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Abstract
Threedimensional (3D) printing is a layday-layer additive manufacturing technique
that continues to gain interest due to its ability to fabricate customized structures at low setup
cost and quick turnaround timkn this thesis, advanced ink materials are developed for the

fabrication of elastic biomedical devices using vat photopolymerization (VP) printing.

In Chapter 1, an overview of various 3D printing techniques is presenitetljding
their respective advantages, disadvantages, and requirements for ink macenphred to
other major 3D printing techniques, VP printing offers high printing accuracy, resolution, and
superior surface quality. However, the fabrication of elastic structures using VP printing has
long been a challenge due to the high viscosity and tackinelsstafraeric material. A review
of various elastic materials and their currentliggpility in VP printing is also presented.
Finally, recent materials and strategies for fabricating biomimetic implants and fluidic devices

via VP printing are discussed.

In Chapter 2, a VPRprintable hydrophilic silicondased materidk developedusing
aminosilicone methacryloy(SilMA) incorporated with acrylamide (AA) anploly(ethylene
glycol) dimethacrylate(PEGDMA) as reactive diluentsThe incorporation of AA and
PEGDMA addresses the issues of high-geé viscosity and slow curing rate of SilMA.
Furthermorethe formation of a SiIIMA/AA/PEGDMA interpenetrating network (IPN) upon
curing is novel as it differs from the existing acrylate and tére silicone network. By
integrating hydrogel components, the material displayed distinct characteristics compared to
conventional silicone, including hydrophilicity and good simellproperties Additionally,
compared to regular hydrogels, the material shows improved strength, elasticity, and durability

suitable for the fabrication of biomimetic implants.



Despite its excellent VP printability, the developed material exhibits signs of
overcuring which hinders therinting of ultrafine features. Hence, i@hapter 3, cellulose
nanocrystal (CNC) is used to improve printing accuracy and resolution. The use of CNC to
tune photocuring depth is novel and, to the best of our knowledge, has not been reported in
literature previouslyUpon the integration of 1 wt% of CNC, the developed material exhibits
a high printing accuracy and resolution down to 100 um witkazero deviation in the X
and Y direction. Most importantlyhe incorporation of CNC results in a printed fluidic device

with excellent surface detail, good fluid processibility, and minimal colour staining.

Yet, with the SilMA-based material, it remains challenging to achievesteg printing
of fluidic devices with embedded channelfierefore,in Chapter 4, ink formulation with
siloxane oligomemstead of polymer is developed for an even lowergaleviscosity. In this
ink formulation, amphiphilic siloxane oligomer (silmeliy complemented with AA and
glycidyl methacrylate (GMA). The use of silmer as themary component in resin
formulationsis uncommon due to the challengedlissolving highconcentrationsf silmer.
Herein, a novel approachusing a solvent blend is introduced as a critical strategy for
formulating the amphiphilic silicorbased ink materials for VP printing. Silmer conformation
is solventdependent, resulting in tuneable qgel viscosity, transparency, and surface
properties. Upon ink optimizationa siliconebased fluidic device with embedded channel is
successfully producedith VP printing and the printed devicghows excellentapability in
synthesimng drugencapsulated hydrogel beadiegmonstrating its feasibility for reatorld

biomedical applications.

Taken all together, this thesis presents the formulation epnfRable hydrophilic
siliconebased resin material with two different strategies: (1) the additiceacfive diluents

and (2) the use of lowanolecularweight siloxane oligomers; offering new perspectives on



the formulation of hydrophilic elastomeric resin material for VP printfagthermore the
successful fabrication of biomimetic scaffold implants and biomedical fluidic devices with VP
printing reveals aignificantly simplerand more coseffective method for the fabrication of
siliconebased biomedical devices, moving beyond the conventional method ef soft

lithography and moulding.

Vi
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Chapter 1 Introduction

1.1 3D Printing

Threedimensional (3D) printing is an additive manufacturing technique that enables
the fabrication of 3D structures in a laymrlayer manner®? 3D printing continues to gain
interest as an alternative fabrication metldaeto its capability to directlyabricatecomplex
structures from digital modeThe ability of 3D printing talirectly fabricate structurggesents
several advantages over conventional manufacturing technsguoesasnoulding, machining,
and softlithography.''® For instance, with thability to direct fabricate3D printing offers
flexibility to introduce immediate design changes until prodatisfaction igeacted This is
difficult to achieve with conventional manufacturing technigoesg to the need for a new
set of mailds upon every structural modification introduced. In parallel to that, the fabrication
of maulds is often costly and timeonsuming. Hence, without the need for newutts, 3D
printing poses further advantages in enabjgductfabrication at alower setup cost and
shorter ordemand fabrication time as opposed to the conventional manufacturing techniques.
With the aforementioned advantages, 3D prinisrgpidly emergng as a new fabrication tool,

especially for rapid prototyping and-oilemand manufacturing

In general, the overall 3D printing process involves the creation of the 3D structure
design followed by preparing the file for printing prior to the actual printing of the 3D structure
with the 3D printer? With the emergence of computaided design (CAD), 3D structures
can be easily created and modifieding computer systems'’ This has significantly
contributed to the ease of product fabrication with 3D prirdmeto the flexibility toproduce
any 3Dstructuresas per the CAD files. The 3D design in the CAD file is further stored in the
standard triangulation language (STL) format to retain the maximum resolution of the designed

structure for printing® Specifically,the STL format is a computer language used to describe



the surface of the targeted 3D model with a network of triangles. The network of triangles
forms a triangular mesh detailing the surface of the structure modetleé smaller triangular

size giving a better structural resolution. Owing to the nature of 3D printing, the 3D model in
the STL format is further sliced into layers of 2D imagHsen, the 2D images are translated

into stacking layers by the 3D printer for the printing of a 3D structure.

As we delve further, 3D printing can be further categorized into four major groups
based on their printing mechanism, namely the material extrusion (ME), vat
photopolymerization (VP), powder bed fusion (PBF), and material (MJ) and binder jetting (BJ).
Each of the 3D printing techniques is briefly showrigure 1.1. Their respective printing
mechanismsadvantages, and challenge#l be further discussed in detail in the subsequent
sections.Besides, the ink formulation criteria for the respective printing technique will be

explored as well, with a special focus on polymer material.
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Figure 1.1: The schematic diagrams of different 3D printing techniques(a) Material

extrusion functions by extruding ink material through the nozzle for printing, and can be further



categorized into filament fused fabrication (FFF) when using solid filament and into direct ink
writing (DIW) when using viscoelastic ink for depositi¢h) Vat photopolymerization (VP)
functions by utilizing UVlight to form solid polymer from the resin material in the via
photocuringfor printing. (c) Powder bed fusion (PBF) functions by melting the powdered
material with heat for printingld) Material jetting (MJ) functions by selectively depositing
droplets of ink material for printinge) Binder jetting (BJ) functions by depositing liquid
binder onto the powdered material for printing. Figure isagpcedirom Park et af. with

permissionCopyright © 202, Elsevier

1.1.1 Material Extrusion

ME printing involves the extrusion of a continuous polymer material through the needle
nozzle in a layeby-layer manner for printirigf (Figure 1.1a). The overall printing mechanism
for ME printing is relatively simple with only two steps involved for printing. The ink material
is first deposited onto the build platform in a continuous manner with the movable needle
nozzle tracing the design of thegated layer structure according to the CAD design. After the
deposition of a single layer, the extrusion printhead with the needle nozzle moves up, or the
build platform moves down, by one layer thickness to allow the printing of the subsequent
layer. Theprocess is repeated until all the layers for the final structure are constructed. The
ME printing can be further categorized based on the type of material extruded from the needle
nozzle for printing Specifically, fused filament fabrication (FFF), alsaookvn as fused
deposition modeling (FDM), involves the extrusion of semolten thermoplastic polymers for
printing, while direct ink writing (DIW) involves the extrusion of liquid viscoelastic polymer
ink material for printing. In FFF, the thin thermoplasfilament is fed into the extrusion
printhead from the spoorl'hen, the filamens heated to an appropriate process temperature to

achieve a semmolten state foits effective extrusion through the needle nozzle for printing



(Figure 1.1a). Conversely, in DIW, the viscoelastic polymer imiaterialis loaded into a
cartridge Then, the ink iextruded through the needle nozzle at a controlled flow rate by the

pneumatic control system for printifgigure 1.1a).

1.1.1.1  Advantages andDisadvantages

FFF printing is one of the most widely used 3D printing techniques in both home and
industrial settingsThe popularity of FFF printing is highly contributed ity relatively low
cost and simple operation as compared to the other 3D printing techhfdiBesides, FFF
printing providesthe advantage of simultaneously depositing different polymer filaments
through the use of multiple needle nozzle heduldng the printing process. This offers a
significant advantagtor the fabrication of multmaterial and multicolar structures in a ore
step printing process, which is often difficult to achieve with resehased printing
techniques. Despifies advantages, FFF printingtigoically limited to the use of thermoplastic
polymersdue to the use of heat as the primary mechanism for méftaygolymer filament
duringextrusion. This is highly attributed to the thernewersible properties of thermoplastic
polymers in enabling flowpon heating and solidification upon cooling for the printing of solid
structures upon material deposition. Additionally, the FFF printiag thedisadvantage of
frequent needle nozzle clogging, whicin disrupt th@rinting process. In fact, studies have
shown that the occurrence of needle nozzle clogging is more pronounced with the filler
reinforced thermoplastic polymer filament due to therease in resistance for material
extrusion as the filler particles agglomeraté? The clogging of needle nozzle may also be
attributed to the insufficient heating of the solid flament as a result of the fast extrusion speed
during the printing process, which can be easily resolve by optimizing the printing parameters
to suit the therral properties of the polymer filament. Furthermore, FFF printirfkgnasvnto

have a low printing resolution duettwe difficulty in extruding submicron-sized filaments>®



The printing resolution of FFF printing relies heavily on the diameter of the filament extruded
throughthe needle nozzle, which can be furthdjustedy varying the needle nozzle diameter,
build speed, and processing parameters. Howeverethectionin needle nozzle diameter
oftennecessitatea slower build speed and higher air pressure for the successful extrusion of
the polymer filament, whi ch i-igspéciicattomnonmthe c ons't
minimum build speed and maximum air pressure for printing. Moreover, the Frtedori
structurestypically exhibits poor mechanical properties due to the weak printing layer
integration between the printed filamehts$? Several studies have attempted to circumvent
this problem by incorporating an additional step to heat the surface of the printed filament with
laser or infrared radiation before the deposition of the subsequent filament, as a strategy to
encourage the diision of polymer chains at the layer interface for better layer integration

between the printed filaments.

Similarly, DIW printing povides the advantage ofabricating multi-material or
multicolour structuresusing multiple needle nozzle® simultaneouly deposit different ink
materials during the printing proc€s¥Differing from FFF printing, DIW printing can process
a wide range of polymer materials as DIW printing does not rely on thermal heating for the
extrusion of polymer ink material through the needle nozzle. This further expands the range of
material that an be printed by extrusidmased printing techniques. Despttflexibility with
variouspolymer materials, the use of different materiattherincreases the complexity of the
printing processaseach materiabften require distinctcuring mechanissifor solidification
upon deposition. Typically, the polymer solidification process can be categorizeitine¢o
different modes based on the respective curing mechanism required by the different polymer
types. In the first mode with thermoplastic polymealjdification occurs through physical
processes, such agystallization and glass transiti@s such, the printing process is highly

similar to that of FFF printing with no additional processes required for solidification upon
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material deposition. On the other hand, in the second mode with thermosetting polymers,
solidification occurs througbhemical crosslinking reactions, which often require additional
heat or light exposure to initiate throcess As a result the printing chamber requires
additional heat or light sourcesbe installedor the curing of thermabr photesensitive resin
materialupon its deposition onto the build platowever, due to the low viscosity of the liquid
resin material, the polymer material often lacks structural integrity with signs of filament
collapse posprinting. In fact, the phenomenon is more prominent with thermoplastic polymers
owing to their relatiely slow solidification mechanism based on physical presess opposed

to thermosetting polymers with immediate heat light-triggered crosslinking upon layer
deposition. In parallel to that, in the third mode, the polymer is deposited directly into the liquid
media for zeragravity printing, where the liquignedia provides additional support to the
printed filamentas the buoyancy in the liquid media compensates for the gravity of the printed
filament upon density matchirfg® This necessitates additional modification on the build plate

to contain a reservoir for the holding of liquid media for printing. Likewise, DIW printing
generally has a lower printing resolution as compared to the other 3D printing techniques, such
as MJand VP printing, due to its limitation in generating-saizron filaments imposed by the

restriction on the minimum needle nozzle diameter required for optimum printaility.

1.1.1.2 Ink M aterial

As mentioned above, FFF printing can only process thermoplastic polymer in the form
of solid filament for printing, while DIW printing can process a wide range of polymers in the
form of liquid resin for printing:® Regardless, both the solid filament used for FFF printing
and the liquid resin material used for DIW printing need to exhibit sheaming properties
when applied with heat or pressure, respectively, to enable the successful extrusion of polymer

materid through the needle nozzle for material deposition. Additionally, in the aspect of FFF



printing, the viscosity of the polymer filament upon melting plays a critical role in dictating
the structural integrity of the filament upon material deposition. Therefore, both the rheology
and viscosity of the thermoplastic polymer filament upon meltiegd to be precisely
controlled to ensure that the polymer filament achieves a sufficiently low viscosity upon
heating for extrusion while retaining an optimally high viscosity to maintain the structural
integrity of the printed filament prior to coolingpon material deposition. The narrow
processing window further restricts the range of thermoplastic polymers that can be processed
by FFF printing. Some of the common thermoplastic polymer filaments used for FFF printing
include polyamidé®'’ PC!® PLA,*2° and ABS?' The polymer filament can be further
compounded with additional fillers, such as métafglass fibef*?>and carbon fibet®?" for
mechanical properties enhancement. Besides, sacrificial material that can be easily removed
postprinting can also be deposited simultaneously for the building of complex structures with
voids and overhangs. For instance, PVA is a“ketiwn sacrifical material owing to its water

soluble properties, enabling its effective removal by dissolving in wateipposing, leaving

a complex printed structure with a smooth firi&#

In contrast, in the aspect of DIW printing, the type of ink material that can be used for
printing is highly versatile® Hence, the requirement for ink materials differs significantly
depending on the polymer types and printing modes used. For thermoplastic polymers, the
material characteristsarequired for DIW printingare similar to those fdfFF printing, but in
the form ofaliquid solutionrather than solid filament. Similarly, the thermoplastic polymer
will need to possess a suitable processing window for the melting or softening of the semi
crystalline or amorphous polymer upon heat applied for extrusion, followed by crystallization
or glass transitin upon cooling for material solidification after deposition, respectively.
Furthermore, owing to the use of liquid resin material, DIW printing can process a wider range

of thermoplastic polymer materials that were previously not availablkeirform of solid



filament for FFF printing, such as acrylic resfigor thermosetting polymers, the material
solidification process often relies on chemical crosslinking upon heat or light ctitilrg.
parallel to that, thermosetting resin materiale typically formulated with initiator and
monomer precursors, enabling the formation of a crosslinked polymer netvinick,leads to
material solidification upon heat or light exposure. Some of the common thermosetting resin
materials used for DIW printing include acrylatéd? epoxides’®3® silicones*3’ and
polyurethanes® For printing in liquid, the use of a liquid media as a supporting bath further
enables the printing of soft polymer matesjaduch as hydrogef®4° Besidesproviding
additional support for the printed filament, curing agents, such as initiators or metal salts, are
often included in the liquid bath to promote the immediate chemical or ionic crosslinking of
the extruded polymer filament upon contact with the liquid me@iee common example for
printing in liquid includes the printing of sodium alginate hydrogel in a water bath consisting
of C&* ions for the formation of a solid alginate printed structure upon ionic crosslirikieg
watersoluble sodim alginate undergoes cation exchange to form waseiuble calcium

alginate upon contact with the €aons in the water bath*!

1.1.2 Vat Photopolymerization

VP printing, also known as stereolithography (SLA) printing, is a-gsted printing
technique that utilizes a vat to contain the liquid photosensitive resin material febjayer
layer printing>®94243As illustrated inFigure 1.1b, the printing begins with the lowering of
the build plate into the vat filled with resin materigthebuild plate is positioned at one printing
layer height above the bottom of the vat for the printing of the first layer. Then, the light source
selectively exposed the resin material according to the targeted layer pattern from the bottom
of the vat, resuiihg in the formation of a patterned solid layer as the degttosed area of the

resin material solidifies via photopolymerizati@pecifically, SLA printing uses a laser source



to cure resin material poHy-point for the printing of a patterned solid layer. Further
technological advancement led to the emergence of digital light processing (DLP) printing as
a new variant of SLA printing thatasa light projector to cure the entire patterned later
at-once.In order to enable the light source to reach the resin material, the bottom of the vat
typically consists of a transparent winddwhe transparent window is commonly constructed
with fluorinated ethylene propylene (FEP) film, owing to its good chemical resistance and non
stick properties, which improves its compatibility with a wide range of printing materials and
help facilitate the smooth release of the printed layer from the battdhe vat during the
printing process, respectively. After the printing of a solid layer, the build plate moves upwards
in the Zaxis direction to separate the printed layer from the FEP ##$*243The printing

cycle then repeats to print the 3D structure in a Haydayer manner, as the build plate lowers
into the vat with the previously printed layer positioning at one printing layer height above the

bottom of the vat for the printing of the néayer.
1.1.2.1 Advantages andDisadvantages

Owing to the use of photocuring for material solidification, VP printing generally has
a faster printing speed and a higher printing resolution than the other 3D printing techniques
2.89.4243The printing resolution and printing speed of VP printing can be further refined based
on the type of light source and light exposure mechauosedfor printing. Specifically, SLA
printing is capable of achieving sagnificantly high printing resolution with the ability to
resolve fine features down tquin,*%#¢ owing to the use dhelaser beam to cure resin material
point-by-point 2824243However, laser components are often expensive. The need for-a built
in laser source for printing further drives up the price of the SLA printer, reducing its
affordability for home anthdustrialuse. Additionally, the poirAby-point printing mechanism

employed by SLA printing results in a relatively slow printing procassvery pixel of the



layer would need to be irradiated sequentially for the printing of a single patterned layer. In
conjunction with that, the emergence of DLP printing with the use of the light projector to cure
resin material alat-once offers a cheaper alternative to itiadal SLA printing with a faster
printing speed. The significant reduction in printer cost is highly attributed to the replacement
of the expensive laser components in the traditional SLA printer with the more affordable light
emitting diodes (LED) as &builtin light source for DLP printer. Furthermore, theationce
printing mechanism with DLP printing results in a faster printing spesedll the pixels of the

layer are projected in one exposure step for the printing of a single patterned layer. Despite that,
it is important to note that the printing resolutaffDLP printing is slightly compromised with

the use of LED lightasLEDs are less precise thdhe laser beamsisedin SLA printing In
general, the process of VP printing is comparatigiyple as compared to the other 3D
printing techniques, requiring only the pouring of resin material into the vat for printing,

thereby eliminating the need for highly skilled trained personnel for printer operation.

Similarly, VP printing has its own disadvantages owing to the use of photocuring as the
main mechanism for printing. One prominent disadvantage of VP printing is the need for
photosensitive resin material for printing. In addition to that, the resin iadateeds to be in
the form of liquid to be contained within the vat for effective VP printing. Both of these
requirements further impose limitations on the variety of materials that can be printed with VP
printing. The specific resin material requiremént VP printing will be further discussed
the following section. In parallel with that, VP printing often necessitates additional post
processing processes after printing. This includes the mandatory washing step that helps with
the removal of the excess uncured resin material remaining oartaeesor in the voids of the
printed structure, which would otherwise result in a printed structure with a sticky surface
appearance or compromised features, respectively. After washing, the printed strudbere can

further subjected to UV posuring as a strategy to further enhance the mechanical properties
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as well as the printed layer integration of the printed structure. Despite the slightly laborious
process with the additional washing and pmsing steps, the process of structural fabrication
via VP printing is still comparatively simple as comparedcémventional manufacturing
techniques, including sefithography and machining. Lastly, the use of a single vat and a
stationary build plate further poses difficulties for the printing of mmabterial structures with

VP printing. Overall, despite itsnfiitations, the high printing accuracy and resolution of VP
printing remain an attractive feature for the generation of highly detailed structures, which

further contributes to its continuous growth and development in the 3D printing industry.

1.1.2.2 Ink M aterial

Owing to the printing mechanism, VP printing figpically restricted to liquid
photosensitive resin material for printing. Currently, acrylate/methacilyéeted resin remains
the most common resin material used for VP printing, and in fact, is one of the most popular
commercially available resin materials foP\rinting*”4° Acrylates are highly preferred due
to their rapid curing properties upon photoinitiation, promoting a fast VP printing prfotess.
However, pure acrylate systems often have very high reactivity, making the printed structure
more susceptible to curl distortion as the printed layers are more prone to inhomogeneous
shrinkage upon rapid curing. Thus, minimize curl distortionmethacrylates with a lower
reactivity are often blended into the acrylate systas they help encourage a more
homogeneous shrinkage within the printed layers by slowing the overall curing rate of the
acrylate system. Despite its excellent strength and hardreegiate/methacrylatbased resin
typically exhibits a relatively high degree of structural shrinkage and brittleness owing to its
high crosslinking density:>! The high crosslinking density of the acrylate/methacryased
polymer is highly attributed to the presence of a crosslinking point on every second carbon

atom of the main polymer chain as a result of the radical egesvth polymerization
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mechanism. On the other hand, the t@oébased resin material that polymerizes based on
the radical stefgrowth polymerization mechanism presents a crosslinked polymer with a lower
degree of shrinkage and brittlené$4>® This is most likely attributed to the more
homogeneous crosslinking and the reduced number of crosslinking points in the main polymer
chain within the thickenebased polymer as the thiol groufsil) reacts with the alkene group
(-C=C) in a click reactiompon photoinitiatiorf:> However, the pure thieénebased polymer

is extremely soft and often requires additional monomers with higher strength for mechanical
properties enhancemept>® As discussed, there are many factors that need to be considered
when designing the resin material with the photoreactive monomers. Further adjustments on
the composition and ratio of the photoreactive monomers are necessary to tailor the resin
material tothe targeted curing properties and desirable final printed material characteristics.
Besides, the choice of polymerization mechanism is also crucial as it has an important effect
on both the curing properties and final printed material characteri38spite the many other
variations of VP resin materials, both the acrylate/methacrylate andetigolsystems
established most of the groundwork for the development of various elastomeric resin materials,
including polyurethamé 6! and silicone®? * which further expands the range of polymer

material that can be fabricated with VP printing.

In general, there are two major factors that need to be considered in the aspect of resin
material for an effective VP printing process. One of the major factors includes the photocuring
properties of the resin materiaf#24372’* Owing to the use of light to initiate
photopolymerization for material sdification, the resin materiaimust possess optimum
photocuring properties to effectively generate a solid printed structure with VP printing.
Among the resin components, the photoinitiator is especially imppasittplays aital role
in initiating the photopolymerization process upon light exposure, thereby equipping the resin

material with photocurabilit§®’4">Upon light exposure, the photoinitiator absorbs light and
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converts the photolytic energy into reactive species, such as free radicals or reactive cations, to
initiate the photopolymerization proceSsTo ensure effective fabrication with VP printing

the photoinitiatomust exhibitan appropriate light absorption spectrtirat overlaps witlihe
wavelength emitted by the buih light source of VP printef®’*’>However, it is important

to note thatlifferent light sources emit different wavelengtasd thusrequre photoinitiators

with correspondindight absorption spearto accommodate printing witbachlight source.
Fortunately, only a few types of standard binltight sources (SLA ~395 nm; DLP ~38%0

nm) are usedby commercial VP printers. This furthearrowsthe selection of suitable
photoinitiators fothe formulation oW/P-printableresin materialFurthermorea photoinitiator

with high initiation efficiency is preferred for a rapid crosslinking reactias this would
essentially speed up the overall printing process, resulting in a shorter fabrication time and
higher production output? Aside from its chemical structure, the initiation efficiency of the
photoinitiator also depends on factorsuch asthe solvent medium, light intensity, and
experimental condition€ ’® Therefore, it isessentiato ensure that the selected photoinitiator
can effectively function with the respective resin material and printing conditions for maximum
initiation efficiency. Moreoverthe photoinitiator needs to have good solubility with the
medium of the formulated resin mateffaDtherwise, the failure to homogeneously distribute

the photoinitiator within the resin material would cause different curing activities at different
areas, leading to unequal curing of the printed layer, which subsequently results in poor printing
accuray and resolution. In conjunction with that, after considering the light absorption
spectrum, photoinitiator with solvenbmpatible properties, such as diphenyl (2,4,6
trimethylbenzoyl) phosphine oxide (TPO) and phenylbis (2dntethylbenzoylphosphine

oxide (BAPO), is commonly used for solverdsed resin’®° As for waterbased resin,
photoinitiator with aqueousompatible properties, such as lithium phenyl (2,4,6

trimethylbenzoyl) phosphine (LAP), is used instéx#8 Besidesthe photoinitiator, other
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additives are often incorporated into the resin material to allow more precise control over its
photocuring activity. For instance, radical inhibitors are commonly included to prevent the
premature gelation of the resin material before prirfttvghile photoabsorbers are typically

incorporated to improve the printing accuracy and resolution of the printed striftttire.

Anothermajor factor to be considered is the viscosity of the resin mafefiap: 2748
Typically, VP printing prefers liquid resin material with a low jy& viscosity® This is
because VP printing depends highly on the flowability of the liquid resin for pririhaw-
viscosity resin material would exhibit a better flowability for the effective replenishment of
each printing layer during the printing process for a better sucfaakty print. Moreover, a
low-viscosity resin material generally has better wetting properties to rapidly recoat the bottom
of the vat for the printing of next layer. Additionally, the resin material with lowgete
viscositywould cause less turbulence as the low viscosity enables the resin material to quickly
stabilize before the printgnof the next layemninimizing the risk of bubble formatigrwhich
would otherwise result in printing defects, as the build plate moves into and out of the vat
during the printing process. In conjunction with that, the viscosity of the resin material is
recommended to be less thaR& s for a stable VP printing procés€® However, therenay
be instances where the viscosity of the choice of resin maggdeédshe recommended value.

A simple strategy would be to reduce the speed of {pldte moving into and out ofhe vat

to accommodate the printing of higiscosity resin materialAs highviscosity resin material
tends to flow slower as compared to those with low viscosity, a slbwikt-plate moving
speed would be able to accommodate the low liquid flowability of the\hgglosity resin.

With a slowerbuild-plate noving speed, more time would be reserved to allow the resin
material to flow through the printed voids and fine structures before the printing of the next
layer. Despite that, the slowing down of the budthte moving speed affects the overall

printing efficiency of the VP printing process. Instead, several studies have approached to
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mechanically modifying the printer vat to accommodate the printing of\hgglosity resin
material without reducing the overall printing speed. For exariigéng et al® installed a
heating element at the bottom of the printer vat to reduce the viscosity of the viscous resin
material with heat during the printing process. With the increase in temperature, the viscosity
of the resin material reduces as the polymer mobilityeases with hedt Yet, it is essential

to note that the increase in polymer mobility as an effect of heating would accelerate the
crosslinking reaction of the resin material, which further requires adjustment on the light
exposure parameters to accommodate. In another exaRuaeguez et al’® modified the
printervatwith a rotation bath and a spreader to mechanically spread a thin layer of the viscous
resin material for VP printing. This approach to customizing the VP printer for the printing of
high-viscosity resin material is innovative. However, the approach thfyiag the printer vat

with a rotation bath and a spreader is rather sophisticated, and further limitetieal
versatility that can be processed by thedified VP printerIn another approach, the high
viscosity resin mateai is diluted with lowviscosity reactive monomers as a strategy to reduce
the overall viscosity of the resin materidhis is currently one of the common approaches
reported by various studies on the development of new resin material for VP pritfiiige®
However, itis crucial to note that the reactive diluents are part of the crosslinking system, and
their respective composition and ratio in the overall resin material would affect the mechanical

properties of cured resin materfafe
1.1.3 PowderBedFusion

As suggested by the name, PBF is a printing technique involving the use of ink material
in the form of powder for the printing of 3D structures. Alternatively, this printing technique
is alsoknown as selective laser sintering (SLS) due to its key printing step in utilizing laser

radiation for the sintering of powder particles as part of the 3D printing préfdedstief, the
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printing process for PBF printing involves three major steps, starting with powder deposition
followed by powder solidification, and finally lowering the build platform for the printing of
subsequent layers®%? 2 |n the first step, the roller helps with the transfer of powder from the
supply platform to the build platform followed by spreading the powder evenly onto the powder
bed for depositionKigure 1.1c). In the second step, the powder deposited onto the powder bed
is selectively sintered by the laser according to the targeted CAD desigrihe top of the
powder bedDuring the sintering process, the thermal energy emitted by the laser radiation
results in the local heating of the powder particles, which subsequently leads to the softening,
melting, and fusing of the adjacent particles for the formation of a sgkd #é&ccording to the
desiredpattern Finally, in the final step, the build platform is lowered by one layer thickness
for the printing of the subsequent layer. These three steps are repeated until all the layers for

the find 3D structure are printed.

1.1.3.1 Advantages andDisadvantages

Owing to the nature of the printing process, PBF printing presemtajor advantage
in enabling the production afomplex structures without the need for additional support
structures>®°%92|n the other printing techniques, support structures are usually added to avoid
the collapse of the overhang structure during the printing process and will be removed after the
printing is done. Even with the addition of support structures, there afdarstations to the
degree of structural complexity that can be achieved witbttiexr 3Dprinting techniques. As
for the PBF printing, the presence of loose powder remaining on the build platform eliminates
the need for additional support structures’® °2 The loose powder surrounding the printed
structure during the printing process further functions as the supporting material, which easily
enables the fabrication of any overhang structures. Besides, without the need for additional

support structures, PBprinting can produce complex structures that are not commonly
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achievable with the other printing techniques due to the constraints imposed by the positioning

of the additional support structures.

Additionally, owing to the nature of the powdered material, the printed structure usually
exhibits a certain level of porosit}? The degree of porosity is further dictated by the choice
of material, overall particle size distribution, and the printing parameters. There is no clear
distinction to which the presence of pores within the structure is regarded as an advantage or
disadvatage. In cases where porosity is preferred, the presence of pores adds free volume to
the printed structure, facilitating the fabrication of structures requiring either a large surface
area or lightweight properti€4®* In cases where porosity is not preferred, the presence of
pores represents weak points for mechanical I§a@iserefore, the porous printed structure is
often infiltrated with a secondary polymer material gastting for mechanical properties
enhancement. In fact, the option to infiltrate the porous printed structure with a secondary
polymer material is sometimes regarded as a benefit due to the flexibility ttufieehe
material characteristic of the initial preat structure with a secondary matedbreover due
to the nature of the powdered mates#iuctures fabricated with PBF printing generallyibkh
lower resolution and poorer surface quality comparethéoother 3D printing techniques,
requiring postprocessingprocesses, such as milling or coating, for better surface quAlity.
Even with the smallest possible powder particle size, the PBF printing was revealed to only be

able to achieve a minimum resolution in the range of 100 um.

Furthermore, due to the use laserinducedheatsintering as the printing principle,
PBF printingoffers theadvantageof processg a wide range of thermoplastic materiat
printing according to their respective temperature proflet, due to the very sanpinting
principle PBF printing demonstrates disadvantage in requiriadditional powder bed

conditioningfor an effectivelaserinducedheatsintering proces€ssentially, he powder bed

17



needs to be maintained at an elevated tempernmeghout the printingycleto facilitate the
building process:®%2 This is because the amount of heat required for powder sintering can
be effectively lowered wittan overall higher temperaturgyhich subsequently reduces the
laser exposure time for sintering and leads to an overall faster building process. Haivewner,
printing with semicrystalline polymerit is important to always keep the temperature to be a
few degrees lower than the melting temperature of the powdered matexaiddhe melting

of the powdered material before subjecting it to powder sintering. Although it is usually not a
concern with the elevated temperature, it is also important to keep the temperature of the
powder be above the crystallization temperature of the powdered material to enhance the
resistance of the semrinted structure toward layered curl distortion. The layered curl
distortion is often a result of the asynchronous crystallization of the solidifiecslagfore the
printing of all layers. Thus, with a powder bed temperature above the crystallization
temperature, the crystallization process within the solidified layers can be effectively delayed,
promoting a synchronous cooling of all layers in the lfijanted structure postrinting.
Moving on, the continuous heating of the powder bed often accelerates the oxidative
degradation of the powdered material, which causes a change rimettieg properties and
affects the printing performance of the powdered matefibis leads to the second
conditioning required by the powder bed chamb&e powder bed chambewould need to be

filled with inert gas to further hinder tluxidative degradation of the powdered matefiale

need for additional printing cortchning remains one of the major drawbacks of PBF printing
as it introduces additional considerations for thepgmization of printing parameters upon

the use of new printing materialBespite the numerous disadvantagfeis, believed thaboth

the ability to fabricate complex structures aodprocess a wide range of materials is the

primary reason fothe continuous usef PBF printingin the additive manufacturing sector.
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1.1.3.2 Ink M aterial

It is true that PBF printing allows the processing of a wide range of materials as long
as they are supplied in the form of powder for printing. However, due tcttimgent
requirements for powdered material development, there is only a limited number of
commercially available polyméyased powdered materials for PBF printihgesides, due to
the printing mechanism déserinducedheatsintering, most of the polymdrased powdered
materials are thermoplastic in nature, with very few examples usingamponent thermosets.
Currently, polyamides remain the most popular choice of material for PBF printing, holding
more than 9@% of the market shafé.In hopes of maximizing the potential of PBF printing,
researchers have continued to expand the scope of material available for PBF printing. Yet,
other semurystalline polymers, including HDPE and ®Pand amorphous polymers,
including PS$® PMMA®, and PG were revealed to demonstrate a lower mechanical
strength thatheir malldedcounterparts due to the high porosity present in the printed structure.
Despite that, researchers believe that these alternative materials present great potential to
overtake polyamide in the future if further improved due to their comparatively lower
production cost as opposed to polyamif&t® Moving on, the exploration of TPE further
expands the scope of PBF printing for elastomeric material. Interestingly, the production of
TPE powder is hampered by the very same desirable properties that initiate its development
for PBF printing. The elastoanic properties of TPE provide the material with impact resistance,
posing further challenges for powder productitueto its inability to easily induce fractures
for material breakage during the cryogenic milling pro¢&sgurther investigation on the
effective method for higlguality elastomer powder production is necessary for its future

commercialization.
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Regardless of the type of material, the powdered material must possess specific
characteristics teuitits applicatiorfor PBF printing. First of all, the powdered material would
need to show a certain level of flowability and compactibility for an effective powder
deposition proces$ 1% The flowability of the powdered material was revealed to be highly
influenced by the shape of the powdered particle. Specifically, sphehaped powder
particles derived from dispersion polymerization present a better flowability than the irregular
shaed powder particles derived from cryogenic millfigesides manipulating the shape of
the powder patrticles, additional astatic agents are often included to further improve the
flowability of the powder particleS? In terms of compactibility, powder particles with a high
packing efficiency typically generate a printed structure with high density, which further
translates to good mechanical properties due to the lesser free volume in the final printed
structure®® However, this might not be true for irregulsttaped powder particles as a high
compactibility can compromise its flowabilit§° Therefore, both factors need to be considered

simultaneously with respect to the shape of the powder particle for the best results.

Secondly, owing to the printing mechanism lakerinduced heat sintering, the
powdered material will need to demonstrate sufficient laser radiation adséYptidand
appropriate sintering behawuiofor the effective solidification of powder particles upon laser
irradiation?*? In conjunction with that, it is critical to understand the thermal properties of the
polymer in order to better select a suitable polymer with appropriate sintering hehavio
matching the temperature range offered by the respective PBF printer. In the aspect of semi
crystalline polymers, the polymer melts to form a viscous flow as the temperature rises above
the melting temperature and further cools to form crystals whetetmgerature drops below
the crystallization temperature. Hence, a sufficient msiog window between the melting
and crystallization temperature is vital for an effective control of the powder solidification

process>99%92 Ag for the amorphous polymer, the polymer softens gradually, transitioning
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from the glassy state to viscous flow, when the temperature rises above thieagisiion
temperature®4Unfortunately, the glassansition temperature is the only temperature point
responsible for the drastic change in the amorphous polymer state from the glassy to the viscous
flow state. This results in a significantly narrow processing window for aatietecontrol on

the powder solidification process, which also poses as a factor for the slower development of

amorphous polymer for PBF printing in comparison to senystalline polymers.

Lastly, the powdered material will need to exhibit adequate thermal stability throughout
the printing process for constant product quality. As the printing parameters remain constant
throughout the printing cycle, a change in powder thermal charactedstitg the printing
process would significantly devastate both the powder printability and printed structure quality.
In parallel to that, commercial PBF powders are often treated with stabilizing agents and

antioxidants as a strategy to strengthen tteiility towards thermal aging®
1.1.4 Material and Binder jetting

Both MJ and BJ are grouped under the same umbrella of jttisgd printing
techniques owing to their use of the same printhead technology for printing. These twe jetting
based printing techniques are further classified according tiuticdonality of the material
jetted for structural fabrication. For instance, in MJ printing, the printhead nozzles deposit
Amaterial 6, such as photosensitive resin, fo
the printing process. Specifically, droplefsresin material are selectively deposited onto the
build platform in a layeby-layer manner followed by UV flasturing upon each frestroplet
deposited, and the process is repeated until the printing is'e¢figure 1.1d). Conversely,
in BJ printing, the printhead nozzles deposi
the powder bed substrate for the printing of solid partieleshe powder fuses upon chemical

reaction initiated by the binder. In fact, the printing mechanism of BJ is highly similar to PBF
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with the repetitive printing cycle starting with powder deposition, followed by selective powder
solidification, and finally the lowering of the build platform for the printing of the next
layef®117(Figure 1.1€). The only difference that sets both BJ and PBF printing apart is the
curing mechanism employed by the respective printing technique, where BJ fuses powder
chemically upon binder deposition while PBF fuses powder thermally upon exposure to laser

radiation.

1.1.4.1 Advantages andDisadvantages

Owing to the mechanism of jetting for resin material depositionpihling presents
a high printing accuracy and resolution, with the ability to resolve fine features dowpnuo, 16
and a significantly faster printing speed (28@D0 cni/h) than the other 3D printing
techniques (ME: 5a50 mm/h; VP: 26 mm/h)}'® This enables MJrinting to easily
fabricate highguality structures within a short fabrication tinBesides, owing to the use of a
multi-nozzle printhead, Mgrinting further presents a prominent advantage for the printing of
different ink materials simultaneously in a estep printing process®*® This allows the
direct printing of a single 3D structure consisting of multiple materials for differentrscio
material characteristics, which is often difficult to achieve with the other 3D printing
techniques involving only a single reservoir for a single ink material, such as VP and PBF
printing.!*® Yet, due to the very same advantages, the MJ printer is often expensive, which
lowersits affordability and heightens the overall cost of product fabricafidditionally, due
to theuse of piezoelectric or thermal printhead for ink material jetting, MJ presents a narrow
processing window for ink material, demandstgngent requirements on both the rheology
and surface tension of the ink material for an effective printing prét&€s3.The need for
specific ink material characteristics further imposes a limit on the range of material that can be

processed by the Mprinting!'%12! Furthermore, owing to the nature of Ndinting in
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depositing both building and support material simultaneously, the printing of structures with
overhangs and voids less economical than the other 3D printing methods due to the dense
support structure8?> Moreover the process of UV flasburing upon each droplet deposited
results in a printed structure with high brittleneskich isattributed to the high crosslinking
density within the polymer network of the printed structure, rendering it unsuitable for
structural application¥? Overall, cespite the benefit of high printing resolution and multi
material printing, MJprinting presents major disadvantages in terms of cost (for both the
printer and the use of excessive support material), ink material variety (limited by the stringent
requirement on the ink material characteristics), and mechanical properties (high brittleness

due to excessive UV curing).

In the aspect of BJ printing, the slightly different printing mechanism of BJ, as opposed
to PBF printing, renders it with a few advantages over PBF priftitfg’With the use of a
multi-nozzle printhead instead of a laser source for printing, BJ printing presents an overall
lower printer cost for purchasing and maintenance as compared to PBF printing. However,
owing to the use of the same printhead technologydkefor BJ is somewhat similar to MJ,
which is still higher compared to the other 3D printing techniques, such as ME and VP printing.
Besides that, similar to MJ printing, the use of a muitizle printhead presents a huge
advantage for the printing ofiulticolour structure with its ability to simultaneously dispense
binder with different colars onto the powder bed substrate, which is not at all possible with
PBF printing. Additionally, with solution binding as the key mechanism for powder particle
fusion, BJ printing eliminates the need to select suitable ink materials based on their heat
sintering behaviar, which successfully widens the range of powdered materials that can be
used for the fabrication of 3D structures. This includes extremelctstpowder, such as
plaster and starch, which can be effectively printed upon solution binding with an agueous

binder. Yet, it is important to note that BJ printing generally has a lower printing resolution
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than PBF printing, as the droplet size of the binder dispensed from the needle nozzle in BJ
printing is far bigger than the laser spot size irradiated in PBF printing. Despite the differences,
the printed structures fabricated with BJ printing exhibit lyighmilar material characteristics

as those fabricated with PBF printing owing to the use of powdered material. This includes
drawbacks such as high porosity and poor surface quality, requiring additionpt@uestsing
processes for further mechanicadasurface properties enhancement. In general, despite the
several advantages over PBF printing, the printed structure fabricated with BJ printing still
presents the typical structural characteristics of high porosity and poor surface quality owing

to theuse of powdered material for printing.

1.1.42 Ink M aterial

In MJ printing, both the building and suppartaterialare deposited simultaneously for
the fabrication of the final structuré!® The support material ideposited to support the
building material in regions of overhangs or voids of the final printed structure, and will be
further removed postrinting. Regardless, both the building and support material will need to
possess a set of criteria to be successfully jetted from the needlefoopzlating. As briefly
mentioned above, both the rheology and surface tensioain the key paramegan dictating
the printability of the ink materiakith MJ printing. As the printer progress to deposit ink
material for printing, the polymer ink materialusthave sheathinning behaviar to enable
the ink material tdluidize andflow through the needle nozzle when applied with pressure for
ink material depositiort?° In parallel to that, the polymer ink material must possess a suitably
low viscosity for the deposition of droplets through the printing nozzle. Specifically, the
viscosity of the polymer ink material needs to be precisely controlled within the rangé&oof 20
40 mPa-s for successful droplet formatiétBesides, it is also crucial for the ink material to

possess optimal surface tension properties for the formation of droplets from the continuous
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liquid ink material. Upon jetting, the ink material needs to possess quick maodatyery to
uphold the structural integrity of the printed structtf€Furthermore, due to the mechanism

of UV flashrcuring upon droplet deposition, the ink material must be able to cure rapidly upon
UV exposure. In conjunction to that, acrylased resin is commonly usad the building
material for MJ printing owing to their relatively low prgel viscosity and rapid curing
properties-? Converselythe epoxybased resin, that is also a common photosensitive resin
material, does not suit the application for MJ printing due to its relatively slower curing rate
upon UV exposure. As for the support materthe material will need to possess special
materialcharacteristicso enable posprinting removal according to their respective removal
process without affecting thieuilding material. For instances, watsluble monomers or
polymers, consisting of mainkyonreactivePEG, is commonly used as thepport material

for MJ printing, and in fact, is the initial commercially available ink material for support
material developed along with MJ printing by the company Objet Geometries Ltd. (now
acquired by Stratasy$3® With the watersoluble properties, the support material can be easily
removed with water upon soaking after printing. Further reseacbdmiinued to introduce

new support materidbr MJ printing. This includebicarbonateshat can be removed upon
mild acid}*® wax that can be removed upon mild heatitigand NIPAM-basedyel that can

be removed as it flows upon coolifggpostprinting.

As for BJ printing, owing to the deposition of binder onto the powder bed substrate for
printing, the material characteristics for both the binder material and powdered material need
to be considered for an effective printing process. Generally, the ppadeies would need
to meet certain criteria similar to that of PBF printing for an effective powder deposition
process. However, due to the nivermal printing mechanism, both the hsaitering
behaviar and thermal stability would not need to be ¢dased when selecting the powdered

material for BJ printing. Similarly, the binder material would need to exhibit low viscosity and
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shearthinning properties for an effective droplet deposition process. The binder material can
be further differentiated into the reactive and #neactive binder, depending on the specific
solventpowder binding mechanism employed by the BJ printfAgor reactive binder, the
binder material often consists of reactive resins, such as polymer solution, that is capable of
forming a strong film holding the powder particles together upon drying, as part of the powder
solidification process for structuratipting.}?®*2’ This essentially allows the printing of any
powdered particle as the binding power relies solely on the reactive resin in the binder material.
Conversely, for nomeactive binder, the binder material does not contain any reactive material
and only contais solvent or solvent mixture, that is capable of swelling the polymeric powder
particle for fusion via polymer interdiffusion and entanglement upon colftdat.fact, the
absence of reactive resin was revealed to benefit the printing process as it eliminates the risk
of needle clogging for a more efficient printing proceBsticularly, the nomeactive binder

can effectively process a wide range of materials whed wsth an appropriate solvent
selected based on the respective chemical characteristics of the powdered material. For instance,
the use of an aqueous ink would enable the printing of vsatable polymers, such as
starcht?® maltodextrint?®13° and PVART13 vet, it is important to note that the printed
structure fabricated with agueous ink is not wagsistant, and needs to be infiltrated with
resins, like cyanoacrylate, epoxy, and polyurethane;gasing to prevent the disintegration

of the printed sticture when exposed to moistdré* On the other hand, the use of a nhon
aqueous ink would enable the printing of hydrophobic polymers, such as PLA and*LGA.
However, special precautions would need to be taken when printing witaguaous ink

consisting of organic solvenss they often emit toxic vapors.
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1.1.5 Summary

As discussed above, each of the 3D printing techniques has its own pros and cons
depending on their respective printing mechanisms and ink materia{Tedgld 1.1). Hence,
the selection of a suitable 3D printing technique for structural fabrication depends highly on
the targeted properties and application of the printed product. Owing to my main goal to
fabricate printed structures with fine features, the 3D prirnteahnique will need to have a
high printing resolution for the generation of delicate printed structures with high surface
guality. In conjunction with that, both the VP and MJ printing with a high printing resolution
down to the micron scale appear tothe best fit for the fabrication of delicate structures.
However, when considering the range of material that can be processed with the respective
printing methods, VP printing with the ability to process a wider range of material further
emerged as the tter choice of 3D printing method to proceed with for this project. As
mentioned inrChapter 1.1.2 there are new variations of the VP printing technique developed
since the establishment of SLA printing. Owing to the significantly lower printer cost and faster
printing speed, | further proceed with DLP printing for ink material development for this
project. It is true that DLP printing has a slightly compromised printing resolution as opposed
to SLA printing. However, this is not a huge problem as itra structural features below 10
pm are often not needed for the full functionality of the structural product. Hence, the
printability of the developed ink material with DLP printing serves as good evidence for its
feasibility to be fabricated with differemairiations of VP printing. To generalize, the tevid
printing is used to represent all the possible VP printing methods, including DLP printing, in

the following sections.
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Table 1.1: A summarized overview on theprinting and ink material characteristic for the different 3D printing techniques.

3D printing technique

Printing
principle

Minimum
resolution

Ink material

Advantages

Disadvantages

Material extrusion

Extrusion of
solid filament
through the
heated needle

nozzle?

Filament fused
fabrication (FFF)

Depends on nozzle
diameter size;

100-300 pirf4 46136

Thermoplastic
p0|yme|16|'21,28,29

Low-cost printerz’g'10

Simple printing process;
2,9,10

Multi-material printing.

Limited to thermoplastic

material;>*°

Low printing resolution?®
Poor printing layer
integration:m'14

Needle nozzle clogging.
2,11,12

(ME)
i More complex printin
Pressyrlzed Multi-material printing; 2, prexp g
Direct ink writing extrusion of Depends on nozzle Any polymer 2,9 process,
liquid diameter size; P inti ion?
(DIw) Viscogasﬂc ink 446136 solutior?® 401371140 Ccan process a wide rang Low printing res.olutlo.n,
59 100-300 pnf 4 of material 2 Poor structural integrity
' postprinting. >
Expensive printelz,'9
Slower printing speedhan
. Fast printing speea;9 . 25’ 9sp
. Depends on light 29 DLP; =
Stereolithography source: High resolution?’ . 99
(SLA) urce; Acrylate 471 49 Simole brinfing DIOCESS Single material prlntlngz,
UV curing of 2-10 pnf448 ' atize SqPrCPANUNGP " Limited to photcsensitive
P Methacrylate, ' . o9
Vat liquid Epoxy- #9141 resinmaterial;”
photopolymerization photocurable —! ' 6271 o 9
(VP) resin material Silicone, J Postprinting processeg.
2,8,9,42,43 Polyuretrg%n&)ased Lower cost than SLAZ® Sl erial orinti 92 .
. resi L ingle material printing;’
Digital light Depends on light Fast printing spee&;g Lim?ted to photofensitive
ina (DLP source, High resolution?® - 12,9
processing (DLP) 10-50 um¢546 resn material;

Simple printing process
29

Postprinting processe§:9

28



Table 1.1continued: A summarized overview on the printing and ink material characteristics for the different 3D printing techniques.

3D printing technique

Minimum
resolution

Printing
principle

Ink material

Advantages

Disadvantages

Powder bed fusion
(PBF)

Selective light
sintering (SLS)

Laserinduced
heat sintering of

powder particle
2,9,9092

Depends on powde
particle size;
50-200 pnfS4e

Thermoplastic
po|yme|98|' 106,142

Can process a wide ran¢
of material 299092

Capable of generating
complex structure; %9092

Lightweight structure®®
94

Required ink material to be
in powder form29.9992

Low printing resolution?®

Poor surface qualitﬁ;6
High porosity;%'96
Weak mechanical

propertiesf95

Material jetting (MJ)

Jetting of liquid

photocurable Depends on drople!

17045
resin followed 16;506’ 4
by U\l/l(sluring 46,118,L1136

Building material:
Acrylate;
Methacrylatebased
resin
Support material:
Watersoluble
monomers/ polymers

(PEG)!*®Bicarbonate;
19 Wax; 19 PNIPAM!2*

High resolution*®

Fast printing speec},18

Multi-material printing
118,119

Expensive printer118

Can only process a limited
range of materiaf-1% 121
Less economic (dense
support material)l,15

Not suitable for structural

application (highly brittle).
122

Binder jetting BJ)

Depends on droplel
size and powder
particle size;

200 prf-45

Jetting of liquid
adhesive onto
powder bed

substratd 16117

Reactivebinder:

polymer solutiort?¥

127

Non-reactive binder:
solvent or solvent
mixture 125

Powder bed substrate:

polymer powdef?®
133,135

Lower cost than PBF;
9,116,117

Can process a wider

range of material than
pBF: 9116117

Multicolour printing.
9,116,117

Lightweight structure®®
94

Expensive printe|’1718

Requiredsubstratenk

material to be in powder
form: 116,117

Lower printing resolution
than PBF>:116:117

Poor surface quality;
9,116,117

High porosity;g’lle"117
Weak mechanical

properties?5
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1.2 Elastic M aterial

Over the years, elastomers have been widely used for the fabrication of various
biomedical products that require elasticity and flexibility for better functionality and comfort
This includes general medical care products, wearable medical devices, prosthetic devices,
transdermal patches, and body implal{fsi**Recently, elastomers further gained attention in
the biomedical field due to their highly compatible mechanical properties with soft tissues for
the fabrication of biomimetic implant$®14414¢ Besides, the elastic properties of elastomers
further drive the development of microfluidic deviakseto its better capability to withstand
high fluid pressure anitk capability toenable the fabrication of elastic components, including
valves and pump¥’148By definition, elastomer is a viscoelastic polymer with the ability to
quickly recover from deformation with minimal hystere$t8This is highly attributed to the
nature of elastomer consisting of long polymer chains with low crosslinking density, which
enables the sliding and stretching of the long polymer chains to achieve a high elongation when
applied with stress and recover ckly upon stress removaf®>! This contributes to the
relatively low elastic modulus and high yield strength of elastomers as compared to the other
polymer material$®>*53 In general, elastomers can be further classified into two major
categories based on their respective crosslinking mechanism, withehacally crosslinked
elastomers termed thermosetting elastomers and the physically crosslinked elastomers termed
thermoplastic elastomer3ypically, thermosetting elastomaes composedf a network of
crosslinked polymer chains that are held together by irreversible strong covalent bonds, which
often results in a strong polymer but with low reprocessibility due to tisemce of irreversible
crosslinking between the polymer chains. Conversely, thermoplastic elastomer consists of
entangled polymer chains held together by reversible weak van der Waals forces, which are
capable of untangling upon stress applied anrdntandging upon stress removal, favoring

fabrication processes requiring remiting and reshaping. It is important to note that most of
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the elastomers are lightly crosslinked thermosetting elastomers with only very few examples

of thermoplastic elastomers.

Besides mechanical properties, to cater to biomedical applications, the elastomers need
to demonstrate good biocompatible properties without causing any adverse physiological
reactions, including cytotoxic, carcinogenic, allergenic, mutagenic, pyrogemi¢eratogenic
symptoms, upon contact with biological fluids or tissues to be classified as biomedical grade
product for safe use with biological systetfiSin the aspect of 3D printing, the elastomers
need to exhibit excellent printability with low viscosity and optimum photocurability to be
fabricated withVP printing. To date, there are very few biocompatible elastomers with suitable
3D printability, especially foWP printing.1#41**The lack ofsuitableelastomeric resin material
for VP printing is highly attributed to the high viscosity and the lack of photocuring properties
in conventional elastomerBurthermore, the high tackiness and stickiness of elastomers pose
further challenges for their fabrication witP printing owing to their high tendency to adhere
to the bottom of the vat as compared to rigid polymers, leading to printing failure as the
elastomeric printed layers detach from the printed structure following the liftittge build
plate out of the vat after the printing of a patterned laAden, the soft elastic nature of certain
elastomeric materials further limits the fabrication of overhang structuresviRitbrinting.

This is because the supporting matdaakicated with the soft elastomeric material often lacks
structural integrity and strength to uphold the overhang structure, resulting in printing failure
as the overhang structure collapddsreover, most of the elastomeric resin materials can only
be solubiized with organic solvent, and thus, are formulated as sebas#d resin material.

The presence of toxic solvent further adds on to the cytotoxicity of the printed material, making

it unsuitable for biomedical applications.
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On the other hand, despite its elastic properties, hydrogels are categorized as a separate
category from elastomers based on their ability to absorb and retain a large amount of water
(more than 10 by definition)®#%>Unlike elastomers, hydrogebsxhibit exceptional water
swelling propertieddue to their hydrophilic naturé/ioreover their mechanical properties,
including elasticity, arestronglyinfluenced by water content. Upon crosslinking, hydrogels
exhibit favourablemechanical propertie®.g.,softness and flexibilifyand physicochemical
propertieqe.g.,swelling and permeabilijyenablingthem to closely mimic the characteristics
of soft tissuesAlong with theirtissuespecific properties, the excellent biocompatibility of
hydrogels furtheenhancesheir broadapplication in both implantable (e.g., tissue scaffolds
and implants) and nemmplantable biomedical devices (e.g., skin pasclad wound
dressing).'>¥1%° However, it is worth noting that the mechanical properties of hydrogels are
generally inferior tothose ofelastomerswhich has been a concerim the fabrication of
biomedical deviceshat requirehigh strength and elasticify:>> Hydrogels can be further
categorized into several groups based on their source (i.e., natural or synthetic), polymer
structure (i.e., amorphous or semicrystalline), polymer network (i.e., hamaolymeric, or
IPN), crosslinking mechanism (i.e., physioathemical), surface charge (i.e., cationic, anionic,
etc.), responsiveess (i.e., chemical, physical, or biochemical), and degradability (i.e.,
degradable or nedegradable}>* For simplicity, only the source and crosslinking mechanism
will be considered when categorizing the hydrogel material in the following section. In terms
of source, natural hydrogels asgically derived from biologically sourceablysaccharides
(e.g., alginate, cellulose) and proteins (e.g., gelatin, collagen), while synthetic hydrogels are
generally formed througthe polymerization of synthetic monomers (e.g., vinyl alcohol,
acrylamide, ethylene glycolhs such, natural hydrogels generally offer bditecompatibility
than their synthetic counterparts, while synthetic hydrogels are favoured for their

reproducibility and consistency in batch quali§s for the crosslinking mechanism, the
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chemically crosslinked hydrogels would exhibit characteristics similar to that of thermosetting
elastomers owing to the formation of irreversible covalent bonds, while the physically
crosslinked hydrogels would resemble the properties of thermoplastmnedas owing to the
formation of reversible bonds, such as ionic and hydrogen bonding, within the hydrogel matrix.
Moving on, in the aspect of fabrication with 30P printing, hydrogel material pretty much
shows fewer difficulties as compared to elastomélss is due to the availability of a wide
range of lowviscosity hydrogel precursors for selection, which favors the formulation of
hydrogel resin material with good flowability fafP printing. Also, the ability to easily
introduce or modify hydrogel precursors with photosensitive molecules further elevates the
potential of hydrogel material to be fabricated witR printing. The only concern with the
formulation of hydrogel resin material for biomedical device fabricatiov®iarinting would

be the presence of photoinitiators and synthetic monomer precursors, which can be toxic and
potentially require additional washing or leaching processaspoovethe biocompatibility

of the printed structuré®

In this section, the different types of common elastic material, including elastomers and
hydrogels, for biomedical applications and their current status and development for fabrication
with VP printing will be reviewed prior to the selection of a suitable elastomeric resin material
for this project. The discussion will also take into account the biocompatibility of the elas
materia] especially their respective photocurable derivatives, to better understand their

suitability for biomedical applications
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Figure 1.2: The chemical structure of the common elastomers and hydrogels used for
biomedical applications.(a) The chemical structure of elastomers, such as natural rubber
(NR), isoprene rubber (IR), butadiene rubber (BR), chloroprene rubber (CR), nitrile butadiene
rubber (NBR), carboxylated nitrile butadiene rubber (XNBR), styrene butadiene rubber (SBR),
carboxyhted styrene butadiene rubber (XSBR), ethylene propylene diene monomer (EPDM),

polydimethylsiloxane (PDMS), polyurethane (PU), styrbo&adienestyrene (SBS), and
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styreneethylenebutadienestyrene (SEBS)(b) The chemical structure of hydrogel, such as
gelatin, gelatin methacrgyl (GelMA), alginate, polyacrylamide (PAM), polyacrylic acid
(PAA), poly(vinyl alcohol) (PVA), poly(vinyl acetate) (PVAc), poly(hydroxyethyl
methacrylate) (pHEMA), and poly(ethylene glycol) (PEG). *derived from natural source;
**thermoplastic; "after modifiation. All the chemical structures are illustrated with

Chemsketch.

1.2.1 Natural Rubber

Natural rubber (NR) is a green renewable elastomeric polymer consisting of mainly cis
1,4-poyisoprene derived from théevea Brasilienséree, usually in the form of late¥? 164
The excellentlasticityand biocompatibility of NR further promote its wide use in a variety of
general medical care products, such as medical gloves, catheters, and intravenous tubes.
Typically, the NR latex is a colloidal suspension consisting of 30 % 40Qbber content, 50
to 60% of water, and 5 to 6 % of naabber components, including proteins and lipids. In
parallel with that, the appearance of NR latex is-transparent and usually in a milky white
colour even after coagulation and curing. the NR latex is harvested from a natural source,
the composition of the NR latex can vary according to the tree source, soil condition, and
seasonal effects, resulting in a lack of consistency in terms of batch quality. Besides, the
presence of allergeniproteins in the NR increases the risk for Type | allergy in certain
individuals, as it triggers the release of immunoglobulin E (IgE) antibodies as a response to the
allergenic latex protein and causes immediate allergy symptoms upon contact with NR latex
productst®¥ 167 This further accelerates the development of synthetic rubbers as-a non
allergenic alternative to NR. Additionally, it is important to note that raw NR latex often lacks
strength and fadlto recove after deformationnecessitatindurther crosslinking to strengthen

the NR matrix upon curingf® 1! Conventionally, NR is crosslinked via sulfur vulcanization
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in the presence of accelerators and high heat @I °C). The vulcanization process begins
with the formation of an activataccelerator complex that facilitates the introduction of sulfur
bridges as crosslinks between the allyl grolgH=CH-CH>-) of the NR polymer chains. The

type of sulfidic crosslink in the NR matrix can be further controlled by varying the amount of
sulfur to accelerator ratio, which enables the tuning of mechanical properties depending on the
type of sulfidic crosslink intrducedin the NR matrix. For instance, an NR matrix consisting

of a higher amount of monosulfidic and disulfidic bonds with a shorter sulfur chain length will
be stiffer than those consisting of more polysulfidic bonds with a longer sulfur chain length.
However the use of accelerators further introduces another risk for Type IV allergy, where the
sensitized individual develops symptoms of contact dermatitis upon continuous exposure to
NR latex products:®1%7 This is commonly attributed to the presence of accelerator residues
in the NR latex product as a consequence of improper or insufficient leaching during the
production procesS? Despiteongoingefforts to develop alternative vulcanization process,
accelerategulfur vulcanization remains the most cefficient crosslinking method for the
manufacturing of NR products owing to the low price and high abundance of elemental sulfur,
making it difficultto be replace@ntirelyin the rubber industry®¥ 17t Overall in spite of the
excellent elasticity and good biocompatibility of NR, the presence of alletigatinsan trigger
severe and unpredictable allergy reactiam some individualsfurther urges for itsfull

replacement in the biomedical field.

In another aspect, NR has a long history as a photocurable material in the adhesive and
coating industry/31"> The NR material is made photocurable with the introduction of
photosensitive molecules into the NR polymer chain. In brief, the NR polymer chain is first
epoxidized to modify the unsaturated carbon bond with epoxide groups to serve as the anchor
point for further chemical modificatioh’*1®Then, the epoxidized NR is reacted with

photosensitive molecules for the introduction of photoreactive functional groups into the NR
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polymer chain. Commonly, the epoxidized NR is reacted with acrylic acid to introduce the
highly photoreactive acrylate moieties into the NR polymer chain viaapeming acrylation

for the formation of acrylated NR (ANR)hichis capable ofapid photocuring upon UV light
exposure. Despite the wadktablished chemical modification mechanism for the development
of photocurable NFbased material, there are not many studies reporting on the fabrication of
NR products withVP printing. Apart from the high \gcosity, it is unsure if the lack of
investigation is due to the high tackiness and stickiness eba¢ed material that further
prevents its effective fabrication witdP printing.’>1"°Not until very recently, in 2021 and
2023, Tessanan et &”*"®demonstrated the blendingARNR into acrylatebased commercial
resin for structural fabrication vigP printing. However, the ANR content included in the
commercial resin by Tessanan et al is extremely low, with only a maximumvido 3which
barely qualifies as the printing of NRaterialas thecommercial resin remains theajor
composition Tessanan et al. revealed that the further addition of ANR beyond 3 wt% would
significantly increase the viscosity of the resin material, causing difficulties in fabricating with
VP printing. In another approach, Srisawadi and t&8if3reported on th&P printing of NR

based sensing devices with prndcanized NRback in 2020 Interestingly the reported VP
printable NR material contains rhotoinitiator photosensitive molecule®r monomers.
Instead, carbon matergalsuch as carbon black and graphitich can absorb heatre
incorporated as heat processingsam promote a temperature surgpon laser irradiation,
enablingthe curing of the prgulcanized NR material as it coagulates with heat. It is clear that
theVP-printable NR material developed by Srisawadi and team is inspired by the conventional
curing system of NR involving heat to accelerate the formation of sulfur crosslinking within
the NR matrix. However, continued reliance on heat for cdaitg to harness the benefits of
light irradiationfor faster crosslinkingaind eliminating the need feoxic chemicals involved

in sulfur vulcanizationOn a side note, it is important tentionthat theVP-printable NR
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based rsin materiat reported by both research teamme not intended for biomedical

applicationsand therefore lack information on thie biocompatibilityt 77178180183

1.2.2 Synthetic Rubber

1.2.2.1 IsopreneRubber

Isoprene rubber (IR), also known as polyisopraeea synthetic analage to NR
synthesized with isoprene monomers via solution polymeriz&fdf2Owing to its synthesis
process, IR generally has a purer chemical composition and better batch uniformity than its
natural counterpart. Furthermore, the absence of proteins in IR eliminates the risk of Type |
allergy in sensitized individuals, which is ajor disadvantage for NBased products. Despite
the advantages, IR was revealed to have poorer mechanical properties as opposgé’f NR.
This is thought to béargely dueto the presence of other isomeric forms of polyisoprane
addition tocis-1,4-polyisoprene, including trank4-, 1,2, and 3,4polyisoprene in the IR
synthesized via solution polymerizati&if.!®” As such, researchers continued explore
alternative synthetic rousdor the synthesis of IR witlover 90 % of cisl,4-polyisoprene,
aiming to match the mechanical properties of NR with 99.9 % ofL@lgolyisoprene. Not
until the 1950s, IR with as high as 98 % of-tjd-polyisoprene was produced with the
emergence of Zieglddatta stereospecific catalysts that can strictly control themteemistry
of the monomer and enable the synthesis of polymer with a high proportion of preferential
stereoisomet®®In spite of the high proportion of els4-polyisoprene achieved, IR still failed
to match the strength and elasticity of NR187.18%Kawahara et at86187.18%.1%yrther revealed
that the mechanical properties of NR are also affected by the presence of othabbbeon
components in NR, such as proteins and lipith® nonrubber components in NR were found
to play a role in dictating the arrangement ofLigpolyisoprene polymers in the NR matrix,

thereby resulting in an islanthnomatrix structure that provides the NR wihhanced
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mechanical propertieslence, thgpoorer mechanical properties of IR compared to NR were
attributed to the lack afionrubber components thécilitatesthe arrangement of cik 4
polyisoprene polymersiaanislandnanomatrix structure for enhanced mechanical properties.
In order to cope with that, IR @tenincorporated with nanometsized reinforcing material

for mechanical properties enhanceméfft!®® However, there is still a gap between the
mechanical properties of the IR nanocomposites when compared to the unfilled NR. Further
investigationis required to improvise the current IR material in the market to fully mimic the
mechanical properties of NR. Similar to NR, IR is conventionally crosslinked through the
sulfur vulcanization process, which further introduces the risk for Type 1V allegpgniitized
individuals upon continuous exposurgll in all, despite its slightly poorer mechanical
properties, IR remains an important elastomer replacing NR in cartatficalproducts where

the risk of protein allergic reactiautweighsthe need for super mechanical properties.

Likewise, there are not many studies reporting oVferinting of IR-based material.
In 2020, Strohmeier et &' reported on th¥P printing of methacrylated IR incorporated with
divinyl ethers as reactive diluents for viscosity reduction and thiol crosslinker for the formation
of a photocrosslinkable polymer network via théple click chemistry upon light exposure.
However, the phatreactive IR material was revealed to have significantly lower tensile stress
(~0.32 to 0.90 MPa) and strain (~42 to 54'%4s compared to the conventional IR (stress:
~25 to 30 MPa; strain: ~300 to 900 481t is believed that the poor mechanical properties of
the photoreactive IR materia¢sult fromthe low molecular weight of the methacrylated IR
and the lack of physical entanglements within the thiw@ IR polymer network® Besides,
Strohmeier et al. revealed that thebRsed resin material has a very sticky consistesgn
with the addition of divinyl ethers, resulting in an extremely poor flowability that further
restricts its fabrication witi'P printing. This lel them to conclude that this might be the reason

for the lack of IRbased material reported f@P printing as opposed to syringg@ased printing
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techniquesDespite the lack of biocompatibility data, it is worth noting that Strohmeier et al.
highlightedthe potential cytotoxicityf methacrylates ansibsequently worked to reduite
methacrylate functional groups in the-tlesed material. Similarly, in 2024, Wen etfedm

the Long research grpt?® reported theVP printing of IRbased material upon the
incorporation of reactive diluents. Surprisinglyen et alrevealed success in achieving tensile
strain as high as 682 % with their version ofld&ed resin materidhspired by the nature of
colloidal dispersion in NR)Ven et al. presented a strategy to form a hydrogel scaffold with the
watersoluble reactive monomers, surrounding the fmgilecularweight IR polymeric
particles dispersed within the IR/hydrogel matrix, upon light expogkigure 1.3).
Subsequently, the IR/hydrogel printed structure was-pastessed at 65 °C under reduced
pressure to remove water atwdfacilitate the coalescence of IR particles with the hydrogel
scaffold, forming an elastomeric semterpenetrating network (sIPN). The presence of-high
molecularweight IR and physical entanglement within the IR/hydrogel matrix further resolves
the previais issue reported by Strohmeier et al. on their version of photoreactive IR material
with low tensile strain. However, it is important to note that the tensile stress of the IR/hydrogel
resin material developed by Wen et al. remaatatively low (~0.08 to 2.02 MParompared

to conventional IRjndicating the need for further improvememtsmatch the mechanical
properties of conventional IR materiadditionally, it is vital to recognize that the IR/hydrogel
resin material requires an additional heating process after printing, which further complicates
the fabrication procesdoreoverthe printed structure would experience a substantial amount

of isotropic shrinkage (~15 %) upon heating, leading to devinostructural geometries.
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Figure 1.3: The formation of a semi interpenetrating network of IR/hydrogel polymer

matrix. The photocurable colloid consists of a mixture of colloidal synthetic IR and hydrogel
scaffold precursor that can formed a photocured hydrogel green body upon light exposure
during the printing process, followed by thermal gasicessing to facilitate thentanglement

of IR polymer upon water removal. The figure is reproduced from Wert8wdth permission

Copyright © 2024, American Chemical Society.

1.2.22 Other DieneRubbers

Other synthetic diene rubbers, including butadiene rubber, or polybutadiene (BR),
chloroprene rubber, or polychloroprene (CR), ethyleropylenediene monomer (EPDM),
styrenebutadiene rubber (SBR), and nitrile butadiene rubber (NBR), are also commedly us
for the fabrication of general medical care products (e.g. medical gloves, tubes, etc.), non
implantable medical devices (e.g. prosthetic devices, leg straps, etc.), and medical device parts
(e.g. seals, gaskets, ett!J1941% Each of these rubbers has its own unique features that
contribute to their use in thikiomedical industry®’ For instance, BR offers better lew
temperature flexibility than NR at a lower cost and is often blended to improve the low
temperature properties, resilience, and abrasion or wear resistance of the othert¥{iBers.
However, it isimportantto note that BR presents several disadvantages, such as poor tensile
strength, tear resistance, and tack, when used solely. On the other hand, CR displays a higher
resistance towards oxidative degradation than NR and excellent flame resistance due to the
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presence of chlorinetombut shows poor lovwemperature properties, rendering it unsuitable

for biomedical applications requiring ulttew temperature$?197.1%° Similarly, the
acrylonitrile in NBR and styrene in SBR provide the respective rubber with enhanced chemical
and oil resistanc&’2%9292 gnd improved strength and durabiltf;**"*%8accordingly, but
comes at the disadvantages of poorer ozone resistance atahiperature properties than NR

for both rubberg92:197.198.20202 | j5 jnteresting to note that both NBR and SBR have their own
enhanced versions with carboxyl groups incorporated into their rubber polymer backbone.
Owing to the presence of carboxyl groups, both carboxylated NBR (XNBR) and SBR (XSBR)
feature better copatibility with polar fillers for amorehomogeneousller dispersion within

the rubber matrixthan their noncarboxylated counterpart®®?% and can undergo ionic
crosslinking for enhanced mechanical properties with improved reprocesgiifityFinally,

EPDM, with a highly saturated ngpolar hydrocarbon backbone, offers unique characteristics,
such as excellent ozone resistance that benefits its sterilization with UV rays, and superior
compatibility with polar solvents at elevated temperattinas enables its use with hpolar

fluids. Likewise, the advantages provided by the saturateghalam hydrocarbon backbone in
EPDM would also result in disadvantages, such as poor resistance towards oils-pothnon
solventst#3192.197.198The presence of a variety of different synthetic diene rubbers further
enables the fabrication of elastomeric devices with unique features that are best suited for their

respective biomedical application.

There are not many studies reporting on the VP printing of the described diene rubbers.
Indeed, there argeveral studiediscussean the potential to photocure BR, NBR, and SBR
as the butadiene unit in the respective rubber polymer backbone reacts with the thiol crosslinker
in the presence of photoinitiatdo form a crosslinked polymer netwonkia thiol-ene
crosslinking?!!21®> However, the VP printing of BR material was not reported until 2019 by

Scott et af® Building upon the concept of thiene crosslinking, Scott et akvealedthe
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successful VP printing of acrylated BlRgomerwith dual crosslinking mechanism. Upon UV
exposure, the acrylate end groups of the acrylatedlB@mercan react with each other via
chaingrowth polymerization to form a linear polymer network. Simultaneously, the acrylate
end groups of the acrylated B#igomer can also react with the thiol group of the dithiol
crosslinker via thiockne step growth coupling for the formation of polymer branching. This
results in a crosslinked BR polymer network consistaigboth thiolene and acrylate
crosslinking upon photoinitiationin 2023, Moore et al?’ demonstrated a more
straightforward photocrosslinking mechanism based only on-é¢hielcrosslinking for the
formulation of a photocurable BR material with thiol crosslinker for VP printing. Moore et al.
revealed that the thiol crosslinker prefers reactiith 1,2vinyl, followed by 1,4cis, over the
1,4trans moiety of BR, anshowedthe strategy to manipulate the crosslinking density of the
photocurable BR material for mechanical properties optimization by controlling the ratio of
thiol crosslinker agaist the amount of vinyl and cis moiety present in the BR polymer
backbone. In another approach, in 2020, Scott%t atlopted the same strategy as Wen et al.,
193 from the same research group (mentione8eotion 1.2.2.Jon the VP printing of IR), to
form a hydrogel scaffold surrounding the SBR latex particles withfoneulaion of
SBR/hydrogel colloidal resin material, consisting of low-get viscosity and excellent
photocurability, for theVP printing of highly elastic SBased material. They further
investigated the removal of the hydrogel scaffold after photocuring in 282hd the
integration of silica nanoparticle filler into the SBR/hydrogel colloidal latex resin material for
mechanical properties enhancement in 2624n addition to SBR, in the very same year in
2024, they proceed tovestigatethe feasibility of EPDM/hydrogel colloidal resin material for
fabrication with VP printing?* However, it is worth noting that the latex/hydrogel resin
materials reported by the Long research group are opaque white i doéoto the colloidal

nature of the formulated resin matefiZt?!822! The nontransparent appearance of the
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latex/hydrogel colloidal resin material imposes further challenges for its fabrication with VP
printing as the latex colloidal particles can scatter light, which subsequently prolongs the curing
time as the cure intensity reduces and lowers the printsoduteon as the light focus deviates.

218 This necessitates further optimization of the printing parameters to cope with the VP

printing of the series of latex/hydrogel colloidal resin material.

1.2.23 Styrenic Block Copolymers

Styrenic block copolymers (SB@3 a class of thermoplastic elastomérPE) with
combined features of both elastomers and thermoplastics, allowing them to behave like a
rubber, while at the same time, acquire the processibility of a thermoplastic péfatér.
Besides, SBC was revealed to have superior oxidative stability and biocompatibility, leading
to its wide use for the fabrication of implantable biomedical devices, such as medical implants,
prosthetic valves, catheters, stents, and vent &ib&s:225227 Some of the common examples
of biomedical grade SBC include styrematadienestyrene (SBS), styrersthylene
butadienestyrene (SEBS), and styrebtockisobutyleneblockstyrene (SIBS). Chemically,

SBC is a multiphase polymermsisting ofstyrene units as the hasggmentand elastomeric

units (e.g., butadiene, ethylene, isobutylene) as thessgfhent®?222* The hardsegmentis

mainly responsible for the mechanical strength while thessgfinenprovides the SBC with
elasticity. The differences in miscibility between the hard andsegitnent$urther encourage

the formation of phasseparated microdomains within the SBC polymer matrix, in which the
physically crosslinked hard segmentsaas the physical junction point that holds the soft
elastomeric segment in place for shape recovery after deformation. This effectively eliminates
the need for chemical crelnking in SBCto achieveelastomeric propertieg.he physical
crosslinking within the SBC polymer matrix also contributes to its thermal reprocessibility,

allowing the SBC to soften and melt as the physical crosslinks destabilize above the melting
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temperature of the hard segment, and harden as the crosslinks reform upon idoalaer,

it is essential to note ttebsencef chemical crosslinkingetweerthe soft elastomeric segment
would result in the loss of rubbery behawian SBC at elevated temperatgreegrading its

elastic properties upon heating, rendering it unsuitableigprtemperaturepplications. Also,

it is important to note that SB@jstinctfrom SBR mentioned isection 1.2.2.2is a block
copolymer consisting of two or three different blocks of homopolymer repeating units linked
together ina specific sequence in a single polymer chaftt?4228231 Despite the similar
monomer composition, SBR is a copolymer made up of styrene and butadiene monomer units
randomly linked together without any specific sequence or arrangement, resulting in a slightly
inferior melting point and mechanical properties gpased to SBC owing to its lower

crystallinity.

As emphasized earlier, SBC is a physically crosslinked polymer network and relies
heavily on heating for processing. This makes it unsuitable for VP printing as SBC does not
require light activation for the formation of a chemically crosslinked polymevank for
structural fabrication. It is true that the elastomeegmentf certain SBC, such as those with
butadiene, can be made photocrosslinkable in the presence of photoinitiator. However, further
chemical crosslinking is redundant and will most ljkeesult in a brittle elastomer as a
consequence of overcrosslinking. Moreover, the additional chemical crossliddntjon
reduce the reprocessibility of SBC, losing one of its special features as a thermoplastic
elastomer. Therefore, it is no surprise that there are no studies reportingvbhghating of
structural material with SB@ntil recently, in2024, where the Long research group reported
on their attempt téabricateSIBS-based materialsingVP printingwith their usual approach

of latexhydrogel colloidaresin materiaf>2
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1.2.24 Polyurethane

Similar to SBC, polyurethane (PU) @&soa TPE with combined elastomeric and
thermoplastic characteristics. Owing to its excellent biocompatibility and mechanical
properties, PU is commonly used for the fabrication of a wide range of implantable (e.g.,
artificial valves, artificial vessels, andscular stents) and namplantable biomedical devices
(e.g., wound dressisl >*3Chemically, PU consists of repeating urethane grodsNH-O-
C=0-R>-) obtained by the polyaddition of polydiols and diisocyanates in the presence of chain
extendergFigure 1.2). 23323 This results in dinear copolymer withalternatinghard (i.e.,
diisocyanate and chain extender) and soft segments (i.e., polydiol) that assemble into
segregated microdomainghe hydrogen bonding between the urethane grdupker

functionsas physical junction pointproviding PU withelastomeric propertig§igure 1.4).
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Figure 1.4: The chemical structure and molecular arrangement of PU(a) The synthesis
of PU in a twestep procesmvolving the first reaction between thdésocyanateandpolydiol
to form a PU prepolymer followed by a second readimomodify or extend the diisocyanate

with chain extender, resulting in a PU chain with the diisocyanate and chain extender moiety
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as the hard segement and polydiol as the soft seg(b¢fthe arrangement of the hard and
soft segments of the PU chains in segregated microdomains due to the immiscibility between
the different phasesThe figure is reproduced from Mauriello et?&l.with permission

Copyright © 203, John Wiley & Sons

Besides, PU is weknown to be able to achieve a wide range of material characteristics
catering to different applications based on the different ratios, chemical structures, and
chemical compositions of the three main components. As mentioned eaid@ryanate is a
component in the hard segment and can be further classified as symmetric or asymmetric, and
as aliphatic or aromatic. Specifically, symmetric diisocyanate often results in better phase
separation between the microdomains, leading to higlystallinity for enhanced mechanical
strength, than its asymmetric counterpart. In another aspect, aromatic diisocyanate result in a
higher glass temperature than their aliphatic counterpart due to the presence of the benzene
ring, increasing the overaditrength and rigidity at room temperaté#&?3’ However, the
aromatic diisocyanate can potentially degrade into carcinogenic diamines, posing potential risk
for biomedical applications. Chain extender is another component in the hard sequpeie
of extending and modifying the hard segment upon reaction with diisocyanate. This allows
them to introduce changes to the polymer backbone, and thus, alter the mechanical properties
of the PU polymer. The two common chain extenders are diamindiaindParticularly, the
diamine chain extender, which formsea linkagesgexhibits higher tensile strength and
modulus than its diol counterpart, which forms urethane linkages with diisocyanate. This is
highly attributed to the formation of bidentate hydrogen bonds between the urea linkages.
Despite that, it is important to note that #rghanced tensile strength and modditos the
urea linkagesesults ina decrease in elongation. Hence, a diol chain extender is preferred for
the synthesis of highly elastic PU for applications requiring better elongationyFpwildiol

serves as the compondat the soft segment in P&¥ 23" Typically, polydiol is an oligomer
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with an average molecular weight of 1000 to 3000 g/mol and can be further categorized based
on its polymer backbone. Some common polydiols used for the synthesis of PU include
polyether, polyester, and polycarbonate. Unfortunately, these common polyeidigyhaly
susceptible to degradation upon contact with water and oxygen for a prolonged period, making
them unsuitable for lonterm implants due to their poor biostability. To overcome this, the
soft segment of PU can be replaced with more stable oligofeeinstance, polysiloxane and
polyisobutyleneg33242 Despite the better biostability, the lack of hydrogen bonding in
polysiloxane and polyisobutylene further results in poor mechanical propgéfttésFrom
another perspectivéhe ease of PU degradation with water and oxygen makes it an attractive
feature for theconstruction of tissuengineering scaffolds and shoerm implants3 This
mandates further investigationto the degradation mechanism atie biocompatibility of
degradation byproduct to ensure its safe use as degradabieaterial. It is true that PU is a
versatile material capable of achieving a wide range of mechanical properties, biocompatibility,
biostability, and biodegradability based on the different hard and soft segment variations.
However, it is essential to setex combination of hard and soft segments with features best

suited for the targeted applicatiafter considering both their advantages and disadvantages.

Unlike SBC, there are many studies reporting on the development-ba&ddl resin
material for VP printing. 61243250 Thjs is most probably due to the easerafdifying PU
chain with photosensitive functional groupswing to the presence of isocyanate groups
terminated at the end of the linear oligomeric or polymeric urethane. Besides, several studies
have reported on the successful development of biocompatibleaBédl resin material for
fabricatingtissue scaffoldd®y substituting the synthesizing components, particularly the soft
segment, with hydrophilic alternatives**3251.25rendering it a promising material fone
fabrication ofbiomedical products with VP printing. However, it is vital to nivtet most of

thestudies focusnainly on biodegradabilitywith little information onthebiostability of PU-
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based resin materifdr the fabrication of londerm implantable devices. In general, there are
three major steps involved in the production of a photocurabled®edd resin material. To
begin, a urethane paolymer is synthesized by reacting diisocyanate with polydiol doupr

to the conventional PU synthesis proc¥s8:243245 |n cases where the toxicity of isocyanate

is a concern, the urethane yma@lymer can be synthesized with a carbonate and diamine
instead?*®2%0 Chain extenders can be included during this proe@8s243245.248250 Then, the
urethane prgolymer is functionalized with photosensitive functional groups upon reaction
with the isocyanate groups capped at the end of the urethane oligomer or polymer chain. It is
important to note that, at this stage, the modified uretpagpolymer displays a high viscosity

due to the increase in molecular weight and the presence of intermolecular hydrogen bonding
between the urethane group$:>>>The high viscosity of the modified urethane-padymer is

not ideal for its fabrication with VP printing. Therefore, in the final step, additional monomers
with low molecular weight are often incorporated as reactive diluents to reduce the viscosity,
and at the same time, elevate the photocrosslinking density of the modified urethane pre
polymer®761.243245248250 |t s critical to note that moststudies haveadopted an
acrylate/methacrylatbased system when formulating dsed resin material for VP printing.

As a result the urethane pypolymer is commonly functionalized with acryloyl and
methacryloyl groups, and lemolecularweight acrylate or methacrylate monomers are often
included as the reactive diluenDue to the high crosslinking density, the -Based resin
materid exhibits material characteristics resemblithgrmosets more than thermoplastics upon
photocuring, with higher brittleness and poorer elastic properties than the conventional PU
material 22>253|n conjunction with that, Carbon Inc. established a-b@mponent Ptbased

resin material for VP printing* The twocomponent Ptbased material was revealed to be
able to achieve a high tensile strength (35 MPa) and elongation at break (~100 %) with the

formation of a IPN upon dual curirtg °6 successfully resolving the issue of high brittleness
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and low elongation as with the enemponent Ptbhased resin material. As illustrated in
Figure 1.5, a first acrylate/methacrylate polymer network is formed in the presence of
photoinitiator. The acrylate or methacrylate oligomer contains blocked isocyanate (Bl) groups,
which is a major component for the formation of the secondary PU polymer netwank. Up
heating, the Bl can be unblocked and activated to react with polydiols for the synthesis of PU
polymer. A second PU polymer network is then formed via thermal curing. The physical
entanglement between the acrylate/methacrylate and the PU polymer rentiwakenhances

the elastic properties of the Fidsed resin material. Despite the enhanced elasticity, it is
important to recognize that the need for thermal curing necessitates an additional thermal post
processing process after VP printing for the-seonponent Ptbased resin materiallso, the
PU-based resin material developed by Carbon Inc. is catered towards industrial use, and not

for biomedical use.
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Figure 1.5: The dual cure reaction of the PUbased resin material developed by Carbon

Inc. The starting material will undergo UV curing followed by thermal curing to achieve the
final dual polymer network ofcrylate/methacrylate and PWpon UV curing,the first
acrylate/methacrylatgolymer network with blocked isocyanate (BI) is formed in the presence

of photoinitiator.Then, upon heating, the Bl can be unblocked, allowing the formation of the
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second PU polymer network as the unblocked isocyanate reacts with the diol chain extender
via thermal curingThe figure is reproduced from Obst et@&lwith permissionCopyright ©

2020, Elsevier.

1.2.25 Silicone

Silicone, chemically known as polydimethylsiloxane (PDMS), is a $eonganic
elastomer with a polymer backbooensistingof repeating units of silicon and oxygen atoms
covalently bonded together by siloxane-(Bi linkagesalong with methyl groups-CHz),
attached to the silicon atorfEigure 1.2).2°725°Dye to the nature of siloxane linkagsisicone
exhibits exceptional flexibility asndicatedby its very low glass transition temperature at
approximately-125 °C’%-257261 Begjdes, the higher stability of-8i bonds as compared te C
O bonds provides silicone with betteermal and oxidative resistancesulting inbetter aging
propertieghan PU.In addition to thatpwing to the presence of silicon atoms andahsence
of double bonds in the siloxane polymer backbailéggone also displays a range of other
unique properties, such as excellent chemical inertness, biocompatibility, and oxygen
permeability./0257:269267 Thesepropertieurther contribute téts commonuse in a variety of

biomedical devices, includinighplants, prosthetics, catheters, valves, and lenses.

To obtain a silicone rubber, the silicone qpaymer will need to undergo a curing
process, where the oligomeric siloxane chains crosslink to form a silicone polymer network,
transforming the liquid preolymer into solid rubber. The cure system for caortivmal
silicones can be commonly categorized into two main categories based on their respective
curing conditions: roortemperature vulcanizing (RTV) and higgmperature vulcanizing
(HTV), in which the RTV silicones can be cured at room temperature wiglHTV silicones
require heat for curing to occti’?°°RTV silicones can be further classified into o(RTV-

1) and twecomponent (RTV2). Specifically, the RTVL silicone relies heavily on atmospheric
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moisture to kickstart the curing proce®$26-263Jpon contact with the moisture in the air, the
acetoxy, alkoxy, amine, or oxime functional groups of the respective functionalized siloxane
chain would undergo hydrolysis, forming silanol-(&H) groups that can further react with
each other to result icuring via the condensation reaction in the presence of tin (Sn) catalyst
(Figure 1.6). However, it is important to note that the RT\silicone can only be used for the
fabrication of thin films (< 6 mm) as the slow moisture penetration rate imposes further limits
on the curing of silicone in deeper areas, making it unsuitable for thesfidom of thick objects.
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Figure 1.6: The silicone cure chemistries of RTV and HTV siliconesThe RT\£1 silicone

cure through moisture curing with the first step involvinglrolyzationof functional groups
followed by curing via condensation reaction. RZgilicone cure through either condensation
reaction in the presence of Sn catalyst or addition reaction in the presence of Pt catalyst. HTV
silicone cure through either the-&4taly®d addition reaction of the peroxide initiated free
radical polymerization. The figure is reproduced from Marmo éflalith permission

Copyright © 203, American Chemical Society

Whereas in RTY2 silicone,the use otwo separate components: base compound and curing
agent, that can be readily cured via either condensation or addition reaction upon mixing,

eliminates the need for moisture to initiate the curing process. This further allows the
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fabrication of thick silicone objects. Particularly, R'RVsilicone witha condensation cure
systemconsiss of a base componembade ofsilanotterminated siloxane chain oligomers
which cures upon mixing with curing agents containing siloxane crosslinker and Sn catalyst
(Figure 1.6). However, it is essential to note that the condensation cure system generates cure
by-products that need to be effectively evaporated to achieve full cure, and therefore, would
not be suitable for the fabrication of completely sealed assemblies. Alssetioé Sn catalyst
introducesa certain level of toxicity, rendering the -Bared silicone material unsuitable for

the fabrication of implantable biomedical devié&s>*°On the other hand, the addition cure
system presents a better alternative for the fabrication of biomedical grade silicone due to the
non-toxicity of platinum (Pt) catalyst at its zeoxidation staté%%2’°The addition cure system
generally consists of vimterminated siloxanand Pt catalysas the base component, and the
hydrideterminated siloxane anddditional vinytterminated siloxanas the curing agent,
where the vinyl and hydride groups undergoes hydrosilylation reaction in the presence of Pt
catalyst and cures upon mixifigure 1.6). 257260268Degpite that, it is vital to note that the Pt
catalyst highly favours the formation of a strong complex with certain componentsifduy,

amine, chloring)which deactivag¢s its catalytic activityand leads tocure inhibition. This

further complicatesits fabrication involving direct contact with certain materialalessa

barrier coatingis applied Besides the Picatalysed cure system can also be conducted at
elevated temperatures for an accelerated curing pradissing it to be used interchangeably

as RTV or HTV silicone depending on the ideal curing conditions required by the application
(Figure 1.6). Another common HTYV silicone cure systeisesperoxide to initiate the curing

of vinyl-terminated siloxane chaitisroughfree radical polymerization upon heatiftggure

1.6). It is important to recognize that the peroxaidalysed cure system can generate volatile
by-products during the curing process, demonstrating increased toxicity as opposed-o the Pt

catalysed cure system with no curepducts. Furthermoréhe less controlled cure rate and
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crosslinking distribution in the peroxidmtalysed system can furtheompromise the
transparency of the silicone material. Overall,\thgoussilicone cure systenwffer valuable
insights into the factors to consider when designing a silicone cure system. Moreover, the
fundamental of forming a thermosetting silicone polymer network with functionalized siloxane
chains upon curing further establishes the groundwork fodélwelopment of photocurable

silicone resin material.

Building upon the common photocrosslinking systems, several research groups have
presented théormulationof siliconebased material for VP printing based on either acrylate
62164271 or thiol-ene systerf® '%:2/227¢Table 1.2). In the acrylate system, the siloxane chains
are functionalized with acrylate and/or methacrylate groups consisting of C=C bonds that can
polymerize via chaikgrowth polymerization upon photoinitiatiaifigure 1.7a). 6464 In the
thiol-ene system, the siloxane chains are functionalized with thiol (SH) and vinyl (C=C) groups
that can polymerize via stegowth polymerization upon photoinitiatigffigure 1.7b). 8%
1.272273The polymerization of the siloxane chains results in the formation of a thermosetting
siloxane polymer network, thereby facilitating the solidification of the silidmased resin
material for structural fabrication upon photoinitiatidrurthermore there are also studies
reporting on the formulation of silicofmsed material with IPN upon dual curfi%§’ The
dual cure system involves the formation of a first polymer network upon photocuring during
the VP printing process followed by the formation of a second polymer networgnoastg.

In one example, Wallin et & presented the formation of a second siloxane polymer network
via Sncatalysed condensation reaction at room temperaturgposhg, interpenetrating the

first thiol-ene siloxane polymer network for mechanical properties enhancement. In another
exampleLiu et al.®’ revealed the formation of a second ionic siloxane polymer network via
thermal curing following the printing of the first thiehe siloxane polymer network, equipping

the silicone material with selealing properties for better reprocessibilitly.spite of the
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numerous VFprintable siliconeébased materials reported by research groups, it is important to
note that most oEommercially availablesiliconebased materialare not true silicone but
rather siliconelike materialsthat sharecertain material characteristiogith commercial
silicone. The silicondike material may partially or may not at all contain silicone. Not until
2024, Drazba et al. from Carbon Kié.introduced a dual cure silicone resin material
containing acrylatéunctionalized siloxane chainrming thefirst silicone polymer network
with acrylate crosslinking upon photocuring with VP printing, and virgind hydride
functionalized siloxane chainfrming thesecond silicone polymer network in the presence
of Pt catalyst with addition curing upon thermal curing after printihg the best of my

knowledge, this makes tihe first commercially available true silicobased material for VP

printing.
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Figure 1.7: The different photocrosslinking mechanisms of functionalized siloxane chains.
(&) The acrylate crosslinking of methacryktenctionalized PDMS andb) the thiotene
crosslinking of vinyd and thiotfunctionalized PDMS in the presence of photoinitiator upon
light exposure. Figure 1.7areproduced from Femmer et®iwith permissionCopyright ©
2001, Royal Society of Chemistr§igure 1.7kis reproduced from Xue et &°with permission

Copyright © 2@.3, Elsevier.
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Despite the successful development, there are still a number of challenges remaining
with the current silicorddased resin material reported for VP printing. Owing to the high
molecular weight of siloxane polymer, the silicdvesed resin material ofteras a high
viscosity with a get or pastdike consistency, which is not favourable for VP printing. To
solve the problem, Rodriguez et’dhand Wang et &° proposed to modify the printer vat with
a spreader and heater, respectively, to ease the flowability of theibagisity siliconebased
resin material for VP printing. As discussedSaction 1.1.2.2the approach to mechanically
modifying the printer vat is rather complicatedd is often irreversibldn conjunction with
that, most of the studies reported on the use of oligomeric siloxane chains with a lower
molecular weight for the formulation of a lewviscosity siliconebasel resin materialnstead
to cope with VP printingf? 6468 69.71.271273.276. 277ygwever, the use of lownolecularweight
siloxane oligomergenerallyresults ina silicone material wittcompromisedstrength and
elongation upon curing due to the lack of chain entanglenféatde 1.2). Alternatively, a
second polymer network can be introduced as a strategy to increase the chain entanglements
within the silicone network for enhanced mechanical properties. Yet, the siiesed
material with dual IPN reported BWallin et al, ®® Liu et al, 8" and Drazba et &f*still fails to
match the strength and elongation of the conventional silicone méiexidé 1.2). In another
approachPu et al?”®and Zhao et & revealed the possibility of achieving a high elongation
at about 10006, matching the conventional silicone materialptnipulating the crosslinking
density with siloxane oligomer ratio variatioDespite that, the strength of the respective
siliconebased material remains relatively I¢¥Wiable 1.2). Indeed, the low crosslinking density
can allow the siloxane chains to slide past each other more easily, providing the silicone with
higher elongation. However, the low crosslinking density also indicates that there is a smaller
number of crosslinking piots holding the silicone network in place, failing to provide the

silicone with sufficient strength. In another perspective, the compromised mechanical
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properties of the siliconbased material can also be partly induced by the layered structure
generated by VP printing’® 2% Due to the nature of VP printing, the next layer is printed on

top of the previously cured layer. This results in a layered struetitheweak interlayer
bonding. As a consequence, the-plihted layered structure is more prone to stress failure as
opposed to the compact moulded samples, which explains the comparatively lower mechanical
properties of the siliconbased material evafterthe integration of IPNSimilar tothe other

3D printing techniquest is believed thathe mechanical properties of the layered structure

can be effectively enhanced by improving the layer integration between the printing‘fsyers.

Furthermore, despite the common use of conventional silicone for biomedical
applications, it is worth noting that most of the silicdr@sed materials developéar VP
printing are not intended for biomedical applicatio}t$? /027127327"Hence, there is limited
information on the biocompatibility of the Vprintable siliconebased materig[Table 1.2).

From the few studies thdtave investigatedon the biocompatibility of the siliconbased
material, it is clear that thaitial siliconebased material is cytotoxic aftéP printing.537%.276

This is most likely due to the use of toxic solvents as the resin medium as well as the presence
of toxic cureby-products and initiating components remaining ingiieone-basedmaterial

after printing. To improve biocompatibility,studieshave shown thathe siliconebased
materialneeddo undergo a series of washing and extragimtessepostprinting to ensure

the complete removal of tox&ubstanceprior to biomedical application&*?76In addition

to that, due to its hydrophobic nature, the silicbased materialill also needadditional
surface treatment for the acquisition of hydrophilic surface properties to increase its
biocompatibility, especially for cethased applications. Overall, the development of silicone
based materidlabricated with VP printingor biomedicaluseis still in its infancy.Further
studies are required to investigate the biocompatibility of shieonebased material

extensivelybefore subjecting it to réavorld biomedical applications.
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Table 1.2: The compilation of literature reporting on the siliconebasedresin material developed for VP printing.

. Silicone Resin Stress Strain Surface . _— .
Literature Year network medium (MPa) (%) properties Biocompatibility Cell type Application
. . Adhesive, sealants
. . Solvent . o8l 1000-  Hydrophobi&® o83 Murine mouse NS
Conventional silicone based 51 6 1500281 5 Non-cytotoxic fibroblastcells (.929) coat!ngs, gaskets,
medical parts, etc.
4 Solvent _
Femmer et af 2014 Methacrylate based X X Hydrophobic X X Membrane
Yang et af? 2018 Methacrylate Slc));vseer:jt X X Hydrophobic X X X
. Solvent . . . Chinese hamster ovar Microfluidic
Bhattacharjee et 8. 2018 Methacrylate based 0.47 0.7 40-160 Hydrophobic  Non-cytotoxic cells (CHOK1) devices
Solvent 150 Murine mouse Medical devices,
276 - = . . .
Du et al? 2021 Methacrylate based 0.047 0.4 1000 Hydrophobic Non-cytotoxic fibroblastcells (.929) wearable de_wces,
soft robotics
Gonzalez et &’ 2020 Acrylate Solvent 0.67 0.7 43-83  Hydrophobic X X Microfluidic
based devices
. 69 : Solvent , .
Wallin et al® 2017 Thiol-ene based 0.013-0.13 45-400 Hydrophobic X X Soft robotics
. . Solvent . . Human prostate cance Wound dressing,
71 -
Xiang et al’ 2019 Thiol-ene based* 0.2 158 Hydrophobic Non-cytotoxic cells (LNCap) soft tissue scaffolds
Sirrine et af”® 2019  Thiol-ene Solvent X X Hydrophobic X X X
based
. Solvent 311- : Soft robotics
8 _ _ L]
Zhao et af 2019 Thiol-ene based 0.3-2.59 1403 Hydrophobic X X wearable devices

**use less toxic solvent (ethanol) as resin medium.

X no data available.
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Table 1.2 continued: The compilation of literature reporting on the siliconebased resin materialdeveloped for VP printing.

. Silicone Resin Stress Strain Surface . . .
Literature Year network medium (MPa) (%) properties Biocompatibility Cell Type Application
Wangetal.® 2020  Thiol-ene Sg;"seer(‘; 0.3 150  Hydrophobic X X X
i *
ROd”g‘iEZ etal. 2021 Thiol-ene Sg;\lsir: 1-25 100- 350 Hydrophobic X X X
Yuetal?? 2023  Thiolene  SOMVent 0.5 600  Hydrophobic X X X
based
Sirrine et af” 2018 Thiol- Solvent 55 3 53.138  Hydrophobic X X X
acrylamide based
Thiol-ene and Solvent Medical simulator,
Wallin et al®® 2020  Sncatalysed based 1 400 Hydrophobic X X wearable soft
condensation actuators and senso
Thiol-ene and i
Liu et al®” 2020 thermal ionic Solvent 0.25 350 Hydrophobic X X Wearable_ electronic
. based devices
crosslink
Medical implants,
Acrylate and Rt Solvent electronic devices,
Drazba et at’* 2024 catalysed 0.4371 2.14 72-171 Hydrophobic X X microfluidic devices,
. based i
addition soft robotics,

moulds, kitchenware

*high viscosity silicone ink; require printer vat modification to cope with printing

X no data available
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1.23 Natural Hydrogel

1.2.31 Gelatin

Gelatin is anaturalproteinbased hydrogel materiderived from collagen, the main
structural protein of the extracellular matrix (ECM) in animal connective tisbye®ntrolled
hydrolysis 224287 As such,gelatin retains molecularstructure similar to the native EGM
enablingt to closely mimic thaissue environment, making it highly suitable for-arllturing.
Besides,gelatin ha excellent biocompatibility and biodegradabilidpe to the presence of
arginineglycine-aspartic acid (RGD) cebinding sites which promote cell adhesigrand
matrix metalloproteinase (MMPensitive sites which allow enzymatic degradation,
respectively The excellent biocompatibility and biodegradability of gelatin further contribute
to its popular use for the construction of tissue engineering scafimlohake it photocurable,
gelatin is commonly modified with methacryloyl group€:28” Specifically, methacrylic
anhydride is introduced to graft the lysine and hydroxyl residues of gelatin with methacryloyl
groups, synthesizing gelatin methacryloyl (GelMA). It is important to note that the
modification of gelatin with methacryloyl group®es not affect the RGD and MMP sites.
Therefore, GelMA remains biocompatible and biodegradable while equipping the additional

photocurable properties.

Despite its photocurable properties, the fabrication of GelMA with VP printing
remains challenging. This is mainly due to the high viscosity of GelMA, forming-bkgel
substance, at high concentratidffs?®® As such, it is worth noting that most studies
demonstrating the successful VP printing of GelIMA employed a low concentration of GelMA,
at about 15n% and below, for an optimally low viscosity to cope with VP printf3§2
However, the low concentration of GelMA often results in poor mechanical properties. In

conjunction with thatwithout significantly elevating the viscosity of the GelMA ink material,
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Gao et aP% and Wang et &% demonstrated the incorporation of a second PMMA and
hyaluronic acid methacrylate (HAMA) network, respectively, while Song &P akesented
the inclusion oimicro- or nanehydroxyapatite filleyas a strategy to enhance the mechanical
properties of GelMA upon photocuringdowever, there is a tendency for the additional
polymer networlor filler to alter the porosity of GelMA, impacting the overall cell growth and
proliferation?°”-2% Alternatively, Han et af®® demonstrated the printing of a slightly viscous
GelMA ink solution, formulated with 2t% of GelMA, with constant heat applied to the
printer vat. Despitéhe successful printingt is vital to note that heating can accelerate the
reactivity of the ink precursor. With the samenter setting throughout the printing process,
the gradual increase in reactivity of the ink precutiar toheatcanlead toinhomogeneous
curing between theifferentlayers, compromising structural accuracy. Furthermoreppgeld
heatingincreaseshe likelihood for premature gelatiommeducing the overall shelife of the

ink material. Finally, to improve biocompatibility, studies revealed the need for additional steps
to wash and condition the GelMpgrinted structure with ethanol, phosphdiaffered saline

(PBS) solution, and cetiulture medium prior to biological testing and applicatigfis.

293,295,296

1.2.3.2  Alginate

Alginate is a natural polysaccharidased hydrogel material extracted from the cell
wall of brown algae or bactertd? 2% Specifically, alginate is a linear copolymer comprised of
1,4linked U-L-guluronic acid (G) andb-D-mannuronic acid ) monosaccharide units
arranged in blocks of consecutive G unitstléck) and consecutive M units (®lock)
interspersed with randomly organized alternating M and G units-MCEk). Typically,
alginate is crosslinked via ionic crosslinking between drbaxylate groups of the G units in

the presence of divalent cations, such a& @ad Md¢*. Therefore, alginate with a higher G
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composition tends to form a stiffer hydrogel as compared to the ones with a higher M
composition. Alternatively, the hydroxyl and carboxyl groups of alginate can be chemically
modified with reactive functional groups to enable the formation of a crosdlialkgnate
polymer network via covalent crosslinking. Despite its use in tissue engineering, it is vital to
note that alginate lacks both ebihding and enzyme degradation sites due to its nhon
mammalian sourceFurther modificatios are often mandatory to equip alginate with cell
attachment and enzymatic degradation properties for its function as a tissue engineering
scaffold. Thus, alginate is more commonly used in other biomedical products, such as wound

dressing and drug delivergystems

Since alginate is not naturally photocurable, typically requires grafting of
photoreactive functional groups to gain photocurability for fabricaising VP printing34
306 The grafting of photoreactive functional groups is commonly done on the carboxyl groups
of alginate, wherét can be functionalized with either methacrylate gré¥fp8°or thiol and
vinyl- groups®to enablecrosslinkingvia methacrylate or thieéne crosslinking, respectively,
in the presence of radical photoinitiator upigt exposureln another approach, Valentin et
al 3% demonstrated the feasibility of fabricating an alginate scaffsildgVP printing without
requiring any grafting of photoreactive functional groups. Instead, Valentin et al. utilize the
initial ability of alginate to form ionic crossliskoyincorporatinga photoacid generataxhich
is a cationic photoinitiator, to kickstart the cationic crosslinking mechanism in the presence of
divalent cation saltsipon light exposureHowever, it is important to note that the ionic
crosslink is reversible with chelag agents and that the intention of ionic crosslinking is to
enable scaffold degradability. Hence, ionic crosslinkivay not be idedibr applications that
require material stabilityover degradability. Similar to GelMA, to ensure a low g&
viscosity, a low concentration of alginate (i.e. 10 wt% and below)pisally used inmost

alginate ink developed for VP printintj? 2%’ as the viscosity of alginate tends to increase with

62



its concentratiod? Likewise, the low concentration of alginaeads topoor mechanical
properties due to the lack of chain entanglements. In terms of biocompatibility, silsdies
highlight the necessity for sterilization processes, such as washing and conditioning, to be

performed on the printed alginate structprier to its biomedical usé?¥ 307

1.2.4 SyntheticHydrogel

Synthetic hydrogel materials are synthetic hydrophilic polymers constructed from
synthetic monomer precursors upon polymerization, where the monomer consists of
hydrophilic functional groups, such as hydroxyl, carboxyl, and amino grét$hese
hydrophilic functional groups are capable of water absorption, thereby contributing to the water
swelling properties of the synthetic hydrogel material. Some common examples of synthetic
hydrogel materials used in the biomedical field include pojamide (PAM), 310311
polyacrylic acid (PAAR?33poly(vinyl alcohol) (PVA)3435poly(vinyl acetate) (PVAC}L®
poly(hydroxyethyl methacrylate) (pHEMAY/3*8and poly(ethylene glycol) (PE&Y (Figure
1.2). Due to their better controllability and mechanical properties, synthetic hydrogels are often
preferred over natural hydrogeit®’ However, synthetic hydrogels typically lack cell binding
motifs, compromising their functionality as tissue engineering scaffolds for effective cell
growth and proliferatior??° To resolve this, synthetic hydrogel can be combined with natural
hydrogel to createhybrid materiat that offer bothgood mechanical properties and cell
compatibility 32! Alternatively, studies have also demonstrated the appafdahctionalizng

synthetic hydrogelwith RGD celtbinding siteso enhanceell-compatibility 322 324

Unlike natural hydrogels, theriginal process of synthesizing synthetic hydrogels via
radical polymerization enables synthetic hydrogel material to be readily fabricated with VP
printing upon the incorporation of photoinitiaté® 33 Theability of the monomer precursors

to polymerize upon photoinitiation eliminates the needafiditionalfunctionalization with
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photoreactive functional groupsvhich is otherwise required by natural hydrogels for
photocurability Moreover, the use dbw-molecularweight monomer precursor®sults ina

pre-gel material with low viscosity, makindpe synthetic hydrogel pigel materialan ideal

resin material for VP printingds a result, numerous studies have investigated the fabrication
of synthetic hydrogel constructs using VP printittg 33 Yet, it is important to note thatP
printing generates highly crosslinked polymer network, which can affect the swelling
properties of the synthetic hydrogel constréi2t®*?Hence, both the monomer precursor ratio
and printing parameters need to be carefully optimized to achieve the targeted swelling

capacity of the printed hydrogel construct.

1.25 Summary

Considering the overall airaf fabricatinga wide range of biomedical devices, the
selectedelastic materiaimust be highly versatile to cope with both implantable and-non
implantable applications. As such, commercial rubbers, such as NR, IR, BR, CR, NBR, SBR,
EPDM, and SBCwhich havedistinct material characteristissiitedto specific applications
might not be suitable for this purpodéhe same applies to hydrogelghich rely heavily on
moisture fortheir mechanical and physical propertiesanothe aspectPU and silicone with
a long history in both implantable and riomplantable biomedical devices appear to be the
ideal material for this purpos8pecifically, the material characteristics of Bependhighly
on the composition of its hard and soft segments. It is true that the different combinations of
hard and soft segments provide PU with distinct material characteristics. However, with a
specific combination, PU can only display certain materialradtaristics, limiting its
applicationto a completely differentapplication contradicting its currenproperties For
instance, both degradable and +tmygradable PU material can be synthesized by substituting

the soft segment with polydiol and polysilove respectivelyyYet, the degradable PU material
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will not be suitable for applications demanding for fitlmgradable properties, and vice versa.
Besidesit is vital to note that the bgroduct of the degradable PU material can be toxic, with
the hazardous effect being amplified for implantable biomedical deviseshe other hand,
silicone, consisting of mainly siloxane chains wliblv toxicity, good aging propertiegand
superiorbiostability, emerges as a better choice to be used interchangeably for the fabrication
of a variety of biomedical devicegth a single compositiorHence, | proceed with silicone as

the elastic resin material for this project.

As discussed previously, both high viscosity and the inability to photocure remain the
biggest challenges to adapting elastic material for VP printing. In terms of viscosity, many
studies employed the method to either incorporate reactive diluent cowsenolecular
weight oligomeric precursor for a lower viscosity. In terms of photocurability, most of the
studies approached modifying the elastomeric chain with photoreactive functional groups for
optimum photocurability, with both acrylate and thérle being the most popular
photocrosslinking system useds outlined in Table 1.2, it is worth noting that the
development of silicorkased resin material for VP printing is still in its early stages. Thus,
there is not much variety in the type of silicone network employed by the existing silicone
based resin material, rendering ittlwimany possibilities to explore. This includes the
development of a hydrophilic silicosised resin material catering directly to biomedical
applications, removing the need for additional surface treatment for hydrophilicity. One
interesting aspect woulae to combine silicone with hydrogel components for hydrophilicity.
However, thammiscibility of silicone with hydrogel components remains a huge hurdle due
to the norpolar and polar characteristics of silicone and hydrogel, respectively. This might be
one of the major reasons for the lack of development on hydrophilic sHiEsesl resin

material for VP printing.
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13 Biomedical Devices

Biomedical devices have been an integral part of the healthcare industry, encompassing
all products, devices, and apparatuses used for the prevention, treatment, and diagnosis of
diseases and illnesses, or for the detection, measurement, restoratiecfiacprrand
modification of the function or anatomy of the human body for health purpts€his
includes both implantable and nonplantable devices, ranging from medical implants,
artificial valves, catheters, and vascular stents to prosthetic devices, skin patches, wound
dressing, and microfluidic devices. The global market for biomedicatet is expected to
grow from $739.6 billion in 2023 to $1.3 trillion by the end of 2029, at a compound annual
growth rate of 9.8 % during the forecast pefigfttSome of the key market drivers include the
increase in the aging population, the rise in the prevalence of chronic diseases, and
technological advancemetit:®*® Despite the attractive market revenue, it is important to
recognize that the design and development of biomedical devices demand an average global
spending of $350 billion annually®® The huge investment required for the design and
development of biomedical devices further reduces the affordability and accessibility of
biomedical devices for patients, which can delay diagnosis and treatment, and eventually cause
death in critically illpatients. Hence, there is a pressing need for an alternative fabrication
method to produce higtuality biomedical devices at low cost for improved patient outcomes.

In conjunction with that, 3D printing emerges as a viable solution for the fabricatioghef

quality biomedical devices at low cost. Besides, the use of 3D printing enables the generation
of patientspecific devices owing to its ability to create customized structures. In fact, there are
already commercialized 3printed biomedical devicesxisting in the current market,
including dental aligner&®3"hearing aid casing8®and surgical planning modet¥33*°This

further establishes the potential of 3D printing in fabricating biomedical devices for practical

applications beyond the prototyping stage. However, it is worth noting that the commercialized
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3D-printed biomedical devices are mainly for Aiamplantable applications, and there are still
some limitations with the 3printed biomedical devices. One of the common limitations of
3D-printed biomedical devices includes the compromised device fealuedas the layeby-

layer printing process, producing staggered edges with staircase effect, as well as the inability
of 3D printing to produce ultréine features due to the nature of 3D printing techniques.
Another common limitation would be attributenl the limited range of printing material for
selection, resulting in a mismatch in material properties for the respective devices. In this
section, | will be exploring the use and application of some specific biomedical devices, and

their current status drchallenges witl/P printing.

1.3.1 Biomimetic Implants

Biomimetic implants are generally regardedsasicturaldevices that can imitate or
replicate the structure and function of a damaged body{3aft These structural devices are
implanted into the human body to replace or support the damaged body parts for the restoration
of impaired body functionTraditionally, biomimetic implants are made of alloys, polymers,
and composites, and are considered-lhong. 3*> Some common examples of ntiving
biomimetic implants include titanium knee implait***and silicone vascular graft>34
However, noHdiving biomimetic implants are considered a foreign material by the human body
and may cause unwanted side effects to the patient in the long*téffiAdditionally, the
synthetic material used for the fabrication of theselhamg biomimetic implants has a certain
lifespan, and revision surgery will most likely be required to replace the implant once it fails
to function. Therefore, regular followps with the patient are essential to monitor the
performance of the neliving biomimetic implants after implantation and to provide

immediate remediation when a problem arises.
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In contrast, the emergence of tissue engineering further revolutionized the medical field
with its ability to generate living biomimetic implants comprised of functional tissues and
organs3* The ability to construct functional tissues and organs as replacements expands the
range of biomimetic implants that can be used for body function restoration, including heart,
liver, kidney, and pancreas, which were not previously possible witliviog implants due
to the lack of suitable material for construction. This offers great potential to resolve one of the
most critical issues in healthcare concerning the significant shortage in organ supply for
transplantation®4°3%° In conjunction with that, the ability to quickly construct functional
structures as replacements with tissue engineering lowers the probability of patient death as a
result of organ failure due to the inability to obtain a transplant in time. Moreoeeaibtlity
to construct genetically compatible structures with tissue engineering for implantation reduces
the probability of patient death as a consequence of tissue or organ rejection due to the
incompatibility of the donor organ with the blood and tissfiehe recipient. This further
contributes to the rapid growth and development of tiesiggneered structures as biomimetic

implants.

Tissue engineering builds upon the concept of using cells from the patient for the
fabrication of biomimetic implant$*® The cells are first harvested from the patient followed
by isolation and expansion before seeding onto a scaffold. A scaffold is a construct made up
of biomaterials that encourages the growth of cells by providing the initial biomechanical
profile for thedevelopment of the targeted organ or tissues. Some common biomaterials that
can be used for scaffold construction include decellularized matrices and hydrogeisure
adequate cell growth and proliferation, the scaffold will need to have a 3D imented
porous structure for ECM formation and vascularizatid®nce the seeded cells generate the
ECM, the scaffold is either metabolized or degraded by the cells, leaving a functional tissue or

organ structure for implantatiott® The scaffold seeded with ceitsvitro prior to implantation
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is regarded as a cellular scaffold. In another approach, an acellular scaffold can be used for
implantation. Instead of seeding cells prior to implantation, the acellular scaffold utilizes the
concept of guided tissue regeneration to encourage the repopuhbthe host cells onto the
scaffold after implantation. However, the capability to reseed a large surface area with an
acellular scaffold in the human body remains a huge challenge. Regardless, the scaffold

structure plays a vital role in the develogmhof living biomimetic implants for implantation.

With the emergence of 3D printing, scaffolds can be constructed in a more precise and
efficient manner as compared to the conventional fabrication techniques involving freeze
drying 3*?foaming>3 electrespinning®®* and salt leaching?® Specifically, the 3D printing of
biomaterials is termed 3D bioprinting, and the ink material can be further categorized into
bioink and biomaterial inK#3%6Bioinks are ink materials containing living cells as part of the
formulation for bioprinting and require a set of wetintrolled processing parameters to retain
a celtHriendly environment for cell growth. This includes the surrounding temperature,
pressire applied, and the exposure time and intensity of heat or light source used for printing
as cells are highly sensitive to external stimuli. On the contrary, biomaterial inks do not contain
living cells as part of the formulation. Instead, the livingselle seeded onto the structure
after printing. Hence, biomaterial inks enable a more lenient control of the processing
parameters due to their less stringent physiological demands as opposed to bioinks, which
further expands the range of 3D printing tdghes that can be used to fabricate tissue

engineered implants.

Hydrogel is widely adopted as the fabrication material for tiehggneered implants
due to their excellent biocompatibility and waterich properties,making them highly
compatible with the conditions of the soft tissues in the human body, such as skin, cartilage,

and tendon$3°" Although not as popular as compared to extrusiased printing, numerous
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studies’™®® 360 have reported on the successful fabrication of tissue scaffolds with VP printing
using hydrogel as the printing materigigure 1.8). For instanceKim et al3*® demonstrated

the potential to fabricate highly complex organ structures, such as the brain, ear, trachea, heart,
lung, and vessel, with VP printing usingilk fibroin-glycidyl methacrylate (SIHGMA)
hydrogel(Figure 1.8a). Similarly, Hong et af®°fabricated a trachea implant with VP printing
using chondrocytéaden SilkGMA hydrogel (Figure 1.8b). The excellent chondrogenic
expressionn vitro andin vivotransplantation in rabbits of the printed trachea implant further
reveals its potential for application in cartilage tissue engineering. In another example, Zhu et
al.®constructed nerve guidance conduits (NGCs) with VP printing using hydrogel formulated
with GelMA and poly(ethylene glycol) diacrylate (PEGD@)gure 1.8c). The printed NGCs
demonstrate effective directional regeneration of sciatic némwéso in rodents, resulting in

the recovery of motor and sensory function for peripheral nerve riépgeneral, there are not
many difficulties reported for the VP printing of biomimetic scaffolds with hydrogels.
However, most conventional hydrogels are mechanically weak and buditle to the
inhomogeneous polymer network, low polymer density, and small friction between polymer
chains,causingfailure to match the strength and flexibility found in most hurissues and
organs*3*73%1The mismatch in mechanical properties between the scaffold and the native
tissues can negatively affect the regeneration of functional tissues and $tg#esefore it

is of great importance to develop a strong eldstenimeticmaterial that can cope with the
strength and flexibility found in most human organs as a strategy to widen the scope of
application in tissue engineerinign parallel with that, biomedical elastomers appear to be a
promising candidate material for the development of a strong elasticimetic material
owing to its high strength, elasticity, and biocompatibility properties. Yet, conventional
elastomers are hydrophobic in naturedering them unsuitable for the fabrication of tissue

engineered implant$t would be interesting to develop a new class of masarahbining the
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benefits of hydrophilicity from hydrogelsand mechanical propertieBom biomedical
elastomerdor the fabrication of tissuengineered scaffold with excellent cell compatibility
and optimum strength to cope with function as a living biomimetic implant.

(a)

CAD Printed images CAD Printed images at various angles
r

Compression

Printed images
i v

Figure 1.8: Fabrication of tissueengineeredbiomimetic scaffold with VP printing. (a)
Fabrication of a wide range of biomimesizuctures, including brain, ear, trachea, heart, lung,
and vessels, with VP printing using S8&VA hydrogel. Figure is reproduced from Kim et
al 3% with permission Copyright © 28, Springer Nature(b) Development of a trachea
implant with VP printing using SIHKGMA hydrogel. Figure is reproduced from Hong et®l.
with permission Copyright © 2@0, Elsevier.(c) Creation of NGCs with VP printing using
GelMA/PEGDA hydrogel. Figure is reproduced from Zhu éfaith permissionCopyright

© 2018, Elsevier.
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1.3.2 Microf luidic Devices

Microfluidic devices are micromachines capable of manipulating small volumes of
fluid (10° to 10*® L) through microchannels with a scale dimension ranging from 1 to 1000
um in width and heigh®-2%33¢’ The ability of microfluidic devices to run experiments and tests
using a small volume of fluids brings upon several advantages that subsequently contributed
to their rapid growth and development in the biological and chemical fields. One of the
significart advantages of scaling down experiments and tests with microfluidic devices is the
tremendous reduction in processing cost due to the smaller amount of reagent consumed and
waste generated for the scalbalvn reactions. Besides, the miniaturization ofegkpents and
tests presents the benefit of quicker turnaround times for research and testing outcomes owing
to the shorter processing times with smadleale reactions. These advantages have contributed
to the wide use of microfluidic devices for varidhiemedical applications, including disease
diagnosis’® disease modeling? drug screening’®** cell culture3’2373 scaffold

fabrication®’4 nanoparticle synthest$>*"6and biosensing’’*"®

In general, microfluidic devices can be categorized into two main categories: passive
and active microfluidic devices. In the passive approach, microfluidic devices rely primarily
on capillary action, surface tension, hydrostatic pressure, gravity, osrandizacuums to
achieve fluid flow, and thus, depend heavily on the channel geometry for fluid
processing*”37%389n parallel with that, the channels are incorporated with curvature, grooves,
poles, or valves to help with fluid flow and manipulation. However, due to the geemetry
dependent nature, passive microfluidic devices are only limited to certain applicsticings
fluid mixing and particle manipulations?” On the other hand, in the active approach,
microfluidic devices utilize external forces, such as electrical fields, magnetic fields, thermal

fields, acoustic fields, and pressure fields, to drive fluid #6W8°As such, there are more
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factors, such as the type of external energy source and the properties of the target particles, to
be considered in addition to the flow rate, fluid viscosity, and channel geometry for the
successful manipulation of fluids and particles with active migidit devices. Regardless,

the use of external forces further expands the use of microfluidic devices for advanced

biological and chemicalpplications involving particle trapping and sensifig.

Conventionally,microfluidic devices are commonly fabricated with slitthography,
which is an extremely timeonsuming and expensive process, owing to the multiple steps of
material deposition and removal involved and the need for cleanroom faéit®s. This
severely restricts the possibility of mgs®ducing microfluidic devices inexpensively.
Furthermore, it was found to be exceptionally challenging to produce channels and pole
structures with curvature using stfhography, which subsequently limits the channel
geometry that can be generated with-sittifbgraphy. In conjunction with thathe emergence
of 3D printing has successfully revolutionized the fieldro€rofluidic devices by providing
an alternative method for the fabricationnaitrofluidic devices at a higher production output
and lower cost#7:148.38Besides, 3D printing enables the accurate replication of any pattern of
channels and pole structures, including structures with curvature, which were previously
challenging to produce with sefthography, owing to their nature in slicing the designed 3D

structure into layers of 2D images for printing in a lalygdayer mannet:36

Several groups have reported on the fabricatiomuadrofluidic devices with VP
printing 387384 Nonetheless, most of the successfully printeitrofluidic devices are
fabricated using acrylatend methacrylatbased resin materiaith only a few studi€s?"
demonstrating the printing oficrofluidic devices with silicondased resin materidFigure
1.9). The use of rigid acrylateand methacrylatbased materiafor microfluidic device

fabricationfurther reduces the resistance of the channel walls towardsligyipressureand
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restricts the integration of elastic components, such as valves and pumps, for advanced fluid
processingMoreover, there are not many studies reporting on the direct printing of a complete
microfluidic device with embedded channels. For example, Razavi Baza?®*&éslabwcased

the fabrication omicrofluidic devices with VP printing by assembling the-gknted top layer
consisting of open channel patterns with the polymethyl methacrylate (PMMA) sheet as the
bottom layer as a strategy to produce a fmadrofluidic device with embedded channels
(Figure 1.9a). On the other hand,inden et af® demonstrated the creation of microfluidic
device by assembling different Mitinted parts with screw&igure 1.9b). This is because the
approach to direct printing of embedded channels with VP printing is extremely challasging

it often results il compromised minimum channel resolution due to the overcuring of the
trapped resin material within the chanaslthe printing progresses to print the subsequent top
layers enclosing the embedded chanfi&t381383|n fact, several studies recognized the
limitation of VP printing in generating embedded channels and have reported on the tuning of
photocuring depth with photoabsorber as a strategy to minimize the overcuring effect for a
higher embedded channel resauat Despite that, the overcuring effect cannot be completely
eliminated upon the inclusion of photoabsorber. Further effort in positioning the embedded
channels close to the top of the designed structure is necessary to minimize the frequency at
which thetrapped resin material is exposed to UV light as the printer progresses to print the
subsequent top layet$38! Regardless, the direct printing of embedded channels with VP
printing is still in its early stage of development as most of the studies only managed to
showcase simple channel geometries when printing embedded chamragldition to that

most of the studies focused on displaying the feasibility of fabricating silicased
micraofluidic devicesusingVP printing with a lack of exploration of the fluid processability of

the printed device. As such, further investigation is requwethe fabrication oembedded
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channels with complicated designs in a-gtep printing process and the functionality of the

printed device in fluid processing when subjected to actual experimental conditions.

CAD file 3D Printed

4"
~

Figure 1.9: Fabrication of microfluidic devices with VP printing. (a) Fabrication of
microfluidic devices by attaching the MRinted acrylatebased opeithannel microfluidic
devices to PMMA sheet using double adhesive tape. Figure is reproduced from Razavi Bazaz
et al®® with permission.Copyright © 2@0, Springer Nature(b) Creation of microfluidic
devices by assembling the different ‘gRnted acrylatdbased parts with screws. Figure is
reproduced from Linden et #* with permission.Copyright © 2@0, Royal Society of
Chemistry.(c, d) Direct fabrication of silicondvased microfluidic devices with embedded
channel using VP printindc) Red dye (DRAMA) was included as photoabsorber. Figure is
reproduced from Gonzalez et&lwith permissionCopyright © 2@0, John Wiley & Sons(d)
Isopropytthioxanthone (ITX) was included as photoabsorber. Figure is reproduced from

Bhattacharjee et &.Copyright © 2.8, Wiley-VCH GmbH.
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14  Motivation and Scope of the Thesis

As discussed above, 3D printing presents several prominent advantages over
conventional manufacturing techniques for product fabrication, such as low setup cost, fast on
demand fabrication speed, easy fabrication process, and easy customization ofaktructur
geometries. These advantages of 3D printing are particularly important for the rapid fabrication
of highrquality biomedical devices at a relatively low cost, further lowering the product
turnaround time and heightening the affordability of biomediocadipcts. Besides, the ability
of 3D printing to easily generate any structural geometries based solely on CAD design is
especially beneficial for the fabrication of biomedical devices that require customized features.
With the overall goal to generate highdetailed structured/P printing was further selected
as the printing technique of focus for the developmengsihmaterial throughout this thesis,
owing to its high printing accuracy and resolutibiowever, the photosensitive resin material
used foVP printing is often toxic and not suitable for biomedical applicatiblence, it is of
great importancto developa new class of resin mategdbr biomedical applicationd/oving
on, elastic materiais crucial in the biomedical sector for the fabrication of elastic biomedical
products, including biomimetic implants and microfluidic devices. Particularly, biomimetic
implants require elasticity to closely mimic the mechamcafile of the human tissue or organ
in order to effectively function as aplacement upon implantation into the human body. As
for microfluidic devices, elasticity is necessary to enhance the susceptibility of the fluidic
channel towards deformation, thereby improving its resistance to high fluid pressure and
preventing fluid lekage during fluid processingn conjunction with that, silicone is a well
established elastomeric material with a long history in the biomedical field due to its excellent
flexibility , biocompatilility, and biostability rendering it a promising candidateterial for
the development of &P-printable elastomepased resin material catering to biomedical

applications. Despite that, the conventional silicone material presents several material
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characteristics that further hinder its fabrication wktP printing. Specifically, the
conventional silicone materiabmmonlysolidifies throughmoisture othermal curingwhich

further restricts its fabrication witNWP printing as VP printing constructs solids via the
photocuring mechanisriurthermorethe conventional silicone material often has a high pre
gel viscositywhich further impacts the surface quality of the printed structure as a sufficiently
low pregel viscosity is necessary to ensure the effective replenishment of each printing layer
during the printing process for a bettprality print. Moreover,the conventional silicone
material is typically hydrophobic in nature, which often requires additional surface treatment
postfabrication for the acquisition of hydrophilic surface propertiesuit its application for

biomedical use.

With the aforementioned motivation, the overall objective of this project is to develop
a new class of hydrophilic silicofiased resin materglwvith low pregel viscosity, high
transparency, and rapid photocuring properties for thev®8Dprinting of highly detailed
constructs for biomedical use. Besides, the material developed will need to possess all the
relevant material characteristics required for its functionality according to its respective
biomedical applications. In the aspect fabrication techique, | aim to investigate the
feasibility of VP printing in customizing and generating biomedical products with fine features
in a onestep printing process, establishing? printing as an alternative method to
conventional manufacturing technologies for the fabrication of sild@sed biomedical
products. In the aspect of fabrication material, | aim to resolve the difficafseciatedvith
the VP printing of siliconebased resin material from the perspective of material formulation
instead of printemodification as reported by Rodriguez et’snd Wang et &° Specifically,
| proceed with the investigation of two different approaches fofaimaulationof a silicone
based resin materialith low pregel viscosity and good photocuring properfi@sexcellent

VP printability. The first approach involves the use of monomers as reactive diluents to
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effectively lower the pregel viscosity when incorporated into the silicone polymer material.
The second approach employs silicone oligomih a low molecular weight as the base
ingredient for the formulation of the silicofased resin material. Both the approaches utilize
photoreactive monomers and oligomers to encourage material solidification via photocuring
for an effectiveV/P printing processAdditionally, | also aim to develop a hydrophilic silicene
based material, catering the printed structarbibmedical applications without the need for
additional surface treatment pdabrication. Indeed, there have been multiple studies
investigating the formulation afP-printable siliconebased resin materi&? "* However,it is
important to note that most of the silicebased resin materials reported Y& printing are

not intended for biomedical applications and are not hydrophilic in nature. In parallel with the
main objectives, | aim to optimize both the material formulation and printing pararoktiees
developed resin materiéb suit the respective product application of the printed structure,
specifically as biomimetic implants and microfluidic devices. Subsequently, 1 aim to
understand and characteribe tprintability and materidiehaviar of the developed material
upon formulation and printing variation. This includes an extensive investigation of all the
relevant material characteristics, including physical, mechanical, chemical, and biological
properties. Finally, | aim to evaluate thun€tionality of the printed structure according to their
respective application, providing evidence on the feasibility of th&Biprinted devices for

biomedical applications.

This thesis consists of five chaptelrs.Chapter 1, | have provided a comprehensive
discussion on the different 3D printing technologies along with their respective advantages,
disadvantages, and ink material requirement for printing. | have also provided an overview on
the types ofelastic materialsvith suitable properties for biomedical applications and their
respective potential to be fabricated wi® printing, along witha review on the recent

advancement regarding th@ printing of biomimetic implants and fluidic devices.

78



In Chapter 2, | present a strategy to improve ti@ printability of silicone polymer
material upon the addition of monomers as reactive diluents. This particular formulation is
intended for the fabrication of biomimetic implants and is developed according to their
respective material requiremente resultsdemonstrate the effectiveness in mitigating the
high pregel viscosity and slow photocuring rateamhinosilicone methacryloy5ilIMA) upon
the inclusion ofacrylamide AA) andpoly(ethylene glycol) dimethacryla(tPEGDMA) as a
secondinterpenetratingpolymer network for the/P printing of biomimetic implants with

excellent surface qualityrhis chapter is adapted from the following publication:

Wong, L. Y, Ganguly, S., & Tang, X. (Shirley), 2024, Design and fabrication of a 3D
stereolithographyprintable hydrophilic siliconéased elastic composite biomimetic hydrogel.

Polymers, 307, 1273056itps://doi.org/10.1016/].polymer.2024.127 3@opyright © 2024 is

licensed under CC BNC 4.0, Elsevier B.V.

DespiteachievingexcellentVP printability, the hydrophilic silicondased ink material
exhibits signs of overcuring, which further hinders its application for the printing offinlea
featuresIn Chapter 3, | demonstratéhe improvement of printing accuracy and resolution
upon the integration of cellulose nanocrystals (CNC) into the hydrophilic sitasedesin
materialas developed in the previous chapter. | further adapt the formulation f&MPthe
printing of microfluidic devicesTheresults reveal the potential of CNC amsaalditive forits
novel use inphotocuring depth tuning and th& printing of highly preciseoperichannel
fluidic devices with the silicorbased ink upon the integration of CNC. This chapter is adapted

from the following publication

Wong, L. Y, Ganguly, S., & Tang, X. (Shirley2024 3D vat photopolymerization printing of
hydrophilic siliconebased microfluidic devices and the effect of cellulogeocrystals as

additives for improved printing accuracy. Additive Manufacturing, 86, 104177.
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https://doi.org/10.1016/j.addma.2024.104 1 Topyright © 2024s licensed under CC BY 4.0,

Elsevier B.V.

Yet, the printing of fluidic devices with embedded channels remains challenging due
to the relatively high prgel viscosity ofthe hydrophilic siliconebased ink developed with
aminosilicone owing to its polymeric natyesd the insufficient photocuring depth adjustment
in the Z printing direction with small amount of CNI@ Chapter 4, | outline the tuning of
amphiphilic siloxane oligomefsilmer) complemented with AA and glycidyl methacrylate
(GMA) for the formulation of a new version of hydrophilic siliceln@sed ink material for the
VP printing of embeddedhannel fluidic devicesThis version of hydrophilic silicondased
ink revealsan evenbetter flowabilityand photocuring depth control, enablithg printing of
embeddeechannel fluidic devices upon the optimization offormulation and printing
parametersMoreover| believe that the unprecedented approadbrtaulatingsilicone-based
ink material with silmer as the major componkasopenedip a new avenu@r photocurable

elastomeriénk materials.This chapter is adapted from the following publication:

Wong, L. Y, Ganguly, S., & Tang, X. (Shirley), ZBHydrophilic siliconebased ink derived
from amphiphilic siloxane oligomers for the 3D vat photopolymerization printing of fluidic

devicesAdditive Manufacturing100, 104691 https://doi.org/10.1016/[.addma.2025.104691

Copyright © 2025 is licensed undé€C BY:NC 4.0, Elsevier B.V.

Finally, Chapter 5 summarizes theesearch outcome as | progressdevelop and
optimize the hydrophilic siliconédased ink material for th&P printing of siliconebased
biomedical devices, ranging from biomimetimplantsto fluidic devices.l will also be
discussing on the recommendations for future work regardingRIpeinting of siliconebased

biomedical devices.
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Chapter 2 Development of Hydrophilic  Silicone-based ink with
Aminosilicone for the 3D Printing of Biomimetic Structures via Vat

Photopolymerization

2.1 Introduction

To cope with the strength and flexibility found in most human organs, | envision
developing a new class of hydrophilic siliceln@sed materiafor the fabrication of strong and
elastic biomimetic implants with VP printing. The development of hydrophilic silitased
material is an interesting avenue to be explored as most of the siiasad materials
developed for VP printing are niotended for biomedical use and none of the research groups
have reported on the development of hydrophilic silicbas=dmaterial forVP printing thus
far. For this purpose, | will be using aminosilicone for the formulation of the hydrophilic
siliconebased material. Aminosilicone is a type of modified silicone polymer with linear
chains of aminoethylaminopropyl groups branching out from the main PDMS lreckboe
presence of amino groups in aminosilicone further contributes to its distinct hydrophilicity
upon curing. As discussed previously, the high viscosity and lack of photocurability remain the
two major hurdles fothe VP printing of silicondasedink material. Herein, | adopted the
approach to include additional monomers as reactive diluents into the hydrophilic silicone
based ink material as a strategy to lower the overaljjprgiscosity and to increase the overall
availability of photocrosslinkingites for its effective fabrication of biomimetic implants with

VP printing.

In parallel to that| implemented a doubleetwork polymer systernupon the
incorporation of acrylamide (AA) and poly(ethylene glycol) dimethacrylREeGDMA) as

reactive diluents, with both the AA and PEGDMA forming a secondary polymer network
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interpenetrating the prexistingaminosilicone methacryloyl (SilMApolymer network. Both
AA3193l and PEGDMA® are selected due to their weltablishedcharacteristicsaas a
hydrogel material with good elastic properties and excellent swelling capacity for the
fabrication of biomimetic scaffdk As illustrated inFigure 2.1, the first polymer network was
synthesized by grafting the amino groups of the aminosilicone with methacryloyl groups via
methacrylation. Subsequently, the AA monomer, PEGDMA crosslinking monomer, and LAP
photoinitiator were introduced into the SiIMA pahger network and polymerized to form a
second polymer network upon UV exposure. This resulted in the formation of the
SiIIMA/AA/PEGDMA IPN network. To the best afiy knowledge, the approach to formuheat

a siliconebasednk materialwith adual IPNnetwork of silicone and AA/PEGDM# a single
photocuring steps not widely reported fo¥P printing. Insteadmost of the silicondased
material reported either consists of a single polymer network or a dual IPN network with the
formation of thesecond polymenetwork requiring a secondary curing process after printing
(Table 1.2). It is also important to note th#te SIIMA/AA/PEGDMA ink materialreported
hereis formulated with water as the medium, which differs significafintdgn all the silicone

based ink material reportgdeviouslyin the literaturgTable 1.2). The elimination of solvent
serves as an effort to improve the biocompatibility of the developed hydrophilic sihesed

ink material for biomedical applications.

In this chapter, | aim to resolve the issues of high viscosity and lack of photocurability
with the hydrophilic silicondased ink material upon the incorporation of AA and PEGDMA
for the printing of higkstrength elastic biomimetic structurda. conjunction with that]
investigatel the impact of incorporating AA and PEGDMA on the -ged properties of the
siliconebased ink material. Thereafter, the optimal printing parameters and the printing
resolution of the siliconbased inkmaterialwith VP printing arediscussed to showcase the

potential to instantaneously fabricate biomimetic structures with high resolutioNRr/ia
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printing using thénydrophilicsiliconebased inkmaterial Furthermore, the surface properties
and biocompatibility of the developed materaak examined to assess its potential as a
biomimetic material. Finally, in order to showcase the potential of the developed material as a
high-strength elastic biomimetic structure, the swelling behaviour and mechanical properties
of the hydrophilic siliconebased materiahre benchmarked against articular cartilage as an

example.

/ Aminosilicone SilMA \

Methacrylation

o _/

/SilMA network + AA + PEGDMA IPN of SilMA/AA/PEGDMh

UV exposure

PEGDMA LAP Linear Branched SilMA grafted
AA chain AA chain with AA chain

Figure 2.1: The illustration on the formation of SIIMA/AA/PEGDMA interpenetrating
(IPN) network. The first polymer network consists of SiIMA generated via the methacrylation
of aminosilicone and the second polymer network consists of linear and branched AA chain

formed upon UV exposure.
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2.2 Materials and Methods

2.2.1 Materials

Aminosilicone (Silamine DZEDA) was purchased from Siltech Corporation, Canada.
Poly(ethylene glycol) dimethacrylate (PEGDMA,wM= 400 g/mol) was purchased from
Polysciences, Inc., USA. Methacrylic anhydride (MA), acrylamide (AA), lithium ph2y6
trimethylbenzoylphosphinate (LAP), deuterated chloroform (GpP®bvine serum albumin
(BSA) and 10X phosphate buffered saline (PBS) were purchased from-8Idridn Canada
Ltd., Canada. Sodium chloride (NaCl) was purchased from ACP Chemicals, Canada. Sodium
hyaluronate (NaHa, M= 66 to 99kDa) was purchased from Lifecore Biomedical, USA.
TrypsintEDTA (1X) was purchased from Thermo Scientific Chemicals, Canada.
Penicillin/streptomycin was purchased from
Eagl ebs Medi um wi t {glutahind(DMEM)Lwag durechased feem Bonzd L
Inc., USA. Fetal Bovine Serum (FBS) was purchased from Avantor Inc., USA. MTT cell
proliferation assay kit was purchased from ATCC Bioproducts, USA. All the chemicals were
laboratorygrade and used as received. All the agueous solutions were prepared ushigy Milli

water (18.2 MqLcm).

2.2.2 Synthesis ofAminosilicone M ethacryloyl (SilIMA)

SiIMA was prepared by reacting aminosilicone with MA. Initially, the aminosilicone
with an active polymer content of P8 was dispersed in water with a I.5artsratio of
aminosilicone:wateto obtain a preyel solution with a concentration of QgfmL™1. After the
dispersion of aminosilicone in water at 85, 5wt% of MA calculated based on the active
polymer content was added while stirring. The reaction mixture was stirred@tésanother
3 hours in the dark with a closed cap for direct subgiiub occur between the amino groups

presenting on the side chains of aminosilicone and the methacryloyl groups .#°fiA
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Particularly, the temperature was carefully controlled as specified and the pH of the reaction
mixture was controlled to be within pH®Bto ensure effective methacrylation of aminosilicone.
The reaction mixture was then left to cool before proceeding with either the characterization

of SiIMA or the preparation of SIIMA/AA/PEGDMAoclymer.
2.2.3 Quantifying the Degree ofSubstitution (DOS) of SiIMA

50 mg of SiIMA was dissolved in 1 mL of CDg&Ifor the characterization and
quantification of the DOS of SilMA using proton nuclear magnetic resonahesMR
(Avance 300MHz, Bruker, Germany). Aminosilicone was prepared with the same method to
serve as a control before polymer modification. The DOS for SiIMA was quantified by
analysing the peak reduction of aminoethylaminopropyl group before and after polymer

modificationwith the equations as shown below:

BZAZRAQ' 77oRMm. 76t M. 66ppm

RA . 043ppm

Equation2.1
DOS H%AET 100 % Equation22

wherex RA indicates the sum of relative absorbance of amindetiiypopropyl group at 2.77,
2.76, and 2.66ppm (NH-CH2-CH2-NH-CH2-CH>-CH>-) after being normalized with the
relative absorbance of the methyl group of the siloxane backbone at@p6%3sC-Si-)
(Equation 2.1) followed by x RAo andx RAa representing the normalized sum of relative
absorbance for aminoethylaminopropyl group of aminosilicone (before polymer modification)
and SiIMA (after polymer modification), respectively, for the calculation of @Euation

2.2).
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2.2.4 Preparation of SIMA/AA/PEGDMA Pre-gel Solution

The composite prgel solution was prepared by adding AA as additional monomer
units into SiIMA followed by PEGDMA as crosslinking monomers to form a second
crosslinking network in addition to SilMA upon photoinitiation. SiIMA was stirred with 0.2
to 0.8part of AA for about 1 hour or until fully dissolved before dosing in 0.0001 to ©.005
part of PEGDMA. After the dissolution of the pgel solution, 0.5t% of LAP was added and
stirred at room temperature (22 £@) for 1 hour in the dark. The dosagd &P in wt% was
calculated based on the total ygrel solution mass. All the dosage in part mentioned in this
section was calculated based on part ratio with respeciptrtlof SilMA. The material
characterization of SilMA/AA prgel solution was performed H4-NMR with the sample

preparation method as mentionedsiection 22.3.

2.2.5 Pre-gel Solution Properties

The optical transmittance of the pyel solution between 300 to 76t was measured
using the UWvis spectrophotometer (Molecular Devices SpectraMax M2, Marshall Scientific,
USA). To begin with, 20QuL of the pregel solution was loaded into one of the wells of a 96
well plate before loading the 96ell plate into the UWis spectrophotometer for measurement.
The shear viscosity of the pgel solution was measured for three continuous cycles between
the shear rate of 1.000 to 10G® with 5 sample readings per decade at°@5with the
rheometer (Kinexus Ultra+, Malverkjnited Kingdom) using spindle DG25 L0381 She
gel point of the pr@gel solution was determined by measuring the rheological properties of the
pre-gel solution cured at different UV exposure times. Several samples wthdf pregel
solution aliquot were prepared in 20L glass vials and exposed to UV light in a UVP
crosslinker (Analytik jena, Germany) at 4000 cm? for 60 seconds. The samples have a

thickness of 4nm. The samples were removed intermittently and the UV exposure time for
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the respective samples was recorded. The storage modijjo$S modulus (§iNj and t an
of the samples with different UV exposure time intervals across the 60 seconds of UV curing
were measured with a rheometer and graphed to identify the crossover point of storage and loss

modulus (GHGN)jhi$ the gel poirfto4t:

2.2.6 Three-dimensionalPrinting

3D structures were printed with thé&P printer (Photon Mono 4K, Anycubic, China).
Prior to printing, the3D structure was designed using FreeCAD and sliced with Photon
workshop (Anycubic, China). The pgel solution was poured into the vat and the structure
was printed on the build plate with a 190UV power of 400QJ cni? at 405nm. The structure
was printed with a layer thickness of 0 at a lift speed of 4 tor@m s! and a retract speed
of 6 to 8mm st with 6 bottom layers. The exposure time per layer for the bottom layers varied
from 2 to 40secondsand for the normal layers was varied from 1 tos@6onds Once the
printing process was finished, the printed structure was removed from the build plate and
washed in water at 800 to 966m for 30secondsto remove any remaining uncured {gel
solution on the printed structure. Then, the printed structure wascyest in a UVP
crosslinker (Analytik jena, Germany) at 4000 cm? for 0 to 5 minutes. Finally, the cured
compositepolymer was characterized witkourier transform infrared spectroscopy, FTIR

(Tensor 27 FTIR, Bruker, Germany).

2.2.7 Printing Resolution

The X, Y, and Z resolutions of the compogiaymerwere evaluated with the test
models developed by Gensler et al., 26%0with a resolution oflownto 50um for X and Y
resolution anddlownto 20um for Z resolution The printed test models were photographed

with a digital microscope (Trinocular Stereo Microscope, Amscope, USA) and measured using
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ImageJ. About 40 to 80 intrand intersample measurements were made and reported as an
average. The deviation of the printed width for X and Y resolution and the printed height for Z

resolution were calculated with the equations below:

$AOEAOEP T ——@pnmb Equation2.3

$AOEAGETI +——Gpmnnb Equation2.4

where W and W denote the width designed in the test model and the actual width printed for
X and Y resolution, respectively, whileyind H denote the actual height designed in the test

models and the actual height printed for Z resolution, respectively.
2.2.8 Swelling Test

The swelling behaviour of theolymerwas investigated in water at room temperature
(22 = 2°C). During swelling, the weight changes of ridymerwere recorded at regular time

intervals to calculate the swelling degree (SD) with the following equation:

3% — @p b Equation2.5

where W and W represent the weight of thmlymerbefore swelling and after swelling at a
predetermined time, respectively. The swelling test was conducted umtdlyfmeerreached a

state of equilibrium. In order to investigate the swelling behaviour opdhemerin human
physiological conditions, the swelling test was further conducted with the same method in
water (as control), 0.8% NaCl solution (mimicry of general body fluid), and a mixture of 30
mg/mL BSA and 3ng/mL of NaHa in PBS at pH 7.1 to 7.4 (mimicry of synovial flufdj=>%°

respectively, at 37C in a water bath (Fisher Scientific Isotemp 105, Fisher Scientific, USA).
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2.2.9 ContactAngle

The surface of the swollgrolymerwas pat dry with paper towels and alOof water
drop was dispensed onto the surface of the swplddymerfollowed by photographed with a
digital camera. The contact angle was further analysed with ImageJ. A total of 20 readings
were recorded from the same sample to rule out any possible errors in measurement using
ImageJ. The measurements were repeatedandtfierent sample and the values were reported

as an average.

2.2.10 CompressionTest

The ultimate compressive strength of ffadymerwas evaluated using the universal
tensile machine (CETRIMT-2MT Tribological Tester, Bruker, Germany). Tip@lymer
sample was compressed at a speed of @85! with a 1000N load until thepolymersample
fractures and the ultimate compressive strength of the respeoljweersample was recorded.
The cyclic compression of thpolymer was performed with a different tensile machine
(UniVert, CellScale, Canada) at a speed of 0.05 mmith a 10N load. Tre polymersample
was compressed up to ¥ of displacement for 10 cycles and the compressive stress for each

cycle was recorded.

2.2.11 RheologicalProperties

The storage modulus (loss modulus (§jNind phase anglé)(of thepolymerwere
measured across a frequency sweep from 0.1 t8z1@ith a constant shear strain at %0
using therheometer (Kinexus Ultra+, Malvern, United Kingdom). The test was conducted at

25°C with 10 sample readings per decade using spindle CP2/20 L0219 SS.
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2.2.12 Biocompatibility Test

The biocompatibility test was investigated based on the cell viabilhymian corneal
epithelial HCECQ) cells with the curegholymersamples for up to 6 days and quantified using
the MTT testHCEC cells were selected due to its high sensitiatyards cytotoxic agents
Firstly, the HCEC cells were cultured in DMEM supplemented witBel@/v) of FBS and 1
% (v/v) of penicillin/streptomycin at 3%C with 5% CQ. Prior to the test, the curgalymer
samples were sterilized by soaking in %0ethanol for 24 hours followed by soak washing
with PBS solution several times to remove any ethanol residue. The pnlyeder samples
were then cultured with cells in 6 wgllate and the cell viability ahe respective samples at
predetermined days were quantified using MTT test. The MTT test was conducted based on
t he manufact ur e pLboEMTpP reagéenbaddaed to Wil tofhcell In@dia and
incubated at 3YC for 4 hours followed by the addition of 100 of detergent solution to 100
uL of cell media and incubate at room temperature for another 2 hours before checking the
absorbance of the respective wells at BitOusing the UWis spectrophotometer (Molecular

Devices SpectraMax M2, Marshalli8utific, USA).

2.3 Results and Discussion

2.3.1 SIIMA/AA/PEGDMA Pre-gel Solution

SiIMA was prepared by modifying the aminosilicone polymer with methacrylic
anhydride for the grafting of amino groups with the methacryloyl gesuphown byFigure
2.2a. Additional modification is required for the existing aminosilicone due to the lack of
readily available functional groups to form covalent crosslinking upon photoinitiation. As such,
the inclusion of methacryloyl grougonsisting ofC=C bond would enable SilMA to form a

crosslinked polymer network via covalent crosslinking upon photoinitiation. Upon successful
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polymer modification, SiIMA was observed to hasereduction in peak signals for the

aminoethylaminopropyl group at 2.66, 2.76, and @8 (b, c, and d) accompanied by the
emergence of new peak signals for methyl protons of the methacrylamide group @tr.93
(a) and acrylic protons of the methacrylamide group at 5.20, 5.29, and@h¥ (e)3873913%

in the 'H-NMR spectra as shown iRigure 2.2b. Subsequently, the degree of substitution
(DOS) for SIIMA was calculated based on the reductioAHENMR peak signals fothe

aminoethylaminopropyl group upon polymer modification
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Figure 2.2: The synthesis ofSiIMA . (a) Schematic diagram on the polymer modification of

aminosilicone with methacrylic anhydridga) *H-NMR spectra of aminosilicone and SilMA
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with [a] at 1.93ppm representing methyl protons of the methacrylamide group, [b, ¢, and d] at
2.66, 2.76, and 2.48m representing aminoethylaminopropy! group, and [e] at 5.20, 5.29, and

5.71ppm representing acrylic protons of the methacrylamide group.

Unfortunately, the DOS for three batches of SiIMA was calculated to be an average of

34.8 = 2.2, which is relatively low compared to the complete DOS of%{0

Table 2.1). Several common parameters that are known to have increased the G€b8iin
methacryloyl GelMA), such as a longer stirring time, an optimum stirring temperature, and
the usage of carbonabécarbonate (CB) buffer for a buffering capacity at a highef33#f*

were attempted with SiIMA but no significant increase in DOS was observed. There is a
possibility that the aminoethylaminopropyl group branching out from the siloxane backbone
of the aminosilicone remained buried within the polysiloxane chains and iseadily
available on the polymer surface for polymer modificatibine use of different solvent has
been welknown to be able to alter polymer conformation. As such, the use of solvent other
than water might be able to resolve the issue of low DOS withASHowever, to align with

our goal to createa waterbased ink for the fabrication of biomimetic structure, | further

proceed with water as the reaction medium for this ink formulation.

Table 2.1: The Degree ofSubstitution (DOS) of SiIMA.

Aminoethylaminopropyl group Siloxane
Batch  Sample backbone  BRA DOS (%)

RA2770pm RA276ppm RAz266ppm RAsum  RA0.043ppm

1 RAo 0.527 0.510 0.609 1.646 12.500 0.132 35.6
RAa 0.343 0.286 0.430 1.059 12.500 0.085 '

) RAq 0.527 0.510 0.609 1.646 12500 0.132 36.4
RAa 0.334 0.287 0.429 1.050 12.500 0.084 '

3 RAo 0.500 0.477 0.575 1.552 12,500 0.124 323
RAL 0.336 0.285 0.435 1.056 12500 0.084 '

Average 348122
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Despite the successful polymer modification, the low availability of grafted
methacryloyl groups in SiIMA to serve as crosslinking sites and the relatively high viscosity
of the SiIMA pregel solution pose further challenges for SiIMA to be printed WRIprinting.

For the former, an adequate number of crosslinking sites is required for rapid crosslinking to
occur upon photoinitiation during thé printing process. For the lattérP printing prefers
printing material with low viscosity to replenish each printiager better and to minimize
turbulence caused by the movement of the bpldde during the printing proce$sin
conjunction with that, monomers have a comparatively lower viscosity than polyihés

and often serve as a single unit for chemical crosslinkfij* Hence, AA monomers are
added as a strategy to lower the overall viscosity of the SilMAyereolution and, at the same
time, increase the availability of crosslinking sites for rapid crosslinking to occur within the
SiIMA pre-gel solution upon photoinétion. The addition oA into SilIMA was characterized

by *H-NMR as shown irFigure 2.3c. The peak signals representing the vinyl protons of AA

at 6.23, 6.17, and 5.7dpm (b, c, and d}*"**®were observed to increase proportionally with
the reduction in peak signal for the methyl group in the siloxane backbone of SilMA at 0.043
ppm (a) as the dosage of AA increa¥éd his verifies that the AA content increases relative

to SiIMA in the overall polymer system upon the addition of AA. Consequently, the additional
vinyl groups contributed by AA would elevate the overall number of available crosslinking
sites in the SIIMAAA pre-gel solution Thereafter, he abundance of crosslinking sites in
SiIMA/AA pre-gel solution would help facilitates the crosslinking process, and thus, results in

a pregel solution with rapid crosslinking properties.
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Figure 2.3: The addition of acrylamide monomers into SilIMA.The chemical structures of
(a) acrylamide monomers (AA) ar(th) siloxane backbone of SilMAc) *H-NMR spectra of

SiIMA with different dosages of AA.

Besidesthe addition of AA into SiIMA was found to increase the light penetration
depth of the prgel solution as reflected by the higher percentage of light transmitted through
the pregel solution. Prior to the addition of AA, SiIMA demonstrated a translugg@aance
when dispersed in water. This is most probably attributed to the high content of the
hydrophobic polysiloxane chain in SiIMA. Despite its excellent dispersibility in water due to
the presence of amino groups, the hydrophobic polysitghain in SiIMA remains insoluble
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in water, which results in the translucent appearance of the SilMgbreolution. This is
further justified by the slight mismatch in the refractive index (RI) of the polysiloxane chain
(R1=1.42}°°with water (R1=1.33f°° The nontransparent nature of the SilMA pgel solution
further hampers its photocurability by limiting the penetration of sufficient light to reach the
crosslinking sites within the pigel solution for crosslinking to occur upon UV exposure.
Based orFigure 2.4a, the light transmittance of the pgel solution across the U\isible
region ranging from 300 to 70@m was observed to increase simultaneously with the dosage
of AA. Specifically, the transmittance was compared at@#®5o align with the wavelength

of UV light emitted by the/P printer. In parallel with the translucent appearance of SilMA, a
low light transmittance of 8.84 + 0.24 at 405nm was recorded for the SiIMA poel solution.
Upon the addition of O-part of AA to tpart of SiIMA, the light transmitted across the-pre
gel solution at 40Bm increases up to 25.95 + 328 The light transmittarecfurther rises up

to 45.48 £ 3.23 and 59.02 + 10.%0upon the addition of 0:&and 0.8part of AA, respectively.

The gradual increase in light transmittance of thegadesolution with increasing AA dosage

is likely attributed to the dilution of the SiIMA content within the overall-get solution as

the dosage of AA increases. This is &gge AA was revealed to have a refractive index of
1.33%Y which highly matches that of the water medium. As such, the overall increase in AA
with respect to SiIMA in the prgel solution further narrows the gap of refractive index
mismatch in the overall prgel solution, and thus, resulting in the improvemenpiiegel
transparencyAlternatively, the incorporation of AA might have altered the interaction of the
SiIMA polymer network with water and resulted in the rearrangement of the SilMA polymer
network to expand instead of forming micelles that give offithge translucent appearance
when interacting with visible light. There is evidence showing that amphiphilic polymer
consisting of both hydrophobic and hydrophilic groups changes in polymer conformation as

the solvent change€?49However, further study is required to verify the alteration of the
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polymer conformation of SilMA in the presence of AA. Regardless, the increase in light
transmittance of the prgel solution upon the incorporation of AA heightens the amount of
light penetrating through the pgel solution. As a result, this provides mdight energy to
photoinitiate the crosslinking reaction within the qged solution upon UV exposure, which

subsequently results in an ink material with rapid curing properties.

Apart from facilitating rapid crosslinking, the inclusion of AA into SiIMA addressed
the crucial problem of high viscosityith the SiIMA pregel solution. Based oRigure 2.4b,
the shear viscosity of SiIMA with the shear rate ranging from 0 ®'82duces as the dosage
of AA increasesThe addition of AA was thought to be able to help disrupt the polymer
entanglement within SilIMA, and thus, contributing to a lower viscosity as the dosage of AA
increaseHowever, the addition of O-gart of AA to Xpart of SiIMA did not significantly
lower the shear viscosity of SiIMA. Conversely, the addition of &risl 0.8part of AAto %
part of SIIMA lowered the shear viscosity of SiIMA from 0.88 to 0.41 and P49 at the
shear rate of 88, respectivel. Theoretically, the viscosity of the resin materiaterial is
recommended to be less than 5sPfar a stable/P printing proces$®>® However, based on
our findings, both the prgel solution of SIIMA and SilIMA with 0.art of AA remain viscous
for a stableVP printing process with the need for a slower printing speed to accommodate the
poor flowability of the respective ink material. Conversely, both SiIMA with &rfsl 0.8part
of AA demonstrates excelleMP printability, which concludes that an ink material with a
viscosity lower than 0.5 Pais preferred foWP printing at regular printing speed, without the
need to slow down thprinting process to accommodate the poor flowability of viscous ink
material.Moreover, both SiIMA and SIIMA/AA composite pigel solution was observed to
exhibit the behaviour of neNewtonian fluid with sheathinning properties, as reflected by
the reduction in shear viscosity with an increase in applied sheA?*#&he sheathinning

properties of the prgel solution are attributed to the disentanglement of intermolecular chains
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as the polymer chains lose their inteand interchain interactions, which further align to the

flow direction when applied with high shear force at a high sheaf%dte contrast, at very

low shear rates, the Brownian forces predominate the shear forces and the shear viscosity
remains relatively stable as no reformation of macromolecular entanglements occurs. The
shearthinning properties of both the SiIMA and SiIMA/AZomposite prael solutions appear

to be beneficial as this indicates that the force exerted by thefaitlon the prgel solution

during the printing process will not elevate the viscosity of thgpleolution. However, there

is no obvious trendf sheatthinning observed for SiIMA with O-Bart of AA, which might be

due to the differences being too subtle to be distinguished by the rheometer. Regardless, the
shear viscosity of both SIIMA and SiIMA/AA composite fel solutions is reversible as the
shear viscosity at an apparent shear etevers throughout the three cycles of increasing and

decreasing shear rates between 0 ans'82
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In general, the addition of AA to SiIMA improves the printability of the SiIMA pre
gel solution by increasing the number of available crosslinking points for the formation of an
IPN network, elevating the light transmittance at #@% and reducing the viscosity of the pre
gel solution. However, the addition of AA itself is insufficient to form an IPN network upon
photoinitiation. In the absence of crosslinking monomers, acrylamide monomers tend to form
only linear polyacrylamide clias upon polymerizatiaff®4% Therefore, crosslinking
monomers are required to form branched polyacrylamide in order to achieve the IPN network
of SIIMA/AA composite polymer upon photoinitiation. In conjunction with the aim to
formulate an elastic material, PEGDMA was selected over the other variation of crosslinking
monomers due to the presence of the long hydrophilic chain in between the methacrylate
groups that can poteatly contribute to the elasticity of the SiIMA/AA composjielymer.
Although the addition of 0.00part of PEGIMA with respect to dpart of SiIMA slightly
deviates the light transmittance at 406 (Figure 2.5a) and the shear viscosifFigure 2.5b)
of the SIIMA/AA composite prael solution, the SIIMA/AA/PEGDMA prgel solution still
has a significantly lower shear viscosity and higher light transmittance aaimQsan the

SiIMA pre-gel solution.
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2.3.2 Three-dimensionalPrinting of SIMA/AA/PEGDMA

The VP printability of the SIIMA/AA/IPEGDMA was further evaluated through a
preliminary printing of cylindrical structures. To begin with, the UV light exposure time per
printing layer for both the bottom and normal layers was optimized to better suit theilityntab
of the SIIMA/AA/PEGDMA compositepolymer. The bottom layers are the initial printing
layers while the normal layers are the remaining printing layers @Dtstructure. In an ideal
situation, layers of printing material are cured with a light penetration depth higher than the
layer height to allow the attachment of two consecutive layers via gelation and
integration’® 44 Thus, the exposure time for the bottom layers is usually longer than the
normal layers to ensure that the base of the printed structure is well attached to th&ataild
However, due to the rapid curing properties of the SIIMA/AA/PEGDMAg®kEsolution an
exposure time longer than 2 seconds causes excessive light to penetrate beyond the designated
layer thickness and forms an overcured ring as showigire 2.6b and2.6¢c. Based offrigure
2.6a, the 2 seconds of exposure time for the bottom layers did not eliminate the overcured ring
with slightly overcured fragments observed at the bottom of the printed structure. However,
further attempts in reducing the exposure time to 0.5 and 1 secontitéadé&ach the base of
the printed structure to the buipdate. This is in line with the 2 seconds gel point of the
SIIMA/AA/PEGDMA pre-gel solutionas shown byrigure 2.7, which indicates that at least 2
seconds of UV exposure is required to form a solid. Jhe gel point of the
SIIMA/AA/PEGDMA pre-gel solution was evaluated with respect to the changes in the
rheological behaviour of the pgel solution upon UV exposure. Particularly, the gel point of
the pregel solution was identified as the point wheredt@age modulus (§crossover with
the loss modulus (§KGHGN}Nyhen the liquid prgel solution (&IGN)jEplidifies to form a
solid cured gel (GGNjNpon UV exposuré'®*! As for the normal layers, 2 seconds of

exposure time per layer was revealed to create printed structures with smooth gkidaces

101



2.6d). In contrast, layer delamination was observed on the printed structures as the exposure
time increasedFigure 2.6e and 2.6f). Hence, 2 seconds of exposure time for both the bottom
and normal layers were deemed to be the optimized UV exposure time per printing layer and

were applied for all the printed structures irs tstudyfor the best results.

Figure 2.6: The optimization on the printing time per layer for the SIIMA/AA/IPEGDMA

polymer. The microscopic images of the SIIMA/AA/PEGDMgolymerwith bottom layers
printed with(a) 2 seconds(b) 5 seconds, anft) 40 seconds followed by the standardization

of (d) 2 seconds(e) 5 seconds anf) 10 seconds for every printed layer (both bottom and
normal layers). The dashed lines directed with arrows indicate the delamination layer observed
in (e) and (f). The SIIMA/AA/PEGDMA compositeolymerconsists of 0.§art of AA and

0.00kpart of PEGDMA with respect to-fart of SiIMA. Scale bar: 1mm.
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Figure 2.7: The gel point of SIIMA/AA/PEGDMA pre -gel solution based on rheological
properties. The storage modulus,Njoss modulus, Gjaljdtari of t he Si | MA/ AA/ |
upon UV exposure for 20 secondihe SiIIMA/AA/IPEGDMA composite prgel solution

consists of 0.§art of AA and 0.00%art of PEGDMA with respect to-dart of SilMA. Error

bar represents N SD, n O 3.

Following the optimization of printing parameters, the printing resolution of
SIIMA/AA/PEGDMA compositepolymerwith VP printing was evaluated with the test models
developed by Gensler et al., 2088 The evaluation was carried out on SilMA with Q8rt
of AA and 0.00%part of PEGDMA due to its better printability and flowability as opposed to
SiIMA with either 0.2 or 0.5part of AA. Generally, a positive deviation from the true value
indicates that the printed structure appears to be thicker than expected while a negative
deviation from the true value indicates that the printed structure appears to be thinner than
expected®In terms of X and Y resolution, all the dimensions of the test models were printed.
However, the printing accuracy reduces with an increasing deviation as the printing dimension
decrease§Figure 2.8a and 2.8b). On average, the deviation from true value fluctuates near

zero deviation up to 300m. Thereatfter, the printing dimension deviates up to 7.1 +%0.8
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for 200pum, 8.9 = 15.0% for 100um, and 13.2 + 18.% for 50um for X resolution, and 4.5

+ 6.7% for 200um, 4.2 £ 11.0% for 100um, and 14.6 + 16.% for 50um for Y resolution.

As for Z resolution, dimensions below 10 are hardly distinguishable with deviations up
to 6 + 23% for 80um, -27 + 17% for 60um, -13 £ 24% for 40um, and the height at 20m

is not identifiable. The general trend of positive deviation for X and Y resolution aligns with
the observation of the slightly overcured printing as showirigure 2.6. Overall, the
SiIIMA/AA/PEGDMA compositepolymerhas an X, Y, and Z printing resolution of up to 100

pm with an average positive and negative deviation lesser th#nvii€h VP printing.
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Figure 2.8: The printing resolution of SIIMA/AA/PEGDMA polymer. The(a) X, (b) Y,
and(c) Z printing resolution of the SIIMA/AA/PEGDMA polymer with O art of AA and

0.00%part of PEGDMA with respect to-gart of SIMA.Er r or bar represents
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Each graph is accompanied by the CAD model and the microscope image of the printed
structure with the printing orientation indicated on the top right along with a red bar indicating

the measurement for X, Y, and Z, respectively. Scale bar: l@00

Subsequently, examples of higtrength elastic biomimetic structures were printed as
a proofof-concept for th&/P printing of biomimetic structures using the developed silicone
basedbolymermaterial. The accurate replication of a scaleevn articular cartilagé-igure
2.9a) and a humasized arteryFigure 2.9b) from the CAD model further demonstrates the
potential to fabricate highuality biomimetic structures wittiP printing. Besides, the elastic
nature of the printed material as shown Figure 2.9b further expands the scope of the

siliconebasedpolymermaterial for the fabrication of elastic biomimetic structures.

(a)

(b)

Figure 2.9: The printing of biomimetic structure with the SIIMA/AA/PEGDMA polymer.

The printed biomimetic structure (#) a scaleedown articular cartilage on a bone model with
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the top view shown with the CAD model, afll) a humarsized artery shown with the CAD
model complemented with a demonstration of the elasticity of the printed artery. The
SiIIMA/AA/PEGDMA composite polymer consists of 0.§art of AA and 0.00part of

PEGDMA with respect to-part of SilMA.

The SIIMA/AA/PEGDMA compositepolymerwas further characterized with FTIR
after printing. Upon the addition of AA into SilMA, peaks at 794, 1014, and 1259 cm
representingSi-CHs, SHO-Si, and SiCHs, respectively*!? were observed to reduce as the
peaks at 1405, 1656, and 3336* representing &4, C=0, and NH, respectively*'*emerged
asdemonstrated bigigure 2.10. The reduction in peaks representing the functional groups of
polysiloxane in SiIMA confirms that the overall composition of SiIMA reduces upon the
addition of AA. Furthermore, the emergence of peaks representing the functional groups of
AA reaffirms theformation of a doubl@etwork polymer upon the addition of AA into SiIMA.

As for PEGDMA, the dosage added to the overall polymer system is relatively low for the peak
representing the COC functional group in PEGDMA to be distinguished from the FTIR

spectrum.
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Figure 2.10: The FTIR spectra of SiIMA and SIIMA/AA/PEGDMA polymer. The
SIIMA/AA/PEGDMA composite polymer consists of 0.§¢art of AA and 0.00part of

PEGDMA with respect to-part of SilMA.

2.33 Properties of SIMA/AA/IPEGDMA Cured Gel

Ideally, biomimetic materialsare expectedto possessmaterial characteristics
resembling that of hydrogels, withhagh-water content to better facilitate the transport of
nutrients for cell growth and to provide optimum elasticitggtchingthe structure of native
tissues for cellular suppdit* Thus, swelling test was conducted to evaluate sheelling
capacity of the SIIMA/AA/PEGDMA compositpolymer Prior to the swelling test, SiIMA
was malded and cured with UV conditions iaference to th&P-printed counterparts due to
its inability to beVP-printed as a control because of its low flowability and slownguspeed.
Based onFigure 2.11a, both SiIMA and SIIMA/AA/PEGDMA compositgolymerswere

observed to achieve swelling at equilibrium at 16h. Specifically, the compadyimerwas
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observed to have a faster initial rate of swelling and a higher swelling degree at equilibrium as
opposed to SilMA. Despite that, the addition of-pa2t of AA appears to be insufficient to
elevate the swelling capacity with a similar swelling degree at equilibrium obtained at 37.9 +
1.9% as compared to that of SiIMA at 42.5 + ¥ Conversely, the addition of Ogart of

AA increases the swelling degree at equilibrium of the comppsiyenerup to 104.4 + 3.2.
Therefore, a sufficiently high dosage/A is required to increase the swelling capacity of the
compositepolymerin order to maintain a higtvater content intended for tissu@metic

structures.
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Figure 2.11: The swelling degree and contact angle of the SIIMA/AA/PEGDMAThe
swelling degree ofa) SiIMA with different dosages of AA in part ratio and 0.904rt of
PEGDMA, and(b) SiIMA with 0.8-part of AA and 0.009part of PEGDMA at various tissue

mi metic conditions. Error Dbar r dcpSildswatmt i ng

different dosages of AA in part ratio and 0.68drt of PEGDMA, andd) SilMA with 0.8-part
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of AA and different dosages of PEGDMA in part ratio after 96 hours of incubation in water at
room temperature. All the AA and PEGDMA components are in part ratio with respect to 1
part of SiIMA. The statistical significance of the data was analysed with-aitled ttest with
unequal variances with *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.000; not significant.

Error bar representing N SD, n O 60.

The SIIMA/AA/PEGDMA compositepolymer with 0.8part of AA was further
evaluated in tissumimetic conditions to ensure that the swelling behaviour of the composite
polymeris replicable in the human body upon insertion or implantation. Basd€égoine
2.11b, the increase in incubation temperature from room temperature (22} t® body
temperature (37 £ &) elevates the swelling degree at equilibrium of the composiyener
from 104.4 £ 3.2to 111.7 £ 5%. Upon the substitution of the swelling medium, the swelling
degree of the composifmlymerat equilibrium for 0.84%6 NaCl (mimicry of general body
fluid) and artificial synovial fluid, ASF, (mimicry of synovial fluid) further rises up to 121.2 +
0.4 and 120.9 + 2.%, respectively. In brief, the incubation temperature of 37 °C and the body
mimicry swelling medium incres the swelling degree by approximately Z0as each
condition applies. However, the slight increment in swelling degree should not be of major
concern as the compospelymerretains its capability to hold a high amount of water with a

similar swelling behaviour as its counterparts incubated in water at room temperature.

Besides having high water content, hydrophilicity is an equally important feature of
tissuemimetic structure for the promotion of cell attachment and proliferatith’ In fact,
the swelling capacity of hydretgis closely related to the hydrophilicity of hydrogels as the
hydrophilic functional groups in the hydrogel are responsible for water absot{tibmis is
in good agreement with the higher swelling degree observed for SilIMA upon the addition of

AA as the presence of amine group$H) in AA is proven to have superior hydrophilicity?
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418 However, Figure 2.11c shows that the hydrophilicity of the compositelymerreduces
instead with an increase in contact angle from 43.2 %t8.64.5 + 3.1° upon the addition of
0.2-part of AA. This phenomenon might be due to the increase in other functional groups with
less hydrophilicity, for instance, the ethyl growtHK), alongside the hydrophilic amine
groups upon the addition of AA. Interestingly, further addition of AA has no significant impact
on the surface properties of the compopidf/meras reflected by the similar contact angle of
545 + 3.2, 55.0 £ 5.2 and 55.0 = 8.2° upon the addition of 90.2.5 and 0.8part of AA,
accordingly. This is most likely attributed to the similar polymer arrangement of SilMA, AA,
and PEGDMA in water, regardless of the dosage of AA. Several studies have demonstrated
that polymer tends to expand when being subjected to good solvigh similar polarity to

the polymer, owing to their ability to interact with the solvent molecifi¢Conversely, the
polymer collapses when being subjected to poor solvent with different polarity to the polymer
as the polymer favours the polymaalymer interaction over the polymaolvent interaction.
Therefore, with water as the medium for the SIIMA/AA/PEGDMA composite polymer, the
AA/PEGDMA polymer withpolar properties would favour the interaction with water, while
the SiIMA polymer with mainlynonpolarproperties would repel from water. As a result, the
SIIMA/AA/PEGDMA composite polymer would probably end up with a final polymer
arrangement where theonpolar components are sandwiched by tpelar groups as
demonstrated by several studies mipg on the effect of solvent on the arrangement of
amphiphilic polymer$®4%3Hence, it is safe to conclude that the further addition of AA would
probably not result in a change of surface properties as the further addition of AA does not
alter the preferred polymer arrangement of SIIMA/AA/PEGDMA with wafan. the other
hand, the addition of 0.0 0.00%, and 0.005part of PEGDMA increases the hydrophilicity

of the composit@olymerwith a slight reduction in contact angle from 62.6 #°3d059.1 +

3.4, 57.8 £ 4.2 and 60.9 + 3.1°, respectively, as showrFigure 2.11d. The increase in
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hydrophilicity upon the addition of PEGDMA aligns with the expectation as PEGDMA
consists of hydrophilic carbonyl group€£€O) that can potentially form carboxyl groups (
COQO) upon reaction with water. Despite the variations in hydrophilicity, all the
SIIMA/AA/PEGDMA compositepolymershave a contact angle below 90°, which reaffirms
the hydrophilicity of the SIIMA/AA/PEGDMA compositpolymersto be potentially used as

tissuemimetic structures.

In addition tothe swelling capacity and hydrophilicitjgiomimetic materialsvould
need toachieveoptimum strength and elasticity in order to fully mimic the functionality of a
biomimetic structure as most human organs are made up of flexible soft tissues with a variety
of elasticity among the different human orgai¥$ Based orfFigure 2.12a, both SilMA and
SiIIMA/AA/PEGDMA compositepolymersresemble the properties of viscoelastic solids with
a higher storage modulus [ghan loss modulus (§Nue to the presence of covalent bonds
and any other strong physiegttemical interactions that hold the molecules together within the
polymer network®42° Furthermore, the storage modulush{Gilso known as the elastic
component, of the composjpelymerwas observed to increase proportionally with the dosage
of AA. Besides, based drigure 2.12b, the compositgpolymerswere revealed to become
stiffer and more elastic upon the addition of AAasalowern U value was obt
SIIMA/AA/PEGDMA compositepolymersas opposed to SiIMAAs the damping factotan
U, represents the ratio of NGBljljthe tani v a |l ue a p pwooldiicditatentigat ttree r o
respectivpolymerhas a lower viscous component as compared to the elastic comfidright
As such, it is concluded that the addition of AA would help heighten the elasticity of the SilMA

polymeras reflected by the increase in elastic component upon the addition of AA.
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Figure 2.12: The rheological properties of SIIMA/AA/PEGDMA compositepolymer. The
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With the aim to generate a strong and elastic matinabiomimetic structuresthe
mechanical properties of the developed material were benchmarked against the human knee
articular cartilage. In general, the human knee articular cartilage has a compressive modulus of
0.58 + 0.17 MPa upon futhickness compressidi'#?2Specifically, the superficial and the
deep zone of articular cartilage have a compressive modulus of 0.28 + 0.16 and 0.73 = 0.26
MPa, respectively, at a compressive displacement between 1040%45*??In reference to
articular cartilage, both the ultimate compressive and cyclic compressive properties of the
compositegpolymerwere evaluated in order to assess its suitability to be used as an alternative
material for shock absorption and wear resistance to withstand the compressive forces exerted
during the joint movement. Based Bigure 2.13a, the modulus of the SiIIMA/AA/PEGDMA
compositgolymerwas found to increase proportionally with the dosage of AA, winigties
that the compressive strength increases with the AA conMateover, he different
compressive properties of SilMAbtainedwith different AA contentsheds light on the
potential for the tuning of mechanical propertigssarying the AA content. With the tuneable
compressive propertie)e compositgolymerwas found to have a modulus of 0.28 + 0.04

and 0.72 + 0.05 MPa at 10% when added with &8l 0.8part of AA, which ¢osely mimics
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the compressive modulus of the superficial and deep zone of articular cartilage, accordingly.
Besides, it is important to note that the combination of SiIMA and AA polymer has resulted in
an exceptional improvement in terms of strength while retaining the efasperties as
reflected by the significant increase in moduhissdemonstrated by the compressive stress
strain curvegFigure 2.13b). The SIIMA/AA/PEGDMA was observed to achieve anf8lal

higher in modulus upon the incorporation of-pat of AA as compared to both the SilMA

and AA polymerwhen formulated solely. The high compressive modulus recorded for the
composite silicondasedbiomimetic materialn this study is highly impressive, considering

that many conventional hydrogel materisigiggleto achieve a combination of high strength

and elastic properties without requiring ppsbcessing-2°7:361
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Figure 2.13: The compression properties of SIMA/AA/PEGDMA compositepolymer. (a)
The compressive modulus at #and 30% with the modulus at 10 to 25 for the superficial
and deep cartilage highlighted in blue and green, respectively. Error bar representing + SD, n

O ®).The compressive stres$rain curve.

On the other hand, the PEGDMA content was found to have minimal effect on the
compressive properties of the compogtdymer as reflected by the similar compressive
moduluswith different dosages of PEGDMAwhich might be due to the relatively small

amount in the overall polymer systdifigure 2.14a). In terms of the effect of curing, the
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increase in exposure time per printing layas found televate the compressive modulus of
the composit@olymeras demonstrated by the increase in compressive modulus with exposure
time per printing layefFigure 2.14b), with the same applies to the increase in joosing

time (Figure 2.14c). However, the compressive modulus of the compgsitymer was
revealed taremain constant with poesuring time beyond 0.5 minutd&his suggests that
maximum of 0.5 minute of posuring is sufficient to fully strengthen the compogitdymer

after printing. In general the overall composition of SiIMA and Aas revealed tplay a

major role in dictating the tuneable compressive properties of the SIIMA/AA/IPEGDMA
compositepolymerwhen being applied with the optimum exposure time of 2 seconds per

printing layer
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Figure 2.14: The compressive modulus at 106 and 30 % of the SIIMA/AA/PEGDMA
polymer when being subjected to various conditionga) SilIMA with 0.8-part of AA and

different dosages of PEGDMA in part ratio. SilMA with 0-p&rt of AA and 0.00%art of
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PEGDMA when subjected i) different exposure time per printing layée) different post
curing timeafter being printed with an exposure time of 2 seconds per printing layeid)and
different swelling medium and condition after 96 hours of incubakoror bars representing

+3SD,n0 4.

In the aspeaodf durability, the SIIMA/AA/PEGDMA compositpolymerwas revealed
to have a excellent durability as reflected by th@mparable compressive modulus throughout
the 10 continuous compression cydlegure 2.15a). The excellent recovery of the composite
polymer after withstanding compression at a constant displacement for 10 cycles further
exhibits the potential of the composfielymerto be used as articular cartilage substguie
any elastic biomimetic implanté&dditionally, the SIIMA/AA/PEGDMA compositgolymer
demonstrates highly replicable compression prope(figgire 2.14d) and durability(Figure
2.15b) when being applied with boewyimicry conditions This provides further evidence on

the suitability of the SIIMA/AA/PEGDMA compositgolymerto be used as body implants.
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Figure 2.15. The compressive modulus at 10 of SIIMA/AA/PEGDMA composite
polymer after 96 hours of swelling for 10 continuous compression cycle¢a) The
compression cycle of SiIMA with varying dosage of AA in part ratio and OpZ0t of
PEGDMA. (b) The compression cycle of SiIMA with O@art of AA and 0.00%art of

PEGDMA when being subjected to bedymicry conditions.

Aside from the mechanical properties, the compopié/mer material needs to
demonstrate nenytotoxic properties to be qualified as medical implants. Generally, the testing
specimen would be classified as roytotoxic when presented with a cell viability greater than
70 % after at least 24 hours of cell culturittd In this study, the cytotoxic properties of the

SIIMA/AA/PEGDMA composite polymer were assessed by quantifying the relative cell
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viability as opposed to the control group aftercedturing with living cells for up to 6 days.
Based orFigure 2.16, the composit@olymerdemonstrates no signs of cell cytotoxiaitith

good biocompatibility properties as reflected by the comparable cell viability as the control up
to Day 6 Henceforth, the SIIMA/AA/PEGDMA compositgolymershows great potential for

the construction of biomimetistructureswith viscoelastic properties, tuneable mechanical

properties, and excellent durability that can be highly replicable in biomimetic conditions.
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Figure 2.16. The biocompatibility properties of the SIIMA/AA/PEGDMA composite
polymer. The relative cell viability of the composiplymersfor Day 1, 3, and 6. All the AA
and PEGDMA components are in part ratio with respect-parl of SilMA. Error bar

representing N SD, n O 5.

2.4 Conclusion

In summary | have successfully demonstrated a novel approach to formulatB-an
printable siliconebased compositgolymermaterial by incorporating AA and PEGDMA into
SiIMA to form an IPN network, departing from the conventional reliance on the typical

composition of functionalized PDMS oligomers. The incorporation of AA and PEGDMA into



SiIMA has successfully resolved the issue of highgekviscosity and slow curing rate of
SiIMA for VP printing. Upon formulation optimization, the SiIIMA/AA/PEGDMA pogel
solution was revealed to have excellght printability with fast printing speeds indicated

by the2 seconds gel point of the formulated material. Besidesyealed the capability to
generate higiyuality 3D structures with a printing resolution of X, Y, and Z down to 490

using the formulated material. In addition to the exoell&/P printability, the
SiIIMA/AA/PEGDMA polymerrepresents a new class of silicdmesediomimeticmateriak

for the construction dbiomimeticimplants Differing from the conventional silicone material,

the SIIMA/AA/PEGMDA composite polymeexhibits a hydrophilic nature with good swelling
capacity in water. Furthermore, the SIIMA/AA/PEGDMA compopitéymerwas revealed to

have a comparatively high strength and elasticity as opposed to regular hydrogel material,
which further aids in the expansion of scope on application for elastic biomimetic structures
requiring high strength. Additionally, the tuneable cimanical properties of the
SiIMA/AA/PEGDMA compositepolymerwith the AA content allow for better catering toward

the functionality of tle biomimetic structure. For instandejlemonstrate the possibility of
closely mimicking the compressive modulus of the superficial and deep zones of articular
cartilage at 0.28 £ 0.04 and 0.72 + 0.05 MPa with the sild@sed compositpolymer
consisting of 0.5and 0.8part of AA with respect to -part of SilIMA, respectively. In
conjunction with that, the developed compogtdymer exhibits excellent shape recovery
properties and good biocompatibility. Overall, the SiIIMA/AA/PEGDMA compagsalmer

shows great potential as a new class of biomimetic masenigrating strength and elasticity
imparted by the silicone component in the compgsiigmer material for the fabrication of
high-strength elastic biomimetic structures. Moreover, the ability to generate 3D structures
with VP printing opens up a new avenue for the fabrication of elastic biomimetic structures

using the developed material.
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Chapter 3Improving the Printing Accuracy and Resolution of the
Hydrophilic Silicone-based Ink with Cellulose Nanocrystal for the 3D

Printing of Open-channelFluidic Devices viaVat Photopolymerization

3.1 Introduction

To adapt the hydrophilic silicoAgased material for th&abrication of microfluidic
devices, further photocuring depth tuning requiredtoi mpr ove t he materi a
accuracy and resolution for thenerabn of highly accuratenicrofluidic components. Despite
the successful VP printing with the hydrophilic silicdvesed material developed in the
previous chapter, the developed material was observed to experience a slightly compromised
printing accuracy and resolution due to ovemogriOvercuring or excessive curings a
phenomenon mostly caused by the high transparency of tigepselution, which allows an
excessive amount of light to penetrate through the defined layer thickness and results in the
curing of additional areas that were intended to remain unctiredovercuring of a highly
transparent prgel solution is not uncommon and several studies have attempted to circumvent
the problem by incorporating colouring dye into thegeésolution as a photoabsorber to limit
the amount of tiht penetrating through the designated Id§éfl#0%4228 \while the use of
colouring dyes has been effective in addressing the problem of overcuring Hbvdsgd
printing, it is important to note that the inclusion of these dyes can permanently alter the colour
of the printed structure. This is not desirable tlee fabrication oimicrofluidic devices as
microfluidic devices often prefer a clear and colourless interface to accurately quantify the
biological, chemical, and mechanical interaction via the visualization of the fluid
phenomenod?® Thus, an alternative photoabsorber with minimal impact on the final colour of
the pregel solution is required to maximize the effectiveness of the fluid flow visualization in

the final printed microfluidic device.



In parallel with that, cellulose nanocrystal (CNC) appears to be a promising alternative
additive to function as a photoscatterer for the silidoaged composite pigel solution.
Typically, CNC is incorporated as a nasiaed biafiller to reinforce thanechanical properties
of composite polymer materials due to its high specific strength and high aspeti®fdfio
Despite being uncommon, there is evidence showing that CNC conferssdagtering
properties and can potentially be incorporated into composite polymer material for photocuring
depth tuning®® For instance, Yadav et 4° reported on the incorporation of CNC into
chitosan for the development of biodegradable food packaging film with UV barrier properties.
Besides light scattering properties, the hydrophilicity of CNC further elevates its choice as the
incorporating nanofier due to its enhanced fillenatrix miscibility with the hydrophilic
siliconebased composite pigel solution30:431433436additionally, the integration of CNC
results in a more uniform appearance compared to colouring dyes, which is in line with the
objective of creating microfluidic devices using the-ged solution.As such, CNC exhibits
great potential to be incorporated into the formulatedgetesolution as a photoscatterer for
the fabrication of microfluidic devices with its light scattering properties, hydrophilicity, and

final neutral colour.

Several studies have attempted to demonstrate the potential of fabricating silicone
based microfluidic devices with VP printing. However, most of the studies reported on the use
of colouring dyes as photoabsorber for improved printing accuracy withoutleang the
staining of the final printed device as a significant drawback. For instance, GonzaléZ et all.
demonstrated the printing of silicob@sed microfluidic devices with a dark red interface upon
the incorporation of red dy@®R1-MA) as photoabsorber. In addition to that, Gonzalez et al.
revealed that the silicone ink material failed to generate microchannels with dimensions below
400um despite the incorporation of red dye. This provides further evidence that the

incorporation of colaring dyes does not fully eliminate the overcuring issue and further
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measurements, particularly the printing parameters, need to be taken into account to precisely
elevate the printing accuracy of the ink material. Conversely, Bhattacharj¢8‘eeabgnize

the staining of ink material with colouring dye as a drawback for microfluidics application and
incorporated isopropythioxanthone (ITX) as photosensitizer instead to regulate the
photocuring depth of the silicone ink material without staining the ink material. Despite the
successful printing of silicorleased microfluidics devices with clear interfgaeis important

to note that the silicorkasednk materials outlined in mostf the studies are solvetitased

and hydrophobic in naturélable 1.2). This differs significantly from the silicoAgased
material documented in this chapter, which is formulated as a-bated ink and exhibits
hydrophilic properties upon curinjloreover many studies conducted thus far have primarily
focused on demonstrating the feasibility of fabricating siliebaged microfluidic devices with

VP printing, with a limited exploration of the functionality of these printed devices in fluid

processing wheheing subjected to different conditions.

In this chapter, | further adapt the hydrophilic siliconlke material for the fabrication
of highly customized microfluidic devices via VP printing. Besides, | explore the novel use of
CNC for photocuring depth tuning as a strategy to improve the prititigracy and resolution
of the hydrophiliesilicone ink without coloustaining the ink. Subsequently, the printing
accuracy of the smallest possible channel dimension is used to evaluate the printing resolution
of the pregel solution after CNC integratn. Furthermore, | investigated the potential for on
demand manufacturing of microfluidic devices by showcasing the feasibilitgbricating
typical designs of microfluidic device models with VP printing. Thereafter, the printed
microfluidic devices are tested for fluid leakage under various solvent, temperature, and flow
pressure conditions using static and dynamic flow measuremettgionally, the chemical

and biological properties of the developed material are explored to understand the compatibilit
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of the microfluidic device with different solvents and with living cells to potentially widen the

scope of application of théP-printed microfluidic device in the chemical and biological field.

3.2 Materials and Methods

3.2.1 Materials

Aminosilicone (Silamine DEDA) was purchased from Siltech Corporation, Canada.
Poly(ethylene glycol) dimethacrylate (PEGDMA,wM= 400 g/mol) was purchased from
Polysciences, Inc., USA. Methacrylic anhydride (MA), acrylamide (AA), lithium ph2y6
trimethylbenzoylphosphinate (LAP), sodium hydroxide, 10X phosgafiered saline (PBS),
chloroform, acetone, acetonitrile;NFdimethylfaomamide (DMF), hydrochloric acid, sulfuric
acid, methanol, hexane, toluene, methylene chloride, and diethyl ether wehaged from
SigmaAldrich Canada Ltd., Canada. Cellulose nanocrystal (CNC) was purchased from
CelluForce Inc., Canada. Sodium chloride was purchased from ACP Chemicals, Canada.
Cyclohexane, tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO) were meadhfaom
Caledon Laboratories Ltd., Canada. Sylgard 184 silicone elastomer kit was purchased from
Dow Silicones Corporation, United States. Ethanol was purchased from Greenfield Global Inc.,
Canada. Ammonium hydroxide, 0.05 TrypsinEDTA (1X) was purchagkfrom Thermo
Scientific Chemicals, Canada. Isopropyl alcohol (IPA) and penicillin/streptomycin were
purchased from Wisent l nc. , Canada. ghul becc
glucose and tglutamine (DMEM) was purchased from Lonza Inc., USA. Fetal Bovine Serum
(FBS) was purchased from Avantor Inc., USAe 3[4,5-dimethylthiazoi2-yl]-2,5 diphenyl
tetrazolium bromideNITT) cell proliferation assay kit was purchased from ATCC Bioproducts,
USA. All the chemicals were laborategyade and used asceved. All the aqueous solutions

were prepared using Mi#lQ water (18.2Mq L. ¢ m) .
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3.2.2 Preparation of SIIMA/AA/PEGDMA/CNC Pre-gel Solution

Firstly, SiIMA was prepared by reacting aminosilicone with MA followed by blending
with AA monomer and PEGDMA crosslinking monomer. In brief, the aminosilicone was
dispersed in water with a 1.5 to 1 ratio aP65ollowed by the addition of @t% of MA. The
polymer dispersion was stirred at 85 for another 3 hours in the dark with a closed cap and
left to cool once the reaction was complete. After th&tpart ratioof AA and0.002part ratio
of PEGDMA with respect to Jart of SilIMAwere added into the pigel solution and stirred
at room temperature (22 +°£) until complete dissolution. At this stage, CNC with different
dosages ranging from 0 to $2% can be added followed by stirring until the CNC has been
homogeneously dispersed in the-ged solution. After that, 0.&t% of LAP was dded and
stirred at room temperature for 1 hour in the dark before proceeding with printing. All the
dosage in wt% mentioned in this section was calculated based on the tajal potution

mass

3.2.3 Pre-gel Solution Properties

The optical transmittance of the pyel solution between 300 to 56th was measured
with a sample loading of 20QL in the wells of 96 welplate using the UWis
spectrophotometéMolecular Devices SpectraMax M2, Marshall Scientific, USH)e shear
viscosity of the pregel solution was measured with an increasing shear rate from 0.10 to 100
s? consisting of 10 samples per decade &t@%ith the rheometer (Kinexus Ultra+, Malvern,
United Kingdom) using spindle DG25 L0381 SS. The gel point of thg@rsolution was
determined by measuring the rheological properties of thggqdrsolution cured at different
UV exposure times. Several samples withllof pregel solution aliquot were prepared in 20
mL glass vials and exposed to UV light in a UVP crosslinker (Analytik jena, Germany) at 4000

uJ cm? for 60 seconds. The samples have a thicknessnoi4 The samples were removed
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intermittently and the UV exposure time for the respective samples was recorded. The storage
modulus (@ loss modulus (§jNj a n df theé samples with different UV exposure time
intervals across the 60 seconds of UV curing were measured with a rheometer and graphed to

identify the crossover point of storage and loss modul 3§ B the gel poirftl®41:
3.2.4 Three-dimensional Printing

3D structures were printed usitige VP printer (Photon Mono 4K, Anycubic, China).
Before printing, the3D models were designed using FreeCAD and sliced with Photon
workshop (Anycubic, China). Then, the ggel solution was poured into the vat and the
respective structure was printed on the build plate with 2400/ power of 400quJ cm? at
405 nm with the printing parameters as detailedTable 3.1. After printing, the printed
structure was removed and washed in water at 800 tgp@®@or 30seconds Finally, the wet

printed structure was adried in the open air.

Table 3.1: The 3D VP printing parameters and settings for all the printed structures.

Parameters Settings
Layer thickness (mm) 0.05
Exposure time (s) 3.0

Off time (s) 5.0

Z Lift height [0] (mm) 2.5

Z Lift speed [0] (mm/s) 8.0

Z Retract speed [0] (mm/s) 10.0

Z Lift height [1] (mm) 4.5

Z Lift speed [1] (mm/s) 12.0

Z Retract speed [1] (mm/s) 15.0

*[0] = initial lift distance; [1] = subsequent lift distance after the initial lift distance

3.2.5 Printing Resolution

The printing resolution of the channel width and height of the microchannel were
evaluated in reference to the test models developed by Gensler et af22agt0appropriate

modifications to fit the purpose of printing microchanné&lst channel width, the test model
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was designed to have a gradual reduction in channel width from 100@Quio &iih a constant
channel height of 1000m. For channel height, the test model was designed to have a gradual
reduction in channel height from 1000 to |B® with a constant channel width of 10Q6.

The printed test models were photographeéth a digital microscope (Trinocular Stereo
Microscope, Amscope, USA) and measured using ImageJ. The deviation of the printed channel

width and channel height were calculated with the equakielusv:

$ AOEA®E |—+— @p mn b Equation3.1

where X and X denote the designed dimension and the actual printed dimension, respectively.
3.2.6 Fabrication of Microfluidic Devices

The 3D microfluidic device parts with open microchannel patterns on the structural
surface were printed and processed with3Beprinting procedure as mentioned $ection
3.2.4 The printed microfluidic device part was then bonded to a glass slide with a biomedical
grade pressurgensitive double adhesive tape and left at room temperature (2€xf@r at
least 1 hour for secure bonding. After that, Tygon tulsregtached to the inlet and outlet of

the microfluidic device using cyanoacrylate glue (KrazyeRlu
3.2.7 Preparation of PDMS

PDMS was prepared using Sylgard 184 silicone elastomer as a control material for the
fabrication of microfluidic devices. Sylgard 184 was prepared following the instructions with
a 10 to 1 mix ratio of base to curing agent by weight. The mixture was dleedanto malds

and left to cure at room temperature (22 %2 for 72 hours.
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3.2.8 ContactAngle

A 10 pL water drop was dispensed onto the surface of the cured gel sample and
photographed with a digital camera. Then, the contact angle was analyzed using ImageJ. A
total of 20 readings were recorded from the same sample to eliminate any inaccuracy due to
measurements using ImageJ. The measurements were repeated on different samples as

replicates and the measurements were reported as an average.

3.2.9 Chemical Compatibility Test

The chemical compatibility of the cured gel samples with different solvents was
evaluated in terms of their swelling degree when fully immersed in the respective solvent at
room temperature (22 +°€) for 24 hours. The swelling degree (SD) was calculated with the

following equation:

3 — @p b Equation3.2

where W and W represent the weight of the cured polymer before and after swelling,

respectively.

3.2.10 Biocompatibility Test

The biological compatibility test was investigated based on the cell viability of the
HCEC cells with the cured gel samples for up to 6 days and quantified using the MTT test.
Firstly, the HCEC cells were cultured in DMEM supplemented wittoX0/v) of FBS and %6
(v/v) of penicillin/streptomycin at 37C with 5% CQp. Prior to the test, the cured gel samples
were soaked in 7% ethanol for 24 hours followed by soaking and washing with PBS solution
for several days. The cured gel samples were cultured eglis using 6 welplates.

Subsequently, the cell viability of the respective samples at predetermined days was quantified
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using the MTT test based on turLefcethamediaivasct ur e

added with 1QuL of MTT reagent and incubated at B for 4 hours followed by the addition

of 100 uL of detergent solution and incubated at room temperature for 2 hours. Finally, the
incubated cell media was transferred to a 96-plalle for absorbance measurement atr&v0
using the UWvis spectrophotometéMolecular Devices SpectraMax M2, Marshall Scientific,

USA).

3.3 Results and Discussion

3.3.1 Incorporation of CNC into the Pre-gel Solution

CNC was incorporated into the silicobhased composite pigel solution in an attempt
to resolve the overcuring issue with the highly transpareng@rsolution by reducing the
light penetration depth for better printing accuracy and resolution. Spdlgifithe UV light
emitted by the/P printer used in this work has a wavelength of A6t Hence, the choice of
additives used for photocuring depth tuning needs to confer suitable absorption properties at
405nm to effectively reduce the light penetratabepth of the prgel solution at a wavelength
best complemented to that of t@ printer. Based on the initial evaluation, CNC was found
to exhibit a wide range of absorbance from 300 ton@@Figure 3.1a). Evidently, the light
transmittance of the pigel solution at 405m was observed to reduce proportionally with the
increasing CNC content from 1 to %@% (Figure 3.1b). The percentage of light scattered by
CNC was further quantified by translating the difference between the light transmittance at 405
nm of the respective pigel solutions measured figure 3.1b to ratio in percentage for

comparison.
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Figure 3.1: The optical properties of LAP, CNC, and the siliconébased pregel solution.

(a) The absorbance of 0.Wwt% LAP and 1wt% CNC in water from 300 to 70@m. (b) The
transmittance of prgel solution without and with 0.\wt% of LAP followed by the inclusion

of 0 to 10wt% of CNC from 300 to 508m. The UV exposure wavelength of e printer

at 405nm is represented by the dashed lif@.The amount of light absorbed by ggel
solution and LAP, and scattered by CNC, respectively, when added with Ovté&oldf CNC.

The siliconebased composite pigel solution comprises SiIMA/AA in &: 0.5 ratio followed

by 0.2wt% PEGDMA and 0.5t% LAP unless mentioned otherwise. Error bar represents +

SD, n O 4.

Prior to the incorporation of CNC, the addition of lithium phedy,6
trimethylbenzoylphosphinate (LAP) results in a reduction of transmittance from 3000420
(Figure 3.1b), which aligns with the absorption range of LAP as a photoinit{&igure 3.1a).

The resulting difference in transmittance at 406 of the initial pregel solution with and
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without 0.5wt% of LAP was used to derive the amount of light absorbed bywibof LAP

and the initial pregel solution, accordinglyFigure 3.1c). Subsequently, by assuming the
amount of light absorbed by the initial pgel solution to remain constant, the further reduction

in transmittance with CNC is regarded as the amount of light scattered by CNC itself. Based
onFigure 3.1c, the amount of light made available to LAP was found to decrease from 68.0
3.81038.3+£1.1,29.9+1.0, and 22.3 +%.&s the amount of light scattered by CNC increases
with the increasing CNC content from 0 to 1, 5, andvi®%, respectively. This reveals the
ability of CNC to limit the amount of light for photoinitiation with its lightattering properties.
Despite that, an optimum CNC content is vital as an overdose of photoscatterer often causes
the undercuring of printip layers, which results in either a structurally weak construct with

layer misalignments or a complete failure in printing due to insufficient pbota.

Besides considering the photocuring depth, it is crucial to investigate the effect of CNC
on the viscosity of the prgel solution. This is becaus# printing prefers resin material with
a low viscosity for better flowability to effectively replenish the printing layer and to minimize
the turbulence caused by the movement of the build plate duringRtipeinting proces$®
Based orFigure 3.2, the shear viscosity of the pgel solution was found to increase with the
CNC content, which is most probably attributed to the formation of hydrogen bonding between
the hydroxyl groups on the surface of CNC with its surrounding matrix ofgglre
solution.*343°0n the contrarythe addition of Wt% of CNC was found to generate a-oed
solution with minimal impact on the shear viscosity as shown by the comparable shear viscosity
of pre-gel solution with Owvt% of CNC.It is worth noting thathe pregel solution with 1 wt%
of CNC has a more prominent sh#lainning effect than the one with 0 wt% CNC. This is most
probably due to the alignment of the CNC as shear applies. Qtbeafiregel solution with

1 wt% of CNC was selected to proceed with the gel poiatuation.
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Figure 3.2: The pre-gel viscosity of the siliconébased pregel solution.The shear viscosity
of the pregel solution with 0 to Wt% of CNC with increasing shear rate from 0 tost0
graphed in a logog plot. The silicondased composite pigel solution comprises SIIMA/AA
in a 1: 0.5 ratio followed by 0\2t% PEGDMA and 0.5vt% LAP unless mentioned otherwise.

Error bar represents N SD, n O 4.

The evaluation of the gel point of the ggel solution is critical to underpin the
minimum UV exposure time required per printing layer to form a solid gel via gelation upon
photocuring. Due to the nature P printing, the UV exposure time of the pgel solution
for each printing layer is often limited to only a few seconds. Thus, it would be highly
favourable for the prgel solution to have a gel point within a few seconds for rapid curing
properties? In parallel to that, the gel point of the pyel solution was determined based on
the changes in the rheological behawviof the pregel solution with the UV exposure time.
Particularly, the gel point was identified as the point where the storage modNilosogSover
with the loss modulus (§iNpr which G¥GNjak the prgel solution solidifies from the liquid

pre-gel state (G GNjidjthe solid gel state (& GNjhipon UV exposuré®+1Based orFigure
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3.3, the addition of % of CNC demonstrates a similar gel point of approximately 2 seconds
as opposed to the pgel solution with Omt% of CNC, which indicates that the addition of 1

wt% of CNC has no negative impact on the rapid curing properties of tHgelpselution.
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Figure 3.3: The gelpoint of the siliconebased composite ink material based on
rheological properties. The st orage modul us, GO, l-gels s mod
solution with 0 and Wwt% of CNC upon UV exposure for 20 seconds plotted in log scale. The
siliconebased composite pigel solution comprises SIIMA/AA in a 1: 0.5 ratio followed by

0.2wt% PEGDMA and 0.5t% LAP unless mentioned otherwise. Error bar represents + SD,

n O 4.

By considering the minimal impact on the viscosity and gel point of thggdrsolution,
1 wt% of CNC was employed as the optimum dosage of photoscatterer for the following
evaluation of the printing accuracy and resolution of the formulatededreolution. Overall,

the 1wt% of CNC was observed to be homogeneously distributed and dispersed within the

polymer matrix of the prgel solution as shown iRigure 3.4.
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Figure 3.4: The observation on the homogeneous distribution of Wt% CNC in the
silicone-based pregel solution.The microscope images of the silicemased prayel solution

added with Wt% of CNC unded.Ox and 20x magnification. Scale: 100um.
3.3.2 Printing Accuracy andResolution

The printing resolution of the microchannels was evaluated in reference to the test
models developed by Gensler et&with appropriate modificatigrby measuring the printing
accuracy of the smallest possible dimension of the microchaSpekifically, apositive
deviation indica@sa larger than designed microchannel and a negative deviatiaatesh
smaller than designed microchannel. In terms of the printing resolution of channel width, a test
model with a gradual decrease in channel width from 1000 torb@ith a constant channel
height of 100Qum was used for evaluatiqfigure 3.5a, top). The respective channel height
and width of the microchannels were viewed and measured from the side as shown by the h
and w labels inFigure 3.5a (bottom), respectively. Based oRigure 3.5b, the printing
accuracy of the channel width was found to increase significantly upon the additiovi%f 1
of CNC with the printed channel width better matching that of the designed channel width from
1000 to 10Qum. In conjunction with that, the respective microchannels were found to have a
near zero deviation for the printed channel width down tq#@@nd a deviation of 6417.9,

-17.8 £ 26.2, andd.5 + 22.2% for 300pum, 200um, and 10Qum, accordingly(Figure 3.5d).
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The printed channel width for 50m remains indistinguishable regardless of the addition of 1
wt% of CNC. The relatively large standard deviation recorded for the printed channel width
below 300um reveals the increase in measurement inaccuracy as the dimension of the channel
width reduces. As such, the printed channel width recorded belowur808oes not fully
represent the incapability of thé printer to accurately generate fine features below 860

in dimension. Therefore, the respective test modmtsanly serve as a preliminary reference

to gauge the printing accuracy and resolution of microchannels with the newly developed
printing material using the optimized printing parameters. OverallEhprinter can resolve
channel widtlrdownto 100um with minimal deviation using the formulated frel material

(Figure 3.5b).
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Figure 3.5: The printing resolution of the (ad) channel width and (eh) channel height of
the siliconebased composite ink with 3DVP printing. (a) The CAD design model (top) and

the 3DVP printing model (bottom) of the test model with a designed channel width ranging
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