CHAPTER 2 "\z~

LITERATURE REVIEW %\

2.1 Introduction i
In this chapter, the basic concept of biopo wis introduced.
§;u

Polyhydroxyalkanoates (PHA) and its derivative, poly ty[ate (PHB) are

discussed including their properties, synthesis route, a ges an ges in the

printing p*CiﬁY:Iat-

application. Then, additive manufacturing or

photopolymerization part are also being

nd? discuésed. ggtly, the
iy ‘?L'

dica\ sector is al cussed at the

end of this chapter. \% é

implementation and utilization of 3D printi

2.2 Biopolymers
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rotet'J nd nucleic acid that are derived from
(Lisits aﬂ', 2@_2)1 . They can be categorized into three major

N
classes which ‘are nafl thetiesand microbial derived polymers (lbrahim et al.,

Y—v

201 ther aspect of categ@ they could also be distinguished from their polymer

o

e; polysaccharides, polyamides, polycarbonates, vinyl and polyesters
olymers. There are various ways to segregate types of biopolymer. Since they are
roduced from renewable resources, they are the most promising alternatives to the

petroleum-based polymers due to their advantages such as biocompatible, abundance in



nature and non-toxic (Baranwal et al., 2022). Sustainable management and efficient
usage of natural resources have been envisioned by the United Nations by 203
is aligned with the 12" of Sustainable Development Goals (SDGs); @sible

consumption and production (Lenzen et al., 2022). Thus, the utilization‘%polymers

in accordance with the SDGs to promote greener environments. Q
2.2.1 Classification of Biopolymer z '

Biopolymers can be categorized into several ways on 'fstpectives.
uy
They can be sorted according to their origin, type nomers, a‘a@ and

polymer backbone. Figure 2.1 shows different iffcation<of-p Iym@f;ased on

their origin. g

Derived from natural Derived from microbial Derived from chemical
materials fermentation synthesis

Polysaccharides
- Starch - Polyethylene
- Cellulos \ - Polypropylene
- Chito& - Polyamides
- Peati -Polyolefins

R
S

igure 2.1: The Class&}:ﬁtion of Biopolymer (Ibrahim et al., 2019).

6& Polyhydroxyalkanoates (PHA)
Among the ideal candidates of biopolymers, polyhydroxyalkanoates (PHA) have

gained significant interest among researchers to explore and utilize this polymer. PHA



are microbial polyesters that are derived from specific microorganisms under certain
circumstances such as deprivation of nutrients and excess of carbon sources (Ria Y,
2021). The survival mechanism of this bacteria or microbes urges them to ;@PHA
for their energy storage purposes. They are many types of PHA produci teria such
as Azotobacter, Bacillus and Pseudomonas where each family of theWroorganism
creates different kinds of PHA (Yoshida et al., 2022; S, M. '€e et al., 2021,
Sabarinathan et al., 2018). They are being classified into t Xj; (fategories which
are short-chain length, medium-chain length and lastly -chai Iew‘sisting of
3-5 carbons, 6-14 carbons, and more than 15 carb@ectivel (D e' a_l\@YZ'l).
4 \/‘Z'

2.3 Polyhydroxybutyrate (PHB) J. 0\ \ é\v
Polyhydroxybutyrate (PHB) tha@der scl-P ami@a typical type of

PHA which is being studied progr@sly amo\res¥rc ers_due to its mechanical

N
properties that resemble polyp% (Plﬂ and olyet<</ e (PE) that are derived
from petroleum-based (Mc% al.fﬁ{;r ,'PHB is created in the cell of
PHB-producing micro% Whe'g ubj t‘gd to@ficient of nutrients and excess of

N,
carbon sources whe wposi\tiﬂﬁm -neg\ﬁye bacteria (Susianingsih et al., 2020).

The extraction recavery [ 'ymec%ie been greatly discussed as the selection

cFresQ;ea could synthesize different forms of PHB.
N
struct& of PHB.
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Figure 2.2: The Chemical Struc f PH ' L}Y'
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2.3.1 Properties of PHB \,

PHB is considered as highly \&De

chemical regularity of structure, haw)up to 7 c?s linity (Smith et al., 2020).

This unique characteristic is po@y itsfexcellent mec \cal properties by having
&

modulus of elasticity ranging m t(I. d tensile strength about 20 — 40 MPa

e special stereo-

—

(Yeo et al., 2018). The brittlepess occurs due to theysecondary crystallization during

s s
inherent physical ag%a ogii \Sa,m : 202Q§ft has also low tensile strain ranging

from 5-7%, attr@o th e erulit@mation during the slow crystallization
process, thus,%i easily fea o;?:'raé%?nd fracture (Majerczak et al., 2022). PHB
could algtﬁ%i'e at}e Mu r@g from 170 — 200 °C, hence limiting the thermal
pro@t perature (Silva e@)&}ZOZZ). The methyl functional group (CHs) and ester
li by

Nroup (-COOR) that are present in the molecular structure of PHB contributed
t

rds its thermoplastic, hydrophobic, high crystallinity and brittle characteristics

Qas et al., 2021). Table 2.1 shows the comparison of properties between PHB, PP and

LDPE.



Table 2.1: Properties of PHB, PP and LDPE.

Properties PHB PP LDP
Tensile strength (MPa) 20-40 30-35 0.4 1.5
Elongation at break (%) 5-7 330 - 350 2 %
Young’s modulus (GPa) 3-35 3-4
Impact strength (kJ/m2) 3 8.8 15—
Density (g/cm3) 1.24 0.946 1920 — 0.940
Glass transition (°C) -5t05 =25 —100to —80

Melting point (°C) 170 -200 150 -171 Y!D —130

2.3.2 Synthesis Route of PHB

There are three synthesis routes in the production of P ich afe: ring-opening

polymerization by utilizing B-butyrolactone reagent, natural/t nMLan nd

rIv N
bacterial fermentation (Dobrogojski et al., 2018). ynthesis of PHB i ab‘Zegthree
L 4
, the

main stages that include different enzymatic 'ons.\w be‘}(;ensation

in%"j together to‘@1 acetoacetyl-

&
etoac@-CoA undergoes

process occurs when two acetyl coenzyme wmb
CoA, catalyzed by [-ketothiolase . Next,

hydrogenation process by PHA-

E )

which is (R)-3-hydroxy-butyryl- . Lasthy, PH on&q@"starts to combine together

through polymerization provnataly'v by HA‘@ﬂthase enzyme (PhaC) to form
N

PHB polymer (Yu, 20(% iIIustrgtlon tlae% e process is shown in Figure 2.3.
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Figure 2.3: The Synthesis Route of PHB.
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2.3.3 Advantages of PHB

Over the decades, PHB has gained significant interest among research
industries attributed to its versatility in application as it has many b(%& The
biodegradability and biocompatibility of PHB are the dynamic duo of Awacterlstlc

that entice scientist to fully utilize this biopolymer. PHB could und%oth aerobic

and anaerobic degradation (lglesias-Montes et al., 2021). P des much faster
under anaerobic conditions compared to aerobic. Accordi evlous study, PHB
were degraded anaerobically around 83% in just 77 s and m e aeroblc

degradation took up to 177 days (Garcia-Depraect et

22). The bi r‘pg@htyof
e es{o the@ﬁan body

PHB has been proven as it does not trigger an

(Bonartsev et al., 2019). Thus, it has be ed a\wd lied i blomedical

application such as vascular graﬁlng&allvery an |Ia®<‘fssue engineering

Apart from that perfect on, fﬁe pr uxtlonQi HB by PHB-producing

microorganism could be su \byt ble @Jstamable resources for their
carbon sources intake. % Id be odu d in sbvent where nutrients are lacking

4
such as nitrogen, Wrus ap
such as glucose nd tos
waste such g canebagas r!Ee {tjé& and wheat (Saratale et al., 2021; J. Y. Lee

et al., Z%

by using bacterla@lfnentatlon has at least reduced the environmental

(Pulingam et al., 2022). ‘ _J
:% T \

g(tb*e presence of excess carbon sources

t aI ) They can be extracted from the food
o et dl ) M ver, the utilization of bioreactor system in PHB

i XCompared to petrochemical-based plastics (Manikandan et al., 2021).

S
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2.3.4 Challenges in the Application of PHB

Apart from all the benefits shown by PHB, the utilization of this polyme?'ﬂle
industrial-scale production is still restricted due to some obstacles. The pr@ cost
of PHB is still higher compared to the conventional polymer as it is iR, its infant
stage for the mass production (Aydemir & Gardner, 2020). DeRe.all of these
disadvantages, developed countries such as German, India Qyna has taken a

proactive measure to produce PHB for commercialization 0Ses si'|ce they can see

huge potential of this polymer in the future (Bhalerao et 020 ‘\d‘

mer. I is attri.&@‘z;igh
Ia% ites @Jre PHB,
has initiated the tendency of crack an@h, fra en q@mz secondary
crystallization. The continuous crystallizati rest@d the molecular
segments, resulting molecular conffmsion chan\nr?di '/Q - In conjunction with

N
that issues, a study was cond%o stu(a oorrel@l between crystallinity,

&
morphology and mechanical_pr rtieL (El- et al., 2002). The findings

0
foundthatsmallersph% hanc:,\‘ em chénicED’propertieswith the incorporation

F &
of nano-clay as nucl€ating ag% ed Eéfdadi, 2014).
The utilization P 0 Iirr&'b&}'due to its narrow thermal processing

!
window. Th G@al instabili offPl-éﬁ? attributed from the ester linkage bond that
N

PHB is considered as a highly semi-crystalline

stiffness and low deformation capacity. The pr

<
—
=7

i {aboveck melting point typically between 170 — 200 °C

~—

p -based plastics such as high density polyethylene (HDPE), polyester and

@ etrafluoroethylene (PTFE) (Turco et al., 2021). Thus, it limits its applications in
i

gh-stress environments. Lastly, PHB has poor abrasion resistance compared to other



biodegradable polymer (Karbasi et al., 2022). Thus, it cannot withstand with the wear
and tear during the usage since it can lead towards surface scratching and crackw'

Various ways have been devised to toughen the PHB so that it can@ored
further for desired applications including drawing and thermal treatment; ding with
materials from natural resources and synthetic polymers, inclusion ofgatural fibers or
rigid fillers and lastly modification by chemical functionalization as ifstrated in Figure
2.4 (Yeoetal., 2018). However, blending is much conveni Y(;n

Tmical-approach

compared to other techniques (Abdelwahab et al., 2012)8lt is a ro%&s#ombining

"X
different types of existing polymers aiming to a an inter ie‘e _@etter
properties while preserving the major charactgkisticS of thé ure Q‘Eponents.

Nevertheless, the blending technique coul in grato? w additi)é;z;nufacturing
methods can be a good solution to impraye tr];mechanic rfor@te of PHB blend.
LIS
\ Y o

55 -

gy
» il

Blending

» Natural sources
mmf;:ﬁ@ o PHB e
oughening  sbmes "
/. polymers
| @
R

Figure 2.4: Different of PHB Modification Techniques (Yeo et al., 2018).
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2.4 Additive Manufacturing
Additive manufacturing (AM) is defined as a continuous process of |

materials on top of each other to form a 3D structure by using a control @sign
(CAD) software (Sun et al., 2021). AM or better known as 3D printin introduced
in the early 1980s. Chuck Hull was the first person that invented stéreolithography
(SLA) which was the first commercial of AM technology in 1 SN:oined the word
stereolithography in his patent application entitled “Appar xoiuction of three-
dimensional objects by stereolithography” on 8" Augu 84 before-bei ‘approved

on 11% March 1986.

2.4.1 Classification of Additive Manuf

AM process could be made suil&*D/ i

of techniques using a variety of

materials in different physica% fo

di s according to the context.

Therefore, it could be claﬁje1~
American Society for ‘% d Materials ?S.‘)Thmas formulated a set of standards
A

's
that categorized into sever]
fabrication of strieture.

¢

&
\se& ased gﬁ.the methodology involved during the
jetting, bin g, powder-he

ist bre own into materials extrusion, material
1§
d&u{g}n, direct energy deposition, sheet lamination

and vat-ghotopelymefizati .‘J:igurséx.‘s shows the seven categories of AM process and

L %
theiptechnologies. >4
g \C-,

3
N
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A process in which material is selectively Fused Deposition Modelling (FDM)
dispensed through a nozzle Fused Filament fabrication (FFF)

A

Material Jetting (MJ)

NanoParticle Jetting (NPJ)

Drop On Demand (DOD)
V‘

RS

A process in which droplets of build material
are selectively deposited

A process in which liquid bonding agent is

. . .. . Binder Jetti BJ
selectively deposited to join powder materials inder Jetting (BJ)

N | Y.
| N ' " 4 N
* Selective Laser Sintering (SLS)

» Selective Laser Melting (SLM)
* Electron Beam Melting (EBM)

A process in which thermal energy selectively
fuses regions of a powder bed

-~/ /)

Direct energy deposition

A process in which focused thermal energy is Selective Laser Sintering (SLS)
used to fuse materials by melting as they are + Selective Laser Melting (SLM)
being deposited * Electron Beam Melting (EBM)

QS

A process in which liquid photopolymer in a + Stereolithography (SLA)
vat is selectively caused by light activated + Digital Light Processing (DLP)
polymerization + Continuous Light Interface Production (CLIP)

Vat-photopolymerization

A process in which sheets of material are

bonded to form a part + Laminated Objet Manufacturing (LOM)

nd

7
Figure 2.5: A@Aanu Classification Based on ASTM F-42 (Zhang et
&

(,) ,9 al&-2018).
L ~
A AR
2.5 -photopolym izaﬁon
S’
% - hotopolymerization\is the first ever 3D printing process that had been

ced by Dr. Hideo Kodama in 1980s, who published an article regarding the rapid

Ototyping process using photosensitive resin (Gupta et al., 2019). The exposure of the

ultraviolet light towards the liquid resin that is contained in a vat/tank induced the



polymerization to occur. Thus, the resin hardened to form a 3D structure. However, this
process is divided into three systems depending on their mechanism and Iightwm

such as stereolithography (SLA), digital light processing (DLP) and contifiu quid

interface production (CLIP) (Yao et al., 2020). A
2.5.1 Digital Light Processing (DLP) \,

Digital light processing (DLP) technology is equipp me ‘ight source that
can illuminate the surface layer of photopolymer resin once. Mre comes
in to reduce printing time while preserving hi solutign pt‘n@ thus
compensating its precedent technology which i ho% A) (@Feri Saed
et al., 2020). The light source is projected W tomof t hotop@g:er resin that

is contained in a vat/tank, followed by Ipping of the building @c)rm continuously

into the resin bath. These steps wiI&gjepeate \& I ﬁ(\until a 3D structure is

N
formed. The utilization of DLP‘%D prﬂﬂing s«bezzgg a norm in research field
such as fabrication of ¢ Md 1 odel@s, sculptures or figurines,
cal

me vi(:esb'oo etal., 2021; Liu et al., 2021).

£
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Platform

Resin
Vat/tank

Support
: Object

. Light source

e

Figure 2.6: Illustratio LP B\Pr' r. 5

gp} W)
2.5.2 Continuous Liquid Inter ducti IP)
‘% ¥ o

A group of innovators,K Jose eSi o?‘uxt&his team, reported a new

e'n p @r EiPi Systems that utilized
l \P

photopolymerization t% a highe res tjpn(& 3D structure. CLIP operates by

projecting a seri(@wss-@ @

magioes%elow a photopolymer resin that only
allows ultravigletslight t p‘?roqghé)@xygen-permeable membrane called UV-
t

/

v

o

technique of 3D printing S

o
S

i@pfw, a region called the dead zone is located,

transpare indow”. Abov
where 'Wins thgll d flterf?ée\from attaching to the window. The curing part of

N
the\ tructure is drawh&&ut slowly from the photopolymer resin bath

ojwittayakul et al., 2020). Figure 2.7 shows the illustration of CLIP 3D printer.



Platform

Object
Dead zone
Resin
UV-transparent
. window
Light
source
Figure 2.7: IIIustra% LIP 33 Printer. 5
‘t A
2.5.3 Stereolithography (SL A \&
@
Stereolithography (SL b gs to family of photopolymerization that
uses UV light, as mentione re, t(, cre 3D@cture It comprises of several
[
components |nclud|ng |nter, to I esm and computer-aided design

\

(CAD) file. The U Ia is emitted onto the ace of photopolymer vat according to

desired 3D orf mllla l‘St@ triangulated language (STL) (Norjeli et

., 2022). vele ? ser @SLA 3D printer emits, typically in the UV

spectr ing fro’m 4b5 n mirnov et al., 2022). However, SLA 3D printers
ar c nly equipped Wlth\iic('}'S nm wavelength of laser since the optics are much
r than the shorter wavelength due to their availability (Riccio et al., 2021).
0wever shorter wavelength can give higher precision and accuracy (Sanli et al.,

2022). Aside from its pre and post-processing that require large capital, another

drawback of this kind of techniques is their reliance on the selection of photopolymer

21



resin as the ability to absorb the photon’s energy where it must match with the properties

of the material itself (Safaee et al., 2022). Figure 2.8 shows the illustration of SYSD

it _\(,}

Platform
, Support
Resin )
Object
Vat/tank
Mirror Laser

Figur \Lst aﬁrﬁleA ﬁ;inter.
7S

e M

2.6 Photopolymen{tlon M‘e

The polymerization

:
inV f%otopolymerization

'm iva&Wes the selective curing of a liquid
photopolymer%w to sc;li dit éﬁ? form a three-dimensional object. The
photopo %;in goptai fspeciadi%d molecules called photoinitiators, which are
sensitivego the UV light and p@/crucial role in the polymerization process. Thus, the

xsm of photopolymerization typically depends on the type of monomers and
‘%ﬂnitiators used. Therefore, the photopolymerization mechanism is divided into two

&)es which are cationic photopolymerization and free radical photopolymerization

(Sangermano et al., 2018; Metral et al., 2019).

22



2.6.1 Cationic Photopolymerization

Cationic photopolymerization is a process of transferring charge to m&;
when light irradiation is present, making it unstable/reactive with other m@s, thus
a chain growth of polymerization could occur (S. Liu et al., 2021). 7, Crivello

discovered that cationic photopolymerization occured whenWiodonium salts

(Ar2MtXn—) generate high acidic solutions upon being irragi tewith UV light. All the

steps of this mechanism is similar with the radical but Wm utilize
L
different kind of photoinitiator and monomeric materials (Hola et al., 920)% ring
cationic photopolymerization, once the acid species been generated, it |5Qt-|ll active
Y' NV
even if light irradiation has been stopped (Pierau ét al., 2 TS th@zﬁ significant

difference between radical photopo\n%tlon. sh8<age is the fatal
weakness for photopolymerization ltcause %Te m&dgjnternal stress which
led towards deformation of materfals:™ HoWwever qtion@otopolymerization has

proven to has lower VCM shri compéié‘é to the free radical

N
photopolymerization. z [ §

Cationic photoiniatorare

(Kocaarslan et all,gqg).

one has speci \ln epo glzat&m reaction. The cationic parts is responsible

for the a w of}JVra}'ﬂi n @e anion determines the strength of acid formed

orm ts such as sulfonium and iodonium

—

mpris\ f cationic and anionic pair where each

4
during Ee photolysis. As the cati YE photoinitiator absorbs UV radiation, the initiator

N
les will undergo a series of decomposition reactions and will be converted into
;ong acid species, either a Lewis or Bronsted acid. The ring opening polymerization
0@5 place by protonation of the monomer, followed by the addition of further

monomer molecules, resulting in a chain growth reaction. A schematic process of

23



cationic photopolymerization of an epoxy monomer in the presence of a generic

diaryliodonium salt is shown in Figure 2.9. Yv
4 : )

+
Arl® MtX,” + Are

hv .
Al MX, — [ Al MiX, ] — S HMX,
—-

Arl + AF MiX,

HMtX, + 0<I —_— H-Oi] MtX,-
H-0<I MtX,” + n O:I — Ho/\/0<| MtX, -

HO/\/Oi] MtX, + n o<| — “0\/fo/\%’°<| MtX,-

Figure 2.9: The Mechanism of Catmm(%%ﬁoly ;)IZ (VQIe etal., 2014).
NN /<\
2.6.2 Free Radical Photopolymeriza onﬂ
Free radical photopoly ion ( S)thg is route of cross-linking

between monomers and ol l-)@erlc substance of unsaturated

w
,_..
?_-1
—
QD

compounds by using light ir. |at|onjb' iti te’tm@olymerlzatlon (Metral et al., 2019).

a O
The mechanism \ph @e mo@ers that have olefinic double bonds

N
(Basbug Alhapret O )& %e‘?ard th@%ﬂmdamental steps in this mechanism which

are initiati agatign and termi n. During the formation of free radical, light
4
irradi 'o‘@ be bomb edﬂo tthJhotomltlator to create reactive species. Then, these
. § Y
| react with the car&)c?double bonds of unsaturated compounds (oligomers).

sp\
% the propagation step, the polymerization starts to occur as the reactive species

0” continue to propagate and react with another oligomer to create a new radical.

Finally, the process of cross-linking will be stopped at termination process when two

24



oligomer chains react with each other (Bagheri & Jin, 2019). Acrylate and methacrylate

monomers are typically found in the free radical photopolymerization (Nowawm,

2017). Figure 2.10 shows the mechanism of free radical photopolymerizat@

HHm H HHHH
D S
H H H H HHHH

HHHH H H HHHHHH
HHHH H H HHHHHH

Step III: Termination

v v : \d‘)
FQW_;J 0: The Mec nisn&af Free Radical Photopolymerization.
toty

S

2.6.9&nomers for Photop&?{nerization

sin formulation that are being commercialized in the market offer variety of

0 and high molecular weight of multi(meth)acrylates and monoacrylates. They

exhibit their own properties and both are suitable for certain applications. Briefly,

polymethacrylates typically portray higher tensile stress, lower tensile strain and much

25



stiffer compared to polyacrylates attributed from its methyl group that cause steric
hindrance (Raszewski et al., 2022). Contrary, the latter one commonly display?m
tensile stress, higher tensile strain and much flexible (Snyder et al., 200‘% ost
commonly used monomer/oligomers in 3D printing is bisph -glycidyl
dimethacrylate (Bis-GMA), bisphenol A ethoxylated dimethacrylate (Bis-EMA),
urethane dimethacrylate (UDMA) and triethylene glycol din@te (TEGDMA)

Bis-GMA has several significant benefits among rs in uwively low

@

(Borges et al., 2019).

shrinkage polymerization, higher modulus and reduc icity due ovie@tility

con eRTon (DC)

\Iess \4%‘031; is required
GI@& is typically used
for this objective to compensate th@%er visc%% al o,cﬁ\crease the DC (Jagtap
& More, 2022). Conversely, %ition‘\of M% \uses the increasing of
shrinkage and reduced me ﬁ?per %Zeg., 2019). Bis-EMA has been
developed to overcom%?o: f

viscosity, higher Wical pir
2021). Howeven,the Only thi
\ h

n IS

(Pratap et al., 2020). However, it has lower d

and higher viscosity, thus the mixing with OW

such as reactive diluents (Sarosi et al., i; )

omets’ fl s'afbéhentioned, which led to a lower

’ 4 ¢ &
\i&s and increasing in DC (Perea-Lowery et al.,

'ecorate}(é great concern is that the after-products

MA and F_&/I ,‘rs)generate bisphenol A (BPA). BPA has been

degradatio
%’ 3
recogni% s anje ?'c effs& towards human health (Barszczewska-Rybarek
L 9

et 0). BPA is almost ywhere in our environment and is released from
2

‘@a goods. It may enter human body through different routes including dermal and

ﬁ exposure or only through inhalation. Even though, the primary route exposure is

rough dietary exposure, direct paper contact, toys and medical devices against skin

through non-dietary exposure could not be simply ignored (Manzoor et al., 2022).
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Hence, BPA free monomer has been formulated through research and development to
avoid using substances that may trigger immune response. Figure 2.11 shanle

humans exposure to BPA via different sources and exposed roots. 0}

T
Sources of BPA
v
- !
Dnetarly sources Non-Dietary sourtes_’ i i ,l
[ I I I l | L, rains

Food Baby Water Lunch Water Microwaveable I m

containers/ Bottles Bottles boxes tanks utensils |, Thermal Paper t

Packaging Q - - s @ & 4

P . le—s Flame retardants ::
4 4 @ l—s Medical and dental mau:al ;Z} f’: 2
l R
Land fill Soil and Pasture ¢ee——Air ¢===p Water Food [~ Tporagpmint ﬁ \Y'
Fe 0, | &, /‘m | I a @ |—» Printing inks a ’)
G, WX Ve 73(1 PReY - Lcum ‘os i
Mk — % O
1T 1
Chicken/ egg Sheep (T Fish
hary O Lgd 17
Y. M ‘;’.’A,‘. Human
L l Exposure
Figure 2.11: The Human Exposur{ﬁA via Di Wtauaé and Exposed Roots
( et als202 c,}

q %
&
QD
Currently, urethane d?ﬂacryl#e ( A -@e been introduced as the only
<r : [
commercial alternative 1o those % di

Reactive dlluents e still required even tho the viscosity of UDMA significantly

a@hacrylates (De Nys et al., 2021).

N . . -
lower than Bi H WEVer, : &dalso be used alone in certain application.
UDMA e e |g est mechan e&-ﬁropertles such flexural strength and modulus
of eI mpared a ong‘ otheRmonomers instead of not having the highest degree

of on (Szczesio- Wlod\cayk etal., 2021b). Typically, mechanical properties of
%r highly depend on the degree of conversion and 3D structure of polymer

Owork. However, in UDMA, stronger hydrogen bonding formed by the urethane

proton donor group contributes towards better mechanical performance (Marianela T.

27



Lemon, Melissa S. Jones, 2006). Table 2.2 shows the properties of Bis-GMA, Bis-

EMA, TEDGMA and UDMA, meanwhile Figure 2.12 shows the molecular stru?m

each monomer. q

Table 2.2: The properties of Bis-GMA, Bis-EMA, TEDGMA and \wv& (Gajewski

etal., 2012)
i
ur Flexural
h

Degree of double

Molecular

Monomer weight V'i:os'ty bonds conversion modulus
(gmoy 29 (%) 2) , (GPa)
Bis-GMA 512 1200 345 24 | 1.0
Bis-EMA 540 0.9 75.5 87.3 1.1
TEDGMA 286 0.01 82.5 99.1 a1 %_
8

UDMA 470 23 72.4 1338 @ 1'\‘
= N T AF

0 0
YLO/W/\OO/\K\OJL(
OH OH
Bis-GMA
0 0
PP 2 SN
- BisEMA ]
__________________________________________________________ B GGaEa LN
0\/\0/\/0\/\0&
0
- TEGDMA ]
0 " 0
ﬁj/ﬂ\o/ﬂ\/ALW/N\¢/L\;><”/A\NJLWY/\V/O\W/Li
0 i 0
UDMA

Figure 2.12: The Molecular Structure of Bis-GMA, Bis-EMA, TEDGMA and
UDMA.
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2.6.4 Degree of Double Bond Conversion (DC)

Photo-activation is the most used method to initiate the polymerizatio ¥'
of photopolymer resin. Degree of double bond conversion (DC) i S the
percentage of carbon-carbon double bonds (-C=C-) converted to smgl%ds (-C-C-)
to form a polymeric structure. During polymerization, monomers are nsformed into
complex polymer chains, although not all monomers will be ed into polymer
structures, resulting in some unreacted monomers that rem ethtcrylate pendant
groups (Bin Nooh et al., 2021). This is because of*“the gelation; t;lflg%_on
immobilization and steric isolation that prevent eric netw, (‘/Io.t&&/an et

al., 2019). Several factors for instance, the c I st far monocx; photo-

initiator concentration and polymerlzatlorEWons have a s nificm&\eﬁect towards

the final DC.

A high DC is associated WI poly@ox 1\_\ge while a low DC is
associated with low mechamc erties, ow co ré‘tab and low biocompatibility
(Y1lmaz Atali et al., 2022). amtrent |t|o%> e limiting conversion due to
vitrification of polymeri orks |9, esi laag Q commonly used dimethacrylate
monomers can ran Iess 'ha to m 0% (Stansbury, 2012). Many studies
have mvestlgat the effe [ Ioaq>|ze and geometry on DC of the resin-
comp03|te fo d ogres@yely decrease linearly with the increasing of
opaque ntent{ ifet a 13) This is attributed to the scattering effect of
f||| penetratmg light d:.&mg the photopolymerization. Table 2.3 shows the

ro es of dimethacrylate monomers and the limiting degree of conversion for

espondlng dimethacrylate networks.
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Table 2.3: The Properties and Limiting Degree Conversion of Corresponding
Dimethacrylate Networks (Barszczewska-Rybarek, 2009).

Concentrations . L'“Ngrz

Monomers Molecular of double Viscosity d
weight bonds (mol/kg) (Pa.s) nv(eo)lon
Bis-GMA 510.6 3.90 1200 39.0
TEDGMA 286.3 6.99 0.011 q 75.7
UDMA 470.0 4.25 23.1 \" 69.6

2.7 Application of PHB via Stereolithography (SLA) e;'cal lAppIication

PHB is a very attractive class of biopolymers the aM of tlssue

enginereed heart valves due to its biodegradibility, ther prbce_é;blllty,

biocompatibility, mechanical properties, no? Y, % onn@gl origin
(Kovalcik, 2021). The creation of tissue-erw d heart vahves is @‘I’gr extremely
he@ﬂary factor is the

%priate for both hard

diverse range of mechanical chara@jics, whiéi_i\ Wé it app
N
and soft tissues (Jana et al., 2011%&50 k‘)}ode dabl Ggach makes it an excellent

appealing application for PHB (G. Q."@hen.& Wu, 20

choice for making heart val n oth r bio-b ed g

SLA printing i |s ng and reci te'ch’rhue for creating tissue engineering
scaffolds and other hcare o'e oog 2014) In fact, it serves as a helpful
tool in orthopa ic a ve S ‘g‘eﬁ/y so that anatomical structures can be

modelled, aI usi g uéd Unography scanning (CT-scan) or magnetic
resona ng (M fabrﬂg ed using these techniques (Sodian et al., 2007).

The it can be tested a@mulation before the surgery. For instance, a study

reEi that this biopolymer was used to fabricate a heart valve by utilizing SLA
C

Q ology (Sodian et al., 2002). In order to produce a three-dimensional scaffold
mploying P4HB and polyhydroxyoctanoate (PHOH) biopolymers, they first used x-

ray tomography to create the CAD model. Figure 2.13 depicts the process flow for the
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fabrication of SLA-printed subclavian artery. Eventhough there are not many research
on SLA printing of PHB biopolymers in the literature, there was a succesful s

of PHB-based curable resin that could potientially print biomedical de\@h as

porous scaffolds and implants using SLA (Foli et al., 2020). A

Biobased products

™

/ " Packaging

_ _ _ v ) af .Y _
Figure 2.13: The Potential and Futur tions 0 d|t8Nlanufacturlng of
\ i
&
[} 5

‘&

2.8 3D Printed Arm Cast ik
There are many; Iinix

trials ‘hat d l@, considered successful for the

:
utilization of 3D printing téchni be& evelo@a{sts (Schwartz & Schofield, 2021).

Casts are being ul&enc injured Ii@thin a stipulated period of time during

the rehabilita@ces fis (ft!se(f‘m protect and support the broken bones and

joints. A@ﬂize? nd)/ri t-ar@ast had been developed via Fused Deposition

4
Mow M) 3D printer (I%’) mici et al., 2020). The whole process started from
N

Nuisition of patients’ wrist to cast manufacturing which only required four to

hours based on five case studies. Significant reduction period of time had been
S

onstrated by this technique. Contrary with the conventional cast that needs up to 48

to 72 hours just to ensure the plaster is fully dried (Guida et al., 2019). In addition, 3D
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printed arm cast offers great benefits such as lightweight, has good-ventilated structures,
comfortability and washable (ElI Khoury et al., 2022). All of these advantages a?'!r
3D printed arm casts to act as an alternative towards conventional cast. @}2.14

shows the 3D printed arm cast was worn by a model patient.

.,qu

Figure 2.14: 3D Printed Arm Castip the Fiye : ie@onamici et al., 2020).
“« Q-
N RN

N

Another previous tud??’also epa 0 q@htatlve questionnaires based on
a ti

their initial experience amo a M(@?,angmg from 5 to 78 years (Y. Chen

et al., 2020). 3D @rm @e dev d and applied to them and the follow-

up sessions w e hin si :edks e orthopedlc surgeons. All of them opted

for 3D pr| cast nstead f ventional cast due to less pressure sores, no

*

compi ndrome d \éry cw'nfortable even when they perform their daily tasks.

N

N

shows the 3D prm‘f?arm cast fabricated using FDM 3D printer.
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