creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Mechanical properties of 3D-printed
temporary crown resin materials in

accordance to different acidity

Myoung-Ji Choi
Department of Dentistry

The Graduate School, Yonsei University



Mechanical properties of 3D-printed
temporary crown resin materials in accordance

to different acidity

Directed by Professor Jae-Sung Kwon

The Doctoral Dissertation
submitted to the Department of Dentistry,
the Graduate School of Yonsei University

in partial fulfillment of the requirements
for the degree of Ph.D. in Dental Science

Myoung-Ji Choi

February 2024



This certifies that the Doctoral Dissertation
of ‘Myoung-Ji Choi’ 1s approved.

Thesis Supervisor: Jae-Sung Kwon

Thesis Committee Member#1: Kwang-Mahn Kim

Thesis Committee Member#2: Kyung Chul Oh

Thesis Committee Member#3: Sang-Bae Lee

Thesis Committee Member#4: Eun-Jung Lee

The Graduate School
Yonsei University
February 2024



A4

o

R

1t

d Ad

]'—r

o

HA # e

°

ACKNOWLEDGEMENT

o ® B oWy WO ® o %o <0 o
B O “HwLpe
i ~ o Mo x A % o W
ol c:t BNz ® o T o=
" X [\~ o o — - N T
— gy du X 5 o o 3
N x5 F g xCwmx %N
i — Mo W o ap oo, O 7 M
ol =T ~3 X o R
B Eox T T HE X T B

RN 5 W om ™ W oa- I = T o
o Az i B9 (- HJ Ll = ar 1DI ok =0
W 9% g W CAN 1 oZe o= R
= R a T SO B I =
AEﬂJ #ﬂﬂ%ﬂﬂ?%@%_a
) < Nlo N Ny S
] E w B2 A
3 mﬂ w ™ TN T mm CECLCE u o o
T o o Lo RO o oo oy Ak ~ =
@lﬂ%ﬂﬂﬂﬂm% SN o op de T

i we T s 1M e
o o) ST SR % N R il o
H@%ﬂ%ﬂﬂﬁw«,%Emﬂ%umﬂ
D T T -
T BT o9 E o o BT oo
T 9T S <~ ™ W oA K e
ML o) % o) o 17_A| A ZT o) ZT_

9 X T < MOX W X o® M ow o TE
T oW N W N g W M %" W N R e B R



F

=
=

3

A A 7w

A

F Ao}, of

2

Abel QIAbE Rske] S0 o)

;"

~NA

0|
D

7

H

bl
oy

s
ot

2 oujelel & Zlo] ¥ @

Az

WA T

2024 1€ AAx &



TABLE OF CONTENTS

LIST OF FIGURES --+--resveereessemmmunremmneernaeeee e iv
LIST OF TABLES -----cesvemeetatsnmatmiiinetcciinnnsseaannneaanas vi
ABSTRACT ---vereesssmmmmssmmnaini e vii
I INTRODUGCT ION ssvnnrrreannmmsrmmsannmrsmaaanmnrsaaaannsssannnnes 1
1. Additive Manufacturing (AM) technology ------=-==xexereneee 1
2. AM techno|ogy type ................................................ 3

2.1. SLA technology ------r=msmrmrermmmmrre s 3

2.2. DLP technology ---«--=srssermmmmmnen s 6

2.3. FDM techn0|ogy ................................................ 8
3.Importance on mechanical properties of temporary

FESTOFALION === rsmmrme e 10
4. Selection of antagonists for wear resistance testing -------- 11
5. Influence of acidic envViroNmMEeNts «-----svevererrmininnaanan. 12
6. Research objectives ................................................ 14



[1. MATERIALS AND METHODS «+++s-cxsesuressesresseraces 16

1. Preparations of temporary restoratives specimens produced
from different additive manufacturing technologies ------- 16
2. 3D-printed specimen fabrication ------«-saremrerinaninnns 21
2.1. SLA SPECIMENS = =xrsmsmrumarmesn e 21
2.2. DLP SPECIMENS === rsmmrumarmenmrnm s 22
2.3. FDM SPECIMENS «x-essrermsssrermassrmmmnsiiinianinnasienaaes 23
3. ADrader fADriCAtion «««««««-rerereseermeerararararmrmrnananaennnens 24
3.1. Zirconia abrager -«--«--sxsseremmemm e 26
3.2. COCr abrader ««-«=ssrerermmmmrerrnnrnn e 27
4. Exposure of temporary restoratives specimens to artificial
saliva with different acidity -------=-rrererermmmmrreen, 28
5. Water sorption and solubility ---------ereremememmmmnnnnnan.. 30
6. KNOOP hardness test ««--«««=s-ssssrrmmmuemmmmurnnniaeeeiaas 32
7. Flexural strength test --«--«ssreeeremmemmmmeiei e 33
8. Testing wear resistance using a chewing simulator --------- 34
8.1. Wear test «-ceeemcerererieneacaciannieieciiiaianieieieianen, 34

8.2. SCAN -+-=-=-sesmsmsmsesesssasasasasasasasasasasasaaaaaaaaaaanaaaa- 37



8.3. Quantitative volume loss and maximal depth of wear of
SPECIMENS == == xmre s r s s s e 38

8.4. Qualitative assessment of wear using Field-Emission

Scanning Electron Microscopy (FE-SEM) ---xxxeeuenene. 39

8.5. Quantitative volume loss of abrader ---------«-xarerueuennns. 40

9. Statistical analysis --=---=srsmrmrmmmmrm 42
. RESULTS crveeerreensnnnrmmssnnsrmmssnnsrmsssnnsrssssnnnssssnnnns 43
1. Water sorption/ solubility -------=-xererermmmmmmmmenenanaanans 43
2. KNOOp hardness test-«-«-«-xurererermmmmmmnnnnieneeeee 45
3. Flexural Strength TEST ~- v e 48
4. Surface wear ASSESSIMENT «-«-xxxumrarmrermrennnnnaas 51
4.1. Quantitative results for wear loss of volume --------------- 51
4.2. Quantitative results for wear loss of maximal depth -------- 55
4.3. Qualitative results of wear on the printed specimens ----- 59
4.4. Quantitative results of abrader wear loss of volume ----- 63
IV. DISCUSSION -rrrerenmereemsnnnsrmmssnnnsmmssannnrssssnnnssssnnnns 65

1. Influence of acidic pH environments --------«-xsevernanne. 65



2. Physica| properties ................................................. 67

Water sorption/ solubility test --------=-esrermemmmemanmennnnen. 67

3. Mechanical properties «-----=-«-ssermememmemmmmmenene. 69
3.1. Knoop hardness test =-----xeserermmmemammemenneneeeeane 69
3.2. Flexural strength test -« ---xeserermmmmemmnenneeane 70
3.3. Surface wear ASSESSMENt -« -« -nxresrememmermnmannanennne. /1

V. CONCLUSION --rvserermrannranmmsmesnreanseansannesnnesnsannsnns 80
VI. REFERENCES :reeccererreeccentanmceceentaniianeentaniianeenns 81
ABSTRACT (|n Korean) ............................................ 90



LIST OF FIGURES

Figure 1. Schematic diagram of stereolithography technology. -=------ 5
Figure 2. Schematic diagram of digital light processing technology. - 7

Figure 3. Schematic diagram of fused deposition modeling technology.

Figure 4. Study design flows diagram. ==========ssssesemarernannnane. 17

Figure 5. Rectangular parallelepipeds specimens (15 mm x10 mm X

mm) deSIgn. ................................................. 1 9

Figure 6. Bar shaped specimens (25 mm X 2 mm X 2 mm) design.

--------------------------------------------------------------- 19
Figure 7. Disk-shaped specimens (@15 mm x 1 mm) design. ======--- 20
Figure 8. Abrader specimens design. ==========ssessmsarararnannnann. 25
Figure 9. Schematic diagram of chewing simulation. =====-===-=s-=2-- 35
Figure 10. Abrader’s wear measurement Steps. ============sssessesass 41



Figure 11. Knoop hardness (KHN) expressed as mean + standard

deviation for specimens at various pH values. ===--==-=--- 47

Figure 12. Flexural strength (MPa) expressed as mean + standard

deviation for specimens at various pH values. ======------ 50

Figure 13. Wear loss of volume (mm®) expressed as mean + standard
deviation for specimens at various pH values, with different

abrader (zirconia and metal). -===x==rsmrearranaannanaas 54

Figure 14. Wear loss of maximal depth (mm) expressed as mean =+
standard deviation for specimens at various pH values, with

different abrader (zirconia and metal). ============-====---. 58

Figure 15. FE-SEM images of the worn surfaces of the materials against

the zirconia abrader. === +===sserremreemriemrinnaaee 61

Figure 16. FE-SEM images of the worn surfaces of the materials against

the metal abrader. ==========s==ssamsammammmammanmaanaannnnns 62
Figure 17. Effects of build orientation in two body wear tests. ==----- 75

Figure 18. Difference according to amount of infill density and air gap.

vi



LIST OF TABLE

Table 1. Chemical composition of resin materials used in this study -18
Table 2. Compositions of artificial saliva (AS) ======r===ssmmrrranannnrranas 29
Table 3. Parameters of chewing simulator programmable logic =------ 36

Table 4. Water sorption and solubility expressed as mean + standard

deviation for specimen «===«===r==srearmamrmammianrinanaas 44

Table 5. Knoop hardness (KHN) expressed as mean + standard deviation

for specimens at various pH values ========sssemrrmeaneaeann. 46

Table 6. Flexural strength (MPa) expressed as mean =+ standard deviation

for specimens at various pH values ===-====r=semrruenmraeann. 49

Table 7. Wear loss of volume (mm®) expressed as mean + standard

deviation for specimens at various pH values --------------- 53

Table 8. Wear loss of maximal depth (mm) expressed as mean =+

standard deviation for specimens at various pH values ----- 57

vii



Table 9. Wear loss of volume (mm?®) expressed as mean =+ standard

deviation for abrader =========s=rsemrmamrranrnnaaas 64

viii



ABSTRACT

Mechanical properties of 3D-printed temporary crown resin

materials in accordance to different acidity

Myoung-Ji Choi

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Jae-Sung Kwon, M.D., Ph.D.)

Recently, the digital industry has established itself as a major

technology in the field of dentistry. Additive manufacturing (AM)



technology has rapidly emerged as a key technology for digital dentistry.
Temporary dental restorations are also produced using various additive
manufacturing technologies. Additionally, dietary habits expose these
temporary restorations to factors such as sugary food and acidic drinks.

Thus, the objective of this study was to investigate the influence on
the mechanical properties of temporary restorations produced from AM
technology when exposed to different acidic pH levels, as well as the
mechanical properties of fabricated temporary resin specimens through
different AM technologies.

A total of 180 rectangular parallelepiped-shaped specimens, 60 bar-
shaped specimens, and 15 disk-shaped specimens were prepared using
three different types of printing methods to produce dental resin crowns:
Stereolithography Apparatus (SLA), Digital Light Processing (DLP),
and Fused Deposition Modeling (FDM). All specimens were stored in
two different pH levels of 4 and 6 and aged for one month in conditions
simulating those of the oral environment at 37 °C.

The water absorption and solubility measurements were performed to
confirm the physical properties. The Knoop surface hardness, flexural
strength, and wear resistance measurements were performed to confirm
the mechanical properties. The water absorption, solubility, and flexural
strength were evaluated according to 1SO 4049 to verify that the three



different types of printing methods used for the dental resin crown
meet the calibration requirements. To measure Knoop surface hardness,
each specimen was tested under a 500gf load and 15 seconds dwell time,
with three repeated measurements. To measure the wear resistance of the
three different types of printing specimens, zirconia and cobalt-chrome
alloy antagonists were used. Each specimen was then subjected to 20,000
cycles of chewing simulations with a 5 mm vertical descending
movement and 2 mm horizontal movement under a 5 kg load. One-way
ANOVA, Tukey's post-hoc analysis, Mann-Whitney, and T-test were
used for comparison.

The SLA and DLP groups showed no significant difference in Knoop
surface hardness, flexural strength, and wear resistance (p > 0.05).
However, the FDM group significantly decreased Knoop surface
hardness, flexural strength, and wear resistance compared to the other
two groups (p < 0.05).

For the Knoop surface hardness test and flexural strength test, all
specimens showed a significant decrease in surface hardness and flexural
strength values (p < 0.05) in the presence of pH 4.0, regardless of the
methods used to produce them. For the wear resistance test, all specimens
showed a significant increase in wear volume loss and maximal depth
loss values (p < 0.05) in the presence of pH 4.0, regardless of the methods

used to produce them.

Xi



In conclusion, despite the limitations of this in vitro experiment, the
SLA and DLP groups showed greater mechanical properties compared
to the FDM group. The acidic pH environment resulted in more
destructive and weaker mechanical properties in all groups. When
temporary restorations are clinically used, it is important to determine

the method of additive manufacturing and pay attention to acidity.

Key words; AM technologies, SLA, DLP, FDM, temporary restoration,

acidic pH, mechanical properties
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Mechanical properties of 3D-printed temporary crown resin

materials in accordance to different acidity

Myoung-Ji Choi

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Jae-Sung Kwon, M.D., Ph.D.)

I. INTRODUCTION

1. Additive manufacturing (AM) technology

Recently, the digital industry has established itself as a major
technology in the field of dentistry. In particular, additive manufacturing

(AM) technology has been rapidly emerging as a key technology for



digital dentistry (Lee 2016). It has been utilized in a wide range of
clinical applications including prosthodontics, maxillofacial surgery,
orthodontics, oral implantology, and other fields, and it also has great
potential advantages (Tian et al. 2021).

AM technologies used in dentistry include stereolithography (SLA),
digital light processing (DLP), fused deposition modeling (FDM),
selective laser sintering (SLS), etc (Tian et al. 2021).

SLA and DLP technology are among the most representative additive
manufacturing processes for dentistry. These technologies, based on
photopolymers, are used in VAT polymerization (Schweiger 2021). The
advantages of this technology include excellent detail resolution (Javaid
2019, Unkovskiy 2018), high mechanical strength and good surface
quality (Daule 2013). FDM technology has been rapidly emerging as a
popular technology due to its environmentally filamentous thermoplastic
material, which is suitable for use in the oral cavity (Tian et al. 2021).

To utilize AM technology for clinical purposes, the individual

characteristics of the printed outcome must be understood.



2. AM technology type
2.1. SLA technology

SLA is a representative additive manufacturing technology known as
vat photopolymerization (Ligon et al. 2017).

The machine consists of a vat that contains liquid polymer resin, a
printing bed, a building platform upon which the object is built, a light
source, and scanning mirrors for guiding the laser beam (Mukhtarkhanov
2020) (Figure 1).

The working principle of SLA is to expose the movable light source to
activate photopolymerization (Hull 1984) and build up the photocurable
liquid resin in a point-by-point method for the construction of objects.
The strategy behind the vat photopolymerization (also known as photo-
cross-linking) is based on using monomers in a liquid state and photo
initiator molecules (like acrylates) as UV reacts with monomers and
binds them together (Pandey 2014). This photo-cross-linking process
induces an improvement in the chemical resistance and mechanical
properties of the polymer (Pandey 2014).

This advantages of the SLA technology include excellent detail
resolution (Javaid 2019, Unkovskiy 2018), high mechanical strength and
good surface quality (Daule 2013).

However, it takes a long time to print, and the equipment and materials



involved in SLA are expensive. Additionally, it is difficult for beginners

to clean due to the sticky and messy photopolymer used.
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Figure 1. Schematic diagram of stereolithography technology.



2.2. DLP technology

DLP is one of the most popular additive manufacturing processes for
dentistry.

The design of DLP technology is similar to SLA , with the main
difference being the light source used (Schweiger 2021) (Figure 2). DLP
technology features the use of a light source that illuminates each layer
all at once, as opposed to SLA which uses point-by-point
exposure (Soman et al. 2013). Therefore, DLP technology is faster than
SLA and allows for the creation of 3D objects with a lower volume of
resin (De Leon et al. 2016). Additionally, DLP has the advantage of
movable projector heads, which reduces build times by another
40 %. (Schweiger 2021). Despite these distinct advantages, DLP suffers
from several limitations in terms of accuracy. Firstly, effects from the
distribution of light and chemicals can cause material outside the desired
pixel boundary to be cured, resulting in overcuring, and impairing the
achievable resolution. Additionally, since each pixel has a square shape,
printing features with rounded or angled shapes will produce a stair-step
effect. The combination of these effects can lead to unwanted

imperfections in the geometry (Montgomery et al. 2023).
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Figure 2. Schematic diagram of digital light processing technology.



2.3. FDM technology

The FDM technology is utilized in photopolymerization to melt a solid
filament material in a nozzle, polymerize it as it is extruded, and stack it
layer by layer (Kim 2022) (Figure 3).

The main advantages are that it is easy to handle in the clinic and can
be used with most biomaterials. Furthermore, it is affordable and cost-
effective. However, FDM is not widely adopted in dentistry due to its
long printing time (Schweiger 2021), low dimensional accuracy, and
susceptibility to thermal degradation, resulting in a rough surface (Daule
2013). High surface roughness, in particular, has been a major drawback
that leads to low mechanical properties.

The common materials used in FDM are PLA (Polylactic Acid), ABS
(Acrylonitrile Butadiene Styrene), PC (Polycarbonate), and PC-ABS
blends (Polycarbonate-Acrylonitrile Butadiene Styrene). PLA and ABS
resins are the most frequently used polymeric dental biomaterials for
FDM technology. Due to the non-toxic properties of PLA in the oral
cavity, it is considered more favorable for use in 3D printing compared
to ABS (Barazanchi 2017, Turner 2014).

However, PLA has significant weaknesses and low impact
resistance (Subramaniyan et al. 2022). To address these shortcomings,
PLA parts are often combined with bio-carbon at various percentage

levels of 5 %, 15 %, and 30 % to improve bonding (Ertane et al. 2018).
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Figure 3. Schematic diagram of fused deposition modeling technology.



3. Importance of mechanical properties of temporary

restoration

Temporary restoration supports natural teeth and periodontal tissues,
protecting the pulpal tissue from bacterial contamination, physio-
mechanical, and thermal irritation (Cha et al. 2020a). Depending on the
patient’s oral condition, temporary restoration is often a multi-step
process and requires long-term maintenance, regardless of the
duration (Ozel et al. 2017).

If a temporary crown has low mechanical properties, it may lead to a
loss of vertical occlusion with the opposing teeth and changes in facial
features due to the function of the masticatory system (Aldahian et al.
2021). As patients are keeping their natural teeth for many more years,
the potential for mechanical properties becomes greater (Mair et al.
1996).

Therefore, temporary restorations must have sufficient physical and
mechanical properties such as hardness, strength, impact resistance, and
wear resistance, as these factors may affect the lifespan of the

prosthesis (Abdullah 2018).

10



4. Selection of antagonists for wear resistance testing

The wear occurring between temporary restorations and the prosthesis
is an important factor to consider during the extended temporary stage
when making a final restoration decision in clinical practice.

Recently, zirconia and metal alloy have become popular in dentistry
because of their superior mechanical properties. Several in vitro studies
have evaluated the wear behavior of zirconia and metal alloys against
different conventional milling materials. However, the wear behavior of
zirconia and metal restorative materials is not well known when they
oppose 3D-printed temporary resin crowns. It is meaningful to
experiment with the wear pattern of the 3D printing temporary resin
materials.

Thus, wear resistance should be implemented among the 3D-printed

temporary resin crowns tested with zirconia and metal antagonists.

11



5. Influence of acidic environments

As mentioned earlier, temporary restoration often requires a long-term
time. In other words, temporary restoration is naturally exposed to aging
factors in the humid environment for a long time (Firlej et al. 2021),
especially influences in saliva and food, pH environment as well as oral
temperature (Szczesio-Wlodarczyk et al. 2020).

From a chemical perspective, temporary restoration is exposed to the
structure of the polymer network by an aqueous environment (Ferracane
2006). Water particles fill the empty space between micro-gaps (Firlej et
al. 2021). Then, water particles absorb into the resin matrix, causing
swelling of the polymer resin matrix and making it more
flexible (Drummond et al. 2009). The leaching of components, as well
as degradation of the crosslinked matrix and hydrolysis in the interphase
area, eventually lead to a decrease in mechanical properties (Takeshige
et al. 2007) over time. Especially during daily life, changes in temporary
restorations can promote bacterial growth due to a decrease in oral pH
caused sugary food and drinks. Furthermore, this decrease in oral pH can
also lead to an increase in plaque growth.

Previous studies have shown that the acidic fluids accelerate
degradation through hydrolysis of the polymer matrix (Cilli 2012). The
hydrolysis of the crystalline mainly works through a surface erosion

mechanism (Farah 2016). The principle is that acidic fluids easily

12



penetrate the resin’s polymer network, reducing its internal barrier force
and resulting in increased flexibility (Drummond et al. 2009) and

weakened mechanical properties (Rahim et al. 2012).
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6. Research objectives

Recently, the digital industry has established itself as a major
technology in the field of dentistry. Temporary dental restorations are
also produced using various additive manufacturing technologies.
However, existing studies of the physical properties and mechanical
properties of temporary crown resin materials made using conventional
and milled temporary crown resins have been reported. However, no
comparison with 3D-printed temporary crown resins has been reported.
Also, during daily life, changes in temporary restorations occur due to
bacteria growth, as oral pH environments can be reduced by consuming
sugary food and drinks. Furthermore, these oral low pH environments
can induce plaque growth, thereby weakening mechanical properties.
However, the influence of acidic pH on mechanical properties of
temporary restorations fabricated by different additive manufacturing
technologies has not yet been sufficiently studied.

Thus, the objective of this study was to investigate the influence of
mechanical properties on temporary restorations produced from additive
manufacturing technology when exposed to different acidic pH, as well
as the mechanical properties of fabricated temporary resin specimens
through different additive manufacturing technologies.

The null hypothesis was that there will be 1) no influence on the

mechanical properties of temporary restorations produced from additive

14



manufacturing technology when exposed to different acidic pH, and 2)
no differences in the mechanical properties of temporary resin specimens
fabricated from different additive manufacturing technologies.

In addition, physical properties are significantly related to the water
sorption parameter, so this study also implemented water absorption and

solubility test.

15



II. MATERIALS AND METHODS

1. Preparations of temporary restoratives specimens produced

from different additive manufacturing technology

This study design shows in Figure 4.

Each of the 180 rectangular parallelepipeds specimens (15 mm x 10 mm
x 10 mm) (Figure 5), 60 bar shaped specimens (25 mm X 2 mm X 2
mm) (Figure 6), and 15 disk-shaped specimens (@15 mm x 1 mm)
(Figure 7) were designed with Meshmixer (Autodesk Inc, California,
USA), saved in STL files and exported to the 3D printing slicer software
program (3D Sprint; 3D Systems).

Additive manufacturing was carried out with a SLA printer (Form2,
Formlabs, Somerville, MA, USA) and High temp V2 resin (Vertex,
Reutlingen, Germany), DLP printer (Asiga UV Max, Asiga, Alexandria,
Australia) and Tera Harz TC-80DP (A2) (Graphy Inc., Seoul, Korea) as
well as a FDM printer (CUBICON Single Plus — 320C, CUBICON Co.
Ltd., Seoul, Korea) and Nexway PLA QA2-4 (QUVE Co. Ltd., Seoul,
Korea). The chemical composition of the polymers used according to the

manufacturers data are shown in Table 1.
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Flexural strength n=10 n=10
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Knoop hardness n=10"3 n=10*3

Figure 4. Study design flows diagram.
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Table 1. Chemical composition of resin materials in this study

Resin Resin Composition 3D 3D Printer
Product Manufacturer Printer Manufacturer
Urethane dimthacrylate(UDMA) Formlabs. Inc
High-temp Formlabs, Inc., (25-45%) Formlabs 2 Somerville’ M A
V2 resin Somerville, MA, Acrylated monomer (40-60%) US A’ ’
USA Photoinitiator (<1.5%)
Tera Harz Graphy Inc., Urethane dimethacrylate-based Asiga Asiga,
TC- Seoul, Korea resin UV Max Alexandria,
80DP(A2) phosphine oxides, pigment Australia
Nexway QUVE Co. Ltd., PLA (Poly lactic acid) Single Plus- CUBICON Co.
QA2-4 Seoul, Korea 320 Ltd., Seoul,
Korea

18



Figure 5. Rectangular parallelepipeds-shaped specimens (15 mm x 10
mm % 10 mm) design.

Figure 6. Bar-shaped specimens (25 mm X 2 mm X 2 mm) design.

19



Figure 7. Disk-shaped specimens (@15 mm x 1 mm) design.

20



2. 3D-printed specimen fabrication

Cha et al., reported that the accuracy of the printed specimens showed
the highest values at a 0° orientation, and the error was significantly
low (Cha et al. 2020b). In addition, Tahayeri et al., reported that peak
stress was higher in prints with a layer thickness of 100 um (Tahayeri et
al. 2018).

Thus, SLA and DLP specimens were printed with a build orientation of
0°, where the side to be tested was parallel to the build platform. The z-
axis layer thickness set to 100 um. The FDM specimens were printed
with a build orientation of 0° orientation and a z-axis layer thickness of
200 um. To achieve the ultimate strength, Rankouhi et al., recommends
a layer thickness of 200 pum and a 0° orientation for FDM
samples (Rankoubhi et al. 2016).

2.1. SLA specimens

SLA is a method in which a light source emitted through a dotted laser
point draws an output area and builds up. The specimens were printed
with a build angle of 0° orientation and a z-axis layer thickness of 100
pum. After the 3D printing process (Form2, Formlabs, Somerville, MA,
USA), the block was detached from the platform and washed for 5

minutes with 100 % isopropyl alcohol to remove excess resin monomers.

21



In the final stage, the specimens’ post-curing temperature was set at
80 °C and for 120 min using a post-curing machine (Form cure printer,

Formlabs, Somerville, MA, USA).

2.2. DLP specimens

In the case of DLP samples, the laser was controlled by a digital micro
mirror and the entire layer of liquid resin was polymerized at once.
Similarly, the specimens were printed with a build angle of 0°
orientation and a z-axis layer thickness of 100 um. After the 3D printing
process (Asiga UV Max, Asiga, Alexandria, Australia), the block
detached from the platform and washed with 100 % isopropyl alcohol to
remove excess resin monomers. In the final stage, the specimen was
cured for 15 minutes using a nitrogen chamber (Tera Harz Cure, Graphy

Inc., Seoul, Korea).
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2.3. FDM specimens

For FDM samples, the file was transferred to Cubicreator program and
printed using an FDM machine (CUBICON Single Plus — 320C,
CUBICON Co. Ltd., Seoul, Korea). The specimens were printed with a
build angle of O°orientation. The printing layer thickness was fixed at
200 pm using a 0.4 mm nozzle. The extrusion temperature set at 200 °C,
and the print speed was fixed at 60 mm/s. The temperature of the plate
was set at 60 °C to ensure sufficient spreading of the first layer,
facilitating a proper bond with the upper layers, as recommended by the
manufacturer.

Afterwards, all samples were polished with silicon carbide paper of
grain sizes 220 to 2000 grit on a rotary machine (Ecomet30, Bueheler
Ltd, Lake Bluff, IL, USA) with water cooling.

23



3. Abrader specimen fabrication

The abrader, which was mounted on a chewing simulator to apply
abrasive force to the specimens, was made of Zirconia and CoCr alloy. It
was designed using software (Meshmixer, Autodesk Inc, California,
USA) to have a hemisphere with a radius of 1.5 mm connected to a 10
mm cube via a 5 mm long neck (Figure 8). The design was based on the
mesio-palatal cusp of the upper molar, the design of which has been used

previously (Cha et al. 2020a).
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Hemisphere

Figure 8. Abrader specimens design.
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3.1. Zirconia abrader

The zirconia abrader was fabricated using a dry milling 5-axis milling
machine (Arum5x-300 Hoil Dental, England, UK) from a disc-shaped
tetragonal zirconia polycrystal-based block (ZirPremium UT+; Acucera
Inc., Pochon, Korea). The sintering patterns were sintered according to
the manufacturer’s instructions. A fast-heating sintering process was
utilized. This required the zirconia patterns be fired at 10 °C /minute up
to 1000 °C (1,832 °F). After reaching 1000 °C, the patterns were fired at
arate of 3-5 °C /minute until a temperature of 1,500 °C was reached. The

patterns were then held at this temperature for 2 hours and subsequently

allowed to cool to room temperature prior to removal.
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3.2. CoCr abrader

The metal abraders were made by a DMLS machine (EOSINT M270,
EOS GmbH, Krailling, Germany) using CoCr powder (EOS Cobalt
Chrome SP2, EOS GmbH, Krailling, Germany; Co: 62 - 66 wt-% Cr: 24
- 26 wt-% Mo: 5 =7 wt-%, Vikers hardness 420 HV). Its composition
corresponds to type IV CoCr dental material in the EN ISO 22674:2006
standard.

In the DMLS machine, a steel base plate is mounted on the building
platform. The top surface of the base plate is made parallel with respect
to the recoating blade. A layer of iron powder is spread onto the steel
base plate, which is then exposed to a laser beam to achieve sintering of
powder. The build layer thickness was 20 um and a Yb-fibre laser point
of 200 W was used (Ekren 2018).

The surface of the samples was then polished with a 1200 grit brown
rubber point (Brownie Polisher PC2, SHOFU, Kyoto, Japan), while the
polishing of the zirconia abrader surface was performed using a polishing
kit (Soft Diamonds Grinding and Buffing Wheels; Asami Tanaka Dental,
Friedrichsdorf, Germany). The abraders were polished with the full
series of polishing discs rotating at approximately 10,000 rpm in a slow-

speed handpiece (Ghazal 2008).
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4. Exposure of temporary restorative specimens to artificial

saliva with different acidity

The composition of the artificial saliva (AS) was prepared as follows :
0.4 g NaCl (Sigma-Aldrich, Steinheim, Germany), 0.4 g KCL (Duksan
Pure Chemicals Co., Ansan-city, Korea), 0.795 g CaCl, (Sigma-Aldrich,
Steinheim, Germany), 0.780 g NaH,PO42H,0 (Sigma-Aldrich,
Steinheim, Germany), 0.005 g Na,S-9H20 (Junsei Chemical Co., Tokyo,
Japan), and 1 g CH4N,O(Sigma-Aldrich, Steinheim, Germany) in 1L of
solution (Table 2). Then, it was stirred for 24 h.

The solution was adjusted to pH 6.0 using 1.0 M NaOH (Duksan Pure
Chemicals Co., Ansan-city, Korea) and pH 4.0 using 1.0 M HCI (Duksan
Pure Chemicals Co., Ansan-city, Korea) (Kim et al. 2021). The pH levels
were adjusted using a commercial pH meter (ORION™ Star A211,
Thermo Scientific, Waltham, MA, USA).

The control group consisted of samples immersed in solutions with a
pH of 6.0. The other half of the samples were immersed in acidic
solutions with a pH of 4.0 and aged for one month under conditions

simulating those of the oral environment at 37.
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Table 2. Compositions of artificial saliva (AS)

Chemical formula Content
NaCl 04¢g
KCL 04¢g
CaCl, 0.795 ¢
NaH,PO42H,0 0.780 ¢
Na,S-9H,0 0.005 ¢
CH4N:0 lg
NaOH -
HCI -
H,O 1L
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5. Water sorption and solubility

A total of 15 disk-shaped specimens (15 mm diameter x 1 mm
thickness) were prepared in accordance with ISO 4049 (Standarization
2009).

First, the silica gel was placed on the bottom of the container and
polished specimens were placed on top. The specimens were kept in a
desiccator maintained at 37 + 2 °C for 22 hours. Then, twenty-two hours
later, samples were transferred into another desiccator at 23 + 1 for 2
hours and weighed with an analytical balance (XS105, Mettler-toledo
AG, Greifensee, Switzerland) with a £+ 0.1 mg accuracy. This process was
repeated when the mass of the specimen did not change by more than 0.1
mg, at which point the final weight was recorded as (m1/). After drying
each sample, two diameters perpendicular to each other were measured
by an electronic digital caliper (Mitutoyo Model CD-15CPX, Mitutoyo
Corporation, Kawasaki, Japan) with 0.01 mm accuracy and their mean
was calculated. The thickness of the samples was measured at its center
and at four spaced points at equal intervals along its circumference. The
average diameter and thickness were used to calculate the volume (V).
Each sample was separately immersed into 10 mL of distilled water in a
water bath at 37 + 1 for 7 days. Subsequently the surface water was dried
about in the air for 15 seconds and weighed (m2) within 1 minute of its

removal from the water. To calculate water sorption and solubility values,
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the dehydration procedure was repeated until the samples acquired a
constant mass, which was recorded as (m3).
The water sorption and solubility (ug/mm®) of each material were

calculated using formulas (1) and (2) as follows:

m2-m3

(1) Water sorption =

ml-m3

(2) Water solubility =
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6. Knoop hardness test

A total of 60 rectangular parallelepiped-shaped specimens (15 m
m length x 10 mm width x 10 mm height) were measured three
times. To determine the Knoop hardness number (KHN), the speci
mens were positioned centrally beneath the Knoop diamond indent
er. The Knoop hardness tester (DMH-2, Matsuzawa Co. Ltd, Akit
a, Japan) was used with a 500gf load and 15 seconds dwell time.
The KHN was observed at a magnification of 100x. The KHN of

each material was calculated using formula (3) as follows:

F
(3) KHN =14.2 x —

where F is the test load (gf) and d corresponds to the longer diagonal of

an indentation in millimeters (Revilla-Leon et al. 2021).
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7. Flexural strength test

A total of 60 bar-shaped specimens (25 mm length x 2 mm width x 2
mm height) were prepared. According to ISO 4049 (Standarization
2009), each specimen was positioned on a universal testing machine
(Zwick Z010; Zwick, Ulm, Germany) equipped with a three-point
bending jig, with a 20 mm length span between supports. The test was
performed with a 50 N load under a crosshead speed of 1.0 mm/min until
fracture. The maximum pressure before the breaking point was measured.
Fracture loads were recorded using a commercial software program

(testXpert 11 V3.3; Zwick, Ulm, Germany).

After the relevant data were collected, the flexural strength (£S) was

calculated according to the following formula (4):

3Fl1
2BH?

(4) FS =

where F is the maximum load (N), L is the distance between supports
(20 mm), B is the width of the specimen (mm), and H is the height of the

specimen (mm).
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8. Testing wear resistance using a chewing simulator

8.1. Wear test

A total of 120 rectangular parallelepiped-shaped specimens (15 m
m length X 10 mm width X 10 mm height) were prepared.

Two body wear tests were performed using a chewing simulator (TW-
T1000; Taewon TECH, Bucheon, Korea). Each specimen was mounted
in the lower specimen metal jig, and the abraders were placed in the
upper metal jig. Then, they were loaded with eight antagonist pairs
simultaneously. The chewing cycle of the abrader was set to have 5 mm
vertical descending movement, 2 mm horizontal movement (Figure 9).

Each specimen was abraded for 20,000 cycles, which is equivalent to
one month of chewing from a clinical perspective, and a load of 5 kg,
equivalent to the masticating force of 49 N each (Krejci et al. 1993). In
addition, the specimens were subjected to thermocycling conditions of
5-55 °C by a heat/cool system for 60 seconds dwell time (Table 3).

At the end of one cycle, each specimen was air-dried and steam-

cleaned to remove any dirt before scanning.
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Figure 9. Schematic diagram of chewing simulation.
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Table 3. Parameters of chewing simulator programmable logic

Parameter Characteristics
Weight per samples S5kg
Cycle frequency 1.2 Hz
Vertical movement 5 mm
Horizontal movement 2 mm
Cold/hot bath temperature 5 °C/55 °C
Dwell time 60 seconds
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8.2. Scan

Following the chewing simulations, the Medit T710 (Medit T710,
Seoul, South Korea) was used to measure accuracy of 4 pm (I0S12836)
with Easy Scan Spray (Alphadent, Gyeonggi-Do, Korea). It utilizes blue-
light scanning technology and incorporates a four 5.0 MP camera
system (Falih, Majeed 2022). Afterward, the scan images were

transferred to a USB memory card.
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8.3. Quantitative volume loss and maximal depth of wear of

specimens

The acquired images were imported into the GOM inspect mesh
inspection software (GOM GmbH, Braunschweig, Germany). Then, the
GOM Volume Inspect Pro mesh inspection software (GOM GmbH,
Braunschweig, Germany) was aligned with specimens before and after
the chewing simulations to quantify the maximal depth loss and volume
loss of wear. To analyze surface wear, all specimens were cut 2 mm
below the worn part.

The amount of volume loss (mm®) by chewing simulation was
calculated by subtracting the volume of the specimens after the chewing
simulations from the volume before the chewing simulations. The
amount of depth loss (mm) was calculated by subtracting the total height
of the specimens after the chewing simulations from the total height

before the chewing simulations.
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8.4. Qualitative assessment of wear using Field-Emission Scanning

Electron Microscopy (FE-SEM)

The qualitative wear analysis was performed by visualizing specimens
using field emission scanning electron microscopy. A thin platinum
coating was applied to the worn surface using a sputter coater (Quorum
Q150T-S, Quorum Technologies, West Sussex, UK), and the specimens
were observed with a field emission scanning electron microscope (FE-
SEM) (Hitachi S-4700, Hitachi High-Technologies Group, Schaumburg,

IL, USA) at 50 x magnifications at the end of the wear tests.
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8.5. Quantitative volume loss of abrader

For the quantification of wear on the abrader, the acquired images
were imported into the GOM inspect mesh inspection software (GOM
GmbH, Braunschweig, Germany). Subsequently, the quantification of
volume loss due to wear was measured using the GOM Volume Inspect
Pro mesh inspection software (GOM GmbH, Braunschweig, Germany)
aligned with the abrader before and after the chewing simulations. Then,
the abrader was cut 2 mm down from the worn part. The amount of
volume loss (mm?®) from the chewing simulations was calculated using

the method described earlier with the resin specimens (Figure 10).
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Figure 10. Abrader’s wear measurement steps; (A) aligning abraders
before and after chewing simulation, (B) cutting 2 mm down from the
worn part, (C) cut-out abraders and (D) calculating volume loss by
subtracting the abrader’s volume, respectively, after the chewing

simulations from that of the abraders before the chewing simulations.
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9. Statistical analysis

Statistical analysis was performed using SPSS Statistics 26 software
(IBM, Armonk, NY, USA). One-way ANOVA and Tukey’s post-hoc
analysis were performed for water solubility and absorption, Knoop
hardness, flexural strength, and wear resistance. The Mann-Whitney test
was performed for the abrader groups in the wear resistance tests. A t-
test was performed to determine influence of acidic pH. The statistical

significance level for all tests was set at a p-value < 0.05.
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II1. RESULTS

1. Water sorption/ solubility

Water sorption and solubility were found to have statistically significant
differences among 3D-printed resin groups (p < 0.05) (Table 4).

The average value of water sorption was highest for the DLP group
23.16 + 1.33% followed by the SLA group 21.16 + 2.19%, and FDM
group 18.33 + 2.68" (p <0.05).

The average value of water solubility was highest for the FDM group
0.003 + 0.0030°, followed by the SLA group -0.011 + 0.0030°, and
the DLP group -0.015 + 0.0021° (p <0.05).
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Table 4. Water sorption and solubility data are expressed as mean =+

standard deviation for the specimens

Group Wsp (ng/mm®) Wsl (ug/mm3)

SLA 21.16 + 2.19® -0.011 + 0.0030°
DLP 23.16 + 1.332 -0.015 + 0.0021°
FDM 18.33 + 2.68° 0.003 + 0.0030%

The same lowercase letters indicate no statistically significant difference

between results in accordance with additive manufacturing (AM)

methods (p > 0.05).
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2. Knoop hardness test

The Knoop hardness values (KHN) of the 3D-printed specimens are
presented in Table 5 and Figure 11.

The mean + standard deviations values for Knoop hardness in the
presence of pH 4.0 were 22.64 + 1.98 for the SLA group, 22.15 +
1.18 for the DLP group, and 15.26 + 1.81 for the FDM group. For pH
6.0, the results were 24.96 + 0.87 for the SLA group, 23.39 + 0.94 for
the DLP group, and 19.32 + 0.82 for the FDM group.

There were no significant differences in Knoop hardness between the
SLA and DLP groups at both pH levels (p > 0.05). However, the FDM
group showed significant differences with both the SLA and DLP groups
at both pH levels (p < 0.05).

In addition, all specimens immersed in artificial saliva with a pH of 4.0
resulted in significantly lower Knoop hardness values than specimens
immersed in a pH of 6.0 (p < 0.05), regardless of additive manufacturing

technology.
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Table 5. Knoop hardness (KHN) expressed as mean + standard deviation

for specimens at various pH values

Knoop hardness (KHN)
Mean + Standard deviation

AM Methods
pH 4.0 pH 6.0
SLA 22.64 + 1.98"° 24.96 + 0.87*
DLP 22.15 + 1.18% 23.39 + 0.94%
FDM 15.26 + 1.81°° 19.32 + 0.82%

The same capital letters indicate no statistically significant difference

between results in accordance with additive manufacturing (AM)

methods (p > 0.05). The same lowercase letters indicate no statistically

significant difference between specimens immersed in pH 4.0 and pH 6.0

(p > 0.05).
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Knoop hardness (KHN)

SLA DLP FDM

Figure 11. Knoop hardness (KHN) expressed as mean * standard
deviation for specimens at various pH values. ‘*’ indicates a statistically
significant difference between pH 6.0 and pH 4.0 (p < 0.05). The same
capital letters indicate no statistically significant difference between
results in accordance with additive manufacturing (AM) methods (p >
0.05).
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3. Flexural strength test

The flexural strength (MPa) of the 3D-printed specimens is presented
in Table 6 and Figure 12.

The mean + standard deviation values for flexural strength in the
presence of pH 4.0 were (101.96 + 4.49) MPa for the SLA group,
(100.35 + 4.32) MPa for the DLP group, and (80.30 + 6.48) MPa for
the FDM group. For pH 6.0, the results were (106.74 + 3.99) MPa for
the SLA group, (104.83 + 3.32) MPa for the DLP group, and (82.73 =+
6.31) MPa for the FDM group.

There were no significant differences in flexural strength between the
SLA and DLP group at both pH levels (p > 0.05). However, the FDM
group showed significant differences with both the SLA and DLP group
at both pH levels (p < 0.05).

In addition, all specimens immersed in artificial saliva with a pH of 4.0
resulted in significantly lower flexural strength than specimens

immersed in a pH 6.0 (p < 0.05), regardless of the AM technology.
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Table 6. Flexural strength expressed as mean =+ standard deviation for

specimens at various pH values

Flexural strength (MPa)
Mean + Standard deviation

AM Methods
pH 4.0 pH 6.0
SLA 101.96 + 4.497° 106.74 + 3.997°
DLP 100.35 + 4.327° 104.83 + 3.32@
FDM 80.30 + 6.48%° 82.73 + 6.31B

The same capital letters indicate no statistically significant difference
between results in accordance with additive manufacturing (AM)
methods (p > 0.05). The same lowercase letters indicate no statistically
significant difference between specimens immersed in pH 4.0 and pH 6.0

(p > 0.05).
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Flexural strength (MPa)

SLA DLP FDM

Figure 12. Flexural strength (MPa) expressed as mean + standard
deviation for specimens at various pH values. ‘*’ indicates statistically
significant difference between pH 6.0 and pH 4.0 (p < 0.05). The same
capital letters indicate no statistically significant difference between

results obtained using additive manufacturing (AM) methods (p > 0.05).
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4. Surface wear Assessment
4.1. Quantitative results for wear loss of volume

The wear loss in volume of the 3D-printed specimens after the
chewing simulations is presented in Table 7 and Figure 13.

The mean + standard deviation values for wear loss in volume
against the zirconia abrader in the presence of pH 6.0 were (2.42 + 0.42)
mm’® for the SLA group, (2.49 + 0.47) mm® for the DLP group, and
(4.06 + 1.86) mm’ for the FDM group. For pH 4.0, the results were
(2.98 + 0.55)mm’ for the SLA group, (3.00 + 0.23) mm® for the DLP
group, and (5.74 + 1.41)mm’ for the FDM group.

There were no significant differences in the volume loss between the
SLA and DLP group in both pH (p > 0.05). However, the FDM group
showed significant differences with both the SLA and DLP groups in
both pH conditions (p < 0.05).

Additionally, all specimens immersed in artificial saliva at pH 4.0
resulted in significantly more wear loss of volume than specimens
immersed in pH 6.0 (p < 0.05), regardless of additive manufacturing
technology used.

The mean + standard deviations values for wear loss in volume

against the metal abrader in the presence of pH 6.0 were (2.70 £+ 0.54)
mm? for the SLA group, (2.78 + 0.44) mm® for the DLP group, and
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(4.09 £+ 0.99)mm® for the FDM group. In the presence of pH 4.0, the
results were (3.30 + 0.78)mm?® for the SLA group, (3.67 £+ 0.38) mm’
for the DLP group, and (6.78 + 0.94) mm’ for the FDM group.

Similar to the results when the zirconia abrader was used, there were no
significant differences in the volume loss between the SLA and DLP
groups (p > 0.05) in both pH conditions. However, the FDM group
showed significant differences with both the SLA and DLP groups (p <
0.05) in both pH conditions.

Additionally, all specimens immersed in artificial saliva at pH 4.0
resulted in significantly more wear loss of volume than specimens
immersed in pH 6.0 (p < 0.05), regardless of the additive manufacturing
technology used.
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Table 7. The wear loss of volume expressed as mean =+ standard deviation

for specimens at various pH values

Wear loss of volume (mm?3)

AM Mean + Standard deviation
Methods Zirconia Abrader Metal (CoCr) Abrader
pH 4.0 pH 6.0 pH 4.0 pH 6.0

SLA 298 + 055%2.42 + 0.42%°3.30 + 0.78%22.70 + 0.54%°

DLP 3.00 + 0.23%22.49 + 0.478°3.67 + 0.38522.78 + 0.44%°

FDM 574 + 1.41"4.06 + 1.86"°6.78 + 0.94" 45 + 0.99%°

The same capital letters indicate no statistically significant difference
between results in accordance with additive manufacturing (AM)
methods (p > 0.05). The same lowercase letters indicate no statistically
significant difference between specimens immersed in pH 4.0 and pH 6.0

(> 0.05).
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3
Wear loss of volume (mm”)

SLA DLP FDM SLA DLP FDM
Zirconia abrader Metal abrader

Figure 13. Wear a loss of volume (mm?®) expressed as mean + standard
deviation for specimens at various pH values, with different abrader
(zirconia and metal). “*’ indicates statically significant difference
between pH 6.0 and pH 4.0 (p < 0.05). The same capital letters indicate
no statistically significant difference between results in accordance with

additive manufacturing (AM) methods (p > 0.05).
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4.2. Quantitative results for wear loss of maximal depth

The wear loss of the maximal depth of the 3D-printed specimens after
the chewing simulations is presented in Table 8 and Figure 14.

The mean wear loss of the maximal depth + standard deviations
against the zirconia abrader in the presence of pH 6.0 was (0.18 + 0.04)
mm for the SLA group, (0.21 + 0.03) mm for the DLP group, and (1.21
+ 0.22) mm for the FDM group. In the presence of pH 4.0, the results
were (0.22 4+ 0.03) mm for the SLA group, (0.26 + 0.06) mm for the
DLP group, and (2.31 £ 0.58) mm for the FDM group.

There were no significant differences in the wear loss of the maximal
depth between the SLA and DLP groups for both pH (p > 0.05). However,
the FDM group showed significant differences with both the SLA and
DLP groups for both pH (p < 0.05).

In addition, all specimens immersed in artificial saliva of pH 4.0
resulted in significantly more wear loss of maximal depth than specimens
immersed in pH 6.0 (p < 0.05), regardless of AM technology.

The mean wear loss of the maximal depth + standard deviations
against the metal abrader in the presence of pH 6.0 was (0.21 + 0.04)
mm for the SLA group, (0.25 £+ 0.04) mm for the DLP group, and (1.38
+ 0.37) mm for the FDM group. In the presence of pH 4.0, the results
were (0.27 + 0.02) mm for the SLA group, (0.33 + 0.08) mm for the
DLP group, and (2.65 £ 0.27) mm for the FDM group.
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There were no significant differences in the wear loss of the maximal
depth between the SLA and DLP groups in both pH (p > 0.05). However,
the FDM group showed significant differences with both the SLA and
DLP groups, in both pH (p < 0.05).

In addition, all specimens immersed in artificial saliva of pH 4.0
resulted in significantly more wear loss of the maximal depth than

specimens immersed in pH 6.0 (p < 0.05), regardless of AM technology.
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Table 8. The wear loss of maximal depth expressed as mean + standard

deviation for specimens at various pH values

Wear loss of maximal depth (mm)

AM Mean + Standard deviation
Methods Zirconia Abrader Metal (CoCr) Abrader
pH 4.0 pH 6.0 pH 4.0 pH 6.0
SLA 022 + 0.03% 0.18 + 0.04%° 0.27 + 0.025%% 0.21 + 0.04%°
DLP 0.26 + 0.06%2 0.21 + 0.03%° 0.33 + 0.08%* 0.25 + 0.04%°
FDM 231 + 058" 1.21 4+ 0.22*° 2,65 + 0.27* 1.38 + 0.37*"

The same capital letters indicate no statistically significant difference

between results in accordance with additive manufacturing (AM)

methods (p > 0.05). The same lower-case letters indicate no statistically

significant difference between specimens immersed in pH 4.0 and pH 6.0

(p > 0.05)
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Wear loss of depth(mm)

SLA DLP FDM SLA DLP FDM

Zirconia abrader Metal abrader

Figure 14. Wear a loss of maximal depth (mm) expressed as mean +
standard deviation for specimens at various pH values, with different
abrader (zirconia and metal). “*’ indicates statistically significant
difference between pH 6.0 and pH 4.0 (p < 0.05). The same capital letters
indicate no statistically significant difference between results in

accordance with additive manufacturing (AM) methods (p > 0.05).
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4.3. Qualitative results of wear on the printed specimens

The FE-SEM images of the worn surfaces of the specimens after the
wear tests are shown in (Figure 15 and 16). All types of resin showed
cracks and dented features.

For the SLA resin specimens, a smooth surface with small cracks and
grooves oriented parallel with the sliding direction were observed
(Figure 15 and 16 (A1-A4)). The DLP resin specimens showed slightly
wider range of grooves and dented fractures (Figure 15 and 16 (B1-B4)).
For the FDM resin specimens, remarkably more wide range of cracks
and sharp step of the layer were observed (Figure 15 and 16 (C1-C4)).

In the presence of pH 6.0 specimens, a smooth surface with small steps
on the fractured surface was seen for the specimen (Figure 15 (Al, BI,
C1), Figure 16 (A3, B3, C3)), while pH 4.0 specimens remarkably
distributed wrinkles-like appearance and patchy surface were observed
(Figure 15 (A2, B2, C2), Figurel6 (A4, B4, C4)).

Additionally, the surfaces of the wear areas of the three materials in
contact with the zirconia abrader appeared to be relatively smoother than
those in contact with the CoCr alloy abrader (Figure 15). For the CoCr
alloy abrader, the features relatively showed a rough surface with faint
lamellae (Figure 16). All resin specimens changed from a smooth to
rough surface with layering fracture.

Based on FE-SEM findings there were variations in surface in term of
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different AM technologies type and different pH solutions influence,
especially the appearance of surface layering fracture with acidic pH

solutions and when used to CoCr alloy abrader (p > 0.05).

60



pH6.0

pH4.0

Figure 15. FE-SEM images of the worn surfaces of the materials against the zirconia abrader. SLA
specimens (A1-A2); DLP specimens (B1-B2); FDM specimens(C1-C2); under different pH
solutions (4.0, and 6.0). The scale bar is 1 mm.
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pH6.0

pH4.0

Figure 16. FE-SEM images of the worn surfaces of the materials against the metal abrader. SLA
specimens (A3-A4); DLP specimens (B3—B4); FDM specimens(C3—C4); under different pH
solutions (4.0, and 6.0). The scale bar is 1 mm.
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4.4. Quantitative results of abrader wear loss of volume

In this study, zirconia and metal abrader were used to simulate wear.
Two-body wear tests, loaded with eight antagonist pairs simultaneously,
were carried out, allowing each abrader’s measurement to influence
300,000 cycles. Table 9 indicates that there was no significant difference
in volume loss between the abraders (p > 0.05), but when looking at the
specimens, volume loss and depth loss deviation were generally lower
when zirconia was instead of CoCr alloy as the abrader.

In scanning electron microscopy images, the surfaces of the wear areas
of the three materials in contact with the zirconia abrader appeared to be

relatively smoother than those in contact with the CoCr alloy abrader.
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Table 9. Wear loss of volume is expressed as mean =+ standard

deviation for the abrader

Abrader wear loss of volume (mm?)
Mean + Standard deviation

Zirconia abrader 0.17 + 0.02?
Metal (CoCr) abrader 0.19 + 0.02%

The same lowercase letters indicate no statistically significant difference

between abraders (p > 0.05).
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IV. DISCUSSION

This results of this study demonstrated (1) an influence in acidic pH
and (2) a difference in mechanical properties among temporary resin
specimens fabricated from different AM technologies, and, therefore, the

null hypothesis was rejected.
1. Influence of acidic pH environments

It is important that the mechanical properties influence in acidic pH
environments.

The effects of acidity are more destructive in the case of internal stress
in the material structure. Previous studies have shown that acidity
accelerates degradation due to hydrolysis of the polymer matrix (Cilli
2012). Hydrolysis of the crystalline mainly works through surface
erosion mechanism (Farah 2016). Thus, when immersed acidic fluids,
they easily penetrate the polymer network of resin and reduce the internal
barrier force, resulting in more flexibility (Drummond et al. 2009) and
weak mechanical properties (Rahim et al. 2012).

In this study, the mechanical properties were measured by varying the
concentration of the pH solutions. In a previous in vitro study, a pH of
4.0 was usually used as the lowest pH in plaque (Prakki et al. 2005), and
salivary pH generally ranges between 6 and 7 (Alshahrani et al. 2022).

65



Thus, this present study sets up pH 4.0 and pH 6.0. All specimens tested
in this study showed that acidic solutions of pH 4.0 decrease surface
hardness, flexural strength, and wear resistance, which is in agreement
with previous studies (Alzaid et al. 2022, Chadwick et al. 1990, Firlej et
al. 2021, Yilmaz et al. 2018). Influence of acidic environments also
definitively showed worn surface after two body wear tests in the SEM
images.

In the presence of pH 6.0 specimens, a smooth surface with small steps
on the fractured surface was seen for the specimens (Figure 15 (A1, B1,
C1), Figure 16 (A3, B3, C3)). However, pH 4.0 specimens remarkably
displayed a wrinkled-like appearance and patchy surface (Figure 15 (A2,
B2, C2), Figure 16 (A4, B4, C4)).

Especially, the results showed that the FDM group had significantly
lower values after immersion in the acidic solution of pH 4.0. The reason
for this can be attributed to the quick diffusion of the acidic solution of
pH 4.0 from the interior of the high-porosity devices (Farah 2016). The
PLA component printed by FDM has inferior moisture barrier
characteristics compared with synthetic polymers (Pan et al. 2008), and
it is easily hydrolyzed by moisture (Yew et al. 2005).

Thus, management of the moisture environment and hydrolytic

degradation of PLA are significantly sensitive factors.
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2. Physical properties
Water sorption and solubility

The mechanical properties related to water sorption and solubility.

In this study, the SLA and DLP groups showed no significant
differences compared to the FDM group (p > 0.05). The water sorption
values of the DLP group were 23.16 + 1.33% followed by the SLA
group values of 21.16 + 2.19°. Additionally, the water solubility of the
DLP group were -0.015 + 0.021°, while the SLA group values were -
0.011 + 0.0030".

The SLA and DLP groups are commonly used in UDMA resin matrix.
As a result, higher water sorption follows, however, negative water
solubility values for the UDMA resin matrix. This resin matrix seems to
be related to the hydrophilicity characteristic (Szczesio-Wlodarczyk et al.
2021). When resins are absorbed in water, unreacted monomers and
small oligomers are eluted, and water is trapped in the space between the
polymer chains (Szczesio-Wlodarczyk et al. 2021). UDMA resin matrix
primarily consists of polar groups of the resin molecules, so it can be
concluded that these materials absorb water molecules that are not
released. After these resin materials are bonded by water molecules

chemically (Tuna et al. 2008).
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Contrastively, the FDM group exhibited relatively low water sorption
18.33 + 2.68" and high-water solubility 0.003 + 0.0030% These
results can be attributed to the hydrophobic characteristic of the PLA
content (Choi et al. 2023).

Based on the water sorption and solubility results, it is expected that
the FDM group would demonstrate good mechanical properties.
However, the mechanical properties of the tested FDM group exhibited
remarkably poor results.

This is likely due to the high-porosity nature of the PLA component
printed by FDM, resulting in poor toughness, lower impact
resistance (Subramaniyan et al. 2022). Additionally, the material was
found to be very brittle. As a result, its usage is limited to certain

applications (Farah 2016).
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3. Mechanical properties
3.1. Knoop hardness test

In this study, the surface hardness test was determined according to the
Knoop method.

There were no significant differences in the surface hardness between
the tested SLA and DLP groups (p > 0.05). However, the FDM group
showed significant differences with both the SLA and DLP groups (p <
0.05). The reason for the superior mechanical properties of the SLA and
DLP groups compared to the FDM group is explained by the
photocrosslinkable materials used in photopolymerization. These
materials consist of intermolecular interactions, which influence the
better chemical, mechanical properties and modulus of crosslinked
dimethacrylate systems (Gajewski et al. 2012). Moreover, UDMA
component printed by the SLA and DLP groups had a flexible nature,
lower viscosity of 23 Pa-s, and lower MW =470 g/mol (Sideridou 2002).

In addition, UDMA is relatively composed of small- sized
molecules (Kessler et al. 2019), resulting in a higher concentration of
double bonds (Barszczewska-Rybarek 2020) and the formation of a tight
network (Sideridou 2002). Due to the correlation between the degree of
conversion and hardness (Ferracane 1985), the UDMA component

printed by the SLA and DLP groups demonstrated positive results.
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3.2. Flexural strength test

The flexural strength was evaluated based on a three-point bending
test according to ISO 4049. The ISO 4049 demands a flexural strength
of at least 80 MPa for restorative materials (ISO 2009). The temporary
restorations obtained in this study will allow the requirements of the
standard.

There were no significant differences in the flexural strength between
the tested SLA and DLP groups (p > 0.05). However, the FDM group
showed significant differences with both the SLA and DLP groups (p <
0.05).

From a chemical perspective, high values were demonstrated in the
tested properties of UDMA components. UDMA components have been
characterized by greater stiffness and resistance to three-point

bending (Szczesio-Wlodarczyk et al. 2021), resulting in positive effects.
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3.3. Surface wear assessment

The wear resistance was evaluated based on two body wear tests.

One of the most influential manufacturing factors affecting wear
performance is build orientation. Previous study results suggest that
specimens printed at 90° were more prone to fracture (KEBLER 2021,
Park et al. 2019). In addition, printed specimens demonstrate that as the
printing orientation decreases, the mechanical properties increases (Lee
et al. 2022, Luzanin 2014). Thus, all 3D-printed specimen were
fabricated at 0° of build orientation in this study. However, another
previous study demonstrated a different influence of build orientation on
the wear test.

Mohamed et al.,, found that specimen fabricated at 0° of build
orientation have long sliding molecular chains, which leads to high
frictional heating and higher temperature, eventually resulting in
molecular reorientation and chain scission (Mohamed et al. 2017)
(Figure 17).

In contrast, specimens fabricated at 90° of build orientation generate
shorter raster lengths that are parallel to the sliding surface. The
molecular cannot move as much between layers, and thus it leads to a
drop in the wear rate (Mohamed et al. 2017).

Dangnan et al., also demonstrated a lower wear rate when the test

specimens are orientated perpendicular to the sliding direction compared
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to the parallel orientation (Dangnan et al. 2020).

The present study found that the amount of the SLA group was similar
to that of the DLP group (p > 0.05). The volume loss and maximal depth
loss of wear also showed similar patterns. However, the worn surface of
the DLP group exhibited a slightly wider range of grooves and dented
features in the SEM images (Figure 15 (B1, B2), Figure 16 (B3, B4)).

In contrast, the FDM group showed significant differences compared
to both the SLA and DLP groups (p < 0.05). The maximal depth loss and
volume loss values were remarkably large. SEM images revealed a wider
range of cracks and sharp steps between layers (Figure 15 (C1, C2),
Figure 16 (C3, C4)). Thus, the impact of FDM printing on the fatigue
mechanism was analyzed. Shanmugam et al., demonstrated that FDM
printing has the ability to produce polymer materials compared to
conventional methods. However, the formation of porosity and
imperfections in FDM printed polymers is an inevitable characteristic
that can result in failure under loading (Shanmugam et al. 2021).
Additionally, FDM printed materials are anisotropic due to the lack of
uniform strength in all directions, resulting from layer-to-layer adhesion
and interlayer voids. The primary process parameters of FDM include
layer thickness, infill pattern, infill density, air gap, and build
orientation (Tanveer et al. 2022). Higher infill density (100 %) during

manufacturing improves interlayers bonding and provides more
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resistance to deformation due to a reduced air gap (Figure 18) (Camargo
et al. 2019). Furthermore, Tanveer et al., reported that increasing infill
percentage enhances the mechanical properties (Tanveer et al. 2022).

The layer thickness affects the filament strength (Gomez-Gras et al.
2018).

As the layer thickness increases, mechanical properties
improve (Camargo et al. 2019). To achieve ultimate strength, Rankouhi
et al., recommend using 0.2 mm layer thickness and 0° orientation
samples (Rankouhi et al. 2016). The infill pattern controls the build time,
amount of filament, and strength of the FDM parameter, making it an
important factor. Camargo et al., revealed that mechanical properties
improve as the linear infill pattern parameter increases (Camargo et al.
2019). For this reason, FDM specimens fabricated according to the above
reference in this study. Differences in wear patterns were found between
the materials depending on the abraders. There was no significant
difference in volume loss between the abraders (p > 0.05), but when
examining the specimens, volume loss and depth loss deviation were
generally lower when zirconia was used compared to when the CoCr
alloy was used as the abraders.

Additionally, the surfaces of the wear areas of the specimens in contact
with the zirconia abrader appeared relatively smooth in the SEM images.

The differences in the results may be attributed to the presence or absence
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of fillers and the nature of the fillers (Cha et al. 2020b). Also the CoCr
alloy used in the DMLS method during the solidification of melting

metal, in particular “Co”, can enhance crack tendency (Béres et al. 2018).
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The two body wear test parameters were as similar as possible to the
clinical loading conditions. The load of 5 kg was equivalent to the
average masticatory force of 49 N each. In addition, force ranges of 0.4
to 0.75 N and cycles ranging from 10,000 to 1,200,000 were adopted for
most wear tests. A cycle of 250,000 loadings is similar to about one year
in clinical situations (DeLong et al. 1985). Thus, 20,000 cycles of load
are comparable to approximately one year of chewing from a clinical
perspective. However, depending on the condition of the patient, the
temporary restorations may consist of multiple units of prosthesis, and
the period of use may be extended depending on periodontal or implant
surgery.

This study had a limitation in that it is an in vitro study.

First, these specimens had a flat surface, whereas teeth and
restorations have complicated shapes that cause different stresses at
various sites on the restoration surface (Mair et al. 1996). Second, several
in vitro wear studies have demonstrated the wear performance of dental
restorations that encourage the reproduction of the in vivo masticatory
system (Lambrechts et al. 2006). However, it is not practically possible
to precisely simulate the masticatory movements in oral environments
using in vitro simulators (Altaie 2017, Lee 1975).

Third, wear resistance tests such as three body wear tests may be even

more clinically important compared to two body wear tests
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(McCabe et al. 2002). While three-body wear may yield meaningful
results for predicting clinical performance, they are likely to offer limited
assistance in assessing material characteristics.

In this study, the surface hardness, flexural strength, and wear
resistance of three different types of 3D-printed resin were evaluated, and
the results showed that the SLA and DLP specimens could yield stable
clinical outcomes compared to those of the FDM specimens.

Using an FDM printer to produce temporary restorations is relatively
less available compared to other 3D printers. However, according to
existing literature, internal fit and mechanical properties within clinically
acceptable ranges (Kim 2022). Although there is still insufficient
evidence regarding the utility of temporary restorations made with PLA,
ongoing research aims to enhance mechanical strength by incorporating
additives such as bio-carbon and carbon black, ensuring consistent
output and high quality. In the future, temporary restorations printed with
FDM printer can be produced highly versatile.

Dietary habits expose temporary restorations to factors such as sugary
food and acidic drinks. According to existing studies, temporary
restorations can be subject to the polymer network structure in a pH
environment.

Consequently, water particles fill the empty spaces between micro-

gaps (Firlej et al. 2021). The results, including leaching of the
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components, degradation of the crosslinked matrix, and hydrolysis in the
interphase area, eventually lead to a decrease in mechanical properties
over time (Takeshige et al. 2007).

Thus, this study investigates the influence of acidic pH on the
mechanical properties of temporary restorations fabricated using various
additive manufacturing technologies. The results reveal that under acidic
conditions with a pH of 4.0, poor mechanical properties were observed.

Consequently, managing acidity in the oral environment emerges as a

significantly sensitive that must be carefully considered.
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V. CONCLUSION

While some comparative studies on the mechanical properties of
materials produced using conventional milling methods have been
reported, there is no comparison with the 3D printing method in the
existing literature.

Furthermore, the influence of acidic pH on the mechanical properties
of temporary restorations, fabricated using various additive
manufacturing technologies, has not been sufficiently studied.

Thus, the aim of this study was to investigate the influence of acidic
pH and mechanical properties of fabricated temporary resin specimens
through different AM technologies. With the limitation that this was an
in vitro experiment, the results showed that the SLA and DLP groups
could yield stable clinical outcomes compared to those of the FDM group.

Additionally, under acidic conditions, poor mechanical properties
were observed. Thus, considerable attention is required for acidity in the

oral environment.
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