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PURPOSE. The purpose of this in vitro study was to investigate the wear
resistance and surface roughness of three interim resin materials, which were
subjected to chewing simulation. MATERIALS AND METHODS. Three interim
resin materials were evaluated: (1) three-dimensional (3D) printed (digital light
processing type), (2) computer-aided design and computer-aided manufacturing
(CAD/CAM) milled, and (3) conventional polymethyl methacrylate interim resin
materials. A total of 48 substrate specimens were prepared. The specimens
were divided into two subgroups and subjected to 30,000 or 60,000 cycles of
chewing simulation (n = 8). The wear volume loss and surface roughness of

the materials were compared. Statistical analysis was performed using one-
way analysis of variance and Tukey’s post-hoc test (a=.05). RESULTS. The mean
* standard deviation values of wear volume loss (in mm3) against the metal
abrader after 60,000 cycles were 0.10 & 0.01 for the 3D printed resin, 0.21 *+
0.02 for the milled resin, and 0.44 = 0.01 for the conventional resin. Statistically
significant differences among volume losses were found in the order of 3D
printed, milled, and conventional interim materials (P<.001). After 60,000
cycles of simulated chewing, the mean surface roughness (Ra; um) values for
3D printed, milled, and conventional materials were 0.59 * 0.06, 1.27 & 0.49,
and 1.64 £ 0.44, respectively. A significant difference was found in the Ra value
between 3D printed and conventional materials (P=.01). CONCLUSION. The
interim restorative materials for additive and subtractive manufacturing digital
technologies exhibited less wear volume loss than the conventional interim resin.
The 3D printed interim restorative material showed a smoother surface than
the conventional interim material after simulated chewing. [J Adv Prosthodont
2021;13:144-51]
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INTRODUCTION

Interim fixed dental prostheses are often used for an
extended period in cases of implant-supported resto-
rations and extensive prosthetic rehabilitation.»? For
long-term provisionalization, the interim restoration
should have high wear resistance and mechanical
strength, biocompatibility, and an esthetic appear-
ance.>* The existing resin materials used to fabricate
interim restorations can be classified according to
their chemical composition: autopolymerizing poly-
methyl methacrylate (PMMA), polyvinyl methacrylate,
polyethylene methacrylate, bis-acryl, urethane meth-
acrylate, and microfilled resin.> Owing to the complex
environment of the oral cavity, several factors should
be considered when selecting an appropriate materi-
al for a provisional restoration, including provisional
timing, longevity, and ease of fabrication.® Although
conventional self-polymerizing PMMA is often select-
ed in routine clinical practice, it exhibits a high rate
of shrinkage and heat generation during polymeriza-
tion3 and poor mechanical characteristics.”

With the development of computer-aided design
and computer-aided manufacturing (CAD/CAM) tech-
nologies, interim prostheses can be fabricated using
additive 3-dimensional (3D) printing and subtractive
milling methods.® These digital dental technologies
have the advantage of lower labor costs and fewer hu-
man errors as compared with manual fabrication. Al-
though the milling technique has been used for a lon-
ger time in dentistry and is more familiar to dentists
and dental technicians, subtractive milling has sever-
al disadvantages over 3D printing, such as wastage of
milling burs and restorative materials and difficulty
in producing complex shapes.® Also, a previous study
showed that an interim prostheses manufactured us-
ing 3D printing had a superior fit that that of prosthe-

Table 1. Materials used in this study

J Adv Prosthodont 2021;13:144-51

ses fabricated by milling or conventional methods.*0
Stereolithography (SLA) and digital light processing
(DLP) techniques are the most commonly used 3D
printing methods to manufacture interim dental res-
torations. The SLA and DLP 3D printers have the ad-
vantages of high accuracy and rapid processing.1:12
These techniques use a vat of curable photopolymer
resin materials, and the liquid polymer is exposed to
light for polymerization.

The development of restorative materials used for
digital dental technologies has significantly impact-
ed the field of restorative dentistry in recent years.3
However, the mechanical and surface characteristics
of the novel interim materials after long-term use are
still unclear.'* Therefore, this in vitro study aimed to
compare the wear resistance and surface roughness
of 3D printed, CAD/CAM milled, and conventionally
fabricated interim restorative materials. The null hy-
pothesis of this study was that there is no difference
in the wear amount and surface roughness between
the tested interim materials after simulated chewing.

MATERIALS AND METHODS

Three different types of interim resin materials (Ta-
ble 1) were evaluated in this study: a 3D printed resin
(NextDent C&B, NextDent, Soesterberg, Netherlands),
a PMMA-based CAD/CAM milled material (Yamahachi
PMMA Disk, Yamahachi Dental Manufacturing, Aic-
hi, Japan), and a conventional self-cured PMMA resin
(Jet™, Lang Dental Manufacturing, Wheeling, IL, USA).
To fabricate the 3D printed and milled specimens,
rectangular parallelepipeds (15 X 10 X 10 mm; width
X length X height) were designed using the Fusion
360 CAD software (Autodesk, Mill Valley, CA, USA), and
the design files were exported in the standard tessel-
lation language (STL) format.

Group Product Manufacturer Lot No.
3D Printed resin NextDent C&B NextDent, Soesterberg, Netherlands XK133N02
Milled resin Yamahachi PMMA Disk Yamahachi Dental Manufacturing, Aichi, Japan PAO3
. . . . Powder: 143019HC
T™
Conventional resin Jet Lang Dental Manufacturing, Wheeling, IL, USA Liquid: 140420AC
Abrader EOS CobaltChrome SP2 EOS GmbH, Krailling, Germany H131501

https://jap.or.kr
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The specimens of the 3D printed interim resin were
fabricated using a DLP-type 3D printer (NextDent
5100, NextDent, Soesterberg, Netherlands) with 405-
nm ultraviolet light. The specimens were 3D printed
at a build angle of 0°.° The thickness of each printing
layer was set to 100 um, and the support structure
was attached to the bottom of the specimens. After
the 3D printing process, the monomer remaining on
the surface of the specimen was washed for 20 min
with 90% isopropyl alcohol using a cleaning system
(FH-WA-01, Formlabs, Somerville, MA, USA). Then, the
specimens were subjected to a post-curing process
for 30 min using a post-curing machine (LC-3DPrint
Box, NextDent, Soesterberg, Netherlands). After
post-curing, the support structure used for printing
was removed.

To fabricate the milled specimens, CAM software
program (HyperDENT® version 8.1, FOLLOW-ME!
Technology GmbH, Munich, Germany) was utilized,
and the PMMA resin disk (Yamahachi PMMA Disk, Ya-
mahachi Dental Manufacturing, Aichi, Japan) was
machined. A 5-axis milling machine (ARUM 5X-400,
Doowon ID Co., Ltd., Daejeon, Korea) was used for the
milled specimens.

For the conventional interim resin specimens, a sil-
icon mold was fabricated and self-cured resin (Jet™,
Lang Dental Manufacturing, Wheeling, IL, USA) was
poured into it. The mixing ratio was 100:52, per the
manufacturer’s recommendations. Next, the conven-
tional resin mixture was cured in a pot with a pressure
of 0.21 MPa.

Before the wear test, all interim resin specimens
were dried at 37°C for 1 day. Subsequently, the pro-
duced specimens were polished on both sides using
600- and 1200-grit silicon carbide paper on a rotary
machine (Buehler Metaserv 2000, Buehler, Germany)
with water cooling. Sixteen specimens were fabricat-
ed for each interim restorative material.

The abrader was designed using CAD software (Au-
todesk Inventor 3D CAD, Autodesk, Mill Valley, CA,
USA) with a hemisphere radius of 1.5 mm,® because
the radius of individual human cusps range between
0.6 mm and 2.4 mm.1"18 Then, the designed met-
al abraders were additively manufactured with Co-
balt-Chrome powder (EOS CobaltChrome SP2, EOS
GmbH, Krailling, Germany) using a metal 3D print-
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er (EOSINT M270, EOS GmbH, Krailling, Germany). A
brown rubber point (1200-grit Brownie® Polisher PC2,
SHOFU, Kyoto, Japan) was used to polish the metal
abrader surface.

A chewing simulator (CS-4.8, SD Mechatronik, Feld-
kirchen-Westerham, Germany) was used to perform
the wear test. The resin substrate specimens were
placed in the lower specimen holders, and the met-
al abraders were placed in the upper holders (Fig. 1).
The chambers in the machine simulated the simulta-
neous vertical and horizontal movements of the ther-
modynamic conditions. The chewing cycle was set
to have a 5-mm vertical descending movement and a
2-mm horizontal movement, followed by an ascend-
ing movement with recovery of its original position.
A vertical load of 5 kg was applied during the sliding
motion, which is comparable to 49 N of chewing force.
During the wear simulation, the specimens were sub-
jected to thermocycling in distilled water with heat
circulation at 5 - 55°C using a heating/cooling system
with a programmable logic controller. The specimens
of each material were divided into two subgroups,
and abraded for 30,000 or 60,000 cycles, which were
considered to be equivalent to approximately 1.5 and
3 months of chewing, respectively (n = 8).1° The spec-
imens were scanned using a multiline blue LED light
scanner (D1000, 3Shape, Copenhagen, Denmark)
with an accuracy of 5/8 um (ISO 12836). The acquired

Weight

Distilled water — .
— Antagonist

— Resin specimen

Specimen holder —

Fig. 1. Schematic drawing of chewing simulation.
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images were imported into the universal reverse en-
gineering software (Geomagic Control X 2018 version
1.2, 3D Systems, Rock Hill, SC, USA). The wear volume
losses (in mm?3) of the resin specimens were calculat-
ed as the difference in the volume before and after
wear testing using the software.

The metal antagonist with a hemisphere radius of
1.5 mm and the rectangular parallelepiped-shaped
interim resin specimen are placed on the wear appa-
ratus.

The impact of chewing simulation on the surface
roughness of the materials was evaluated before and
after simulated chewing. Four representative speci-
mens were randomly selected from each group, and
a confocal laser scanning microscope (LSM 800 MAT,
Zeiss, Jena, Germany) was used to analyze their test-
ed surfaces. Laser excitation at 405 nm with the C
Epiplan-APOCHROMAT 209/0.7 (Zeiss, Jena, Germa-
ny) was used to obtain images. For each representa-
tive specimen, three different sites were pictured. The
surface roughness of the worn area was measured
using the arithmetic mean deviation of the surface
roughness (Ra). Overall, 12 Ra values were collected
for each group. All assessments were performed ac-
cording to the 1ISO 4287 standards.

To evaluate the surface morphology of the speci-
men after chewing simulation, a representative spec-
imen was selected for each group. A thin coating with
platinum was applied to the worn surface using a
sputter coater (Quorum Q150T-S, Quorum Technolo-
gies, West Sussex, UK). The wear patterns on the sur-
face of the specimen were examined using a scanning
electron microscope (SEM) (Apreo S, ThermoFisher
Scientific, Waltham MA, USA) at magnifications of 200
X and 1000 X with 10 keV.

The mean and standard deviation (SD) of the test
parameters were calculated using statistical analysis
software (IBM SPSS version 25.0, IBM Corp., Chicago,
IL, USA). Tests for normality and equality of variance
were performed. The statistical significance of the
mean difference of each parameter was evaluated at
a significance level of 5% using one-way analysis of
variance (ANOVA) and Tukey’s post-hoc test for the
three different resins. The paired t-test was used to
compare the mean volume loss of each resin between
the two different thermocycles.

https://jap.or.kr
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RESULTS

The wear volume losses of the specimens after the
masticatory simulation are presented in Fig. 2. The
mean £ SD volume losses (in mm3) after 30,000 and
60,000 cycles were 0.08 £ 0.09 and 0.10 £ 0.01 for
the 3D printed resin, 0.06 + 0.01 and 0.21 £ 0.02 for
the milled resin, and 0.11 %= 0.01 and 0.44 % 0.01 for
the conventional resin, respectively. A significant dif-
ference in the wear volume loss was shown among
the interim materials (P < .001). The wear volume
loss of the 3D printed resin was lower than those of
the milled and conventional resins for both cycles
(P <.001). A significant difference between the loss
amounts after 30,000 and 60,000 cycles was found in
each resin group.

The mean = SD Ra values (um) before (baseline)
and after the wear tests at 30,000 and 60,000 cycles
were 0.48 + 0.06 and 0.58 £ 0.06 for the 3D printed
resin, 0.88 = 0.05 and 1.27 = 0.49 for the milled resin,
and 0.92 * 0.09 and 1.63 % 0.44 for the conventional
resin, respectively. Statistically significant differences
were found in the Ra of the different interim resin ma-
terials and two different cycles (Table 2).

SEM images of the abraded surfaces of the speci-
mens after the wear tests are shown in Fig. 3 (origi-
nal magnification: X200 and X1000). All three resin
types exhibited compressed and crushed features.
Crack lines were observed when the metal abrader
was applied for 60,000 cycles (see X 1000 images).

0.6
030,000 cycles m60,000 cycles

0.5

—k
£ C
0.4
0.3
—_—
B
0.2
—_—
A [
0.1 b . = | T
0 | | |

3D printed resin Milled resin Conventional resin

Wear volume loss (mm?3)

Fig. 2. Wear volume loss (mean =+ standard deviation) af-
ter 30,000 and 60,000 cycles of simulated chewing. Same
letters indicate no statistically significant differences.
Lowercase letters for 30,000 cycles and uppercase letters
for 60,000 cycles. * P<.05,** P<.001.
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Table 2. Mean = standard deviation of surface roughness (Ra; um) values for tested interim restorative materials

Baseline 30,000 cycles 60,000 cycles
3D printed resin 0.13 £ 0.01%2 0.48 = 0.077b 0.59 £ 0.06A¢
Milled resin 0.19 £ 0.0382 0.88 £ 0.058> 1.27 £ 0.49480
Conventional resin 0.26 % 0.02¢ 0.92 £ 0.108° 1.64 £ 0.44°5¢

Same superscript letters indicate no statistically significant differences. Uppercase letters for each column, lowercase letters for each row.

>

3D printed resin Milled resin Conventional resin

30,000 cycles

w 60,000 cycles

30,000 cycles

60,000 cycles

Fig. 3. Scanning electron microscope images of the worn resin surfaces after 30,000 and 60,000 cycles of chewing simula-
tion. Crack lines are shown on the surfaces of specimens that simulated chewing for 60,000 cycles. (A) Original magnifica-
tion: X200, (B) Original magnification: X 1,000.
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DISCUSSION

This in vitro study investigated the wear behavior and
surface roughness of three different interim restor-
ative materials at two different time intervals, and
the null hypothesis of this study was rejected. The re-
sults of the study showed that there was a significant
difference in wear resistance and surface roughness
among the tested interim materials. The wear volume
loss of the 3D printed and milled resins was less than
that of the conventional resin. The 3D printed group
showed a smoother surface than that of the conven-
tional PMMA group after simulated chewing.

In the present study, interim resin materials fabri-
cated using digital dental technologies, including 3D
printing and milling, showed significantly less vol-
ume of wear than the conventional resin material,
after a simulated period of 1.5 and 3 months of clini-
cal chewing. Rayyan et al.?® have reported that CAD/
CAM milled PMMA resin showed a lower percentage of
weight loss due to wear than autopolymerizing con-
ventional PMMA interim resin after subjecting the ma-
terials to 2 million cycles of a load of 40 N. Stawarczyk
et al.?* have also reported that CAD/CAM milled resin
materials exhibited lower wear rates than conven-
tional manually polymerized interim resin materials.
These results are in accordance with the findings of
the present study.2%2! CAD/CAM milled resin materi-
als are industrially polymerized and thus considered
to exhibit better mechanical properties than conven-
tional resin materials.?

Park et al.? also compared the wear resistance of
3D printed interim resin and conventional PMMA res-
in.? In the study,® the 3D printed resin did not show
a significantly different amount in wear volume loss
compared to the conventional interim resin after
30,000 cycles of masticatory simulation.® Similar to
our study, the previous study investigated the same
3D printed resin material; however, the 3D printer and
post-curing machine used in the previous study are
different from those used in the current study.® These
differences in equipment might have resulted in dis-
parate results between the previous study and the
present study. Another recent study reported that 3D
printed PMMA denture teeth exhibited a statistically
lower depth of wear compared to the prefabricated

https://jap.or.kr
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PMMA resin denture teeth after 200,000 cycles of sim-
ulated chewing.?? Based on the results of these pre-
vious studies®?? and our study, 3D printed resin ma-
terials are considered to have equivalent or superior
wear resistance compared to the conventional PMMA
materials.®??

In this study, 3D printed interim resin showed a sig-
nificantly lower Ra value than the conventional inter-
im resin before and after simulated chewing. Previ-
ous studies have also reported that PMMA resin has
a rougher surface than 3D printed resin.?32* Further-
more, all the tested groups in this study showed in-
creased surface roughness after masticatory simula-
tion compared to the baseline. For both digitally and
conventionally fabricated interim restorative materi-
als, material wear leads to a rougher surface and pro-
motes more plaque accumulation on the worn sur-
faces.?> The rough surface on the interim restoration
could induce bacterial adhesion and dental biofilm
formation, resulting in adverse effects on the peri-
odontal health.?® In the present study, the mean Ra
values of tested materials after 30,000 and 60,000 cy-
cles were higher than the previously reported plaque
accumulation threshold of 0.2 um?5 and a tongue
detectable surface roughness threshold of 0.25 - 0.5
um.2” However, since both 3D printed resin and milled
resin showed similar or smoother surfaces compared
to the conventionally used PMMA resin, it is consid-
ered that these 3D printed and milled materials can
be used for fabricating interim restorations in clini-
cal practice. The 3D printed resin materials have also
been reported to have different surface roughness
depending on the type of material?® and the printing
orientation (degree);? thus, this should also be con-
sidered when selecting the material.

The strength of this study is that it simulated chew-
ing for a period similar to that of actual interim resto-
ration use in clinical practice. Interim restorations are
usually used for approximately 1.5 months for a sim-
ple crown restoration. However, for multiple units of
prosthesis, or if the treatment also includes addition-
al root canal treatment, periodontal surgery, or im-
plant surgery, the interim restorations often need to
be used for more than 3 months. Thus, in this study,
the changes after 1.5 and 3 months were studied by
subjecting the materials to 30,000 and 60,000 cycles
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of chewing simulation, respectively.® To the best of
our knowledge, this is the first study to evaluate the
wear resistance after 3 months of using interim resto-
rations fabricated with additive manufacturing digital
technologies.

In this study, although the setting of the chewing
simulator was as similar to the clinical conditions as
possible, it still has the limitations of in vitro design.
To facilitate the evaluation of the wear volume loss of
the material itself, specimens with rectangular paral-
lelpiped shape rather than a crown shape were used
in this study. The results may be different for teeth.
Furthermore, factors that influence wear include
the physical properties of enamel,3%3! parafunction-
al habits, eating habits, and the type of antagonist
material used.'3136 |n the oral cavity, the wear pro-
cess is promoted by mechanical, thermal, and chem-
ical stimuli.3"38 Therefore, further clinical studies are
needed to confirm whether the results of this study
are clinically consistent.

CONCLUSION

The 3D printed resin and CAD/CAM milled resin
showed greater wear resistance than the conven-
tional interim resin after simulation of the clinical
chewing period equivalent to a duration of 1.5 and 3
months. Worn 3D printed resin specimens showed a
smoother surface than the conventional interim res-
in after chewing simulation. In terms of the wear re-
sistance and surface roughness after chewing, the 3D
printed resin material would be clinically acceptable
as an interim restorative material for extended peri-
ods of clinical use.
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