polynomial n = 1 (Mooney-Rivelin),
polynomial n = 2, Ogden n = 1, Ogden n = 2, reduced polynomial n = 1 (neo-Hookean),
and reduced polynomial n = 3 (Yeoh). Information regarding the six models examined

is shown in table|5.2| and further information regarding the models is given in section

214

Briefly, as PVA has been shown to be an incompressible material [153], the volu-
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metric term in a strain energy density function is not required, so the functions for all
models can be simplified to the equations shown in table The polynomial model
can be further simplified by omitting the second strain invariant, resulting in the re-
duced polynomial model. In this case j is always zero. The Ogden model bases the
strain density function on the principle stretches (A1, A2, A3). As with the polynomial

models, it is assumed the material is incompressible and that A\;As A3 = 0.

Based on this methodology, the Yeoh model was chosen as the best fit for all
samples tested, and the average values of C' o, Co ¢ and Cs were analysed when both
lattice amplitude and frequency were varied, as well as comparing cast samples and

preliminary AM samples with a 100% infill.

5.2.6 Statistical analysis and data smoothing

All statistical analysis was performed using Matlab (MathWorks, Massachusetts, USA).
Where required, unpaired student t-tests were used to ascertain whether a statistically
significant difference was present between values of Young’s moduli or hyperelastic

coefficients.

5.3 Results

5.3.1 Preliminary testing

Sine wave toolpath samples manufactured with a 100% infill (figure showed sig-
nificantly different (p < 0.001) mechanical properties to cast samples at low strains
(0-20%) with a Young’s modulus of 52.6 + 3.2 kPa, compared with 90.0 + 6.3 kPa
(Figure [5.7)). However, no significant difference (p = 0.19) in Young’s modulus at high

strains (80-100%) was seen, with a mean of 127 £ 8.8 kPa compared to the 142 +
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9.0 kPa seen in the cast samples. It should be noted the peak stress in cast samples
(measured at 100%) was significantly higher in cast samples (p = 0.007) with a mean
of 133 + 8.4 kPa compared with 97.0 &+ 3.6 kPa for the AM samples.

Figure 5.6: Example sample printed with a sine wave toolpath and 100% infill. Note
the print defects present in some places between filament strands. Sample is 20 mm in
length.
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Figure 5.7: Uniaxial ramp tests for cast control samples (grey), and samples manu-
factured with a wave toolpath with a 100% infill (orange).
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5.3.1.1 Hyperelastic fitting of wave toolpaths with 100% infill

A significant difference was seen for all three coefficients when comparing cast and AM
samples with a 100% infill, with C o being 14.3 &+ 1.5 and 10.1 £ 2.1 kPa for cast and
AM samples respectively (p = 0.018). Cy was shown to be 13.0 = 1.4 and 6.53 +
1.3 kPa (p = 0.001), whilst median values for Cs, were -2.69 £ 0.36 and -0.763 £ 0.2
kPa (p < 0.001) respectively (Figure [5.8)). Analysis of selection criteria of all models
is described in section [5.3.3.

16000 + - Cast
14000 - B AM wave | |

12000 -
& 10000 |
8000 |
6000 |

4000 |-

Magnitude /

2000 -

-2000

-4000

Cip Coyp Csyp
Yeoh model coefficient

Figure 5.8: Median and SD for Cyy € Csq coefficient for a Yeoh hyperelastic model
(n=3), showing a comparison between cast and AM samples.
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5.3.2 Uniaxial testing of lattice designs

Images of all samples manufactured are shown in figure It was shown that an in-
crease of wave amplitude resulted in a decrease in stiffness of additively manufactured
PVA (Figure[5.10h), with the average Young’s modulus between 0-20% strain, decreas-
ing from 30.3 £ 1.38 kPa at an amplitude of 1 mm to 15.1 = 1.7 kPa at an amplitude
of 1.5 mm (p < 0.001)(table [5.3). The Young’s modulus at 2 mm was 12.1 + 0.64
kPa, however there was no statistical difference between 1.5 mm to 2 mm (p = 0.081).
Similarly the Young’s modulus between 80-100% strain decreased from 75.0 &+ 4.7 kPa
at 1 mm to 30.9 &+ 1.44 kPa at 2 mm (Figure p.11h). This decrease was significant

both from 1 — 1.5 (p = 0.002), and 1.5 — 2 mm (p = 0.006).

Similarly, a significant difference in stiffness was measured with respect to a vari-
ation in wavelength (Figure [5.10b). A decrease in Young’s modulus was observed
between 0-20% strain from 30.3 + 1.4 kPa at a wavelength of 2 mm, to 23.7 + 1.5
kPa at a wavelength of 4 mm (p = 0.009). A further decrease to 17.6 + 1.7 kPa at
a wavelength of 10 mm was also seen (p = 0.019). Again, this decrease was also seen
at 80-100% strain, decreasing from 75.0 & 4.8 kPa at 2 mm — 58.9 &+ 2.5 kPa at 4
mm (p = 0.013) — 37.6 + 2.3 kPa at 10 mm (p < 0.001) (Figure [5.11p). All samples
tested measured lower values for Young’s modulus compared to the cast control sam-
ples, which had values of 81.1 4+ 6.3 kPa between 0-20% strain and 142 + 9.0 kPa at
strains of 80-100%.
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Table 5.3: Mean Young’s modulus for all lattice desings between 0-20% and 80-100%
strains (n=3).

Amplitude Wavelength Low strain High strain
(mm) (mm) Mean (kPa) SD  Mean (kPa) SD
A1 10 17.6 1.66 37.6 2.34
B 1 4 23.7 1.45 589 2.49
Cc 1 2 30.3 1.38 75 4.74
D 15 2 15.1 1.74 449 3.34
E 2 2 12.1 0.64 30.9 1.44
Cast samples 81.1 6.26 142 9.04

(e) Lattice E: W = 2mm, A = 2 mm

Figure 5.9: All manufactured lattice samples (A-E) prior to uniaxial testing. The
height of each image is 2.5 cm.
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in Amplitude (a), and Wavelength (b).
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A linear relationship was observed between PVA percentage and infill wavelength
(Figure . An exponential regression was empirically derived for the relationship
between Young’s modulus and infill amplitude. Despite significantly higher density,
lattices D and E showed comparatively lower Young’s moduli compared to lattices A
and B. A 10% reduction in PVA density resulted in a 60% drop in Young’s modulus
when amplitude was varied (C — E). Whereas a 40% reduction in PVA density resulting
in a 45% drop in Young’s modulus when wavelength was varied (C —A). Figure m
is broken down to more easily observe the relationship between Young’s modulus and

PVA volume in figure [5.13]
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Figure 5.12: Average Young’s modulus at 0-20% (dashed) and 80-100% (solid) strain
for Lattices A-E, compared against the percentage by area of PVA in the sample for
variations in wavelength (grey) and amplitude (orange). Linear regression is also shown
for amplitude (dotted) to mitigate over-fitting data. Lattice type is given in brackets.
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Similarly, a comparison was made between the infill angle with respect to the loading
direction, and the Young’s modulus of each lattice. It is well known that AM does not
perfectly reproduce toolpaths [236]. Therefore, angles were approximated based on the
sample images, and not based off of the simulated toolpaths presented in figure |5.5|
Figure in appendix [C]illustrates the angle in each lattice. A linear relationship was
seen for both a variation in wavelength and amplitude (figure . Again this figure
is broken down to more easily observed the relationship between the lattice angle and

Young’s modulus in figure [5.15]
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Figure 5.14: Average Young’s modulus at 0-20% (dashed) and 80-100% (solid) strain
for Lattices A-E, compared against the lattice infill angle with respect to the loading
direction for variations in wavelength (grey) and amplitude (orange).Lattice type is
given in brackets.
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Table 5.4: Fitting error and stability for all samples (n = 18), for the Ogden, poly-
nomial, and reduced polynomial models tested.

| Fitting Error (%)

Order (n) Mean SD Stability
Ogden 1 141  0.37 Stable

2 10.2  0.25 Unstable
Polynomial 1 (Mooney-Rivilin) 1.38  0.35 Unstable

2 1.02  0.24 Unstable
Reduced polynomial 1 (Neo-Hookean) 7.7 1.8 Stable

3 (Yeoh) 1.12 031 Stable

5.3.3 Analysis of hyperelastic models

Of the six models selected in this study, three were deemed unsuitable due to instability
throughout the relevant strain ranges (table |5.4). These were Ogden, n = 2, Mooney
Rivelin (Poly n = 1), and Polynomial n = 2. Of the remaining three models, Yeoh
was shown to have the lowest fitting error (1.12 £ 0.31 %), and was therefore chosen
as the model to analyse for the rest of this study. All six hyperelastic models have
been shown for a single sample of lattice C (figure to demonstrate the fit of each
model. For completeness, figures showing the analysis for all samples are shown in the
appendix C (Figures - . Figure shows the Yeoh fit against the raw data of

one sample per lattice, showing the variation of both lattice frequency and amplitude.
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Figure 5.16: Polynomial and Ogden hyperelastic models for Lattice C. Where: poly,
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Table 5.5: Hyperelastic coefficients (median & SD) for all sample types tested (n=3).

C(I,O) Pa 0(270) Pa 0(3,0) Pa
Mean SD Mean SD Mean SD

Lattice A 2.71 0.83 2.24 0.51 -0.223 0.10
Lattice B 4.13  0.18 3.2 0.25 -0.370 0.07
Lattice C 5.61 0.31 3.61 0.75 -0.386 0.15
Lattice D 2.56 0.40 2.24 0.39 -0.18 0.11
Lattice E  1.89  0.10 2.15 0.22 -0.287 0.052
Cast 143 15 130 14 -269 0.36
AM wave 10.1 2.1 6.53 1.3  -0.763 0.20

5.3.4 Analysis of Yeoh model coefficients

A significant decrease was seen in (' as amplitude was increased from 1 to 2 mm,
decreasing from 5.61 £ 0.31 to 1.89 + 0.10 kPa (p < 0.05)(Figure [5.18). Similarly, a
decrease in (o was seen as the lattice wavelength was increased from 2 to 10 mm,
decreasing from 5.61 + 0.31 to 2.71 £ 0.83 kPa (Figure . It should be noted, that
although a decrease in C o was observed between wavelengths of 4 and 10 mm (4.13 =
0.18 — 2.71 £ 0.83 kPa), this difference was not statistically significant (p = 0.085).
The trend for both relationships between C o was empirically shown to an exponential
decay. However, as only three data points are given, a linear regression is also shown

on the relevant figures, to avoid over-fitting the data.
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A decrease in Cyy was seen as the lattice amplitude was increased from 1 to 1.5
mm, reducing from 3.61 + 0.75 to 2.24 £ 0.39 kPa (p = 0.03) (Figure [5.19). However
no significant difference was seen as the amplitude was increased again to 2 mm, with
Cop = 2.15 £ 0.22 kPa (p = 0.35). A decrease in Cyy was observed as the lattice
frequency was increased from 2 to 10 mm, decreasing from 3.61 £+ 0.75 to 2.24 + 0.51
kPa (Figure [5.19), although it was not significant from 2 — 4 mm (p = 0.25).

The values for Cs ¢ were negative for all samples, and an order of magnitude smaller
than both C) and Cyp. No significant trend was seen between Cs as either lattice
wavelength or amplitude were varied (p > 0.05), therefore no line of best fit was

empirically derived for either relationship (table .
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5.3.5 Functionally graded lattices

To demonstrate ”proof-of-concept” FGAM, samples with a varying wavelength were
successfully manufactured using a Cellink Inkredible+ bioprinter (Figure . Based
on the results shown in section [5.3.2, these samples should theoretically exhibit func-
tionally graded mechanical properties. Using the data collected in this study, it is
possible to plot the theoretical change in Young’s modulus along the length of these
samples (Figure |5.21)). This demonstrates that a linear change in wavelength between
2 and 10 mm (Figure ), should result in a quadratic relationship between the
sample length and Young’s modulus (Figure . Similarly, a parabolic change in
wavelength with minimum and maximum wavelengths of 2 and 10 mm respectively
5.20b), should result in a 4" order polynomial relationship between the sample length

and Young’s modulus |5.21p.
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Figure 5.20: Images showing two samples manufactured with a custom toolpath,
varying the toolpath frequency linearly (a), or parabolically (b).
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Figure 5.21: Hypothetical variation in average Young’s modulus for previous samples
(a) and (b) between 0-20% strain, based on experimental data presented in this chapter.
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5.4 Discussion

This chapter has explored the ability to further vary the mechanical properties of addi-
tively manufactured PVA by utilising and varying parameters of a sine wave toolpath.
It has also shown this methods potential to manufacture functionally graded PVA con-
structs using a single composition of PVA. A sine wave shaped toolpath was used to
alter infill density, whilst meeting the requirement of having a constant filament of
PVA in the direction of loading. This mitigates the inherent weakness between PVA
filaments that may result in premature failure, and has shown that an increase in both

the wavelength and amplitude of the sine wave results in a less stiff material.

5.4.1 Discussion of preliminary results

Initially, AM constructs with a sine wave shaped toolpath and a 100% infill were
tested. This preliminary test was performed to understand whether the AM toolpath,
could be used to change the mechanical behaviour of the resulting construct. Both
the macro alignment of PVA filament and inherent weaknesses between PVA filaments
have been shown in chapter 4, to have an impact on the mechanical behaviour of
AM PVA. This could allow the tailoring of the relationship between stress and strain
of AM PVA to closer represent the connective tissue in question. For example, it
could be used to replicate and control the ’J’ shaped curve seen for connective tissues
under uniaxial tension [17, [I8]. Promising results were presented, with a comparison
of the Young’s modulus showing that the AM samples were less stiff at low strains
(52.6 £ 3.2 kPa vs 90.0 £ 6.3 kPa), yet showed no statistically significant difference
at high strains (p = 0.19). This implies that the AM samples exhibited a more 'J’
shaped response compared to cast samples. This difference in non-linearity is further

reinforced when comparing the hyperelastic coefficients for both materials, where a
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significant difference between C, Cap, and C3o were seen, implying differences in
the hyperelastic properties of PVA. The stress observed in AM samples was lower
when compared to cast samples. This can be attributed to the lower stiffness seen at
low strains, and based on the results of chapter 4| the author hypothesises is due to
the weak boundaries between filaments being initially more orthogonal to the loading
condition. As the sample is tensed, the sine wave will straighten, meaning these weak
boundaries will become more parallel to the load. Therefore, the weak boundaries

between filaments will become less of a component in dictating material stiffness.

Ultimately, this line of testing was not continued due to issues with the repeatabil-
ity of manufacturing AM PVA constructs with a sine wave toolpath. Due to the small
inconsistencies in the filament diameter within one sample, and the high viscosity of
PVA, replicating geometry using a constantly changing infill resulted in frequent print-
ing defects, most commonly holes between filament strands. These issues with have
been previously reported with the additive manufacture of other hydrogels, including
PVA, and solving them is ongoing research [236]. Therefore, the promising results
reported here may be followed up in in future research as AM of PVA improves, with
testing of a wide variety of wave parameters required in order to understand the impact

of the toolpath on the hyperelastic properties of AM PVA with 100% infill.

5.4.2 The development of a method to functionally grade AM
PVA

A reduction in infill density was shown to correlate with a decrease in mechanical
stiffness, with all samples tested reporting lower Young’s moduli values than the cast
control samples. This is in agreement with literature, where infill density is commonly
used to reduce material stiffness, or optimise the strength to weight ratio of the ma-

terial [124] 238]. However, in this chapter it was found that for the AM of PVA, the
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method by which the infill density of the lattice is varied has a clear impact on the
relationship observed. A linear relationship was observed between infill density and
Young’s modulus at both low and high strain rates when the wavelength was varied,
implying that the reduction in stiffness seen is greatly influenced by a reduction in

volume of PVA in the sample [5.13h.

Conversely, although an increase in amplitude also resulted in a decrease in density,
and therefore a decrease in the stiffness of the PVA lattice, this was seen to be a signifi-
cantly more non-linear relationship [5.13b. A 1.9% decrease in infill density resulting in
a 50% decrease in Young’s modulus at both low and high strains when the amplitude
was increased from 1 to 1.5 mm (lattice C — D). A further 10% decrease in Young’s
modulus was seen at an amplitude of 2 mm, with a respective decrease in infill density
of 5.6% (lattice D — E). However, it should be noted that the difference in Young’s
modulus between 1.5 and 2 mm was only significant at high strains. It is hypothesised
that for these samples at low strains, the driving factor in material stiffness is the align-
ment of the filament to the loading direction. Therefore at low strains both lattices
exhibit similarly low mechanical stiffness. At higher strains, the filament in lattice D
(amplitude of 1.5 mm) will align to the direction of loading quicker, reinforcing the

material and explaining the resulting higher stiffness.

The impact of different infill parameters can be further evaluated by comparing lat-
tices B and E, with these two lattices exhibiting very similar infill densities of 58 £ 2.3%
and 63 + 2.8% respectively. However, different sine wave parameters were used for
both, with lattice B manufactured with a wavelength of 4 mm and amplitude of 1 mm,
and lattice E with a wavelength of 2 mm and amplitude of 2 mm. This provides the op-
portunity to isolate the impact of the only the infill parameters, showing a significant
difference between the stiffness of both, with Young’s moduli of 23.8 £ 1.4 kPa and
12 4 0.64 kPa at low strains and 58.9 + 2.5 kPa and 30.9 & 1.4 kPa at high strains

for B and E respectively. Similarly, a comparison can be made between lattice A and
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lattices D and E. Again these lattices have very different infill properties, with lattice A
manufactured with a wavelength of 10 and amplitude of 1, lattice D with a wavelength
of 2 and amplitude of 1.5, and E with a wavelength of 2 mm and amplitude of 2 mm.
In this case, these lattices exhibit a large difference in infill density, with densities of
44.9 + 2.8%, 69.4 + 1.9%, and 63 £ 2.8% respectively; however, despite having a lower
infill density, lattice A was shown to have similar stiffness than both lattices D and E,
with a Young’s modulus of 17.6 &+ 1.6kPa at low strains and 37.6 4+ 2.3 kPa at high
strains compared to 15.0 £ 1.4 kPa and 44.9 4+ 3.3 kPa measured for lattice D and

12 4+ 0.64 kPa and 30.9 & 1.4 kPa for lattice E.

This reinforces the hypothesis that differences noted in the mechanical behaviour of
AM PVA lattices is not solely influenced by the volume of PVA within the sample, but
by other mechanisms impacting the mechanical behaviour of AM PVA. The author
hypothesises that the resulting mechanical behaviour of AM PVA is a function of
both the density of the lattice, and the directionality of the filament with respect to
the loading condition, which was shown to be directly proportional to the mechanical
stiffness of the material when both amplitude and wavelength were varied (Figure
. This aids in explaining the significant decrease in Young’s modulus of ~ 60%
when the sine wave amplitude is increased from 1 to 2 mm, despite a significantly
smaller decrease in PVA density of 7.5%, as well as the striking difference between
lattice A and lattices D and E, which show the extremes of the parameters explored in
this study. In this case a key difference between the lattices is the filament alignment,
with lattice A showing significantly greater alignment compared to D and E (Figure
in appendix C). This reinforces the hypothesis that filament alignment impacts
the mechanical strength of AM PVA, with alignment with the the loading direction
resulting in an increase in mechanical stiffness, and is in agreement with the findings

of chapter

Functionally graded PVA has previously been manufactured [232, [148]. Wahab et
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al. was achieved this by casting two different compositions of PVA in a mould with
a divider [232]. The sample then underwent a short pre-processing freeze-thaw cycle,
before the divider was removed to allow the two compositions to diffuse. Although this
process successfully created a functionally graded construct, several limitations of this
method are clear, with this methodology unlikely to be transferable to more intricate
geometries and grading, for example models where it is required for material properties
to vary in multiple axes. The process of diffusion between different compositions is
likely complicated, with variables such as concentration, MW, and the length and
temperature of pre-processing FTCs all being factors which may affect it, resulting
in difficulty controlling the rate at which properties will vary across the material. It
should also be noted that Wahab et al. did not perform tensile tests to assess the
strength of the boundary between PVA compositions. Meng et al. manufactured
graded structures using AM, varying the infill density of PVA [14§]. In this case only
uniaxial compression of the structure was performed, therefore not fully quantifying
the effect of changing porosity. This chapter has provided an alternative to achieve the
functional grading of PVA, by using AM to allow for a method to quantify not only

the change in material properties, but also control over the gradient which this occurs.

Previous studies have shown PVA cryogels to be hyperelastic under both compres-
sion and tension 239 B36]. Therefore, in order to obtain a complete picture of the
impact of infill parameters on the uniaxial testing of AM PVA| several phenomeno-
logical hyperelastic models were constitutively fit to the data, with the Yeoh model
resulting in the best fit of all the samples tested. As with data for Young’s moduli,
section [5.3.4 describes the relationship seen between infill parameters and Cp, Cay,
and Csp. It should be noted that, although the three coefficients of the Yeoh model
relate to the shear behaviour of a material, more practically speaking C5¢ and Csq
alter the localised gradient at a given strain rate [I83]. Therefore, these coefficients
describe the stress & strain relationship over the strain ranges tested, and how this

relationship alters as infill parameters are varied. This study has demonstrated the
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potential to calculate the infill parameters required to best estimate the hyperelastic
properties of a connective tissue, if hyperelastic coefficients have been measured for
the tissue. It should be noted that there is uncertainty in the trends presented, due
to: only one mode of deformation has been studied; the assumed incompressibility of
the material; the small sample size (n = 3); and the fact that hyperelastic models only
provide an approximation of material behaviour. This study has shown the potential
for a correlation to be made between the wavelength and amplitude of a sine wave tool
path, and the resulting hyperelastic material response, however more data points are

likely needed to fully assess and confirm the relationships suggested.

The anisotropy present in additively manufactured PVA will impact the way in
which AM can be used as a manufacturing method for biomedical devices and im-
plants. In some cases this can be used as an advantage in order to tailor the orthotropic
properties of PVA to further match that of connective tissues, for example the layers
of the arterial wall |20} 240]. However, it must therefore also be taken into account
when AM is used to manufacture homogeneous materials, or materials that may be
under high strains, where bonds between filament strands may cause stress concen-
trations, and premature sample failure. Importantly, the bulk properties of PVA do
not necessarily match the properties of AM PVA, with AM PVA being shown exhibit
orthotropic behaviour [199]. This means that design for additive manufacture must be
carefully planned in order to avoid any potential failure of an implant or device. As
well as illustrating the impact of the infill dimensions of the AM PVA, this study has
produced a novel, equation driven approach for the manufacture of functionally graded
PVA using AM, which allows for a constant filament along the length of sample to

reduce the likelihood of failure in the required direction.

This gives the potential to manufacture implants, medical devices, and phantoms
with functionally graded material properties, both along the length and between the

layers of the construct. This allows the ability to better mimic the changes of mechan-
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ical behaviour of connective tissues, for example when modelling an atherosclerotic
plaque, by varying the mechanical properties along the length of a sample in order to
manufacture a region of increased stiffness. Alternatively, when changing the mate-
rial properties between the layers of the construct in order to mimic the differences in

mechanical stiffness of the intima, media, and adventitia in the arterial wall.

5.4.3 Conclusion

This chapter has described and validated the development of a novel parametric AM
design process, tailored specifically for PVA. This has allowed for the additive man-
ufacture of hyperelastic functionally graded PVA constructs, taking into account the
specific design constraints present with sub-zero AM. The contribution of this method-
ology to the field of PVA AM, allows for the future potential to incorporate tuned,
functionally graded properties, allowing closer replication of specific CTs. However,
the results of this study could impact broader applications, as it has also proven the
ability to control hyperelasticity of a material by adjusting the AM toolpath, a concept

which could be applied to other materials in the future. To summarise, this study has:

e Presented successful method to generate G-code with parametrically defined
changes in infill density and filament alignment through amplitude and wave-
length, allowing the manufacture of functionally graded PVA constructs from a

single composition.

e Shown an increase in the amplitude and wavelength of the sine wave reduces the

stiffness of AM PVA.
e Shown sample density is not always linearly related to mechanical behaviour.

e Shown filament alignment was a key factor in determining mechanical behaviour.



Chapter 6

GENERAL DISCUSSION

6.1 Thesis summary

The aim of this thesis was to explore the characterisation, advanced design and manu-
facturing of PVA cryogel as a physical model for connective tissue. It has achieved this
by analysing the impact of composition changes of PVA on its mechanical behaviour
and MR properties; as well as exploring the potential to use novel AM techniques
to introduce and control complex orthotropic viscoelastic and hyperelastic mechanical
behaviour. This thesis has therefore furthered the understanding of the viscoelastic
and hyperelastic mechanical behaviour of PVA, allowing for more informed material
and design choices when it is used as a physical model of connective tissue, as well as
outlining a framework for the additive manufacture of functionally graded PVA con-
structs.

The objectives of this thesis were met as follows:

e The dynamic viscoelastic properties of PVA were quantitatively characterised,

showing the impact of concentration, MW and FTC. The impact of these pa-

172
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rameters on 75 relaxation time was also characterised, and correlation between

viscoelastic properties and 75 relaxation time was shown.

e A sub-zero AM platform was developed to allow the additive manufacture of
PVA, with the PVA solution freezing on contact with the print bed to facilitate
the retention of geometry. The orthotropic properties of AM PVA was shown for

the first time.

e A novel approach to alter the stiffness of AM PVA by allowing the infill of the
material to be defined by a parametric function, and the impact of the input

parameters of material stiffness an hyperelasticity was assessed.

Chapter 3 explored the dynamic viscoelastic properties of PVA cryogel, contribut-
ing a comprehensive assessment of the viscoelastic behaviour of PVA to the current
understanding of the mechanical behaviour of PVA. Key results show, in general, that
an increase in concentration, MW, and the number of FTCs resulted in a significant
increase in both storage and loss modulus, where only 15 — 20% concentration PVA-C
showing no significant increase in loss moduli (See section @ for a description of
the PVA compositions). This gives a more complete understanding of the viscoelastic
behaviour of PVA under physiologically relevant loading conditions, allowing the deci-
sion process when defining PVA compositional parameters to be optimised. The same
compositions were also characterised using MRI, and linear relationships between con-
centration and 75 relaxation time were seen for all three compositions assessed [3.3.2.
This allowed for novel analysis of the causal relationship between viscoelastic mechan-
ical properties and T, relaxation time, showing the potential for non-invasive imaging

techniques to assess the mechanical properties of implants or tissue scaffolds.

Additive manufacture poses a significant advantage for the manufacture of biomed-
ical devices, allowing for cost effective production of patient specific implants, or the

rapid prototyping of phantoms or scaffolds. Chapter 4 successfully developed a sub-
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zero AM platform for hydrogels, and has quantitatively assessed the difference in the
dynamic viscoelastic properties between cast and AM PVA. The contribution of this
comprehensive analysis of AM process parameters is crucial to understanding and fur-
ther developing the AM process to manufacture complex material properties. It was
shown that AM PVA is orthotropic, with its anisotropy dependant on the nozzle diam-
eter (section . This anisotropy is inherent to the manufacturing process, and must
be taken into account when designing for AM. It was hypothesised that the anisotropy
present, was most likely caused by shear thinning of the polymer during extrusion, and
weak molecular interactions between the PVA filament strands. This fundamentally
proves the ability of AM to repeatably introduce anisotropic behaviour without the
need for complex pre- or post-processing of the material, leading to the potential to

better replicate the fibre-reinforced, anisotropic nature of CT.

Finally, a novel parametric approach to additively manufacture functionally graded
PVA was achieved in chapter 5. The method chosen to do this was by defining a sine
wave shaped toolpath with user controllable amplitude and wavelength. The contri-
bution of this methodology to the field of PVA AM, allows for the future potential to
incorporate tuned, functionally graded properties, allowing closer replication of specific
CTs. This process was validated by manufacturing and testing five lattices with differ-
ent input parameters, showing that an increase in both the wavelength and amplitude
of the sine wave resulted in a decrease in stiffness (section [5.3.2). The density and
filament alignment was also analysed, and it was observed that both showed a strong
relationship with stiffness, with a decrease in the volume of PVA in the sample relating
to a decrease in stiffness. Most importantly, the relationship between alignment with

the loading condition and mechanical stiffness was shown to be linear.

The novel parametric CAM methodology developed for this thesis, also allows the
control of both the amplitude and wavelength of the sine wave to be varied during the

manufacture of the construct through a user-defined parametric function. This leads
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to the exciting potential to accurately control the mechanical properties of complex
additively manufactured geometries. The direction of this area of research is further

discussed in section [6.2]

6.2 Limitations and future perspectives

Throughout this thesis the compositional and process-dependant material properties of
PVA have been explored, working towards the goal to better replicate the mechanical
behaviour of CT. It should be noted that the focus of this thesis was not to determine
the ‘ideal’ compositional parameters of PVA required to replicate a particular CT.
Rather the focus has been to systematically analyse key parameters, composition or
process related, that contribute to the material properties of the resulting structure,

and in turn the body of understanding of PVA.

Chapter [3| has evaluated the viscoelastic properties of PVA for the first time, and
has shown the impact of key compositional properties on mechanical behaviour and
T5 relaxation of the material. It is clear that it has not studied an exhaustive list
of compositional parameters, but due to its systematic approach, it has highlighted
key areas of interest for future work. For example it was discussed in section that
the materials manufactured in this thesis were in the order of less stiff CTs [141]. It
has also shown that the relationship between dissipation of energy (quantified by the
loss modulus) and concentration is not the same for all compositions (figure [3.6), and
therefore that you cannot extrapolate the viscoelastic response of a stiffer composition
of PVA based on the results presented here. Despite this, the results presented in
chapter |3| are still valid for comparing to less stiff CTs, and the finding that water
content does not always correspond to the dissipation of energy is a key finding in
itself. This gives rise to an important potential area of future research: the viscoelastic

properties of stiffer compositions of PVA. An increase in concentration, MW or FTC
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results in the restriction of water trapped within the lattice structure [37]. It was
hypothesised that this restriction inhibits the dissipation of energy in PVA, and it may
therefore be the case that stiffer compositions of PVA, in the order of magnitude of
stiffer CT, may not see a proportional increase in its ability to dissipate energy, which
may be undesirable. Taking into account the AM of PVA, where higher viscosities
resulting from higher concentration or MW, may become difficult to extrude, the best
method to increase stiffness may be to increase the number of FTCs. In this case the
use of imaging techniques such as MRI may prove useful to assess the heterogeneity
of PVA, as an increase in FTCs has been shown to increase the disparity between

polymer-rich and polymer-poor regions.

This thesis has outlined a framework and methodology that uses sub-zero AM to
introduce orthotropic and functionally graded behaviour into PVA. In order to move
this work forward to the eventual goal of systemically defining the required composi-
tional and manufacturing parameters to replicate a specific CT, future projects further
exploring and refining the AM methods presented in chapters |4/ and [5| could be under-

taken.

Chapter [4) demonstrates the feasibility of controlling the anisotropy of PVA through
AM process parameters. The results presented in section [£.3.1 have empirically shown
a difference in viscoelastic behaviour between nozzle sizes in the parallel orientation.
Polymer alignment caused by the shear thinning of extruded PVA has been hypoth-
esised to explain this finding, however this cannot be confirmed within the scope of
this study. The novel finding that small nozzle sizes result in stiffer material properties
is still valid, as it was empirically shown through mechanical testing. This finding
is useful in itself, as it helps understand to the effect of the AM process on the me-
chanical behaviour of PVA. However, understanding the physical process behind this
finding finding will provide additional information on the to further the current un-

derstanding of PVA AM. This limitation could be addressed through analysis of the
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rheological properties of the PVA composition used was beyond the scope of this work.
The rheological behaviour of aqueous PVA solutions has been shown to vary depending
on the concentration of PVA used [241], meaning the relationship between the shear
rate and subsequent viscosity of the solution is dependant on compositional parame-
ters [241]. This means the impact of pressure (and therefore shear rate) on the shear
thinning properties of PVA cannot be inferred from literature. Future empirical work
could focus on further exploring this relationship by testing significantly more nozzle
sizes, allowing for a relationship between nozzle size and mechanical behaviour to be
calculated. As the entanglement of polymer chains will quickly return after PVA so-
lution has been extruded [213], the use of imaging techniques such as SEM may also
give quantifiable insight into the polymeric structure of PVA hydrogels manufactured
from AM. Alternatively mathematical research could be used to define this relationship
analytically [234] 235]. Despite this limitation, chapter |4/ has demonstrated the bio-
inspired principle of introducing orthotropy into AM PVA through control of filament
alignment, where future empirical testing and work analysing the micro-structure of
AM PVA may allow further analogies to be drawn between the fibre reinforcement of

collagen, and the role of the structure of AM PVA on its mechanical behaviour.

Chapter 5 has presented a CAM program aimed at manufacturing functionally
graded constructs, defined by a parametric function. As this work has characterised
the effect of the current input parameters to the program (the amplitude and wave
length of the toolpath), it is possible to evaluate the relationship between the these
parameters and the mechanical behaviour of the resulting construct, as presented in
section [5.3.2. In future this could allow for the required stiffness, or hyperelastic co-
efficients of a known material or connective tissue to be the inputs of the parametric
function, allowing for the manufacture of an biomedical device with tailored mechan-
ical properties. Curve fitting would then allow the required toolpath parameters to
be estimated and the corresponding G-code created. This would then become an op-

timisation problem, as this study has shown there are different combinations of input
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parameters that will achieve similar resulting mechanical properties. Other conditions
pertinent to the desired output could be factored in, for example desired anisotropy or

density of the material, and other design constraints that may impact the outcome.

A qualitative assessment of the orthotropic behaviour of the AM lattices was made
with lattice A showing negligible strength normal to the filament direction. Qualita-
tively, in some instances, the surface tension of water was seen to pull the filament
strands together, closing the pores within the sample. Lattice B was also qualitatively
assessed orthogonally to be less stiff than lattices C - E. Due to the evidence described
in chapter 4 showing the anisotropy of AM PVA (Figures|4.5{and , and the evidence
shown in this chapter implicating that directionality of the filament impacts mechanical
behaviour (Figure the author hypothesises that non-linear relationships may also
be present in the mechanical properties of these lattices when tested perpendicular to
the loading conditions described. For example despite being significantly stiffer in this
study, lattice A is likely significantly weaker than lattices D and E when tested perpen-
dicular to this, due both to the filament alignment relative to the loading direction, and
the considerably interactions between the filament strands within a given area of the
samples. It should be noted that, regardless of this hypothesis, all the lattices tested
in this study are likely to exhibit orthotropic behaviour due to the inherent weakness

between filament strands described and explained in chapter 4.

Another key limitation of the study presented in chapter [5] is the uncertainty in
some trends presented with respect to the hyperelastic response of the lattices. This is
due to: only one mode of deformation has been studied; the assumed incompressibility
of the material; the small sample size (n = 3); and the fact that hyperelastic models
only provide an ap- proximation of material behaviour. However, despite these uncer-
tainties the key finding from this study is still valid: the results presented in chapter
have proven the feasibility of using a parametrically controlled toolpath to control the

mechanical properties of AM PVA.
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In order for this work to progress, it is therefore important to improve the statistical
significance of the results. This could be achieved by increasing the number of infill
parameters and sample numbers, as well as characterise their orthotropic properties;
allowing the relationships between them, and the resulting mechanical behaviour to be
fully evaluated. This could be exploited, in tandem with the previous chapter to allow
a huge range of control in the anisotropy and mechanical behaviour of AM PVA, where
the PVA composition (and FTCs), nozzle size, print orientation and lattice dimensions
can all be tuned to impact the final constructs mechanical behaviour. This could
ultimately result in an exciting, powerful tool to tailor the mechanical behaviour of a

PVA cryogel implant or phantom, which mimics a naturally graded connective tissue.

Although the aims of this thesis have a clear biomedical application, the work pre-
sented is fundamental engineering and material science. For the successful application
of the knowledge and insights generated from this thesis, it is crucial to place it within
the context of the overarching application; discussing the translation from the funda-
mental science presented here, to its eventual clinical use. Technology readiness levels
(TRLs) are used ubiquitously throughout engineering as a method to track and moni-
tor the progression of a specific technology for a given application [242]. Briefly, TRLs
were originally developed by NASA for the aerospace industry and describe technol-
ogy in nine levels, from ‘basic principles observed and reported” (TRL 1), to ‘Actual
system “flight proven” through successful mission operations’ (TRL 9) [242]. This has
been widely adopted by many other industries, and ultimately can be used to describe
a technology proving the concept and performing fundamental research (TRL 1-3) to

developing working prototypes and ultimately technology maturity and wide adoption

(TRL 9).

TRLs have been applied to the medical engineering field and offer a clear perspective
of how a given technology will developed and incorporated into the design of a medical

device [243]. To explain the translation of the science presented in this thesis to a
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clinical application, the example of a multi-layered hyperelastic replacement for the
arterial wall will be discussed. Ultimately the work presented in chapters[3] [4, and [5fit
into TRLs 1-3, as they prove the fundamental concept of the technology (figure |6.1).
The next stage in the development process would be to define the PVA composition to
replicate each layer of the artery using the data presented in this thesis as a starting
point to inform choices. The AM methodology presented in chapters |4/ and |5|could then
be used to further refine the material properties of each layer. For example, a smaller
nozzle size may be used for the media to increase stiffness and anisotropy, whereas
the toolpath of the adventitia may be adapted to alter its hyperelastic response. A
first prototype of the arterial wall replacement would then be manufactured, giving an
indication of the feasibility of the technology. These stages would be considered TRL

3 or 4.

Stages 4 and 5 would then encompass rigorous testing of the device which may
include in wvitro testing, or the use of animal modules. At this stage the longevity and
fatigue of the implant would also be tested, which could incorporate MRI as a method
to non-invasively monitor the implant whilst ¢n vitro or in an animal model. TRLs 6
to 8 encompass in vivo testing of the implant, initially in small numbers under very
controlled conditions, before running larger human trials to fundamentally prove the
safety and efficacy of the implant compared to other solutions. Finally, TRL 9 indicates
the implant is safe, effective, and can be readily used in a clinical environment. As
before, MRI could be used a non-invasive method to routinely monitor the implant in

vivo during its lifetime.

Although far from an exhaustive explanation of the design process of a medical
device, this example serves to provide context of how the science presented in this
thesis translates into a clinical application. Fundamentally, this thesis aims to expand
the knowledge base of the mechanical behaviour of PVA, opening avenues to develop

more mechanically similar replacements for CT.
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N

eBasic principles observed and reported

eMaintenance of scientific awareness and generation of scientific and bioengineering
knowledge base

J
N
eTechnology concept and/or application formulated
eReview and generation of research ideas, hypothesis, and experimental designs
for addressing the related scientific issues
J
N

eAnalytical and experimental critical function and/or characteristics proof of
concept

eBasic research, data collection, and analysis begin in order to test hypothesis,
explore alternative concepts, and identify and evaluate component technologies.

eComponent and/or breadboard validation in the laboratory environment. h
eLaboratory research to refine hypothesis and identify relevant parametric data
required for technological assessment in a rigorous (worst case) experimental
design
J
eComponent and/or breadboard validation in the relevant environment
eDevices compared to existing modalities and indications for use and equivalency
demonstrated in model systems. Examples include devices tested through
simulation, in tissue or organ models, or animal models if required. )
eSystem /subsystem model or prototype demonstration in a relevant environment
(ground or space)
oClinical trials conducted to demonstrate safety in a small number of humans
under carefully controlled and intensely monitored clinical conditions. )
N
eSystem prototype demonstration in a space environment
oClinical safety and effectiveness trials conducted with prototype in an operational
environment.
J

eActual system completed and “flight qualified” through test and demonstration
(ground or space)

elmplementation of clinical trials to gather information relative to the safety and

effectiveness of the device.

V
V
V
V
V
v
\/

eActual system “flight-proven” through successful mission operations.

oThe medical device may be distributed /marketed

Fundamental science
presented in this
thesis:
Characterisation of
PVA, and
development of sub-
zero AM

Impending future
work: Development
of a synthetic
implant to replicate
the of arterial wall
function

Mid-term future
work: Rigorous
testing proving the
efficacy of the
implant in-vitro.

Long term future
work: Rigorous
testing proving the
efficacy of the
implant in-vivo.

Figure 6.1: The original TRL system developed by NASA (grey), and the biomedical
engineering equivalent (black). The example of an arterial wall replacement is shown
on the right.
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6.3 Final conclusions

As the mechanical behaviour of connective tissue is non-trivial, and they exhibit vis-
coelastic behaviour which is frequency dependant, it is important to assess biomaterials
within the range of physiological conditions expected for a given connective tissue. For
the first time, this thesis has successfully explored the dynamic viscoelastic properties
of both cast (chapter [3) and additively manufactured PVA (chapter {)), showing ef-
fects of compositional changes (chapter [3]), orthotropic properties (chapter , and the
frequency of loading on the storage and loss moduli. This thesis has also shown that
both the viscoelastic properties and MR T, relaxation time are proportional to the
concentration of PVA in the sample, therefore giving the potential to non-invasively

assess the mechanical properties of implants in-vivo.

The AM of PVA is a novel method of manufacturing, and offers the potential to
manufacture bespoke geometry in an economically viable manner. This thesis has
continued novel sub-zero methods of 3D printing hydrogels, and has added to the
literature by analysing the orthotropic properties of AM PVA, intrinsic to the method
of manufacture. It has shown that this anisotropy is dependent on nozzle size, allowing
larger nozzle sizes to be used to reduce the anisotropy if required, at the cost of lower

print resolution (chapter [4).

Finally, and of most interest for future work, this thesis has developed a method
to parametrically define the toolpath during the AM of hydrogels (chapter . The
toolpath chosen to illustrate this concept was a sine wave, and the amplitude and
wavelength of the sine wave has been analysed with respect to the Young’s moduli and
hyperelastic properties of the resulting lattice. This therefore allows for the capability
to control the material properties throughout the geometry of the resulting PVA, al-
lowing for replication of the functionally grading and variation in material properties

of natural biomaterials.
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Appendix A

DMA & MRI SUPPLEMENTARY DATA

Appendix A includes supplementary data for chapter [3], this includes: complete data
for DMA of all compositions of PVA discussed; constants for curve fitting coefficients
for DMA data, at all frequencies; curve fitting coefficients for T5 relaxation time with
respect to concentration; and curve fitting coefficients for DMA data with respect to
T, relaxation time.

Table A.1: Storage Modulus (Mean + SD) for all PVA-A samples tested at frequencies
between 0.5-10 Hz.

Storage Modulus (Pa)

Freq. (Hz) | 10% W/W 15% W/W 17.5% W/W | 20% W/W
Mean |SD | Mean |SD | Mean |SD Mean | SD
158000 | 9500 | 298000 | 5500 | 362000 | 16000 | 484000 | 24000
159000 | 8400 | 301000 | 3900 | 373000 | 15000 | 501000 | 22000
163000 | 8500 | 308000 | 4700 | 388000 | 14000 | 518000 | 24000
165000 | 8600 | 312000 | 5200 | 397000 | 13000 | 529000 | 25000
167000 | 8600 | 315000 | 5400 | 404000 | 13000 | 535000 | 26000
169000 | 8700 | 319000 | 5800 | 414000 | 13000 | 546000 | 26000
171000 | 8800 | 323000 | 5900 | 421000 | 14000 | 552000 | 27000
172000 | 8800 | 324000 | 5900 | 425000 | 14000 | 557000 | 27000
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Table A.2: Storage Modulus (Mean + SD) for all PVA-B samples tested at frequencies
between 0.5-10 Hz.

Storage Modulus (Pa)

Freq. (Hz) | 10% W/W | 15% W/W 17.5% W/W 20% W/W
Mean | SD Mean | SD Mean | SD Mean | SD

5 55000 | 2400 | 172000 | 4400 | 245000 | 36000 | 361000 | 25000
55700 | 2200 | 175000 | 4800 | 247000 | 36000 | 367000 | 27000
56600 | 2200 | 177000 | 4900 | 251000 | 37000 | 373000 | 27000
57100 | 2200 | 179000 | 5000 | 253000 | 37000 | 376000 | 28000
57500 | 2300 | 180000 | 5000 | 254000 | 37000 | 378000 | 28000
58100 | 2300 | 183000 | 5100 | 256000 | 38000 | 382000 | 28000
58500 | 2300 | 184000 | 5200 | 258000 | 38000 | 385000 | 28000
10 58900 | 2300 | 185000 | 5200 | 259000 | 39000 | 387000 | 29000

| o | w| |~ o

Table A.3: Storage Modulus (Mean + SD) for all PVA-C samples tested at frequencies
between 0.5-10 Hz.

Storage Modulus (Pa)

Freq. (Hz) | 10% W/W 15% W/W 17.5% W/W 20% W/W
Mean | SD Mean | SD Mean | SD Mean | SD

) 333000 | 59000 | 588000 | 34000 | 655000 | 31000 | 840000 | 36000
336000 | 59000 | 605000 | 35000 | 674000 | 30000 | 862000 | 39000
343000 | 60000 | 627000 | 37000 | 692000 | 28000 | 883000 | 40000
348000 | 60000 | 639000 | 37000 | 702000 | 27000 | 892000 | 41000
350000 | 60000 | 646000 | 38000 | 708000 | 26000 | 898000 | 41000
355000 | 60000 | 656000 | 38000 | 715000 | 25000 | 906000 | 42000
357000 | 60000 | 661000 | 38000 | 720000 | 24000 | 909000 | 42000
10 359000 | 59000 | 664000 | 38000 | 722000 | 23000 | 912000 | 43000

O | = W[N] O
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Figure A.1: Figure 1: Storage modulus indicating frequency dependency at 10, 15,
17.5, and 20% for PVA-A (top left), PVA-B (top right), and PVA-C (bottom,).
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Table A.4: Loss Modulus (Mean + SD) for all PVA-A samples tested at frequencies
between 0.5-10 Hz.

Loss Modulus (Pa)

Freq. (Hz) | 10% W/W 15% W/W 17.5% W/W | 20% W/W
Mean | SD Mean | SD Mean | SD Mean | SD
5 25400 | 2300 | 45700 | 2700 | 65500 | 5700 | 86500 | 2300
26400 | 2100 | 46600 | 2700 | 67600 | 6400 | 88200 | 3800
27200 | 2400 | 47400 | 2900 | 69200 | 7900 | 89300 | 5100
28000 | 2400 | 47900 | 3400 | 70300 | 8900 | 90200 | 5500
28700 | 2400 | 48700 | 3800 | 70800 | 9400 | 91200 | 5600
29900 | 2700 | 50100 | 4200 | 71800 | 9800 | 93500 | 5900
31200 | 2800 | 51800 | 4600 | 72900 | 9800 | 96200 | 6200
10 32300 | 2900 | 53600 | 4600 | 75300 | 9800 | 99400 | 6500

O =W N —O

Table A.5: Loss Modulus (Mean + SD) for all PVA-B samples tested at frequencies
between 0.5-10 Hz.

Loss Modulus (Pa)

Freq. (Hz) | 10% W/W | 15% W/W 17.5% W/W | 20% W/W
Mean | SD | Mean | SD Mean | SD Mean | SD
5 2820 | 240 | 8890 | 1800 | 12300 | 1700 | 20900 | 7800
2980 | 200 | 8920 | 890 | 12800 | 1900 | 19700 | 5100
3260 | 160 | 9670 | 550 | 13800 | 2200 | 20400 | 3500
3550 | 150 | 10700 | 420 | 15200 | 2500 | 22100 | 2900
3820 | 150 | 11700 | 370 | 16600 | 2800 | 24000 | 2800
4410 | 170 | 13700 | 300 | 19400 | 3300 | 27900 | 2700
4990 | 180 | 15600 | 310 | 22200 | 3900 | 31700 | 2900
10 5550 | 210 | 17600 | 340 | 24800 | 4300 | 35700 | 3100

|| | w0~ o
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Table A.6: Loss Modulus (Mean + SD) for all PVA-C samples tested at frequencies
between 0.5-10 Hz.

Loss Modulus (Pa)

Freq. (Hz) | 10% W/W | 15% W/W 17.5% W/W | 20% W/W
Mean | SD | Mean | SD Mean | SD | Mean | SD

D 38100 | 5400 | 87800 | 11000 | 90200 | 5800 | 103000 | 14000
38700 | 4900 | 87100 | 13000 | 85300 | 6000 | 95000 | 10000
37900 | 3900 | 81900 | 15000 | 78400 | 7000 | 84700 | 10000
37400 | 3400 | 77800 | 15000 | 74800 | 7100 | 79700 | 9500
37300 | 3100 | 75000 | 15000 | 72600 | 7000 | 77200 | 9000
37700 | 2700 | 72300 | 14000 | 71300 | 6500 | 76100 | 8000
38600 | 2800 | 71900 | 13000 | 72000 | 5900 | 77800 | 7400
10 39900 | 3000 | 73100 | 13000 | 74000 | 5500 | 81000 | 7000

0| D =W N —O
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Figure A.2: Figure 1: Loss modulus indicating frequency dependency at 10, 15, 17.5,
and 20% for PVA-A (top left), PVA-B (top right), and PVA-C (bottom).
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Table A.7: Storage and Loss constants with respect to concentration of PVA-A and
PVA-B for frequencies between 0.5 and 10 Hz. (Equations 7 € 8)

Freq. | Storage Modulus (Pa) Loss Modulus (Pa)

(Hz) | as bs ds R2 | al bl dl R2
0.5 -86400 | 108000 | 0.083 | 0.98 | -1640 | 8080 | 0.12 0.97
-70600 | 94800 | 0.09 | 0.98 | -2170 | 8690 | 0.117 | 0.97
-75700 | 97400 | 0.09 |0.98 |-2780 | 9390 | 0.115 | 0.95
-76400 | 98000 | 0.091 | 0.99 | -1630 | 9140 | 0.116 | 0.94
-86700 | 104000 | 0.089 | 0.99 | 157 8550 | 0.119 | 0.94
-99200 | 113000 | 0.087 | 0.99 | 3480 7460 | 0.125 | 0.93
-108000 | 118000 | 0.086 | 0.99 | 6680 6470 | 0.132 | 0.93
0 -103000 | 115000 | 0.087 | 0.99 | 7360 6510 | 0.133 | 0.94
-92000 | 48700 | 0.114 | 0.96 | -339 236 | 0.183 | 0.94
-89000 | 46800 | 0.114 | 0.96 | -2320 | 1330 | 0.14 0.83
-88700 | 46800 | 0.114 | 0.96 | -4360 | 2390 | 0.117 | 0.9
-91600 | 48000 | 0.114 | 0.96 | -5950 | 3260 | 0.107 | 0.92
-91600 | 48000 | 0.114 | 0.96 | -7560 | 4160 | 0.101 | 0.93
-90700 | 47900 | 0.114 | 0.96 | -9720 | 5360 | 0.0973 | 0.94
-91600 | 48500 | 0.114 | 0.96 | -12000 | 6640 | 0.0941 | 0.94
0 -90300 | 47600 | 0.112 | 0.96 | -13600 | 7500 | 0.0939 | 0.93

—_

PVA-A

PVA-B

| 00| o] x| Lo bo| = | O 2| 00| O Wx| o bO
o

Table A.8: Storage constants with respect to concentration of PVA-C' for frequencies
between 0.5 and 10 Hz. (Equation 9)

Freq. (Hz) | f g R2

0.5 -167000 | 53200 | 0.93
1 -171000 | 50600 | 0.94
-174000 | 51900 | 0.94
-174000 | 52400 | 0.94
-173000 | 52700 | 0.94
-170000 | 53000 | 0.94
-168000 | 53100 | 0.94
0 -158000 | 48700 | 0.93

PVA-C

= 00| O | W N

Table A.9: Mean MR T2 relaxation rate constants for PVA-A. B. and C. (Equation
10)

f g R2

PVA-A | 0.0040 | 0.00043 | 0.99
PVA-B | -0.00020 | 0.00080 | 0.99
PVA-C | 0.0034 | 0.00050 | 0.97
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Table A.10: Multiplication factors comparing variation of viscoelastic properties when
MW s increased from 89-98 kDa to 146-186 kDa (10-20% PVA-A and C) between
frequencies of 0.5 and 10 Hz.

Freq. (Hz) Storage Modulus (Pa) Loss Modulus (Pa)
o 10% W/W | 15% W/W | 17.5% W/W | 20% W/W | 10% W/W | 15% W/W | 17.5% W/W | 20% W/W

0.5 2.1 x 2.0 x 1.8 x 1.7 x 1.5 x 2.0 x 1.4 x 1.2 x

1 2.1 x 2.0 x 1.8 x 1.7 x 1.5 x 1.9 x 1.3 x 1.1 x
2 2.1 x 2.0 x 1.8 x 1.7 x 1.4 x 1.7 x 1.1 x 0.93 x
3 2.1 x 2.1 x 1.8 x 1.7 x 1.3 x 1.6 x 1.1 x 0.87 x
4 2.1 x 2.1 x 1.7 x 1.7 x 1.3 x 1.5 x 1.0 x 0.83 x
6 2.1 x 2.1 x 1.7 x 1.7 x 1.3 x 1.4 x 1.0 x 0.80 x
8 2.1 x 2.1 x 1.7 x 1.7 x 1.2 x 1.4 x 1.0 x 0.80 x
10 2.1 x 2.1 x 1.7 x 1.6 x 1.2 x 1.4 x 1.0 x 0.80 x
Average | 2.1 X 2.0 x 1.8 X 1.7 X 1.2 X 1.6 x 1.1 x 0.91 x
SD 0.0083 0.027 0.039 0.033 0.094 0.21 0.14 0.14

Table A.11: Multiplication factors comparing variation of viscoelastic properties when
the number of freeze thaw cycles is increased from 1 to 8 (10-20% PVA-B and C)
between frequencies of 0.5 and 10 Hz.

Freq. (Hz) Storage Modulus (Pa) Loss Modulus (Pa)
' 10% W/W | 15% W/W | 17.5% W/W | 20% W/W | 10% W/W | 15% W/W | 17.5% W/W | 20% W/W

0.5 6.1 x 3.4 x 2.7 x 2.3 x 14 x 9.9 x 7.3 % 4.9 x
1 6.0 x 3.5 % 2.7 x 2.3 x 13 x 9.8 x 6.7 x 4.8 %
2 6.1 x 3.0 % 2.8 x 2.4 x 12 % 8.5 x 5.7 X 4.2 x
3 6.1 x 3.6 x 2.8 x 2.4 x 11 x 7.3 % 4.9 x 3.6 x
4 6.1 x 3.6 x 2.8 x 2.4 x 9.8 x 6.4 x 4.4 x 3.2 x
6 6.1 x 3.6 x 2.8 X 2.4 x 8.5 x 5.3 X 3.7 x 2.7 x
8 6.1 x 3.6 x 2.8 x 2.4 x 7.7 % 4.6 x 3.2 x 2.5 x
10 6.1 x 3.6 x 2.8 x 2.4 x 7.2 X 4.2 x 3.0 x 2.3 x
Average | 6.1 X 3.5 X 2.8 X 2.4 x 10 x 7.0 X 4.9 X 3.5 X
SD 0.026 0.063 0.039 0.015 2.2 2.1 1.5 0.97
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Table A.12: Storage and loss constants with respect to MR T2 relaxation rate of
PVA-A for frequencies between 0.5 and 10 Hz. (Equations 11 & 13)

Freq. (Hz)

Storage Modulus (Pa)

Loss Modulus (Pa)

as bs ds R2

al bl dl | R2

0.5

86800 | 2680 | 388 | 0.98

17000 | 119 | 496 | 0.98

1

91100 | 2200 | 406 | 0.98

17500 | 130 | 491 | 0.97

91900 | 2210 | 409 | 0.98

17900 | 143 | 485 | 0.95

93400 | 2180 | 412 | 0.98

18800 | 137 | 488 | 0.94

91900 | 2340 | 408 | 0.99

19800 | 124 | 496 | 0.94

90600 | 2530 | 404 | 0.99

21600 | 102 | 511 | 0.93

89600 | 2670 | 401 | 0.99

23400 | 83.2 | 528 | 0.93

=00 Oy | WO N

92000 | 2560 | 405 | 0.99

24400 | 82.8 | 531 | 0.94

Table A.13: Storage

and loss constants with respect to MR T2 relaxation rate of
PVA-B for frequencies between 0.5 and 10 Hz. (Equations 12 and 14)

Storage Modulus (Pa Loss Modulus (Pa
Freq. (Hz) =2 bs ( >R2 al bl ( )RQ
0.5 -243000 | 35200000 | 0.95 | -14900 | 2030000 | 0.70
1 -247000 | 35700000 | 0.95 | -13500 | 1910000 | 0.82
2 -250000 | 36200000 | 0.95 | -13500 | 1970000 | 0.89
3 -252000 | 36500000 | 0.95 | -14500 | 2130000 | 0.92
4 -254000 | 36700000 | 0.95 | -15700 | 2320000 | 0.92
6 -256000 | 37000000 | 0.95 | -18400 | 2700000 | 0.93
8 -257000 | 37300000 | 0.95 | -20900 | 3080000 | 0.94
10 -259000 | 37500000 | 0.95 | -23500 | 3460000 | 0.94




Appendix B

SUB ZERO AM DMA DATA

Appendix B includes supplementary data relevant to chapter This includes: The
temperature profile of the sub-zero AM print bed; complete DMA data for all fre-
quencies tested; average increases for all frequencies between nozzle sizes; p-values for
t-tests performed comparing nozzle sizes; and the Matlab code used to calculate DMA
data from engineering or true stress & strain.
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Figure B.1: Temperature profile of the steel print bed during the first 20 minutes
upon removal from the freezer. Samples were manufactured within the first 5 minutes
of removal from the freezer.
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Table B.1: Mean Values and Standard Deviation for storage and loss moduli of ad-
ditively manufactured samples of PVA using a 25G nozzle. (N = 6)

Perpendicular Parallel
Freq (Hz) | E’ (Pa) | SD | E’ (Pa) | SD
0.5 59300 5490 | 92400 7380
1 59200 5420 | 93000 7240

2 59700 5470 | 93900 7230
3 59900 5420 | 94400 7190
4 60200 5460 | 94900 7090
6
8

60400 | 5580 | 95200 | 6920
60800 | 5660 | 95900 | 6900
10 61300 | 5670 | 96800 | 6950
E” (Pa) | SD | E” (Pa) | SD
0.5 2150 | 164 | 3260 | 564
1 2450 | 187 | 3650 | 423
2 3170 | 214 | 4540 | 416
3 3830 | 253 | 5350 | 434
1
6
8

4520 291 | 6220 441
2620 377 | 7650 459
6690 439 | 9080 228
10 7580 451 | 10200 600

Table B.2: Mean Values and Standard Deviation for storage and loss moduli of ad-
ditively manufactured samples of PVA using a 22G nozzle. (N = 6)

Perpendicular Parallel
Freq (Hz) | E’ (Pa) | SD | E’ (Pa) | SD
0.5 67000 5240 | 77300 4640
1 67000 5240 | 77500 4640
2 67400 5280 | 78000 4620
3 67600 5340 | 78300 4700
4 67700 5380 | 78500 4680
6 68000 5380 | 78900 4670
8 68200 5430 | 79100 4700
10 68300 5490 | 79100 4680

E” (Pa) | SD | E” (Pa) | SD
0.5 1570 114 | 1870 213
1 1850 154 | 2200 157
2 2430 185 | 2840 179
3 3020 203 | 3460 165
4 3550 250 | 4010 178
6 4620 302 | 5150 235
8 5480 341 | 6180 247
10 6310 374 | 7090 269
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Table B.3: Mean Values and Standard Deviation for storage and loss moduli of ad-
ditively manufactured samples of PVA using a 18G nozzle. (N = 6)

Perpendicular Parallel
Freq (Hz) | E’ (Pa) | SD | E’ (Pa) | SD
0.5 77100 2130 | 79300 4330
1 77000 1950 | 79200 4250
2 77400 1880 | 79600 4160
3 77700 1820 | 80000 4240
4 78000 1860 | 80400 4260
6 78300 1820 | 80700 4280
8 78500 1810 | 81000 4220
10 78700 1810 | 81300 4220

E” (Pa) | SD | E” (Pa) | SD
0.5 1550 225 | 1800 420
1 1930 61.4 | 1960 171
2 2590 70.3 | 2580 295
3 3190 81.3 | 3340 201
4 3890 88.8 | 4020 248
6 5030 119 | 5150 286
8 6060 180 | 6210 368
10 7000 158 | 7180 375

Table B.4: Mean Values and Standard Deviation for storage and loss moduli of cast
control samples of PVA. (N = 6)

Freq | E’ (Pa) | SD | E” (Pa) | SD
0.5 | 72300 | 2930 | 1360 155
1 73100 | 3120 | 1670 145
74000 | 3250 | 2060 179
74600 | 3500 | 2460 194
75300 | 3660 | 2890 232
76200 | 3720 | 3590 221
77100 | 3940 | 4340 288
0 78000 | 4160 | 5070 352

= OO O | W D
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Table B.5: Average increase in storage and loss moduli when comparing additively
manufactured samples of PVA tested in perpendicular and parallel orrientiatons for
three nozzle sizes. (N = 6)

0.51 mm 0.71 mm 1.28 mm
Freq E’ E” E E” E’ E”
0.1 35.8 |34.2]13.2 |16.1 | 2.8 13.8
1 36.4 | 328|135 |16.2|2.78 | 1.51
2 36.5 [30.3|13.6 | 144|277 |-0.538
3 36.6 |28.4]13.6 | 128|293 | 4.59
4 36.6 |27.3|13.8 |11.4|298 | 3.23
6 36.5 |26.5|13.8 |10.4|3.02 |24
8 36.6 |26.3|13.8 |11.3|3.1 2.42
10 36.7 | 25.6 | 13.7 |11 3.21 | 2.57
Average | 36.4 | 289 | 13.6 | 129|295 |3.75
SD 0.255 | 2.96 | 0.181 | 2.17 | 0.148 | 4.04

Table B.6: P-values for unpaired t-tests comparing storage and loss moduli tested in
perpendicular and parallel orientations for 3 nozzle sizes.

Freq (Hz) 25G (small) 22G (medium) 18G (large)
E’ (Pa) |E” (Pa) |E (Pa) | E” (Pa) | E’ (Pa) | E” (Pa)
0.5 1.10E-05 | 0.0017 0.0085 0.019 0.33 0.27
1 7.90E-06 | 0.00018 | 0.0074 0.0046 0.32 0.72
2 7.30E-06 | 6.20E-05 | 0.0069 0.0053 0.3 0.92
3 6.40E-06 | 4.90E-05 | 0.0073 0.0035 0.28 0.15
4 5.80E-06 | 2.90E-05 | 0.0068 0.0076 0.28 0.3
6 5.30E-06 | 1.80E-05 | 0.0066 0.011 0.27 0.39
8 5.10E-06 | 1.50E-05 | 0.0069 0.0041 0.25 0.43
10 4.80E-06 | 1.50E-05 | 0.0072 0.0037 0.23 0.33
Average | 6.70E-06 | 2.60E-04 | 7.20E-03 | 7.30E-03 | 2.80E-01 | 4.40E-01
SD 1.90E-06 | 5.20E-04 | 5.30E-04 | 4.70E-03 | 2.90E-02 | 2.30E-01
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%% DMA _eng

%This script will calculate storage and loss moduli based on
engineering stress and strain

%Calculations of moduli will be made AFTER the FFT.

%Inputs

% all .dat files for the sample should be placed in the same folder
as this

% script

%h = height of sample

Y%w = width of sample

%t = thickness of sample

Y%sample_name = user defined name for output file of viscoelastic
properties

%Outputs

%A graph of storage and loss modulus plotted against frequency
% A .xlsx output file called sample name, containing:

%Test frequency

%Complex modulus

%Storage modulus

%Loss modulus

%Phase angle

h = ; %Sample height
w = ; %Sample width
t = ; %Sample thickness
sample_name = ’sample’;

DatFiles = dir (’'=.dat’);

for file = DatFiles’

fprintf (1, ’Calculating viscoelastic properties for: %s.\n’,
file .name)

currentfile = file .name;

outputfile = create_output (sample_.name); %create output file

[time, dispdata, loaddatal]= import_file(currentfile); %
import data

[maxload , maxdisp, frequency, degrees, radians] = fourier_eng(
loaddata , dispdata, time); %Fourier transform

[complex, storage, loss] = visc_properties(maxload, maxdisp,
radians , w, h, t); %Calc. viscoelastic properties

export_data (outputfile, frequency, complex, storage, loss,
degrees) %Export data
disp (’Continuing ... ")

end
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plot_data (outputfile, sample name)

disp (’End of Results’)

%% DMA _true
%This script will calculate storage and loss moduli based on true
stress and strain

Y%Inputs

% all .dat files for the sample should be placed in the same folder
as this

% script

%h = height of sample

%w = width of sample

%t = thickness of sample

Y%sample_name = user defined name for output file of viscoelastic
properties

%0utputs

Y%A graph of storage and loss modulus plotted against frequency
% A .xlsx output file called sample.name, containing:

%Test frequency

%Complex modulus

%Storage modulus

%Loss modulus

%Phase angle

h = 8.5;
w = 19;
t = 0.4;
sample_name = ’‘eng_S37;

DatFiles = dir (' x.dat’);

for file = DatFiles’

fprintf (1, ’'Calculating viscoelastic properties for: %s.\n’,
file .name)

currentfile = file .name;

outputfile = create_output (sample_name); %create output file

[time, dispdata, loaddata]= import_file(currentfile); %import
data

[truestress , truestrain| = eng_stress_strain(w,h,t, dispdata,



41

42

43

44

45

46

47

48

49

50

51

52

53

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

B - SUB ZERO AM DMA DATA 218

loaddata, currentfile);

[maxstress , maxstrain, frequency, degrees, radians] =
fourier_true (truestress , truestrain, time); %Fourier
transform

[complex, storage, loss| = visc_properties_true (maxstress,
maxstrain, radians); %Calc. viscoelastic properties

export_data (outputfile, frequency, complex, storage, loss,
degrees); %Export data

disp (’Continuing ... ")

end
plot_data (outputfile, sample_name)
disp (’End of Results’)

%% Import_file
%This function will import raw data from data file

%Inputs :

%f = .dat file containing raw data from Bose 3200
%Outputs :

%Time = raw time data

%Disp = raw displacement data

%Load = raw load data

function [Time, Disp, Load] = import_file(f)
CurrentFile = f;

FileArray = readmatrix(CurrentFile);

Line = FileArray (:,1) < 0;

FileArray (Line,:) = [];

Time = FileArray (:,1);

0, 1)
1,2);
Mass = FileArray (:,3)
Load = Mass;% =

) 9

(
Disp = FileArray (
(
(9.807x10" —3) ;

Disp = abs(Disp);
Load = abs(Load);

writematrix (Time, 'time’)
end
\begin{lstlisting }[basicstyle=\small]
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%% eng_stress_strain

%This function will calculate the engineering stress and strain
PRIOR to
%the FFT

%Inputs

Y%w = sample width

%h = sample height

%t = sample thickness

%d = raw displacement data
%l = raw load data

%Outputs

%stress = stress data

%strain = strain data

function [stress, strain] = eng_stress_strain(w,h,t, d, 1)

CSA = wxt; % Rectangle CSA (mm”"2) For a cylindrical sample: CSA =
pix(w"2);

strain = d/h; %Strain Calculation

stress = 1./CSA; %Engineering Stress Calculation
end

%% true_stress_strain

%This function will calculate the true stress and strain PRIOR to
%the FFT

%Inputs
Y%w = sample width
%h = sample height

%t = sample thickness

%d = raw displacement data

%l = raw load data

%Outputs

%stress = stress data

%strain = strain data

function [truestress, truestrain]| = true_stress_strain(w,h,t, d, 1)

NCSA = wxt; % Rectangle CSA (mm"2)
CSA = pix(w"2);

correctedH = h—d; %Calculating actual height (+ for extension, —
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for compression)
Lambda = correctedH /h; %Ratio between actual and inital length
correctedCSA = CSA./Lambda; %Corrected Rectangle CSA

Strain = d/h; %Strain Calculation

%truestrain = log(1+Strain); %True Strain Calculation — extension

truestrain = —log(1—Strain); %True Strain Calculation —
compresssion

truestress = l./correctedCSA; %True Stress Calculation

end

%% fourier_eng

%This function will calculate the fourier transform of the raw
displacement

%and load data.

%Inputs

%l = raw load data

%d = raw displacement data

%t = raw time data

%0Outputs

%max_load = peak of load FFT
Y%max_disp = peak of displacement FFT
%freq = actual test frequency

%deg = phase angle in degrees

%rad = phase angle in radians

function [max_load, max_disp, freq, deg, rad] = fourier_eng(l, d, t

)

L = length(1);

T = abs(t(find (diff(t),1)+1)—t(1)); % Measuring the Time Step

Fs = 1/T; % Sampling
Frequency

f = Fsx(0:(L/2))/L;

FftL = fft(1);
fftD = fft(d);

DispP2 = abs({ftD/L); %Compute two sided spectrum
for displacement

DispP1 = DispP2(1: floor (L/2+1));

DispP1(2:end—1) = 2xDispP1(2:end—1); %Compute single sided
spectrum for Displacement

LoadP2 = abs(fftL/L); %Compute two sided spectrum
for Load
LoadP1 = LoadP2(1: floor (L/2+1));
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LoadP1(2:end—1) = 2«LoadP1(2:end—1); %Compute single sided

spectrum for Load

% plot (f, LoadPl, ’k’, ’LineWidth’, 1.5)
% set(gca,’  TickLabellnterpreter ’, ’latex ', FontSize ’,18)

9 Y

% ylabel (’Load Magnitude’, ’Interpreter ’, ’latex’, ’fontsize’, 22)
% xlabel (’Frequency / Hz’, ’'Interpreter’, ’latex’, ’fontsize’ ', 22)
% set(gca, ’XScale’, ’log’, ’YScale’, ’log’)

% axis padded

% set(geca,’YTick’,[],’ XTick’,[])
% exportgraphics(gef,’ Load_fft.pdf’)
% %

% plot (f, DispP1l, ’k’, ’LineWidth’, 1.5)
% set(gca,’ TickLabellnterpreter ’,’latex ', FontSize *,18)

% ylabel (’Displacement Magnitude’, ’Interpreter’, ’latex’, ’
fontsize ', 22)
% xlabel (’Frequency / Hz’, ’Interpreter ’, ’latex’, ’fontsize’, 22)

% set(gca, ’XScale’, ’log’, ’YScale’, ’log’)
% axis padded

% set (geca, YTick’,[], XTick’,[])

% exportgraphics (gef,’ Disp_fft.pdf’)

[max_load , x1l]=max(LoadP1(2:end)); % Finding the position of the
peak of the fft of load

[max_disp , x2]=max(DispP1(2:end)); % Finding the position of the
peak of the fft of disp

r = abs(angle (fftL (x141))—angle (fftD (x2+1))); %Measure of phase
angle in radians

deg = r*180/pi;

if deg > 90 % If the phase angle is
greater that 90 degree

disp ( 'WARNING: THE PHASE ANGLE IS GREATER THAT 90 DEGREES! )

degr=180—deg;

else % if the phase angle is
less than 90 degree

degr= deg;

end

freq = f(x2+1);

deg = (0.1323xfreq)+degr;

rad = (degxpi)/180; % Converting phase angle from deg to radians
end

%% fourier_true

%This function will calculate the fourier transform of the stress
and strain data displacement

%and load data.
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%Inputs

%stress = stress data (calculated by eng_stress_strain or
%true_stress_strain

%strain = raw displacement data

%t = raw time data

%Outputs

Y%max_stress = peak of stress FFT
Y%max_strain = peak of strain FFT
%freq = actual test frequency
%deg = phase angle in degrees
%rad = phase angle in radians

function [max_stress, max_strain, freq, deg, rad] = fourier_true(
stress , strain, t)

S = length(stress);

T = abs(t(find (diff(t),1)4+1)-t(1)); % Measuring the Time Step
Fs = 1/T; % Sampling
Frequency

f = Fsx(0:(S/2))/S;

fftStress = fft(stress);
fftStrain = fft(strain);

DispP2 = abs(fftStrain/S); %Compute two sided
spectrum for displacement

DispP1 = DispP2(1:S/2+1);

DispP1(2:end—1) = 2xDispP1(2:end—1); %Compute single sided
spectrum for Displacement

StressP2 = abs(fftStress/S); %Compute two sided
spectrum for Load

StressP1 = StressP2(1:S/2+1);

StressP1 (2:end—1) = 2xStressP1(2:end—1); %Compute single sided
spectrum for Load

[max_stress , xl]=max(StressP1(2:end)); % Finding the position of
the peak of the fft of load

[max_strain , x2]=max(DispP1(2:end)); % Finding the position of the
peak of the fft of disp

r = abs(angle(fftStress (x1+1))—angle(fftStrain (x2+1))); %Measure of
phase angle in radians

deg = r*180/pi;

if deg > 90 % 1f the phase angle is
greater that 90 degree
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disp ('WARNING: THE PHASE ANGLE IS GREATER THAT 90 DEGREES! ")
degr=180—deg ;

else % if the phase angle is
less than 90 degree

degr= deg;

end

freq = f(x2+1);

deg = (0.1323xfreq )+degr;

rad = (degxpi)/180; % Converting phase angle from deg to radians
end

%% visc_properties

%This function will calculate the complex, storage, and loss moduli

AFTER
%the FFT, based on a shape factor, SF.

%Inputs :

%L = peak value of load FFT

%D = peak value of displacement FFT
%a = phase angle

%w = sample width

%h = sample height

%t = sample thickness

%Outputs :

%C = complex modulus / Pa
%S = storage modulus / Pa
%L = loss modulus / Pa

function [C, S, L] = visc_properties(L, D, a, w, h, t)

SF = (wxt)/h; %Rectangular

%SF = (pi/h)*((w/2)"2); %Cyclindrical

ComplexS = L/D; % Calculation ofComplex Stiffness (N/mm)

StorageS = ComplexSxcos(a); %Calculation of Storage Stiffness (N/mm

)

LossS = ComplexSxsin(a); %Calculation of Loss Stiffness (N/mm)

C = (ComplexS/SF)*10"6; %Calculation of Complex Modulus (Pa)
S = (StorageS/SF)*10°6; %Calculation of Storage Modulus (Pa)
L = (LossS/SF)*10"6; %Calculation of Loss Modulus (Pa)
end

%% visc_properties_true

%This function will calculate the complex, storage, and loss moduli
based on the
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Y%output of the

stress and strain FFTs

%Inputs :

%stress = peak value of stress FFT
%strain = peak value of strain FFT
%a = phase angle

%Outputs:

%C = complex modulus / Pa
%S = storage modulus / Pa
%L = loss modulus / Pa

function [C, S

, L] = visc_properties_true(stress,

strain, a)

CNmm2 = (stress/strain); % Calculation of complex modulus
SNmm2 = (CNmm2«cos(a)); %Calculation of storage modulus
LNmm2 = (CNmm2«sin(a)); %Calculation of loss modulus

C = CNmm2*10"
S = SNmm2%10"
L = LNmm2*10"

%% Export data
%This function
calculated

%Inputs
%file = output
%f = array of

%c = array of
%s = array of
%l = array of
%a = array of
%Output

6;
6;
6;

will export viscoelastic data for

file
frequencies
complex moduli
storage moduli
loss moduli
phase angles

%.xlsx saved with all data calculated

function [] =

export_data(file, f, ¢, s, 1, a)

OutputMatrix = readmatrix(file);

NumRows = size

(OutputMatrix, 1);

NextRow = NumRows+1;
NextCell = ['A’ jnum2str (NextRow) ];

frequencies

DataOutput = [(NumRows), (f), (c¢), (s), (1), (a)]; % Write data to

output file

writematrix (DataOutput, file , ’'range’, NextCell);

end

%% plot_data
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%This function will plot data saved to the output file

%Inputs:

%OutputFile = output file containging previously calculated
viscoelastic

%data

%InputFile = input file with original raw data, used to label
figure.

%Output :

%Figure of storage and loss moduli and phase angle in degrees

function [] = plot_data(OutputFile, InputFile)

OutputMatrix = readmatrix (OutputFile);

Freq = OutputMatrix (:,2) ;

Storage = OutputMatrix (:,4);

Loss = OutputMatrix (:,5) ;

Angle = OutputMatrix (:,6) ;

set (gca, 'TickLabellnterpreter’, latex’,’FontSize’ ,14)

yyaxis left

scatter (Freq, Storage, 'filled )

hold on

scatter (Freq, Loss)

ylabel (’Storage, Loss Moduli / $Pa$’, ’'Interpreter’, ’latex’, ’
fontsize’, 18)

title ([’ Viscoelastic properties of: ', InputFile], ’Interpreter’,
latex’, ’fontsize’, 18)

yyaxis right

scatter (Freq, Angle, ’'filled ")

ylabel (’Phase angle / $degrees$’, ’Interpreter’, ’'latex’,
fontsize ’, 18)

xlabel ('Frequency / $Hz$’, ’'Interpreter’, ’latex’, ’fontsize’, 18)

axis padded
end



Appendix C

LATTICES AND HYPERELASTIC MOD-
ELLING DATA

Appendix C includes supplementary data pertinent to chapter[5] This includes: Colour
threshold images of lattice samples, used to calculate PVA volume; approximate lattice
angle calculations; and complete data for all hyperelastic models for all samples. Note
for figures of hyperelastic models: Poly, N = 1 = Mooney-Rivilin; R Poly, N =1 =
neo-Hookean; and R Poly, N = 3 = Yeoh.
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(e) Lattice E: W = 2mm, A = 2 mm

Figure C.1: Threshold images produced in Fiji in order to calculate the percentage
by area of PVA in each lattice.
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Figure C.2: Approximate infill angles of 8D printed lattices, illustrating the differ-
ences in filament allignment for lattices A, D and E.
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Figure C.3: Polynomial and Ogden hyperelastic models for Lattice E
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Figure C.4: Polynomial and Ogden hyperelastic models for Lattice £
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Figure C.5: Polynomial and Ogden hyperelastic models for Lattice A
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Figure C.6: Polynomial and Ogden hyperelastic models for Lattice B
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Figure C.7: Polynomial and Ogden hyperelastic models for Lattice C
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Figure C.8: Polynomial and Ogden hyperelastic models for Lattice D
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Appendix D

G-CODE FOR FUNCTIONALLY GRADED
PVA LATTICES

Appendix D includes the complete Matlab code used to generate the sine wave tool-
paths presented in chapter

% This will allow the user to create the G-code for a rectangular
shaped

7o sample with dimensions X, Y, Z, with a sinusiodal lattice
toolpath. the sinusoid

% will have a user define wavelength (mm) and amplitude (mm).

% The wavelength can either be constant along the samples width and
height , or
% defined by a function of the width (and/or height).

%To do:
% check resolution
% change angle of layer
% Add explanation to all functions
% patch(X_tot, Y_tot, Z_tot, Z_tot, EdgeColor’, interp’,
FaceColor’, ’'none’, ’LineWidth’, 2)
function [] = main()
close all
dlgTitle = 7 axis’;
dlgQuestion = "Would you like to vary wavelength with respect
to the Z axis?’;
Z_type = questdlg (dlgQuestion ,dlgTitle , Yes’, 'No’, 'No’);
switch Z_type

236
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case 'Yes’

% Input Sample Properties

sample_dimensions = inputdlg({  Sample Length, nm (
X axis)’, ’'Sample Width, mm (Y axis)’
"Sample height , mm (Z axis)’, ’Strand Diameter, mm’

, 'Layer Height, mm (Z axis)’});

L = str2double(sample_dimensions{1}); % Sample
Length
W= str2double (sample_dimensions{2}); % Sample Width
T = str2double (sample_dimensions{3}); % Sample
Thickness
Strand_diameter = str2double(sample_dimensions{4});
% Diameter of Extruded PVA
L_height = str2double(sample_dimensions{5});
% layer Height

% Input 1st layer func

waitfor (msgbox (' Please enter the wave dimensions
and wave function with respect to X axis for the
FIRST layer. The same function will be used for
all layers.’, ’First Layer’));

layer_1 = inputdlg ({ 'Min Wavelength, nmm’, "Max
Wavelength , mm’ |

"Define function of wavelength (1) in terms of
length, 1: f(1) = " ,...

"Wave amplitude , mm’});

L1_min = str2double(layer_1{1}); % Minimum
wavelength of first layer

L1 _max = str2double (layer_1{2}); % maximum
wavelength of first layer

func = layer_1{3}; % function defining change in
wave across length

Ll_amp = str2double(layer_1{4}); % Amplitude of
first layer

% Input last layer func

waitfor (msgbox (’'Please enter the wave dimensions
for the LAST layer. Wave wavelength and
amplitude will vary linearly with height.’,
Last Layer’));

layer_.n = inputdlg ({ 'Min Wavelength, nm’, "Max
Wavelength , mm’, "Wave amplitude, mm’});

Ln_min = str2double(layer_n{1}); % Minimum
wavelength of last layer

Ln_max = str2double(layer_n{2}); % maximum
wavelength of last layer

Y
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end

Ln_amp = str2double (layer_n{3}); % Amplitude of
last layer

% Create G-code

[XYZ] = vary.-Z (Ll_min, Ll.max, Ll.amp, Ln_min,
Ln_max, Ln.amp, L, W, Strand_diameter, T,
L_height, func);

case 'No’

%Input sample Properties

wave_dim = inputdlg ({ 'Sample Length, nm (X axis)’,
"Min Wavelength, mm’ ,...

"Max Wavelength, mm’, ’'Define function of
wavelength in terms of length, 1 f(l) =’

e
"Wave amplitude , mm’});

length = str2double (wave_dim{1}); % Sample Length
F_min = str2double (wave_dim{2}); % Minimum

Wavelength

F_max = str2double (wave_dim{3}); % Maximum
Wavelength

func = wave_dim{4}; % function defining change in

wave across length
amplitude = str2double (wave.dim{5}); % Amplitude of
wave

[X, Y] = function_-wave (length, F.min, F.max, func,
amplitude); % Create wave

% Create G-code
[XYZ] = constant_Z (X, Y, amplitude);

end
% Define output file name, and print speed

define_file = inputdlg ({ Enter file name (without file
extension): ', 'Print Speed (mm/min)’});

filename = define_file{1}; % Ouput file name

speed = str2double(define_file{2}); % Print speed

write_Gcode (XYZ, filename, speed); %write G code to file.

msghox (cat (2, G code saved as: ', filename, ’.gcode’), ~

Success ) ;

% This function is called if the user does not want to vary freq/
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amp with
2 % sample height .

4 % Inputs:

5 % X = X coords from either function_wave or graphical_wave
6 %Y =Y coords from either function_wave or graphical_wave
7 % amplitude = amplitude of wave to be used throughout print

9 % Outputs:

10 % XYZ = G—code for all layers

11

12

13 function [XYZ] = constant_Z (X,Y, amplitude)

14

15 % Input Sample Properties

16

17 Input_2 = inputdlg ({ "Sample Width (in mm)’, "Strand Diameter (
in mm)’ ...

18 "Sample Thickness (in mm)’, ’Layer Height (in mm)’});

19

20 width = str2double (Input_2{1});% Sample Width

21 d_strand = str2double (Input_2{2}); % Strand Diameter

22 thickness = str2double (Input_2{3}); % Sample Thickness

23 layer_height = str2double(Input_2{4}); % Layer Height

24

25

26 [X_layer, Y_layer| = create XY (X, Y, width, amplitude,
d_strand); % Coordinates and toolpath length for single
layer .

27 [XYZ] = create_Z (X_layer, Y _layer, thickness, layer_height); %

Coordinates and toolpath length for all layers.
28
29 end

1 % This function will output the G-code for a sample with a variable
wavelength

2 % and/or amplitude in the Z axis

s % Inputs:

4 % L1_min = minimum wavelength of first layer wave
5 % Ll_max = maximum wavelength of first layer wave
6 % Ll_.amp = amplitude of first layer wave

7 % Ln_min = minimum wavelength of last layer wave
s % Ln_max = maximum wavelength of last layer wave
o % Ln_amp = amplitude of last layer wave

10 % L = length of sample (Y axis)

un % W = width of sample (X axis)

12 % strand_diameter = Diameter of extrueded PVA (This should
calculated separately)

13 % T = Sample thickness

14u % L_layer = layer thickness
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% func

= function of wavelength with respect to the sample width

% Example = a function of f(l1) =1, will mean wavelength will vary
linearly between min and max along the sample width

function [XYZ_Gcode] = vary_-Z (Ll.min, Ll.max, Ll_amp, Ln_min,
Ln.max, Ln.amp, L, W, strand_-diameter , T, Layer_height, func)

N_layers = T/Layer_height; % Calcualte number of layers

min_array = linspace(Ll_min, Ln_min, N_layers); % Calculate

array of length N_layers for minimum wavelength

max_array = linspace(Ll.max, Ln.max, N_layers); % Calculate

array of length N_layers for maximum wavelength

amp_array = linspace(Ll_amp, Ln.amp, N_layers); % Calculate

array of length N_layers for amplitude

XYZraw = []; % Create empty array for raw coordinates (This will
be used to plot toolpath)

XYZ_Gecode = []; % Empty array for G-code of all layers

for i = 1:N_layers

[X, Y] = function_wave (L, min_array (i), max_array (i), func,
amp_array (i)); % wave function for current layer

[X_layer, Y_layer| = create XY (X, Y, W, amp_array (i),
strand_diameter); % X, Y coords for current layer

midpoint = find_midpoint (X_layer, Y_layer); % Midpoint for
current layer

XY = cat (2, X_.layer, Y_layer); % Concatenate X and Y
coordinates
XYcentred = XY — midpoint; % Centre Coords about midpoint

Xcoord = 7’X” + XYcentred (:,1); % G code for X coordinate (
string array)

Ycoord = 7Y” 4+ XYcentred (:,2); %G code for Y coordinate (
string array)

space = 7 7; % a space!

space_array = repmat ((space), length(Xcoord), 1); % Array of
spaces same length as X,Y coordinate

Gl = repmat ((”G1”), length(Xcoord), 1); % array of 'G1’ same
length as X,Y coordinates

XY_Gcode = strcat (Gl, space_array, Xcoord, space_array,
Ycoord); % Concatenate X and Y Gcode into single string

array

XY _layer = XYcentred; % Copy Raw G-code data to be
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manipulated

Initial XY = strcat ("GO0 7, (Xcoord(1,:)), space, (Ycoord
(1,:))); % G-code for inital X and Y coords This will
be used to move extruder into place before printing

if i =1

Z_layer = repmat ((Layer_height), length(XY_layer), 1); %
Array of 7Z coordinates for one layer.

Z_Gcode = "GO0 Z” + Layer_height + 7 ;New Layer”; % G-code
instruction for 7Z axis

else

offset = ((i—1)*%0.2«Layer_height); % Calculate offset
(20% of layer height % number of previous layers)

Adjusted_l_height = ixLayer_height — offset; % Adjust
layer height

Z_layer = repmat (( Adjusted_l_height), length(XY_layer),
1); % Array of Z coordinates for one layer.

Z_Gcode = "GO0 Z” + Adjusted_l_height + 7 ;New Layer”; % G

—code instruction for Z axis
end

XYZ_ layer = cat (2, XYcentred, (Z_layer)); % Concatenate XY
and Z coords for current (single) layer (Raw data)

clearance_val = 5 + (ixLayer_height); % calculate Z
clearance

clearance_raw = XYZ_layer ((length(XYZ_layer)) ,:); % Find
last line in XYZ_layer

clearance_raw (3) = (clearance_val); % Change last Z coord in
XYZ layer to clearance value

XYZraw = cat (1, XYZraw, XYZ_layer); % Concatenate data for
current layer onto XYZ._raw

XYZraw = cat (1, XYZraw, clearance_raw); % Concatenate
clearance XYZ_raw

Pressure_on = "M760 ;Turn on PH1”; % G-code to turn pressure
on

Pressure_off = "M761 ;Turn off PH1”; % G-code to turn
pressure off

clearance_Gcode = "GO0 Z” + clearance_val; % G code for
clearance
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XYZ_Gcode = cat (1, XYZ_Gceode, Initial_ XY , Z_Gcode, space,
Pressure_on, XY_Gcode, Pressure_off, space,
clearance_Gcode); % Concatenate all data for current
layer onto YXZ_Gcode

end

XYZ_ length = length (XYZ_Geode); % Find length of XYZ Gcode
XYZ_Geode (XYZ length, :) = []; % Delte last line (clearance is
not need at the end of print)

figure ()

plot3 (XYZraw (: ,1), XYZraw(:,2), XYZraw(:,3), 'k’, ’'linewidth’,
2) % 3D plot visualizing toolpath.

axis equal

axis padded

set (gca, ' TickLabellnterpreter’,’latex’, FontSize’ ,14)

xlabel ( ’Sample width (mm)’, ’'Interpreter’, ’'Latex’,’FontSize’
18)
ylabel (’Sample length (mm)’, ’Interpreter’, ’'Latex’,’FontSize’
718)
zlabel (’Sample height (mm)’, ’Interpreter’, ’'Latex’,’FontSize’
718)
end

% This function will create the X and Y coordinates of a single
wave .

% The use will define how the wavelength will vary along the length
of the

% sample by inputing a function

% Inputs:

% width = sample width, mm (X axis)

% min = minimum wavelength of wave (mm)

% max = max wavelength of wave (mm)

% func = function defining how frequenct will vary (from min to max
)

% along the width of the sample
% amplitude = wave amplitude in Y axis

% Outputs:

% X = X coordinates for a single wave

%Y =Y coordinates for a single wave

% 2D plot showing toolpath for a single wave

function [X, Y] = function_wave (width, w_min, w.max, func,
amplitude)

f_min = 1/w_min; % Calculate minimum frequency from wavelength
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f_max = 1/w.max; % Calculate maximum frequency from wavelength
Fs = 10; %Number of samples per mm
dt = 1/Fs;

w = 0:dt:width; % create array from 0 to width with steps of dt

len = length(w); % Find length of w

f_in = linspace(f_min, f.max, len); % create a linear array of
frequencies from min to max with the same length as w

Eq = strcat ('@Q(1) " ,func); % prepare function
func_out = str2func(char(Eq)); % convert from string to function
f = func_out(f_in); % Apply function to linear wavelength array

wave = (sin (2xpixcumsum(f)/Fs)) / 2;
X =w; % x coordinate in mm
Y = wavexamplitude; % y coordinate in nmm

%plot wave, and change in wavelength along the sample length:
set (gca, 'TickLabellnterpreter’, ’latex’,’FontSize’ ,16)
pbaspect ([2 1 1])

yyaxis left;

plot (X,Y, ’linewidth’, 2)
axis padded

ylabel (’Amplitude (mm)’, ’'Interpreter’, ’'Latex’,’FontSize’,18),
xlabel (’Sample length (mm)’, ’Interpreter’, ’'Latex’,’FontSize’
,18)

ylim ([-3 3])

yyaxis right
plot (X,f, ’linewidth’, 2)

ylabel (’Frequency (Hz)’, ’'Interpreter’, ’Latex’,’FontSize’,618)

end

% This function will create the X and Y coordinates for a single
layer .

% Inputs:

% X = list of X coordinates output from function_wave

%Y = list of Y coordinates output from either function_wave

% width = sample length (Y axis)

% amp = amplitude of wave

% d_strand = diamter of the strand of extruded PVA.

%

% Outputs:

% X_layer = list of X coordinates for a single layer

% Y _layer = list of X coordinates for a single layer
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function [X_layer, Y_layer] = create.XY (X, Y, width, amp, d_strand

)

X _layer = transpose(X); % transpose X coords (vertical array of
coords)
Y _layer = transpose(Y); % % transpose Y coords (vertical array

of coords)
x1 = transpose(X); % Copy X coordinates to be manipulated
yl = transpose(Y); % Copy Y coordinates to be manipulated

line_space = amp + (d_strand/2); % Calculate line spacing

num_strands = width / line_space; % calcualte number of strands
for i = l:num_strands
x1l = flip(x1); % Reverse direction of X coords from previous
strand

yl = flip(yl)+line_space; % Reverse direction of Y coords for
previous strand and add offset

offset = ixline_space; % Calulate Y offset from 0

y0 = yl — offset; % offset Y about 0

y0 = —y0; % reverse Y about 0

yl = y0 +offset; % Re add offset

X_layer = cat(1,X_layer, x1); % Concatenate X coords onto

X _layer
Y _layer = cat(1,Y_layer, yl); % Concatenate Y coords onto
Y _layer
end
X _layer = round(X_layer, 2, ’'decimals’);% Round X coords to 3
significant figures
Y _layer = round(Y_layer, 2, ’decimals’);% Round Y coords to 3
significant figures
end

% This function will find the midpoint of a list of X, Y
coordinates

% Inputs:

% X = list of X coordinates

%Y = list of corresponding Y coordinates

% Output :

% midpoint = the X and Y coordiantes of the midpoint of the
inputted

% coordinate system.
% This will be repeated in an array of length X.

function [midpoint] = find_midpoint (X,Y)
maxX = max(X); % Find maximum of X
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minX = min(X); % Find minimum of X
midX = maxX — (maxX-minX) /2; % Calc Midpoint

maxY = max(Y); % Find maximum of Y
minY = min(Y); % Find minimum of Y
midY = maxY — (maxY—minY) /2; % Calc Midpoint

midpoint = repmat ([midX; midY], 1, length(X)); % Repeat Midpoint in
an array of length XY

midpoint = transpose(midpoint); % Transpose array

end

% This function will create the X and Y coordinates for a all

layers.

% Inputs:

% X_layer = list of X coordinates for a single layer (output from
create_XY)

%Y = list of Y coordinates for a single layer (output from
create_XY)

% T = sample thickness

% L_layer = layer thickness

.

0

%Outputs:

% XYZ_Gcode = G-code for all layers.

% 3D plot visualizing toolpath for the print

function [XYZ_-Gcode] = create-Z (X_layer, Y_layer, T, Layer_height)
N_layers = T/Layer_height; % Calcualte number of layers

midpoint = find_midpoint (Y_layer, X_layer); % Find midpont of layer
XY = cat (2, Y_layer, X_layer); % Concatenate X and Y coordinates
XYcentred = XY — midpoint; % Centre Coords about midpoint

XYZraw = []; % Create empty array for raw coordinates (This will

be used to plot toolpath)

Xcoord = 7X” + XYcentred (:,1); % G code for X coordinate (string

array )

Ycoord = 7Y” + XYcentred (:,2); %G code for Y coordinate (string
array )

space = 7 7; % a space!

space_array = repmat ((space), length(Xcoord), 1); % Array of spaces
same length as X,Y coordinates

Gl = repmat ((”G1”), length(Xcoord), 1); % array of "Gl same length
as X,Y coordinates

XY_Gecode = strcat (Gl, space_array , Xcoord, space_array, Ycoord); %
Concatenate X and Y Gcode into single string array

Initial_ XY = strcat ("GO0 ”, (Xcoord(1l,:)), space, (Ycoord(1l,:))); %
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G-code for inital X and Y coords — This will be used to move
extruder into place before printing
XYZ_Gecode = []; % Empty array for G-code of all layers

for i = 1:N_layers

XY _layer = XYcentred; % Copy Raw G-code data to be manipulated

if i =1

Z_layer = repmat ((Layer_height), length(XY_layer), 1); %
Array of 7Z coordinates for one layer.

Z_Gcode = ”G0 Z” 4+ Layer_height + 7 ;New Layer”; % G code
instruction for 7Z axis

else
offset = ((i—1)%0.2xLayer_height); % Calculate offset (20%
of layer height x number of previousz layers)
Adjusted_1_height = ixLayer_height — offset; % Adjust layer
height
Z_layer = repmat (( Adjusted_l_height), length (XY _layer), 1);
% Array of Z coordinates for one layer.
Z_Gcode = G0 Z” + Adjusted_1_height + 7 ;New Layer”; % G
code instruction for Z axis
end

XYZ layer = cat (2, XY_layer, (Z_layer)); % Concatenate XY and Z
coords for current (single) layer (Raw data)

clearance_val = 5 + (ixLayer_height); % calculate Z clearance

clearance_raw = XYZ_layer ((length (XYZ_layer)) ,:); % Find last line
in XYZ_layer

clearance_raw (3) = (clearance_val); % Change last Z coord in
XYZ_layer to clearance value

XYZraw = cat (1, XYZraw, XYZ_layer); % Concatenate data for
current layer onto XYZ_raw

XYZraw = cat (1, XYZraw, clearance_raw); % Concatenate clearance
XYZ_raw

Pressure_on = "M760 ;Turn on PH1”; % G-code to turn pressure on

Pressure_off = "M761 ;Turn off PH1”; % G-code to turn pressure off
clearance_Gcode = "GO0 Z57; % G code for clearance

XYZ_Gcecode = cat (1, XYZ_Gcode, Initial_ XY , Z_Gcode, space,



66
67
68

69

70
71

72

73
74
75
76
7
78
79
80

81

12

13

14
15
16
17
18
19
20
21
22
23

24

26

D - G-CODE FOR FUNCTIONALLY GRADED PVA LATTICES 247

Pressure_on, XY_Gcode, Pressure_off, space, clearance_Gcode);
% Concatenate all data for current layer onto YXZ_Gcode
end

XYZ length = length (XYZ_Gcode); % Find length of XYZ Gceode
XYZ_Gcode(XYZ length, :) = []; % Delete last line (clearance is not
need at the end of print)

figure () ;
plot3 (XYZraw(:,1), XYZraw(:,2), XYZraw(:,3), 'k’, ’linewidth
2) % 3D plot visualizing toolpath.

axis equal
axis padded
set (gca, ' TickLabellnterpreter’,’latex’, FontSize’ ,14)

xlabel (’Sample width (mm)’, ’'Interpreter’, ’'Latex’,’FontSize’,18)
ylabel (’Sample length (mm)’, ’Interpreter’, ’'Latex’,’FontSize’ ,18)
zlabel (’Sample height (mm)’, ’'Interpreter’, ’Latex’,’FontSize’,18)
end

% This funciton will write Gcode to a .gcode file in the current
Matlab folder

% Inputs:

% XYZ = string array of G-code output from either constant_Z.m or

0 vary_Z.m

% Filename = name of output file. e.g. test_Gceode

% This should not include file extension

% Speed = Desired print speed in mm/minute

function [] = write_Gcode(XYZ, filename , speed)

feedrate = sprintf(” F4d ;Feedrate = %d /min”, speed, speed); %
Create G—code to assign feedrate
XYZ(5,:) = strcat ((XYZ(5,:)), feedrate); % concatenate feedrate

onto first line of g—code for extrusion

Start = [ % G-code start
7G990 ;Use absolute coordinates”;
"GO 7257 ;

I;

End = [ % G-code end
"GO Z57;

"GO X0 Y07;

"M84 ;Disable Steppers”;

b ” .

7;End of Gceode” |;
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txt_ext = strcat (filename, ’.txt’); % Filename with .txt
extension
gcode_ext = strcat (filename, '.gcode’);% Filename with .gcode
extension

writematrix (Start , txt_ext); % Write start to .txt
writematrix (XYZ, txt_ext , WriteMode , append’); % Write G-code to
txt file
writematrix (End, txt_ext , WriteMode , append’); % Write end to

txt

file

file = dir(txt_ext);

movefile(file .name, gcode_ext); % Convert .txt file to

end

file

file

.gcode
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