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Purpose: This study investigated the impact of reducing the oxygen concentration via nitrogen injection
during the postcuring process of 3D-printed dental materials. Materials and Methods: Resin specimens
for dental crown and bridge (15-mm diameter, both 1-mm and 2-mm heights) were 3D-printed and rinsed.
Subsequently, the postcuring process was conducted on nine groups categorized according to atmospheric
conditions within the curing device (20% [control], 10%, and 5% oxygen) and curing times (10, 15, and
20 minutes). Surface roughness was measured using a gloss meter. Surface polymerization was confirmed
through Fourier-transform infrared spectroscopy (FT-IR) analysis, and the flexural strength and elastic modulus
of the specimens were measured using a universal testing machine. Water absorption and solubility were
determined according to Inernational Organization for Standardization (ISO) standards. All evaluation criteria
were statistically analyzed using one-way ANOVA and Tukey's post hoc test based on oxygen concentration.
Results: The elastic modulus did not show statistically significant differences in all groups. However, compared
to the control group, the flexural strength, degree of conversion, and gloss significantly increased in the
groups with decreased oxygen concentrations. Conversely, water solubility and water absorption significantly
decreased in a few groups with reduced oxygen concentration. Conclusions: Reducing oxygen concentration
through nitrogen injection during the postcuring process of 3D printing enhances the suitability of the dental
prosthetic materials. The significant increase in flexural strength can particularly enhance the utility of these
materials in dental prosthetics. Int J Prosthodont 2024,37(suppl):s151-s158. doi: 10.11607/ijp.8919

of dental devices has passed through the trough of disillusionment and has

entered the slope of enlightenment. This progression has been among the
fastest in all medical areas, and 3D-printing technology is already used extensively Co”esps’”gfncg t‘;-‘
in the field of denti;try.2 Surgical implant guides enable predictable surgeries, and upg,adepc@;ania,,fe;
3D-printed prosthetics allow for the rapid and easy creation of esthetically pleasing

Q ccording to the Gartner’s hype cycle for 3D-printing technology,' 3D printing

outputs within short period of time. The use of 3D-printing models also enhances 5“bm’ffedtD(ejCjembe’ 7; ;g;jf
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spatial efficiency by enabling the retrieval of cloud data as needed. Consequently, 3D ©2024 by Quintessence
printing is becoming a powerful driver of convenience and efficiency in dental practice. Publishing Co Inc.
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Table 1
Product

Details of the Products Used

Manufacturer

Features

Shade: A2

Component: methacrylate oligomer based on
polyurethane resin, phosphine oxides, pigment
Purpose: crown and bridge

3D printer powered by 8.9-in 4K ultra HD LCD
light engine

6-core CPU

4-GB RAM

Dual-layer resin tank

UV LED light source

405-nm UV wavelength

200-W output

280,000-mJ/cm? UV energy density
1,000-W/cm? UV irradiance

Resin: TC-80DP Graphy

Printer: Slash 2 UNIZ

Postcuring device:

Tera Harz Cure Graphy

Table 2 Experimental Groups

Postcuring time

Hardening

condition 10 min 15 min 20 min
5% oxygen 0,5%;10 0,5%;15 0,5%;20
10% oxygen 0, 10%;10 0,10%;15 0,10%;20
20% oxygen 0,20%;10 0,20%;15 0,20%;20

Groups were categorized by postcuring time and oxygen concentration.

Many dentists are aware of the diverse applications of 3D printing.
However, the implementation of 3D printing is sometimes challenging
because of its decreased accuracy relative to milling machines. Accuracy
can be broadly categorized into two aspects: precision and trueness.3
Inconsistencies between printing cycles would make individual products
unsuitable for use in clinical dental practice. In the current advanced
state of 3D-printing technology, many issues during the printing pro-
cess have been improved. Therefore, considerations for postprocessing
should now be prioritized, including washing, supporter removal, and
postcuring.

There has been extensive research on the process of washing residual
monomers after printing. Isopropanol (IPA) is commonly used for wash-
ing, and variations in washing times and washing equipment have been
studied.#* Variations associated with IPA concentrations (99%, 94%, and
92%) have also been reported.® Subsequently, nontoxic alternatives have
been developed due to the hazards of alcohol and potential harms to hu-
man health, and the effectiveness of these new cleaning solutions has been
investigated.’

Postcuring is also a crucial step in printing. Generally, the degree of curing
for 3D-printing outputs is only around 60% to 70%.8 Therefore, further
increasing the degree of curing can significantly enhance strength and du-
rability. Many postcuring techniques and products have been introduced to
optimize the postcuring process.? To maximize the light for curing, powerful
light sources are frequently utilized, or various devices are attached inside
the curing chamber to reflect light. However, rapid curing of resin increases
the stress due to polymerization shrinkage,'® suggesting that such practices
have a limitation.'® Therefore, the present study considered an alternative
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method to increase postcuring per-
formance rather than adjusting the
intensity of light.

In other industrial applications,
the degree of resin curing can be
increased by blocking oxygen."
However, less is known about the
impact of oxygen concentration in
the postcuring process of 3D print-
ing. Herein, it was reasoned that ni-
trogen injection into the postcuring
machine’s chamber will reduce the
amount of oxygen and enhance ef-
ficiency of the postcuring process.
Therefore, the present study aimed
to determine changes in dental ma-
terial performance associated with
reduced oxygen within an appropri-
ate range of postcuring times for 3D
printing resin. The null hypothesis
of this study was that the oxygen
concentration in the atmosphere
does not affect the postcuring of
3D-printed dental materials.

MATERIALS AND METHODS

Materials

This study used 3D-printing resin
for crown and bridge applications
(TC-80DP, shade A2, Graphy) as
the sole material. Specimens were
designed in ISO disc form 15-mm
diameter; 1-mm or 2-mm height)
and produced using a liquid crys-
tal display (LCD) 3D printer (Slash
2, UNIZ). The 1-mm cylinders were
used to determine flexural strength,
elastic modulus, and degree of con-
version, while the 2-mm cylinders
were used to determine glossiness,
water sorption, and water solubility.
All samples were post-cured. All con-
ditions for 3D printing were carried
out according to the manufacturer’s
instructions, and details of the mate-
rial, printer, and postcuring device
are presented in Table 1.

Experimental Groups

Experimental groups were catego-
rized according to the experimental
objectives, considering postcuring
times and the increased nitrogen
concentration (Table 2). The time
range included a minimum curing
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time of 10 minutes and the recom-
mended curing time of 20 minutes.
The experimental procedures are
detailed in Fig 1.
Specimen Preparation

The specimens were created as ste-
reolithography (STL) files using com-
puter-aided design (CAD) software
(Solidworks) and manufactured as
cylinders (15-mm diameter, 2-mm
height) following ISO 10477:2020
specifications' (see Fig 1) and using
an LCD-based 3D printing device.
Subsequently, cleaning was per-
formed by immersing the specimens
in an ultrasonic cleaner containing
99% IPA for 30 seconds, followed
by removing the residual resin us-
ing cotton swabs, and then further
cleaning with an air gun. The sup-
ports were then removed, and the
postcuring process was carried out
for the nine groups of specimens,
with oxygen concentrations of 5%,
10%, and 20% (control groups) and
curing times of 10, 15, and 20 min-
utes, respectively. To prevent addi-
tional polymerization from natural
light during various experiments,
light-blocking opaque containers
and aluminum foil were employed.

Methods

Postcuring Process

For the postcuring process, five
disc-shaped specimens were pro-
duced for each group (15-mm di-
ameter, 1-mm and 2-mm heights).
The testing procedure followed ISO
10477:2018 standards.’? The speci-
mens were placed in a desiccator
containing dried calcium chloride
and maintained at 37° = 1°C for 24
hours. Then, they were transferred to
and kept in another desiccator main-
tained at 24° + 1°C for 1 hour, and
the specimen weights were mea-
sured. Specimens were considered
fully dried and ready for measure-
ment when the weight difference
was < 0.1 mg (mL). The specimens
were then submerged in 15 mL of
distilled water and maintained at
37°C £ 1°C for 24 hours. After, the
specimens were wiped clean, their
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3D-printed specimens

'

Rinsed with isopropanol

{

Postcured with N, atmosphere

Y

0, 5% 0, 10% 0, 20%
v \ Y
10 min 15 min 20 min

Y

Mechanical properties

Flexural strength

(2-mm specimens;

n = 8 per group)

Elastic modulus
(2-mm specimens;
n = 8 per group)

Degree of conversion
(2-mm specimens;
n =5 per group)

Gloss unit

(1-mm specimens;

n =9 per group)

Water sorption
(1-mm specimens;
n = 3 per group)

Water solubility
(1-mm specimens;
n = 3 per group)

Fig 1 Flowchart of the experimental procedures.

weights were measured, and they were placed back into distilled water.
This process was repeated every 24 hours until a consistent weight (m2)
was achieved, which took 7 days to achieve. Specimens were then removed
from the distilled water and air-dried at 37°C + 1°C until a consistent weight
(m3) was attained.

Determining Material Properties
The flexural strength was measured on eight specimens from each
group using a universal testing machine (2010, ZwickRoell). Follow-
ing ISO 10477:2020 standards,'? a three-point flexural test was con-
ducted. To determine the maximum flexural strength, a preload of
0.3 N was applied, and the test was carried out at a rate of 1 mm/minute
from the center until fracture occurred.

Elastic modulus measurements were performed on 8 specimens per group
using the universal testing machine (Z010). According to ISO 10477:2020
standards, a three-point flexural test was conducted with a preload of
0.3 N, and stress-to-strain ratios were calculated in the range of 0.05% to
0.25% strain.”

To assess the degree of surface polymerization (degree of conversion), an
FT-IR spectrometer (Nicolet Summit, Thermo Fisher Scientific) was used to
measure the peaks at 810 nm, which represented C=C bonds, and 1,730 nm,
which represented C=0 bonds. for the postcured specimens and 1,730 nm
for the uncured specimens. These measurements were made on 5 specimens
per group. These values were then used in the polymerization conversion
formula (Fig 2) to calculate the surface polymerization conversion rate.'*
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(Agro/ A1730)00 = Agio/ Arzs0)
X (9%) = 810/ Z1730)0 ~ Vigro / Fizzoh

x 100%
(Ag1o/ Aiz30)o

Where (Ag/ A730)0 and (Ag,o / Aj730); are the relative
absorbance of C = C bonds before curing and at a given
curing time (t), repectively.

Fig 2 Calculation to determine the degree of conversion (DC).

W% = x 100%

x100%  Wy% =

(m27m3> (m77m3>
m m

Fig 3 Calculations to determine water absorption (left) and water
solubility (right).

Water absorption and solubility were calculated using
the formulas shown in Fig 3 using the m1, m2, and m3
values, which were determined from the experiments.’

The gloss units (GUs) were measured using a gloss
meter (Novo-Curve, Rhopoint Instruments) with a 2 x
2-mm square measuring area at 60 degrees. Measure-
ments were taken on each specimen, one at the central
part of the surface and one at each lateral side, for a
total of three measurements per specimen. From the five
specimens per group, three specimens were measured
for each of the nine groups, resulting in 81 data points
for statistical analysis, and nine sets of gloss data (one
set per group).

Statistical Analysis

All statistical analyses were performed using SPSS soft-
ware (version 27, IBM). For flexural strength, elastic
modulus, degree of conversion, water solubility, water
absorption, and gloss, the assumption of homogeneity
of variances was assessed using Levene's test. One-way
ANOVA was conducted with postcoding through the
Tukey honestly significant difference (HSD) test, using
postcuring time (10, 15, and 20 minutes) as the inde-
pendent variable. All results were tested for significance
at the level of a < .05.

RESULTS

Flexural Strength

On average, specimens that were postcured for 10 min-
utes exhibited a strength of 141.21 MPa after being
cured in 5% oxygen, 143.73 MPa after being cured
in 10% oxygen, and 117.06 MPa after being cured in
20% oxygen. For specimens postcured for 15 minutes,
the mean strengths were 146.04 MPa, 145.15 MPa,
and 126.21 MPa after being cured in 5%, 10%, and
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20% oxygen, respectively. Specimens postcured for
20 minutes displayed mean strengths of 149.64 MPa,
141.30 MPa, and 114.68 MPa after being cured in 5%,
10%, and 20% oxygen, respectively.

When analyzing specimens with fixed curing times
but varying oxygen concentrations, a one-way analysis
revealed that specimens cured for 10 minutes had no
significant difference between the 5% and 10% oxygen
concentrations, but both groups differed significantly from
the 20% oxygen concentration group. Similarly, for speci-
mens cured for 15 minutes, there was no significant differ-
ence between the 5% and 10% oxygen concentrations,
but both showed significant differences when compared
with the 20% oxygen concentration group. This pattern
was consistent for specimens cured for 20 minutes, the
same pattern emerged, with no significant difference
between the 5% and 10% oxygen concentrations but
significant differences were observed when compared to
the 20% oxygen concentration group (Fig 4).

Elastic Modulus

On average, specimens postcured for 10 minutes exhib-
ited elastic moduli of 2393.86 MPa after being cured
in 5% oxygen, 2255.99 MPa after being cured in 10%
oxygen, and 2269.64 MPa after being cured in 20%
oxygen. Specimens postcured for 15 minutes showed
mean elastic moduli of 2358.04 MPa, 2535.11 MPa,
and 2218.44 MPa after being cured in 5%, 10%, and
20% oxygen, respectively. Specimens postcured for
20 minutes displayed mean elastic moduli of 2324.50
MPa, 2216.09 MPa, and 2356.53 MPa after being cured
in 5%, 10%, and 20% oxygen, respectively.

Upon performing a one-way analysis for each curing
time (10, 15, and 20 minutes), grouping by the three
distinct postcuring oxygen concentrations, no significant
differences were noted across the groups (Fig 5).

Degree of Conversion

On average, specimens postcured for 10 minutes exhibited
a degree of conversion (DC) of 98.68% after being cured
in 5% oxygen, 96.19% after being cured in 10% oxygen,
and 96.23% after being cured in 20% oxygen. Specimens
postcured for 15 minutes showed mean DCs of 99.32%,
98.68%, and 98.43% after being cured in 5%,10%, and
20% oxygen, respectively. Specimens postcured for 20
minutes displayed mean DCs of 99.48%, 99.35%, and
98.82% after being cured in 5%, 10%, and 20% oxygen,
respectively. One-way analysis indicated no significant
differences in terms of DC between the 10% and 20%
oxygen concentration groups for specimens postcured
for 10 minutes. However, both of these groups showed
a significant difference when compared with the 5%
oxygen concentration group. For specimens postcured
for 15 minutes, significant differences were observed
between each of the oxygen concentration conditions,
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with the 5% oxygen concentration
group exhibiting the highest DC. For
specimens postcured for 20 minutes,
there were no significant differences
between the 5% and 10% oxygen
concentration groups. However, both
groups showed significant differences
from the 20% oxygen concentration
group in the DC measurements (Fig
6).

Water Absorption

All nine experimental groups satis-
fied the specified requirements out-
lined in ISO 104772 (< 40 pg/mm?3).
On average, specimens postcured for
10 minutes yielded water absorption
measurements of 18.963 pg/mm?3
after being cured in 5% oxygen,
19.645 pg/mm? after being cured
in 10% oxygen, and 19.829 ug/mm?3
after being cured in 20% oxygen.
Specimens postcured for 15 min-
utes yielded mean measurements of
20.335 pg/mm?3, 20.534 pyg/mms3,
and 20.421 pyg/mm?3 after being
cured in 5%, 10%, and 20% oxy-
gen, respectively. Specimens post-
cured for 20 minutes yielded mean
measurements of 20.019 yg/mm?3,
20.673 pg/mm?3, and 20.689 pug/mm3
after being cured in 5%, 10%, and
20% oxygen, respectively. One-way
analysis indicated that the only sig-
nificant difference in water absorp-
tion was between the 5% and 20%
oxygen groups cured for 10 minutes
(Fig 7).

Water Solubility

Water solubility was measured for
five specimens in each group, and
all nine experimental groups satis-
fied the requirements specified in
ISO 10477'2 (< 7.5 pg/mm?3). On
average, specimens postcured for
10 minutes yielded water solubility
measurements of 0.074 pyg/mm?3
after being cured in 5% oxygen,
0.288 ug/mm? after being cured in
10% oxygen, and 0.656 pg/mm?3
after being cured in 20% oxygen.
Specimens postcured for 15 min-
utes yielded mean measurements
of 0.686 pg/mm?3, 0.998 pg/mm3,

Han et al
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Fig 4 Flexural strength of each group and their statistical relation.
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and 0.383 pg/mm?3 after being
cured in 5%, 10%, and 20% oxy-
gen, respectively. Specimens post-
cured for 20 minutes yielded mean
measurements of 0.246 pg/mm?3,
0.246 pg/mm3, and 0.315 pg/mm3
after being cured in 5%,10%, and
20% oxygen, respectively. One-way
analysis revealed significant differ-
ences between the 5% and 20%
oxygen groups after 10 minutes of
curing and between the 10% and
20% oxygen groups after 15 minutes
of curing (Fig 8).

Gloss

On average, specimens postcured
for 10 minutes yielded gloss mea-
surements of 0.23 GU after being
cured in 5% oxygen, 0.10 GU after
being cured in 10% oxygen, and
0.17 GU after being cured in 20%
oxygen. Specimens postcured for 15
minutes yielded mean gloss mea-
surements of 0.83 GU, 0.53 GU,
and 0.11 GU after being cured in
5%, 10%, and 20% oxygen, re-
spectively. Specimens postcured
for 20 minutes yielded mean gloss
measurements of 0.47 GU, 0.10
GU, and 0.30 GU after being cured
in 5%, 10%, and 20% oxygen,
respectively.

One-way analysis indicated signifi-
cant differences between the 5%
and 10% oxygen groups, as well as
between the 10% and 20% oxygen
groups, when the curing time was
10 minutes. For specimens cured for
15 minutes with varying oxygen con-
centrations, significant differences
were observed among all groups.
For specimens cured for 20 minutes
with varying oxygen concentrations,
there was no significant difference
between the 10% and 20% oxygen
groups, but there were significant
differences between the 5% group
and the other groups (Fig 9).

DISCUSSION
This study aimed to investigate the

association of oxygen concentra-
tion and curing time during the
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postcuring of 3D-printed resin specimens as it relates to
flexural strength, elastic modulus, degree of conversion,
water absorption, water solubility, and glossiness. For the
elastic modulus measurements, there was no statistically
significant variation, and the null hypothesis was not
rejected for this variable. However, the null hypothesis
was rejected for the other experimental variables based
on the following results: (7) flexural strength increased
when the oxygen concentration was reduced; (2) the
surface DC increased as the curing time was prolonged
and as the oxygen concentration was decreased; (3)
water absorption was lowest when the curing time was
shortest and the oxygen concentration was lowest, with
water solubility exhibiting a similar trend; and (4) gloss
measurements were highest when the oxygen concen-
tration was 5%.

On average, a person experiences over 11.7 minutes
of tooth contact per day, and during a single meal, there
can be approximately 600 to 800 occlusal contacts.’®
For teeth with crown resin applications, they are sub-
jected to pressures from occlusion, bruxism, or habits like
tooth grinding, which can lead to wear and damage."”'8
Consequently, the expected lifespan of resin crowns
averages around 6.8 years, with the actual duration
depending on maintenance practices." Therefore, it is
advantageous for resin prosthetic materials to exhibit
high flexural strength, which represents the force per
unit area at which a specimen fractures when subjected
to bending. Achieving the maximum flexural strength
within the range below the flexural strength of natural
teeth is desirable.?? In this study, the specimens exhib-
ited a mean flexural strength of 149.64 MPa, which is
below the flexural strength range of natural teeth (160 +
22 MPa). This suggests that the resin crowns can safely
endure occlusal forces without fracturing.?! Further-
more, because reduced oxygen concentrations during
postcuring resulted in increased flexural strength, it is
recommended to adjust the oxygen concentration to
< 10% when using these materials in clinical practice.
In contrast, the elastic modulus experiments did not
reveal significant differences among the nine groups,
regardless of variations in oxygen concentration or curing
time. This aligns with previous research on 3D-printed
occlusal splint resin using LCD and digital light processing
printers, where varied postcuring oxygen concentration
during postcuring yielded similar results.??

Prothetic resin materials for dental use rely on suf-
ficient polymerization and minimal residual monomers
to avoid allergic reactions or cytotoxicity.2%23 Previous
research, including that conducted by Reymus and oth-
ers, has shown that under N2 conditions, postcuring
polymerization conversion rates are more efficient com-
pared with those achieved under atmospheric conditions
when using ultraviolet (UV) or LED curing methods.?*
Therefore, the present study measured polymerization

Han et al

conversion rates to investigate how they change under
varying postcuring conditions. It was observed that as
postcuring time increased and oxygen concentration
decreased, the polymerization conversion rate increased.
Water absorption and solubility are essential fac-
tors to consider when manufacturing 3D-printed resin
prostheses. Prolonged water absorption by the resin
can lead to internal stress formation and can generate
cracks, potentially adversely affecting the properties of
the prosthesis.?> Additionally, when resin monomers
dissolve in water, they can interact with fibroblasts and
cause cytotoxicity, underscoring the importance of low
solubility.26 1ISO 104772 provides guidelines for accept-
able levels of water solubility and water absorption, and
the 3D-printed resin used herein met these criteria.
One reason to choose resin crowns is their ability to
closely match the color of natural teeth. Good esthetics
are crucial, especially in the anterior region of the mouth.
To optimize dental esthetics, considerations extend be-
yond selecting the appropriate color; factors such as
gloss should also align with the natural dentition. Rocha
et al used a natural tooth with a surface gloss of 80 GU
as a reference and found that half of the observers in
their study could perceive a gloss difference of 6.4 GU.’
The present study examined the gloss of 3D-printed
resin after postcuring, with conditions of 5% oxygen
and 15 minutes of curing yielding the highest surface
gloss. Notably, all specimens fell significantly below the
80 GU benchmark, with some values below 2.0 GU. As
a result, future research should focus on conducting
experiments based on increased gloss values achieved
through short-duration polishing of 3D-printed resin.829
The present study aimed to investigate the impact
of varying oxygen concentrations during postcuring on
the properties of 3D-printed permanent resin crowns.
The study holds significance, as it provided evidence
for the use of 3D-printing device for dental purposes,
which is currently a subject of active research and devel-
opment in the field of dentistry. However, it is important
to note certain limitations, such as the relatively small
number of specimens, which may not have allowed for a
definitive assessment of property differences. Addition-
ally, 3D-printed prosthetics are intended for use within
the oral environment, making it crucial to observe and
analyze changes occurring in conditions similar to or
mimicking the oral cavity. However, the present experi-
ments employed water absorption and solubility tests,
using water as a surrogate for saliva. Considering that
the oral environment can be more complex than the ex-
perimental conditions (factors like pH, salivary flow rate,
and viscosity), future studies should analyze clinical data
from actual patients. Further, various types of resins used
in 3D printing—particularly those employing UV-curable
photoinitiators, such as BAPO (biacylphosphine oxide),
TPO (monoacylphosphine oxide), CQ (camphorquinone),
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and DMAEMA (2-[dimethylaminolethyl methacrylate)—
can have different effects on properties such as po-
lymerization rate, degree of conversion, strength, and
elasticity.39-32 Therefore, additional research is needed
to explore how different types of resins may affect each
property under varying postcuring oxygen concentra-
tions and times. Despite these limitations, the present
study has demonstrated that different oxygen concen-
trations and postcuring times significantly influence the
properties of 3D-printed resin, underscoring their mean-
ingful potential for clinical use.

CONCLUSIONS

Within the limitations of this study, the following can be
concluded: (7) The flexural strength of 3D-printed resin
increases when the material is postcured with < 10%
oxygen; and (2) postcuring with < 5% oxygen increases
the degree of conversion for 3D-printed resin.

ACKNOWLEDGMENTS

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIP; no. NRF-
2019R1G1A1006708). The authors declare no conflicts of interest.

REFERENCES

1. Guan Z, Wang L, Bae J. Advances in 4D printing of liquid crystal-
line elastomers: Materials, techniques, and applications. Mater Horiz
2022,;9:1825-1849.

2. Dawood A, Marti B, Sauret-Jackson V, et al. 3D printing in dentistry. Br
Dent J 2015;219:521-529.

3. Nulty A. A comparison of trueness and precision of 12 3D printers used
in dentistry. BDJ Open 2022;8:14.

4. Parvathy Rao A, Venkateswara Rao A, Pajonk G, Shewale P. Effect of
solvent exchanging process on the preparation of the hydrophobic
silica aerogels by ambient pressure drying method using sodium silicate
precursor. J Mater Sci 2007,420:8418-8425.

5. Mayer J, Stawarczyk B, Vogt K, et al. Influence of cleaning methods after
3D printing on two-body wear and fracture load of resin-based tempo-
rary crown and bridge material. Clin Oral Invest 2021;25:5987-5996.

6. Scherer M, Al-Haj Husain N, Barmak AB, Kois J, Ozcan M, Revilla-Len
M. Influence of postprocessing rinsing solutions and duration on flexural
strength of aged and nonaged additively manufactured interim dental
material. J Prosthet Dent 2022.

7. Hwangbo NK, Nam NE, Choi JH, Kim JE. Effects of the washing time and
washing solution on the biocompatibility and mechanical properties of
3D printed dental resin materials. Polymers 2021;13:4410.

8. Song G, Son JW, Jang JH, et al. Comparing volumetric and biological
aspects of 3D-printed interim restorations under various post-curing
modes. J Adv Prosthodont 2021;13:71-78.

9. Vieira LF, Paggi RA, Salmoria GV. Thermal and dynamic-mechanical
behavior of Fullcure 3D Printing Resin post-cured by different methods.
In: Bartolo P (ed). Innovative Developments in Virtual and Physical Proto-
typing. Taylor & Francis, 2012:255-259.

s158 The International Journal of Prosthodontics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Walter R, Swift EJ Jr, Sheikh H, Ferracane JL. Effects of temperature on

composite resin shrinkage. Quintessence Int 2009;40:843-847.

. Studer K, Decker C, Beck E, Schwalm R. Overcoming oxygen inhibition in

UV-curing of acrylate coatings by carbon dioxide inerting. Prog Org Coat
2003;48:92-100.

. International Organization for Standardization. Dentistry—Polymer-

based crown and veneering materials. ISO 10477:2020. I1SO 2020:1-21.

. Keck S, Liske O, Seidler K, et al. Synthesis of a liquid lignin-based

methacrylate resin and its application in 3D printing without any reactive
diluents. Biomacromolecules 2023;24:1751-1762.

Kunwong D, Sumanochitraporn N, Kaewpirom S. Curing behavior of a
UV-curable coating based on urethane acrylate oligomer: The influence
of reactive monomers. Songklanakarin J Sci Technol 2011;33:201-207.

. Wada J, Wada K, Gibreel M, et al. Effect of nitrogen gas post-curing and

printer type on the mechanical properties of 3D-printed hard occlusal
splint material. Polymers 2022;14:3971.

Sheppard IM, Markus N. Total time of tooth contacts during mastication.
J Prosthet Dent 1962;12:460-463.

Lee A, He LH, Lyons K, Swain MV. Tooth wear and wear investigations in
dentistry. J Oral Rehabil 2012;39:217-225.

. Branco AC, Colaco R, Figueiredo-Pina CG, Serro AP. A state-of-the-art

review on the wear of the occlusal surfaces of natural teeth and pros-
thetic crowns. Materials 2020;13:3525.

Singh G, Madan N, Kumar M, Walia C, Singh OP. A study to evaluate

life span of crowns & fixed partial dentures and various reasons of their
failures. Dent J Adv Stud 2013;01:95-99.

Anusavice KJ. Phillips’ Science of Dental Materials, ed 11. Saunders,
2003.

Arola DD, Reprogel RK. Tubule orientation and the fatigue strength of
human dentin. Biomaterials 2006;27:2131-2140.

Wada J, Wada K, Gibreel M, et al. Effect of nitrogen gas post-curing and
printer type on the mechanical properties of 3D-printed hard occlusal
splint material. Polymers 2022;14:3971.

Wuersching SN, Hickel R, Edelhoff D, Kollmuss M. Initial biocompat-
ibility of novel resins for 3D printed fixed dental prostheses. Dent Mater
2022;38:1587-1597.

Reymus M, Limkemann N, Stawarczyk B. 3D-printed material for tempo-
rary restorations: Impact of print layer thickness and post-curing method
on degree of conversion. Int J Comput Dent 2019;22:231-237.

Gad MM, Alshehri SZ, Alhamid SA, et al. Water sorption, solubility, and
translucency of 3D-printed denture base resins. Dent J 2022;10:42.

Da Silva Médena KC, Casas-Apayco L, Atta MT, et al. Cytotoxicity and
biocompatibility of direct and indirect pulp capping materials. J Appl Oral
Sci 2009;17:544-554.

Rocha RS, Fagundes TC, Caneppele TMF, et al. Perceptibility and
acceptability of surface gloss variations in dentistry. Oper Dent
2020;45:134-142.

Hosoya Y, Shiraishi T, Odatsu T, et al. Effects of polishing on sur-

face roughness, gloss, and color of resin composites. J Oral Sci
2011;53:283-291.

Sang EJ, Song JS, Chung SH, Jin BH, Hyun HK. Influence of a new polish-
ing system on changes in gloss and surface roughness of resin compos-
ites after polishing and brushing. Dent Mater J 2021;40:727-735.

Palin WM, Hadis MA, Leprince JP, et al. Reduced polymerization stress of
MAPO-containing resin composite with increased curing speed, degree
of conversion and mechanical properties. Dent Mater 2014;30:507-516.
Pongprueksa P, Miletic V, Janssens H, et al. Degree of conversion

and monomer elution of CQ/amine and TPO adhesives. Dent Mater
2014,;30:695-701.

Endruweit A, Johnson MS, Long AC. Curing of composite components
by ultraviolet radiation: A review. Polym Compos 2006;27:119-128.

© 2024 BY QUINTESSENCE PUBLISHING CO, INC.
NO PART MAY BE REUSED OR REPRODUCED WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.





