CHAPTER 5 \z
DISCUSSION, CONCLUSION AND RECOMMENDW

5.1 Introduction q '

This study focused on examining the printabili haractWD-printed
L 2
denture base resin materials produced through variousyat polymeriza r,tec@;&]es,
=\

namely Stereolithography (SLA), Digital Light Processing (QL : Li

N—r

Crystal
\ N
Display (LCD). While these techniques opegate ofthe- princi of photo-

o

polymerization, they differ in their im ngq,ems an

to varied printing results. It's worth-notin tht&q r

resins are typically tailored for specific printing methods. F

ourcegjpotentially leading

%@vailable 3D printing

stance, the 3D printing

(@]

Ay

o
resin (Denture 3D+; NextD}\ D 7 Th therlands) is specifically

ent ietary 3D printer (Figure 5100,

s

NextDent) due to itwe st:\s@ his

4,

formulated for use exclésively.with thJNe

fies that the particular 3D printing

@

resin can only b on this.specific 3D printer, and conversely, the specific printer

%),

can only oper ith this parti !;Dﬁmting resin.
Q- &
F% acom ‘sive cl%lcterization process, this study identified notable
variati in flexural strengt{.}éurface hardness, fracture toughness, degree of

conyersion, water sorption and solubility, as well as fungal adhesion, depending on the

& olymerization technique employed for fabricating the denture base material.
0

wever, the flexural modulus and cell viability showed no significant differences



between the fabrication techniques. Consequently, the null hypothesis of this study was

partially rejected. Yv
The study affirms that the 3D printing denture base resin, initialli ‘@ed for

DLP technology, can effectively be utilized in printers emploxlng different vat

polymerization techniques, provided that the machine's light % is capable of

emitting the required wavelength of light to initiate and actl?ﬂne polymerization

process of the resin material. '

é | &
5.2 Summary and Discussion of Results 4 \Y

5.2.1 Mechanical Properties C\, q\ &

During mastication, the denturemmde%i mb_'\n\g%n of compressive
N

and shear stresses in dynamic mo ea wﬂi%o nti lead to denture failure
t

o
tee%l} it iiﬁ-ggerative to ensure that the
denture possesses adeEuatw&hani al s lgtho-.é\withstand both fracture and

deformation under masticatory % n‘ed;gal., 2001). The flexural strength

O

characterizes the }bbase aterial’s pe@ance under masticatory loads, while

N
the flexural mEu is linked to f'lhst'egelormation behaviour (B. B. Lietal., 2016).

O
Onyt er J;a ;)w ce{r}dness stands as one of the pivotal factors
_ZQ 2
ng the d

influen-\. g enture durabi&g,rA denture with higher surface hardness exhibits
\

Superior resistance against abrasion and indentation during mastication, particularly

such as broken denture and fh\

e Rl

n dealing with hard substances such as chicken bone (Fouda et al., 2022). Moreover,
acture toughness stands as another critical factor for dentures. It denotes the material's

ability to withstand crack propagation, particularly in the presence of a pre-existing
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crack or defect. As dentures may develop minor cracks or flaws over time due to regular
use, assessing fracture toughness offers insights into their capacity to resist SUCW
propagation. A denture with high fracture toughness exhibits greater resi@}) the

spread of these cracks, making it less prone to breakage even in the preésg of minor

imperfections (Steinmassl et al., 2018). ?

This study concludes that the SLA technique demonst e highest overall

, ctur‘ toughness, and

ults sMgpal er

! N
tested vat polymerization techniques. This findi gns with prioffes apd&,”which

mechanical strength. Specifically, in terms of flexural stren

surface hardness, the SLA technique yielded outstanding

o _ "y s )
indicated that SLA-printed dentures exhibit gre?ﬂ’eng 0 ed tq%be)se printed

using the DLP technique, while the LCDﬁWe de es cgi%rable strength

to DLP (Shim, Kim, et al., 2020 t al, 20280 Al-Qami & Gad, 2022).

A
Nevertheless, the DLP techniqu sati@ xsut

Q‘n terms of mechanical
¢

oy

strength, meeting the ISO standards, for bw &re&@' and modulus. In contrast,
the LCD technique exhibitsvr fle>fral gth g@*modulus and surface hardness
to the DLP technique. %

|
tested mech c§| Q@Q}ties followed a consistent trend,

NN

whereby the SLA ?Mue e>]hib| mgni&%& ly higher strength compared to both

the DLP and L@hni ues, no s@)ﬁi}u‘cant difference was observed between the

4

latter two. \(J
S ¢ <
:is ortant to note §1a nene of the 3D-printed specimens met the minimum

crw of 1.9 MPa/m? for f&[ure toughness as per the ISO standard. However, this
‘%m is only applicable to commercial denture resins that claim to have enhanced

impact resistance, which was not a stated characteristic for the denture base resin used

in this study. Subsequently, no minimum requirement was stated in the ISO in regard to
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the fracture toughness for unenhanced denture base. A similar outcome was reported in
a previous study, where the 3D-printed denture base resin has a lower fracture to?ﬂs

when compared to the heat-cured resin and fail to meet the ISO recomme@
Several factors can influence the mechanical strength of 3D-printing resin
material, including the degree of conversion (DC), the presenc%f ids within the
material, and the anisotropy of printed objects (S.-H. Kim & WY#JOS; D. Kimetal.,
2020). The rapid layer-by-layer process in additiv@ uring can result in
insufficient curing at each layer, leading to reduced rall cMasliang.
Consequently, some monomers may remain unre ithin the 8D ntJdp‘a.c[?\(Aati,

’ ) &
Akram, et al., 2022). To mitigate this issue, posV'Hg proeedurgwas ir@émented to

] theréé\enhancing the
&

promote additional polymerization to the Nd mono

DC (Perea-Lowery et al., 2021a). The resents the rcent@of monomers that
\‘I Y
have been activated and converted,i lym itisi él)@nced by factors such as
@

Iightexposuretime,Iightinter& d temperatur (Ba& 1 etal., 2000). In this study,

variations in DC may be af?&d to’iiffer S in@posure to UV light during the

printing process since i @t setup and underwent identical

post-processing p@es.

N
In consider ofithe ?'Acaugsfing results, it's important to acknowledge

that the f'ir'%mm;s d pfin géééjcan be influence by the exposure time during

the m process a«fgar%g'& Ibri¢, 2021; Aati, Akram, et al., 2022). Notably,

t éQ\Atechnique necessitate(hhe lengthiest duration for fabricating the specimens. To
e five flexural test specimens, the DLP, LCD, and SLA groups required 75
Onutes, 90 minutes, and 250 minutes, respectively. This disparity arises from the SLA's

curing mechanism, which involves the laser progressively curing the photosensitive

)
3
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resin as it traverses in each cross-sectional layer. In contrast, the LCD and DLP
techniques cure the entire cross-sectional layer at once. Despite SLA having w
light intensity, the prolonged exposure time had led to a higher DC (Reymu@}m%.
The light intensity and exposure time are directly proportional towa egree of

conversion, a higher light intensity and extended exposure time % induce more

monomers to crosslink and polymerized, as a result a higher EC can’be achieved (D.

Kimet al., 2020; P. Li et al., 2021). However, excessive lightiintensity ?r exposure time

id resinfin wotentially

ical praperties. Th&q*‘/;ell-

ti% ial @-ﬁsure the
rtiesav\wm still @sr;ng a swift

during the printing process may lead to overcuring the li

causing dimensional inaccuracies and a decline in me
balanced combination of light intensity and e

printed part attains sufficient mechanicw

fabrication process with high dimensi acaracy. é
\3 ik
As mentioned previously, th nd d oégnificance difference in
0 ¥,

terms of mechanical strength\' can bevattribufed fo thgf?ompensatory adjustments

X

made for exposure time du 3D’print' pro@ The light source of the LCD
(

system possessed the I%ght inte‘nigjgng’g roups; to mitigate this weakness,

its exposure time Qﬁw layef ha

the LCD is coENvel low
sh ant cﬁtﬁerence, the DLP conferred the advantage of a

¢
LCD and IQ' ed no signi ai
shorter‘@ printi gbja;’on d%é?o a higher light intensity produced by its light

N
50\ egard of the Iowermcé'éhanical properties achieved by the DLP compared to

e extended. Consequently, the printing rate of

&

jthe, DLP. Although the mechanical strength of the

‘% , the DLP proprietary slicer fine-tuned the printing parameters such as light
OEnsity, exposure time, and light off duration to achieve a swifter fabrication period.

Essentially, the exposure time was reduced to accelerate the overall printing process, as

a result, the mechanical strength was reduced as expected. Nevertheless, all the 3D-

78



printed denture base resin printed with different vat polymerization techniques still

5.2.2 Physical Properties Yv

The layer lines on the 3D-printed denture base before sandi polishing were

surpass the ISO recommendations for flexural strength and modulus.

observed from the optical microscope. These lines are the resgtation of the stacking

of successive layers, with a 45° angle as preset in th ing oriWNo major
L ]
differences were observed in the surface morp of the pri d' spechnens.

Additionally, after the specimens underwent the |ng and "polishing ‘Qrocess as

mentioned in the post-processing procedur the yer Iln e eIQ{fed from the

“\

surface. This indicates that the layer tures Ilrﬁof the specimens
fabricated with vat polymerization chnlq es ar the external surface,
while its core remains solid, provm otmp VI u mechanlcal properties.

S"
This aligns with a pr h e@ed the mechanical properties
usm diff ep{

of the 3D-printed den ing orientations (Altarazi et al.,

J‘

2022). The study d that la truct ere predominantly visible on the

exterior surface; h ethein ?cturb alnedpredominantlysolid.Interestingly,

' Ig'trc’)

e@}h were found between the 0°, 45°, and 90°

NN
printin i ions i an{zé\roplc behaviour in mechanical properties (Sun et
al. , These findings app@ to conflict with our study. Yet, this discrepancy can

be? ied by recognizing that the printing orientation did not influence the material's
0

q opic behaviour. Instead, it primarily impacted the DC. The 90° orientation involved

ore successive layers, leading to prolonged exposure to the light source (Altarazi et



al., 2022). Consequently, this increased crosslinking of the monomers, and enhancing

the material's mechanical properties. YV
As dentures are constantly exposed to oral fluids like saliva, wate ;@0 and
dur&

solubility become the critical factors that could influence their

>

ility and
comfortability (Brading Bebington & D Marsh Salisbury, 2003; Altarazi et al., 2022).

Water absorption is an inherent property of polymeric materia ing to their natural

ate i'1to the polymer

ical onMnthQé:esin

N
matrix. This, in turn, affects the polymer's solubili idan et alj; 2 . llunﬁgamore,

polarity (Dhir et al., 2007). The smaller water moleculesti

network's macrostructure, leading to the degradation of che

absorbed water can introduce issues such as de ion t ens@a changes,

material degradation and softening, and rtWrengt an xibtﬁ\lguyen etal.,
t

2017). Therefore, it is imperative for t ure base material Q‘xhibit the lowest
\ ik
. A
# S
b

4]
This study found that th& prepare merﬁé(hibited the lowest sorption
N
rate, primarily attribu'iﬁ to“the higher de el O@Iersion achieved. This higher
degree of polymerization r. Ited\( uﬁ@aed monomers, leading to reduced

water sorption (G@hr@ﬂ). I@)Iy, the results of the sorption test were

N
aligned with the hanical p ?’es,ﬂog'rére the SLA technique demonstrated both

the highe %h a;dB:jN tvgét‘jsorption. When immersing polymeric material
% erg',i

in wat cted mon r@?t'ors, and water-soluble elements can leach out from

&
t:é@rlal itself, this process\li' referred to as solubility. A previous study highlighted

possible water sorption and solubi

lation between water sorption and solubility, indicating that materials with high

OUbility tend to absorb more water (L. V. J. Lassila & P. K. Vallittu, 2001). This aligns
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with our findings, as specimens prepared by the DLP technique exhibited both high

water solubility and sorption, respectively. Yv

All the 3D-printed specimens met the ISO requirement for water sor which
is less than 32 ug/mm3, irrespective of the different tested group. However, none of

the groups complied with the standard for solubility, set at 1. g/Zm3. This was

aligned with a previous study where the 3D-printed speci ell short of ISO
requirements before artificially aged with thermal @ W‘VGI’, the water
solubility decreased and met the ISO recommendation after aging iIn te d-wag?&for

| | S
24 hours and 5000 thermal cycles (Greil et al., . This may béJattributed to the

_ b4
ng rocess@hsequently

stu@e 3D-printed

specimens did not undergo any aging p and were ectK menced with the

water immersion test after the p %ssmg%,Th éidual monomers within
& A
the material could have contriK 0 the increas Wa@ubility.

During the 3D prc' ing process, the li
monomers and photo-initiators ir\@'
monomers into @am@n

level (Moldo@., 19)?9}3'&3 nversion (DC) is the quantification of the
ratio of s %&Ily convert orgz\r\ers to polymers. Consequently, a higher degree
&Lt T
o !

residual monomers leaching out of the materialw the

leading to a reduced mass change withi Mterial. In

of co signifies greater.l\n,‘{e'rmolecular bonding strength and, by extension,

e Wd overall mechanical s%ngth.

: In this study, the SLA demonstrated the highest DC among all tested group.
d

ditionally, the mechanical and physical characterization had corresponded to the DC

in this finding. whereby the SLA possessed the greatest overall mechanical and physical
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properties. This was in line with several previous studies, where a higher DC was
associated with higher mechanical, physical, and biological properties (S.-H.V'&

Watts, 2008; Aati et al., 2021; Greil et al., 2023). ('}

In the current study, the printing setup, printing material, post-curing procedure,

and post-processing remained strictly consistent across all teste%zens. The only

variations were in the printing parameters associated with t polymerization

techniques for each group. As mentioned above, the ex@ sureltime in the SLA

group had resulted in a higher DC, albeit at the expense of er printin e. ite
[! N

the DLP having the highest light intensity comp the SLAJan g-h‘.ﬁ%s, the

ical, @E'iological

faster fabrication period resulted in lower over%han p

properties. Additionally, the method of cWoject

polymerization could also impact the D e SLA tec

resin with a high-power UV laser S the.a\?z
@
e

the DLP and LCD techniques lated pattern i p'foj directly to the surface of
& ~
e. Thes
[

loye different vat

the liquid resin and curing Ymc . erenceshin the projection method may
influence monomer cc%)n in each a ,evgp//qz:lyer, consequently affecting the
overall performa&\&the d’inte\parts, .ié(térms of mechanical, physical, and

&

biological pro N(Le et‘a., 3). O

A R &
&) v ¢

5.2. ogical Properties c.}/
%\&o >
tological properties play a crucial role, particularly in the case of dentures. As
entures come into direct contact with oral tissues, they must exhibit biocompatibility,
nsuring they do not cause any adverse effects on oral cells (Gautam et al., 2012).

Improperly polymerized acrylate resin can be detrimental to oral tissues, as it may
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release unreacted monomers into the oral cavity, leading to inflammation and cell
damage (Tzeng et al., 2021). Additionally, reducing fungal adherence and antlb?nul
properties are an added advantage for the biological aspects of 3D- prm@hures
This is significant because the denture base is susceptible to dental plag mulation,

often resulting from food debris and inadequate oral hygiene mainQance (Brading

Bebington & D Marsh Salisbury, 2003). \)
In this study, the human gingival fibroblasts (HGFs utlllz'ed to assess the

cytotoxicity effect of the 3D-printed denture base resin. There are t ethqgs of
evaluating the cytotoxicity effect of the 3D-printed®ens extrac p(’suéiaethod
and direct contact method. Since the denture (?!mto ec ntacgg:ti' the oral

tissue, this study used the direct contacwd to sir&ﬂét\e the denture

environment (Srivastava et al., 2018). 48 hours irect@tact with the 3D-

printed specimens, the cell viabili e Hﬁb\lvl te te’é\groups demonstrated a
@
ting, that t

mean value of > 70%, indl\ he.3D- ted |mens were not toxic to

gingival cells and com IS standards ( \10993 5: 2009 Evaluation of
l
Medical Devices — bsts for in Vit o C|ty, 2009). It's worth noting that
the DLP group @Nratedl thhve“% viability. This observation may be

attributed to tEM\g ethod:

assessmen

oxicity, i
2018) beca{se urihg t%%:lrect treatment of HGFs with the 3D-printed

some growing Cecﬂ? may adhere to the surface of the specimens.

|le t&%gtrect contact method provides an accurate

y| ELa lower cell viability result (Srivastava et al.,

uently, after the incubation period, the specimens were removed from the 12-
plate leaving only the adhered cells. This could lead to a lower cell count in the
treatment wells compared to the control wells, where no treating specimens were

present. Nonetheless, the cell viability result showed no significant difference between
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all tested groups, proving the 3D-printed specimens fabricated with different vat

polymerization techniques were non-toxic toward the gingival cells. Y~

Additionally, it can be observed that even though significant di e%s were
found in the DC between the tested group, the cell viability did not present any
significant differences. This is because through the FTIR anal sism)c was not
directly correlated with the amount of leached unreacted mono he FTIR analysis
can detect pendant groups that are bounded to the polyme ns aﬁd were not free
to leach out (Moldovan et al., 2019). After post-curing the imens for in as

N
per the manufacturer’s instructions, the freely g monomer d'beé&’)cured,

! 4
confirming sufficient post-curing. As a result, anic ec

of the tested groups. Additionally, an Nplana ion

ere observed in any

s
uld B‘é\the unreacted
<<

monomers have been released after the imens were ditio in distilled water

for 24 hours prior to the cell viabilit (Aati \(11 : \'\
& 4 QC_—)
Candida albicans (C. albi is a maj usati&%%lgent of denture stomatitis,

and inhibiting the gro omnga’has O\fer@ive in treating and preventing
this condition (Hirasawa et.al., 204.@{ i stﬂ'cb‘jgund that the 3D-printed specimens
that fabricated WK@ Adgechni exh'\ d the highest adhesion of C. albicans.
This may be aftri to/the'sp Bclpo&%éization mechanism of the SLA technique.

Unlike D %CD’teP@e : W$(eJthe entire layer was polymerized at once, SLA
Q ) P

utilize ng laser to cure t@uid resin line by line. This process may result in a

-

irregular surface on the &nture, providing favourable conditions for C. albicans

nce. Conversely, the DLP and LCD techniques, with their imaging system that
Oes the entire layer simultaneously, demonstrated better performance in inhibiting C.

albicans adherence on the specimens’ surface. Although the surface morphology of the
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specimens showed no significant differences after sufficient sanding and polishing, the
corners and small surface circumference area of the specimens may present a ?ﬂm
surface. This is because the edges and side surfaces of the specimens were l@}each
and may not receive an even and throughout sanding and polishing. | jon to the
specific polymerization mechanism of the SLA technique, it was ¥e~cted that the
irregular surface may be also presented on the side surface of %p. mens and didn’t

receive sufficient polishing.

An earlier study examined the surface roughness of ure materi blbl by
two DLP techniques and conventional heat-poly. e materl I ( L’Ialj*ei?et al.,

2022). It revealed that surface roughness exh|b| signi n erences’across the

two DLP techniques, even with different Wrienta ion

d apﬁl&g varied post-

the @Its of our current

A

in the cross-sectional

curing durations. This finding allgns t e extent,

study. Both LCD and DLP empI |Ia

/%’*

layer is cured at once, resultl mpar surface ro ess Conversely, the SLA
technique, with its method g the cro ct|0 er line by line, led to higher
surface roughness. In &%\, th|s corres nother study that compared the
surface roughness and $LA- inted d L(spllnts finding that the DLP-printed
specimens ex}@ow rrou (B&) et al., 2019). However, as indicated in a
previous s Iaye d stsu res iﬁberent from the additive manufacturing can be
mitiga gh thgr fmechﬁl\\\al polishing (Altarazi et al., 2022). Hence, any
rface texture could‘b&?ectlfled with sufficient post-mechanical finishing and
g In the current study, it was observed that the surface morphology of the 3D-
Ovted specimens achieved a smooth surface after sanding and polishing, effectively
eliminating the layered structure. Nevertheless, significant differences were still found

in the adherence of C. albicans between the tested group. This may be attributed to the
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curved surface of the designed specimens, which presented a challenge for thorough
sanding. Given their cylindrical shape, the outer curvature of the cylindewﬂd
difficulty in achieving complete sanding and polishing. Consequer@ered
structures and minor voids may still have been present in the 3D-pri ecimens,

potentially accounting for the differences in C. albicans adherence.

N

Furthermore, the findings of this current study alig ith another prior
investigation comparing C. albicans adhesion on conventi at-cn’red, subtractive
milled, and 3D-printed denture base (Jung, 2020). The res in icMiheQJ_P-

>
printed specimens exhibited relatively lower C. albicans adherénc m{;arhd to the
s b ¥
SLA-printed specimens. However, due to the Ii?ﬂ%am sizeythe di@énces were

statistically insignificant. Additionally, cwudies have)) discoVered significant

differences between the microbial adh and pri

adhesion with higher printing ori S, in&gtxat an@ncrease in layers led to
;}, ¢ -
K .

increased microbial adhesion i 2°b; b et al., 2023). However,

A

udi@idn’t not undergo mechanical
e
sanding and polishing.%(plaine(}t el rgas&zj/ icrobial adhesion, as the layering

structures on the &h&\of thd sphns w%gu'r{ot removed and resulted in a higher
h om

&
surface roughENa r q m@al adhesion. It's worth noting that the
¢
adherence%lt'

’
conclu no signi t differentes were found on the adherence of the C. albicans

the surface of the testing spégimens of the

of th 07e st c()uwere contradicting with another study that

N
w g DLP and SLA techﬂc@les (P. Li et al., 2022). This is due to fungal adhesion
%ture base material can vary significantly due to numerous factors, including

OQUS concentration in the testing environment, experimental setups, variation of resin

materials, and post-processing procedures (Koujan et al., 2022; P. Li et al., 2022).

Therefore, contradicting results can be expected when compared to the previous studies.
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5.3 Implication and Recommendations of the Study

Digital technology has undergone exponential advancement in recent yea
3D printing making significant inroads in the dental field. Currently, vat po@hation
stands as the most widely utilized 3D printing technology in dentistry. rstanding
the full potential and assessing the feasibility and reliability of thisytechnology can

greatly enhance its application across various industries, particularly®n dentistry.

This study exemplifies the versatility of materi@ be e}nplo ed within
different vat polymerization techniques by employing the®3D-printin nture-base

N
yl'cqb‘a(gg resin

resin (Denture 3D+; NextDent, 3D Systems, Th herlands),fan

4
specifically designed for DLP technique in SL LCN{

—

. Furthermore, this

study investigated the denture mateewricate‘a thzia:ommon vat

polymerization techniques to examinem erences in¢erms o@chanical, physical,

\ Y
and biological properties. \’\
?, 6 e,
9 Q
It's important to note thN tudy o minﬁ‘a{single type of 3D printing
N
denture base resin. Thi artR!ar resin hold hF di\Q@tion of being the first and only

registered 3D printing dent bas&é‘s I\/ﬁ@ja with CE, Standard and Industrial

Research Institu@ay el (Sl ), a ood and Drug Administration (FDA)
NS
approval. Re@y vfywi iyérem.g'rénds and types of 3D printing resins. Thus,

G

future re %ult} i};@r e@rse 3D printing resins, along with additional
25'8 Py

charaﬁrl ns including surf@ughness and colour stability. Additionally, high-

p wance light chromatogrz%hy (HPLC) can be used to analyse the monomer elution

Q the 3D-printed specimens.
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5.4 Conclusions

Within the limitations of this study, it can be concluded that, the 3D prlntlw!in
designed for DLP printers can be effectively used with different vat po%\aﬁon
techniques provided the appropriate wavelength of light is available n'FkD printer
buildup. Furthermore, the SLA technique exhibited outstanding %performance in
mechanical properties, demonstrating the highest flexural str nNrface hardness,
and fracture toughness, as well as the lowest water sorptio mi'ity, attributed to
its higher degree of conversion. Nevertheless, that this ¢ atth e‘?pen\#f a slower

printing rate and higher fungal adhesion. In contrast, ugh the L t‘ch_@e did

not yield remarkable results, it still met the ac st% me&he ISO.

In summary, the LCD technique can achie

terms of physicomechanical and blolt@pertles

have a slower printing rate, it is ge considere g

easier to manipulate compared %LP aﬂh SLAvtechni
~\<"
.\





