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Abstract: This study analyzed the surface roughness and waviness, Vickers hardness (VHN), and
color changes of six types of 3D printed resins and computer-aided design/computer-aided man-
ufacturing (CAD/CAM) materials after artificial toothbrushing. The average surface roughness
height (Ra) change of Formlabs denture teeth A2 resin (FMLB) was not significant between after
artificial toothbrushing (0.17 ± 0.02 µm and 0.17 ± 0.05 µm, respectively; mean ± standard devia-
tion). However, the Ra value increased significantly in all remaining groups. Regarding waviness,
polymethylmethacrylate (PMMA) had the largest increases in average waviness height (Wa) and
maximum surface waviness height (Wz) between, before (0.43 ± 0.23 µm and 0.08 ± 0.02 µm), and
after (8.67 ± 4.03 µm, 1.30 ± 0.58 µm) toothbrushing. There were no significant changes in Wa for
Formlabs denture teeth A2 resin (FMLB) and NextDent C&B (NXT). After artificial toothbrushing,
the dispersed-filler composite (DFC) group had the largest color difference (∆E, of 2.4 ± 0.9), and
the remaining materials had smaller changes than the clinical acceptance threshold of ∆E = 2.25.
The VHN of FMLB and NXT were 9.1 ± 0.4 and 15.5 ± 0.4, respectively, and were not affected by
artificial toothbrushing. The flexural strengths of the 3D printed materials were 139.4 ± 40.5 MPa and
163.9 ± 14.0 MPa for FMLB and NXT, respectively, which were similar to those of the polycarbonate
and PMMA groups (155.2 ± 23.6 MPa and 108.0 ± 8.1 MPa, respectively). This study found that
the evaluated 3D printed materials had mechanical and optical properties comparable to those of
CAD/CAM materials and were stable even after artificial toothbrushing and hydrothermal aging.

Keywords: 3D printing; additive manufacture; CAD/CAM; artificial toothbrushing; mechanical
property; dental materials

1. Introduction

Computer-aided design/computer-aided manufacturing (CAD/CAM) systems have
rapidly developed recently in dentistry, allowing the use of various types of digital equip-
ment and materials when fabricating dental restorations [1]. Digital impression data
obtained through a model or oral scanner using the CAD/CAM system can be used for
prosthesis design via CAD software. The completed design data are processed by milling
equipment or a 3D printer to produce dental restorations [2]. A digital-based prosthesis
fabrication method reduces errors that can occur in traditional fabrication methods and
improves efficiency [3,4], which has led to it being applied in various treatment fields
to replace conventional methods. Digital manufacturing includes subtractive and ad-
ditive manufacturing, which involving computer-aided milling and using 3D printers,
respectively [5,6]. Milling technology, where restorations are manufactured by cutting
commercially available blocks through a high-temperature and high-pressure polymeriza-
tion process, produces restorations comparable to those manufactured by conventional
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techniques in terms of mechanical performance, biological properties, and accuracy [7,8].
However, since the prosthesis is produced using a subtractive method, a considerable
consumption of material and milling burs occur, and is it difficult to manufacture complex
shapes [9,10]. Therefore, the interest in using 3D printing as a substitute for milling has
increased recently for the manufacturing of dental prostheses [11].

The American Society for Testing and Materials defines the additive manufacturing
method of 3D printing as “a process of combining materials to create objects from 3D model
data, rather than a subtractive manufacturing methodology” [5]. This method has been
effectively applied for rapid prototyping during the production of highly customized mod-
els [12]. In dentistry, it is applied to implant surgery guides, dental models, and occlusal
splint production, and various dental 3D printed materials are also being developed [13].
Manufacturing dental prostheses using additive 3D printing technology reduces material
waste and allows the processing of multiple prostheses simultaneously [5,14]. Prostheses
fabricated using 3D printing were found in a recent study to have similar precision to those
fabricated using milling or conventional techniques [15–19]. Due to the aforementioned ad-
vantages, 3D printed resin materials can be an alternative to CAD/CAM milling materials
for dental applications.

Crown bridge resins must be strong enough to withstand the large chewing forces
in the oral cavity, and it must exhibit abrasion resistance and color stability during long-
term use [20,21]. Roughness values above 0.2 µm have been reported to be related to an
increase in bacterial retention and plaque accumulation [22], which can lead to a risk of
gingival and periodontal inflammation [23,24]. Also, an increase in roughness can cause
discoloration of the restoration and thus impair their esthetic appearance [25]. Brushing
with a toothbrush and abrasive toothpaste plays an important role in the changes of surface
roughness with restorative materials [26]. The wear resistance of a material affects its
surface roughness, and increased roughness may indicate a deteriorated material [27].
Therefore, laboratory wear tests such as artificial brushing can help determine the longevity
of dental materials [26,28,29]. Previous studies of artificial toothbrushing have evaluated
and identified the differences in materials [1,30,31]. However, no previous studies that
we know of have evaluated changes in the properties of dental 3D printed materials after
artificial toothbrushing. Therefore, it is unknown whether 3D printed resin materials have
mechanical and optical stability that can replace current CAD/CAM milling materials.
Instead, previous studies analyzed the abrasion resistance and surface properties of the
material after a chewing simulation to evaluate the mechanical properties of 3D printed
resin [11]. That study involved only a short simulation period equivalent to about 1 month
in the oral cavity, and only analyzed the volume loss of the material. Not identifying
changes in the roughness of materials that could affect microorganism growth was therefore
a major limitation of that study. Despite the gradual developments in 3D printing crown
bridge materials, studies on the differences between the mechanical properties of different
material or changes that occur after their use in the oral cavity over long periods have
been insufficient.

The purpose of this study was therefore to compare the surface roughness, surface
waviness, Vickers hardness (VHN), color change, and intergroup VHN change after arti-
ficial toothbrushing on 3D printed material and CAD/CAM blocks. The study was also
designed to determine the difference between groups in flexural strength and the changes
after hydrothermal aging treatment. The first null hypothesis of this study was that artifi-
cial toothbrushing does not affect the surface roughness, surface waviness, VHN, or color
of the materials, and that there is no VHN difference between groups. The second null
hypothesis was that flexural strength does not differ between groups and hydrothermal
aging has no effect.

2. Materials and Methods

The overall experimental workflow is summarized in Figure 1.
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Figure 1. Overall experimental workflow showing the materials used and experimental cycles. Material names are coded
as follows: FMLB (Formlabs denture teeth A2 resin), NXT (NextDent C&B), PLC (polycarbonate), PMMA (polymethyl-
methacrylate), DFC (dispersed-filler composite), and PICN (polymer infiltrated ceramic network).

The following six materials were used in this study and the material names are coded
(Table 1): Formlabs denture teeth A2 resin (FMLB) (Formlabs, Sommerville, MA, USA),
NextDent C&B (NextDent, Soesterburg, the Netherlands), polycarbonate (PLC) (polycar-
bonate block, Line Dental Lab, Seoul, Korea), polymethylmethacrylate (VIPI BLOCK, VIPI,
São Paulo, Brazil), dispersed-filler composite (DFC) (MAZIC Duro, Vericom, Chuncheon,
Korea), and polymer-infiltrated ceramic network (PICN) (VITA ENAMIC, VITA Zahnfabrik,
Bad Säckingen, Germany).

2.1. Specimen Preparation

A precision cutting machine cut (ADM-6S, Okamoto, Tokyo, Japan) ∅98, 18 mm discs
made of three CAD/CAM materials (PLC, MZD, and VTE), which were then trimmed
using a diamond wheel (#400) and slurry (grit sizes of 6 µm, 3 µm, and 1 µm). For artificial
toothbrushing, a surface roughness, surface waviness, VHN, and color measurement test
specimen was designed with a length of 10 mm, a width of 18 mm, and a thickness of 4 mm.
With a length of 25 mm, a width of 2 mm, and a thickness of 2 m, a test specimen was
designed for the flexural strength test. The cut specimens were washed using deionized
water in an ultrasonic cleaner for 3 min, and then air-dried. A 3D Digital Light Processing
3D printer with a 405-nm ultraviolet (UV) light-emitting diode (LED) (NextDent 5100,
Vertex-Dental, Soesterberg, Netherlands) printed the NextDent C&B (NXT) specimen.
A stereolithography 3D printer with a 405-nm UV LED and a laser power of 250 mW
(Form3, Formlabs) was used to print the FMLB specimen. The printed specimens were
washed for 10 min in a washing machine (Twin Tornade, Medifive, Seoul, Korea) with
90% isopropyl alcohol. The postcuring process was conducted for 30 min in accordance
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with the conditions recommended by the manufacturer of the UV postcuring equipment
(CureM D102, Sona Global, Seoul, Korea).

Table 1. Characteristics of 3D printing and CAD/CAM blocks used in this study (The composition was written followed by
the manufacturer’s information).

Type Product Code Composition Manufacturer

3D printed resin Denture teeth A2; FMLB
Methacrylate monomer, diurethane

dimethacrylate, propylidynetrimethyl
trimethacrylate

Formlabs, Sommerville,
MA, USA

3D printed resin NextDent C&B NXT >90% Methacrylic oligomers, methacrylate
monomer, <3% phosphine oxides, pigment

NextDent, Soesterburg,
the Netherlands

PLC-based CAD/CAM
material PLC ‡ PLC

PLC (88 wt%),
inorganic filler (2 wt%), nano silica

(8 wt%), glass fiber
additive (1 wt% alkoxysilane)

Line Dental Lab, Seoul,
Korea

PMMA-based
CAD/CAM material VIPI BLOCK PMMA Highly cross-linked PMMA Dental VIPI, VIPI, São

Paulo, Brazil

Resin nano ceramic
CAD/CAM material

(DFC)
MAZIC Duro DFC 20 wt% reinforced matrix,

80 wt% ceramic nanofillers
Vericom, Chuncheon,

Korea

PICN CAD/CAM
material VITA ENAMIC PICN

86 wt% feldspathic-based ceramic network,
14 wt% acrylate polymer network (infiltrated

into feldspathic-based ceramic network)

VITA Zahnfabrik, Bad
Säckingen, Germany

‡ The PLC CAD/CAM disk used in this study was a prototype that had not yet been marketed.

2.2. Artificial Toothbrushing

Color, surface roughness, surface waviness, and VHN measurements were performed
sequentially. All tested specimens were placed in distilled water and stored in an incubator
(JISICO, Seoul, Korea) at 37.5 ◦C for 1 week. Each specimen was subject to 40,000 brushing
strokes over 4 h and 44 min at 75 strokes per minute using an artificial toothbrushing device
(V-8 cross-brushing machine). Artificial toothbrushing was performed by applying a verti-
cal load of 2.0 N using an FDA-approved toothbrush (Colgate Twister, Colgate-Palmolive,
São Paulo, SP, Brazil). A toothpaste slurry was used according to ISO standard [32] by mix-
ing 250 g of toothpaste (Colgate Total, Colgate-Palmolive) with a relative dentin abrasivity
of 70 with 1 L of distilled water, with the slurry being replaced every 5000 cycles. The
specimen was washed with water and dried after the brushing strokes were completed.

2.3. Surface Roughness and Surface Waviness Measurements

The surface of the specimens before and after artificial toothbrushing were measured
(Figure 2) according to ISO Standard 4287: the average roughness height (Ra), maximum
surface roughness height Rz, average waviness height (Wa), and maximum surface wavi-
ness height (Wz) [33]. A stylus profilometer (Bruker Dektak XT, Bruker, Germany) was
applied over 5.6 mm with a cutoff value of 0.8 mm and a stylus speed of 0.5 mm per second.
Surface roughness and waviness values were calculated based on these data.
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2.4. VHN Test

VHN values were measured using microhardness indentation equipment (HMV-G,
Shimadzu Corporation, Tokyo, Japan) before and after artificial toothbrushing. Each of
the six groups used 15 specimens each (n = 75). Indentations were made three times on
specimens with dimensions of 10 mm × 8 mm × 4 mm, and the VHN was measured.
The respective lengths of two diagonal lines appearing in the indentation were measured
to calculate VHN. Indentation was performed by applying a force of 1.961 N for 15 s to
obtain VHN values, and the average VHN of the three measurements was used. VHN was
calculated using the following formula (1):

HV = 1.854
(

F/D2
)

(1)

where F is the applied load in newton and D is the area over which the indenter applied
the load, measured in square millimeters.

2.5. Color Measurement

A colorimeter (Cr321 Chromameter, Minolta, Osaka, Japan) was used before and after
artificial toothbrushing to measure the color of the center of the specimen. Each of the six
groups used 15 specimens each (n = 75). The color measurement was performed three times
on the specimen and the average value was used. Commission Internationale d’Eclairage
L* a* b* (CIELab) system: L* (lightness, from 0 [black] to 100 [white]), a* (from a [green] to
+a [red]), and b* (from b [blue] to +b [yellow]) was used. The color difference ∆E00 was
calculated using the following formula (2):

∆E00 =

√(
∆L

KLSL

)2
+

(
∆C

KCSC

)2
+

(
∆H

KHSH

)2
+ RT

(
∆C

KCSC

)(
∆H

KHSH

)
(2)

2.6. Flexural Strength Test

Fracture testing was performed on 180 prepared specimens (4 mm × 1.2 mm ×
18 mm; 30 specimens for each material), each of which was divided into hydrothermal
aging and nonaging groups (n = 15 for both hydrothermal aging and nonaging). For the
hydrothermal aging specimens, a 2-bar pressure was applied at 121 ◦C for 5 h using a
hydrothermal reactor to simulate the long-term environment within the mouth of a patient.
After the completion of treatment, a flexural three-point bending test was performed
using a universal testing machine (Instron 8871; Instron Co., Corwood, OH, USA) with a
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crosshead speed of 1.0 mm/minute and a distance of 10 mm between the support spans,
with the following formula used (3):

σ = 3Fl/2bh2 (3)

where F was the breaking load in newton, l is the span-to-span distance in millimeters, b is
the specimen width in millimeters, h is the specimen height in millimeters, and d is the
deflection in millimeters.

2.7. Scanning Electron Microscopy (SEM) Observations

The surface of each specimen was observed using a scanning electron microscope
(7800 F FESEM, JEOL, Peabody, MA, USA) to determine the pattern of changes between,
before, and after toothbrush abrasion and the flexural strength test. The surface of the
specimen was coated with platinum for 30 s using an osmium target (HPC-1S, Shinku
Device, Ibaraki, Japan), and then SEM was performed under an accelerating voltage of 5 kV.
SEM micrographs were obtained at 30–1000 times magnification for visual observations.

2.8. Statistical Analysis

Statistical analyses were performed using SPSS software (version 25, IBM, Armonk,
NY, USA). To determine differences between groups and within groups, one-way ANOVAs
were conducted to determine significance, and the means and standard deviations were
calculated for each group, with the errors compared and evaluated. A Scheffe’s test
was performed at a significance cutoff of α = 0.05. To confirm any change after artificial
toothbrushing, a paired-samples t-test was performed at a significance cutoff of α = 0.05.

3. Results
3.1. Surface Roughness and Surface Waviness

After measuring the Ra and Rz of six materials before and after artificial toothbrush-
ing, a paired-sample t-test was performed to identify any difference after toothbrushing
(Figure 3 and Table S1). Regarding FMLB, the Ra values before and after artificial brush-
ing were 0.17 ± 0.02 µm and 0.17 ± 0.05 µm, respectively, with no significant difference
(p = 0.837); the corresponding Rz values were 0.92 ± 0.11 µm and 0.89 ± 0.07 µm (p = 0.508).
However, in all groups except FMLB, the Ra and Rz values increased significantly after
toothbrushing: NXT (Ra; p = 0.006, Rz; p = 0.028), PLC (Ra; p < 0.001, Rz; p < 0.001), PMMA
(Ra; p = 0.002, Rz; p = 0.003), DFC (Ra, p < 0.001; Rz, p < 0.001), and PICN (Ra, p = 0.004; Rz,
p = 0.008).
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Wa and Wz were measured before and after artificial toothbrushing on six materials,
and paired-samples t-tests identified any significant difference after artificial toothbrushing
for each material (Figure 4 and Table S1). The paired-samples tests suggested that the Wa
and Wz values of the posttest significantly increased in all groups except for Wa in FMLB
(p = 0.309) and NXT (p = 0.367): FMLB (Wz, p < 0.001), NXT (Wz, p = 0.011), PLC (Wa,
p < 0.001; Wz, p < 0.001), PMMA (Wa, p < 0.001; Wz, p < 0.001), DFC (Wa, p < 0.001; Wz,
p < 0.001), and PICN (Wa, p = 0.001; Wz, p < 0.001).
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3.2. VHN Test

To determine the micromechanical properties of all materials, VHN was measured
after polishing the surface and after artificial toothbrushing (Figure 5 and Table S2). First,
after measuring the VHN of each material, a one-way ANOVA was performed to determine
the VHN differences between the materials. These tests indicated significant differences in
VHN according to the material both before (F = 1133.177, p < 0.001) and after (F = 1314.113,
p < 0.001) toothbrushing. Performing a Scheffe’s post-test to confirm the difference con-
firmed that the VHN of DFC was higher than those of FMLB, NXT, PLC, and PMMA, and
that the VHN of PICN was the highest both before and after artificial toothbrushing.

Materials 2021, 14, x FOR PEER REVIEW 8 of 18 
 

 

PMMA, and that the VHN of PICN was the highest both before and after artificial tooth-

brushing. 

A paired-samples t-test was performed to determine any significant difference of 

VHN results after toothbrushing for each material, which revealed no changes between 

the pre- and posttest results for PLC (p = 0.661), PMMA (p = 0.152), and PICN (p = 0.164), 

but significant changes for FMLB (p < 0.001), NXT (p = 0.001), and DFC (p = 0.025) ap-

peared. The VHN values of FMLB and NXT increased after artificial toothbrushing from 

9.1 ± 0.4 and 15.5 ± 0.4, respectively, to 12.7 ± 1.0 and 16.1 ± 0.3. Regarding DFC, the VHN 

decreased from 94.1 ± 6.3 before to 90.6 ± 4.5 after artificial toothbrushing. 

 

Figure 5. Surface hardness (data are mean and standard-deviation values) of six materials pre- and 

post-artificial toothbrushing. A significant difference in surface hardness between materials is indi-

cated by different upper-case letters, and a significant difference in surface hardness between pre 

and post artificial toothbrushing is indicated by different lower-case letters (p < 0.05). 

3.3. Color Change 

The colors of the materials were measured and then compared between, before, and 

after artificial toothbrushing. One-way ANOVA was performed to identify differences in 

color changes between materials (Figure 6, Table S3), which revealed a significant differ-

ence in color difference between groups (F = 6.095, p < 0.001). The color difference between 

FMLB and PLC was significantly lower than for the other samples, at 1.0 ± 0.6 and 1.3 ± 

0.3, respectively. The color differences of NXT, PMMA, and PICN were 1.6 ± 0.6, 1.4 ± 0.9, 

and 1.6 ± 0.8, respectively, and the color difference of the DFC group was 2.4 ± 0.9, which 

was significantly larger than those of the other groups. Color differences larger than ΔE = 

2.25 were considered clinically observable; the ΔE values of all materials, except for the 

DFC group, reached this criterion. 

Figure 5. Surface hardness (data are mean and standard-deviation values) of six materials pre-
and post-artificial toothbrushing. A significant difference in surface hardness between materials is
indicated by different upper-case letters, and a significant difference in surface hardness between pre
and post artificial toothbrushing is indicated by different lower-case letters (p < 0.05).
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A paired-samples t-test was performed to determine any significant difference of
VHN results after toothbrushing for each material, which revealed no changes between the
pre- and posttest results for PLC (p = 0.661), PMMA (p = 0.152), and PICN (p = 0.164), but
significant changes for FMLB (p < 0.001), NXT (p = 0.001), and DFC (p = 0.025) appeared.
The VHN values of FMLB and NXT increased after artificial toothbrushing from 9.1 ± 0.4
and 15.5 ± 0.4, respectively, to 12.7 ± 1.0 and 16.1 ± 0.3. Regarding DFC, the VHN
decreased from 94.1 ± 6.3 before to 90.6 ± 4.5 after artificial toothbrushing.

3.3. Color Change

The colors of the materials were measured and then compared between, before, and
after artificial toothbrushing. One-way ANOVA was performed to identify differences in
color changes between materials (Figure 6, Table S3), which revealed a significant difference
in color difference between groups (F = 6.095, p < 0.001). The color difference between
FMLB and PLC was significantly lower than for the other samples, at 1.0 ± 0.6 and 1.3 ± 0.3,
respectively. The color differences of NXT, PMMA, and PICN were 1.6 ± 0.6, 1.4 ± 0.9, and
1.6 ± 0.8, respectively, and the color difference of the DFC group was 2.4 ± 0.9, which was
significantly larger than those of the other groups. Color differences larger than ∆E = 2.25
were considered clinically observable; the ∆E values of all materials, except for the DFC
group, reached this criterion.
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Figure 6. Color differences of six materials after artificial toothbrushing. Significant differences in
color change between materials are indicated by different lower-case letters (p < 0.05).

3.4. Flexural Strength

A three-point flexural strength test was performed on all materials, and one-way
ANOVA was performed to identify any significant difference in flexural strength between
the materials. There were significant differences between materials before (F = 19.568,
p < 0.001) and after (F = 33.183, p < 0.001) artificial toothbrushing (Figure 7, Table S4).
Scheffe’s post-hoc test indicated that the flexural strengths of PLC and NXT were
163.9 ± 14.0 MPa and 155.2 ± 23.6 MPa, respectively, which were significantly larger
than those of the other groups, with the next highest being FMLB at 139.4 ± 40.5 MPa.
The flexural strengths of PICN and PMMA were 104.2 ± 19.0 MPa and 108.0 ± 8.1 MPa,
respectively, which were significantly smaller than that of DFC (116.4 ± 11.4 MPa). Our
analysis indicated a difference between the materials after hydrothermal aging. The flexural
strengths of the NXT, PLC, and FMLB groups were 147.2 ± 15.7 MPa, 147.1 ± 38.3 MPa,
and 135.5 ± 37.8 MPa, respectively, which were significantly larger than those of DFC
(86.9 ± 11.4 MPa), PMMA (78.5 ± 7.3 MPa), and PICN (73.6 ± 8.0 MPa).
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Figure 7. Flexural strength results of six materials pre and post toothbrushing. A significant difference
in flexural strength between materials is indicated by different upper-case letters, and a significant
difference in flexural strength between pre and post artificial toothbrushing is indicated by different
lower-case letters (p < 0.05).

Paired-samples t-tests were performed to identify any significant difference between
the experimental results before and after hydrothermal aging for each material (Figure 7).
These tests indicated that all groups except FMLB (p = 0.796) were differed significantly
after hydrothermal aging: NXT (p = 0.018), PLC (p = 0.458), PICN (p < 0.001), PMMA
(p < 0.001), and DFC (p < 0.001). The PMMA and FMLB groups exhibited the largest and
smallest changes in flexural strength, respectively.

3.5. SEM Observations

Each material surface was analyzed using SEM before and after toothbrushing (Figure 8).
After polishing, the specimen surfaces were generally smooth, but streaks that appeared
to be caused by the sliding of the toothbrush were present on the surface after artificial
toothbrushing. The surface of the PICN specimen was smooth both before and after
toothbrushing, and no change in roughness was evident, which was consistent with the
results of the Ra and Rz analysis. On the other hand, the surface of the DFC specimen
appeared to be considerably rougher after artificial brushing, and rougher than the surfaces
of the PMMA and PICN specimens. This was also consistent with the roughness values of
the Ra and Rz analysis.

The cross-sectional view images of the PICN and PMMA specimens before and after
artificial toothbrushing (Figure 9) indicate that the PICN specimen had almost no surface
damage, whereas the PMMA specimen had a concave shape as the surface wore out.
Among the tested materials, the images indicate that the wear appeared to be greatest for
the PMMA specimen, which was consistent with the Wa and Wz values obtained in the
surface waviness analysis.

Most PLC specimens did not break in the flexural strength test (Figure 10). Fatigue
crack lines were observed on the bent surface of the PLC specimen. Similarly, the PICN had
a relatively clean fractured surface when compared with the cross section of the fractured
PLC specimen, and a clear fatigue crack line appeared on the fracture surface of the PLC
specimen (Figure 11).
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The Rz change in DCF appeared to be the largest, and shallow streaks appeared on the surface of the PMMA specimen.
The PICN surface was almost unchanged. (A) PMMA pre, (B) DFC pre, (C) PICN pre, (D) PMMA post, (E) DFC post, and
(F) PICN post.
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between pre and post artificial brushing, whereas PMMA had a concave planar shape after brushing due to abrasion. The
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Figure 10. SEM images of the PLC specimen after its flexural strength test at 30-times magnification. The PLC specimens
were high elasticity did not break easily. Many fatigue crack lines were observed on the fracture surface. The arrows in
panel indicate the fatigue crack lines. (A) Unbroken PLC specimen after fracture test, and (B) top side of a broken specimen
after the flexural strength test.
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Figure 11. SEM images of the fracture surface of broken specimens after their flexural strength tests at 100-times magnifi-
cation. Different fracture surface shapes appeared depending on the material properties. A cleaner fracture surface was
observed on the relatively brittle PICN specimen when compared with the FMLB and NXT specimens. Fatigue crack lines
were often observed at the fracture surface of PLC samples with high elasticity. (A) FMLB, (B) NXT, (C) PLC, and (D) PICN.

4. Discussion

This study evaluated the surface roughness, surface waviness, VHN, and color change
after artificial toothbrushing on 3D printed materials and CAD/CAM blocks. Differences
were evaluated between groups in flexural strength between, before, and after hydrother-
mal aging treatment. Our experiments also identified changes in surface roughness, surface
waviness, VHN, and color after artificial toothbrushing, and also a difference in VHN
between materials. The flexural strength of each material was different, and tended to
decrease after hydrothermal aging treatment. Therefore, the null hypotheses of this study
were rejected.

This study applied 20,000 cycles of artificial toothbrushing to simulate 7 to 10 years of
material use [34]. Also, The ISO standards were used to provide comparative results of 3D
printed resin, which has no experimental results under similar conditions to previously
tested milling materials. Three parameters were used to evaluate changes in surface
roughness and waviness that appeared thereafter. Ra and Rz, measured using a contact
stylus, is one of the important vertical parameters representing the depth of scratches
present on the material surface, and is often used to quantify worn cross sections [30].
Vertical volume loss was also quantitatively evaluated by analyzing Wa and Wz waviness,
and SEM imaging analysis provided an overall understanding of the material surface
morphology changes [30]. These experiments indicated that the roughness values of
all groups significantly increased after toothbrushing. FMLB, NXT, and DFC specimens
showed significantly higher roughness, whereas PICN was indicated as having the smallest
changes in surface roughness and waviness. These differences between materials may
be due to how the microstructure of PICN provides excellent fatigue resistance via a
reinforcing effect [27,29], and is composed of a double interpenetrating network created by
the PICN technology [35,36].

Koizumi et al. [30,31] performed brushing on a CAD/CAM block, and the differ-
ence in Rz between specimens was compared after using each material. This revealed
that Lava Ultimate, a composite resin with a composition similar to that of DFC, had a
significantly larger Rz than did PICN, which was consistent with our results. This was
also consistent with Kamonkhantikul et al. [30] finding that PICN was significantly less
rough than PMMA after 20,000 toothbrushing cycles. An Ra of 0.25–0.5 µm can be detected
by the patient’s tongue [25] and a roughness value larger than 0.2 µm can affect bacterial
growth [1]. Although the increase in the surface roughness after toothbrushing was statis-
tically significant, it was lower than the clinically acceptable value of 0.2 µm, indicating
that it would be stable for medium- and long-term use. The evaluated 3D printed material
was also indicated to have surface roughness characteristics comparable to those of the
existing CAD/CAM material. To measure surface waviness, the stylus moved sideways
perpendicular to the worn surface of the specimen, which allowed the vertical loss of the
specimen to be quantified [25]. After identifying the change in surface waviness, the Rz
of DFC was found to increase significantly after the toothbrushing experiment, but had
much lesser waviness compared with PMMA in the waviness analysis and SEM imaging
results (Figure 8). Conversely, PMMA had a lower Rz than did FMLB, NXT, PLC, and DFC,
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but the waviness analysis and SEM imaging results indicated that the waviness increased
significantly due to concave abrasion as the vertical loss increased after brushing. This was
consistent with the comparison between the wear levels of CAD/CAM blocks performed
by Choi et al. [37], which indicated that PMMA exhibited a greater volume and weight
losses than did DFC and PICN. Regarding the evaluated 3D printed materials, there was
no significant difference in the amount of vertical loss, suggesting that they can be used as
temporary restorative materials for 3D printing crowns and bridge resins.

The VHN test can be useful for evaluating the properties of composite materials related
to wear resistance [25,38,39]. Dupriez et al. [40] suggested that knowledge of the surface
hardness of materials is essential for predicting wear resistance. The VHNs of FMLB, NXT,
PLC, and PMMA were indicated to be similar, while DFC had a larger VHN, and this was
highest in PICN. This result was consistent with the low surface waviness of DFC and PICN
found in the surface waviness and SEM imaging results. These differences in surface hard-
ness between materials can be explained by the internal composition of the materials [41].
The inorganic fillers distributed in the DFC protect its matrix, and the nano-sized fillers and
narrow interparticle spacing improve the surface hardness. The 3D interconnected double-
ceramic network structure of PICN results in better physical properties than conventional
composites [6,42]. In contrast, acrylic resins may have smaller mechanical strength due
to their relatively low double-bond conversion [43]. Goujat et al. [44] and Kim et al. [45]
evaluated the surface hardness of CAD/CAM materials and 3D printed resins. Their results
indicated that PICN had the largest surface hardness trend, followed by DFC. The surface
hardness of 3D printed resin was relatively low, which was similar to the trend found in the
present study. As a characteristic finding, surface hardness measurements after artificial
toothbrushing indicated that the surface hardness of FMLB and NXT somewhat increased.
This may be due to the additional polymerization of the printed resin that occurred during
the experiment as the daily light exposure time increased. Following the same principle,
it can be interpreted that the previous finding of the VHN increasing may have been due
to the increased polymerization time of the NXT specimen [45]. It may also be due to the
oxygen-inhibiting layer on the surface of the specimen, which appears before artificial
brushing. Studer et al. [46] evaluated the conversion degree of a photopolymerized resin
exposed to oxygen, and found that the resin polymerization slowed and the conversion
degree decreased as the sample came into contact with atmospheric oxygen before pho-
tocuring. These layers can affect the surface properties of the photopolymerization resin,
such as its strength and scratch resistance [46]. This may be due to the layer being removed
by artificial toothbrushing, and surface hardness increasing accordingly.

The color stability of dental restorative material plays a decisive role in material se-
lection, especially for anterior restorations, and ∆E values larger than 2.25 are considered
clinically observable [47,48]. These materials must therefore have color stability that can
withstand microscopic abrasion caused by toothbrushing and constant moisture expo-
sure [49]. In the present study, color changes in the materials between, before, and after
artificial toothbrushing were recorded in CIE L* a* b* color space using a spectrophotometer.
Spectrophotometry is the most accurate and commonly recommended method because it
can objectively and quantitatively evaluate color changes of a material [48]. The present
measurements indicated that DFC had a significantly high color difference of ∆E = 2.4 ± 0.9,
but the ∆E values of the remaining groups were lower than the clinical limit of 2.25, indi-
cating that they were within the perceptual threshold. FMLB and PLC had significantly
lower color differences, and the NXT, PMMA, and PICN groups had similar color changes.
Artificial toothbrushing causes surface erosion, which can release components that affect
the color tone of the resin and increase surface deterioration [50]. Resin water absorption
can also increase pigment migration or adhesion [51,52]. This suggests that the increased
water absorption of the 3D printed resin may have affected the color changes observed.
This was consistent with Yuan et al. [1] finding that color differences were within the
perceptual threshold after 50,000 toothbrushing cycles on CAD/CAM lithium disilicate
and zirconia specimens. Haynie et al. [53] immersed 3D printed resin samples in distilled
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water to test discoloration, and found that the color change was within the critical limit
range. However, if coloring factors do occur, different results may appear. A previous study
applied foods with coloring elements (e.g., coffee, grape juice, and curry) to CAD/CAM
blocks and 3D printed resin, and found that the color change of 3D printed resin was larger
than that of the CAD/CAM material [48]. Regarding 3D printed resin, additional research
is therefore needed on color stability based on parameters, such as discoloration source
and postcuring time.

In this study, hydrothermal aging treatment was applied to specimens to simulate
temperature changes in the oral environment and to determine their effect on flexural
strength. The flexural strength differed between the groups without any treatment, and
was significantly larger in the 3D printed resin group than for DFC, PMMA, and PICN.
Differences in the flexural strength of materials may be attributed to the polymerization
process of the resin and the monomer composition and chemical composition variables [54],
which affect flexural strength and mechanical properties [55,56]. Differences in mechanical
properties may also appear due to differences in the densities of the materials [57]. Simon-
eti et al. [58] compared the flexural strengths of 3D printed resin and dental CAD/CAM
milling material. They found that the flexural strength of the 3D printed material was
significantly larger than those of PMMA, DFC, and PICN, which was consistent with the
trend found in the present study. Goujat et al. [44] also compared the flexural strengths of
CAD/CAM materials, and found that DFC had slightly larger flexural strength than PICN,
which was similarly consistent with the results of the present study.

The NXT, PMMA, DFC, and PICN groups were affected by hydrothermal aging, with
their flexural strengths tending to decrease. This can be attributed to surface deterio-
ration and water absorption occurring during the high-temperature and high-pressure
hydrothermal aging process. When the resin expands at high temperatures and concur-
rently absorbs water, water may penetrate the resin matrix and soften the polymer [59].
This may also be caused by absorbed water hydrolyzing the interfacial silane coupling
agent, which provides chemical bonding with the resin structure and filler, resulting in
decreased flexural strength [60]. Berli et al. [61] found that flexural strength decreased after
hydrothermal aging when comparing the mechanical properties of milling materials and
3D printed resin, which was consistent with the results of the present study. The flexural
strength of PICN before aging indicated similar values to the flexural strengths obtained
by Argyrou et al. and Kurtulmus-Yilmaz et al. [62,63]. However, its flexural strength
decreased significantly to 73.6 ± 8.0 MPa after hydrothermal aging. The 3D printed resin
group exhibited a significantly larger flexural strength than did DFC, PMMA, and PICN,
and there was no significant difference in the flexural strength of FMLB after hydrothermal
aging. This suggests that 3D printed resin can be used instead of milling materials.

In this in vitro study, the changes in the mechanical properties and color of materials
were observed after 20,000 artificial toothbrushing cycles, and flexural strengths after
hydrothermal aging were also evaluated. The test results of the milling material are
consistent with the results of previous studies, indicating that the results obtained are
reliable. Therefore, the experimental results on 3D printed resin materials can serve as a
reference to supplement the lack of knowledge about the properties of materials, suggesting
that that the 3D printed materials have comparable mechanical and optical properties that
could be a substitute to the current milling materials. However, this study had several
limitations. Experimental artificial toothbrushing could not simulate various aspects of the
real environment including changes in oral pH, chewing force, and the presence of bacteria
and saliva. The results would reflect the clinical environment better if the oral biological
environment is simulated more accurately, and factors such as the mastication force and
mastication frequency were also included. The specimens used in this study had a flat
shape and so did not reflect actual tooth curvature. The abrasion test results may indicate
different characteristics than for the curved contours of actual teeth, so verification through
further clinical studies will be required. The types of resins used in this study were also
relatively restricted because the evaluation was conducted using materials that represented
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the experimental groups. Many companies now manufacture and sell various 3D printing
and milling materials, and different results for mechanical properties and color stability
may appear in similar experiments depending on the composition of the resin used and
the color change source; the effects of various parameters should therefore be evaluated in
the future.

The 3D printed material evaluated in this study exhibited mechanical and optical
properties comparable to the current milling materials, and was observed to be clinically
stable. 3D printed prostheses thus could be used for similar purposes to fabricate prostheses
using prefabricated milling materials. The 3D printer is being supplied at a relatively lower
price, and it can overcome the disadvantages of the milling method, which is a significant
consumption of materials and milling burs [9,13]. On the other hand, in the case of
milling, cutting efficiency may decrease due to bur ware, which may affect accuracy and
increase maintenance costs [11,64]. Furthermore, various applications of 3D printing such
as implants [65], anatomical models [66], and maxillofacial reconstruction [67,68] have been
reported in previous studies because complex structures can be easily fabricated with 3D
printing [5]. Therefore, the clinical use of 3D printing technology will increase productivity
and provide a more convenient way to fabricate provisional restorations [11]. However, for
a wider application of the 3D printing technology in dental care, it will have to be verified
through additional studies to examine compressive, tensile, shear, and fatigue strength
along with solubility and permeability. Different results may appear depending on the type
of toothbrush or toothpaste used. Therefore, physical properties of the 3D printed resin
materials with respect to many factors should be studied in the future. Also, standardized
protocols and studies that are more consistent with the real oral environment are therefore
needed in the future.

5. Conclusions

The use of resin materials in the 3D printing manufacturing for making a dental
restoration is worthy of study in a novel way. The purpose of this study was to investigate
the mechanical properties and color stability of the 3D printed resin materials compared
with the milling materials after artificial toothbrushing and hydrothermal aging. Within the
limits of this in vitro study, the mechanical and optical properties of the 3D printed resin
materials were in a range comparable to the milling materials. The 3D printing method
can overcome the disadvantage of the milling method including significant consumption
of material and inaccuracy resulting from bur wear. Consequently, 3D printed resin
materials may offer better advantages as an alternative to milling materials for fabrication
of temporary dental restorations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14206207/s1, Table S1: Surface roughness and surface waviness before and after tooth-
brushing, Table S2: Vickers hardness results of six materials before and after toothbrushing, Table S3:
color difference results of six materials, Table S4: Flexural strength results of six materials before and
after toothbrushing.

Author Contributions: Conceptualization, J.-E.K.; data curation, N.-E.N. and S.-H.S.; formal analysis,
N.-E.N., S.-H.S., J.-H.L. and J.-E.K.; methodology, N.-E.N., S.-H.S. and J.-E.K.; project administration,
J.-E.K. and J.-S.S.; resources, J.-E.K. and J.-S.S.; software, N.-E.N. and S.-H.S.; supervision, J.-E.K.;
validation, J.-E.K. and J.-S.S.; visualization, N.-E.N. and J.-E.K.; writing—original draft, N.-E.N. and
J.-E.K.; writing—review and editing, N.-E.N., S.-H.S., J.-H.L., J.-E.K. and J.-S.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Ministry of Science and ICT (MSIT) (NRF-2021R1C1C1012183).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ma14206207/s1
https://www.mdpi.com/article/10.3390/ma14206207/s1


Materials 2021, 14, 6207 15 of 17

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yuan, J.C.; Barao, V.A.R.; Wee, A.G.; Alfaro, M.F.; Afshari, F.S.; Sukotjo, C. Effect of brushing and thermocycling on the shade and

surface roughness of CAD-CAM ceramic restorations. J. Prosthet. Dent. 2018, 119, 1000–1006. [CrossRef] [PubMed]
2. Mühlemann, S.; Kraus, R.D.; Hämmerle, C.H.; Thoma, D.S. Is the use of digital technologies for the fabrication of implant-

supported reconstructions more efficient and/or more effective than conventional techniques: A systematic review. Clin. Oral
Implant. Res. 2018, 29, 184–195. [CrossRef] [PubMed]

3. Ahlholm, P.; Sipilä, K.; Vallittu, P.; Jakonen, M.; Kotiranta, U. Digital versus conventional impressions in fixed prosthodontics: A
review. J. Prosthodont. 2018, 27, 35–41. [CrossRef] [PubMed]

4. Thalji, G.; Bryington, M.; De Kok, I.J.; Cooper, L.F. Prosthodontic management of implant therapy. Dent. Clin. 2014, 58, 207–225.
[CrossRef]

5. van Noort, R. The future of dental devices is digital. Dent. Mater. 2012, 28, 3–12. [CrossRef]
6. Alghazzawi, T.F. Advancements in CAD/CAM technology: Options for practical implementation. J. Prosthodont. Res. 2016, 60,

72–84. [CrossRef]
7. Guth, J.F.; Almeida, E.S.J.S.; Beuer, F.F.; Edelhoff, D. Enhancing the predictability of complex rehabilitation with a removable

CAD/CAM-fabricated long-term provisional prosthesis: A clinical report. J. Prosthet. Dent. 2012, 107, 1–6. [CrossRef]
8. Edelhoff, D.; Beuer, F.; Schweiger, J.; Brix, O.; Stimmelmayr, M.; Guth, J.F. CAD/CAM-generated high-density polymer restorations

for the pretreatment of complex cases: A case report. Quintessence Int. 2012, 43, 457–467.
9. Rayyan, M.M.; Aboushelib, M.; Sayed, N.M.; Ibrahim, A.; Jimbo, R. Comparison of interim restorations fabricated by CAD/CAM

with those fabricated manually. J. Prosthet. Dent. 2015, 114, 414–419. [CrossRef]
10. Khaledi, A.-A.; Farzin, M.; Akhlaghian, M.; Pardis, S.; Mir, N. Evaluation of the marginal fit of metal copings fabricated by using

3 different CAD-CAM techniques: Milling, stereolithography, and 3D wax printer. J. Prosthet. Dent. 2020, 124, 81–86. [CrossRef]
11. Park, J.-M.; Ahn, J.-S.; Cha, H.-S.; Lee, J.-H. Wear Resistance of 3D Printing Resin Material Opposing Zirconia and Metal

Antagonists. Materials 2018, 11, 1043. [CrossRef] [PubMed]
12. Yan, X.; Gu, P. A review of rapid prototyping technologies and systems. Comput. Aided Des. 1996, 28, 307–318. [CrossRef]
13. Barazanchi, A.; Li, K.C.; Al-Amleh, B.; Lyons, K.; Waddell, J.N. Additive technology: Update on current materials and applications

in dentistry. J. Prosthodont. 2017, 26, 156–163. [CrossRef]
14. Tahayeri, A.; Morgan, M.; Fugolin, A.P.; Bompolaki, D.; Athirasala, A.; Pfeifer, C.S.; Ferracane, J.L.; Bertassoni, L.E. 3D printed

versus conventionally cured provisional crown and bridge dental materials. Dent. Mater. 2018, 34, 192–200. [CrossRef]
15. Sharma, N.; Cao, S.; Msallem, B.; Kunz, C.; Brantner, P.; Honigmann, P.; Thieringer, F.M. Effects of Steam Sterilization on

3D Printed Biocompatible Resin Materials for Surgical Guides—An Accuracy Assessment Study. J. Clin. Med. 2020, 9, 1506.
[CrossRef]

16. Park, J.-Y.; Lee, J.-J.; Bae, S.-Y.; Kim, J.-H.; Kim, W.-C. In vitro assessment of the marginal and internal fits of interim implant
restorations fabricated with different methods. J. Prosthet. Dent. 2016, 116, 536–542. [CrossRef] [PubMed]

17. Pillai, S.; Upadhyay, A.; Khayambashi, P.; Farooq, I.; Sabri, H.; Tarar, M.; Lee, K.T.; Harb, I.; Zhou, S.; Wang, Y.; et al. Dental
3D-Printing: Transferring Art from the Laboratories to the Clinics. Polymers 2021, 13, 157. [CrossRef] [PubMed]

18. Son, K.; Lee, K.-B. A Novel Method for Precise Guided Hole Fabrication of Dental Implant Surgical Guide Fabricated with 3D
Printing Technology. Appl. Sci. 2021, 11, 49. [CrossRef]

19. Lorenzetti, M.; Lorenzetti, V.; Carossa, M.; Cavagnetto, D.; Mussano, F. Using a Preoperative Scan Digital Impression and a
Digital Index to Build Immediate Interim Full-Arch Implant-Supported Prosthesis. A Case Report and Proof of Concept. Appl.
Sci. 2021, 11, 996. [CrossRef]

20. Grau, A.; Stawarczyk, B.; Roos, M.; Theelke, B.; Hampe, R. Reliability of wear measurements of CAD-CAM restorative materials
after artificial aging in a mastication simulator. J. Mech. Behav. Biomed. Mater. 2018, 86, 185–190. [CrossRef]

21. Flury, S.; Diebold, E.; Peutzfeldt, A.; Lussi, A. Effect of artificial toothbrushing and water storage on the surface roughness and
micromechanical properties of tooth-colored CAD-CAM materials. J. Prosthet. Dent. 2017, 117, 767–774. [CrossRef]

22. Bollen, C.; Lambrechts, P.; Quiryen, M. Comparison of surface roughness of oral hard materials to the threshold surface roughness
for bacterial plaque retention: A review of the literature. Dent. Mater. 1997, 13, 258–269. [CrossRef]

23. Aykent, F.; Yondem, I.; Ozyesil, A.G.; Gunal, S.K.; Avunduk, M.C.; Ozkan, S. Effect of different finishing techniques for restorative
materials on surface roughness and bacterial adhesion. J. Prosthet. Dent. 2010, 103, 221–227. [CrossRef]

24. Kawai, K.; Urano, M.; Ebisu, S. Effect of surface roughness of porcelain on adhesion of bacteria and their synthesizing glucans. J.
Prosthet. Dent. 2000, 83, 664–667. [CrossRef] [PubMed]

25. Jones, C.; Billington, R.; Pearson, G. The in vivo perception of roughness of restorations. Br. Dent. J. 2004, 196, 42–45. [CrossRef]
26. Heintze, S.D.; Forjanic, M.; Ohmiti, K.; Rousson, V. Surface deterioration of dental materials after simulated toothbrushing in

relation to brushing time and load. Dent. Mater. 2010, 26, 306–319. [CrossRef] [PubMed]

http://doi.org/10.1016/j.prosdent.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28965682
http://doi.org/10.1111/clr.13300
http://www.ncbi.nlm.nih.gov/pubmed/30306680
http://doi.org/10.1111/jopr.12527
http://www.ncbi.nlm.nih.gov/pubmed/27483210
http://doi.org/10.1016/j.cden.2013.09.007
http://doi.org/10.1016/j.dental.2011.10.014
http://doi.org/10.1016/j.jpor.2016.01.003
http://doi.org/10.1016/S0022-3913(11)00171-5
http://doi.org/10.1016/j.prosdent.2015.03.007
http://doi.org/10.1016/j.prosdent.2019.09.002
http://doi.org/10.3390/ma11061043
http://www.ncbi.nlm.nih.gov/pubmed/29925763
http://doi.org/10.1016/0010-4485(95)00035-6
http://doi.org/10.1111/jopr.12510
http://doi.org/10.1016/j.dental.2017.10.003
http://doi.org/10.3390/jcm9051506
http://doi.org/10.1016/j.prosdent.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27174406
http://doi.org/10.3390/polym13010157
http://www.ncbi.nlm.nih.gov/pubmed/33406617
http://doi.org/10.3390/app11010049
http://doi.org/10.3390/app11030996
http://doi.org/10.1016/j.jmbbm.2018.06.030
http://doi.org/10.1016/j.prosdent.2016.08.034
http://doi.org/10.1016/S0109-5641(97)80038-3
http://doi.org/10.1016/S0022-3913(10)60034-0
http://doi.org/10.1067/mpr.2000.107442
http://www.ncbi.nlm.nih.gov/pubmed/10842136
http://doi.org/10.1038/sj.bdj.4810881
http://doi.org/10.1016/j.dental.2009.11.152
http://www.ncbi.nlm.nih.gov/pubmed/20036418


Materials 2021, 14, 6207 16 of 17

27. de Andrade, G.S.; Augusto, M.G.; Simões, B.V.; Pagani, C.; Saavedra, G.d.S.F.A.; Bresciani, E. Impact of simulated toothbrushing
on surface properties of chairside CAD-CAM materials: An in vitro study. J. Prosthet. Dent. 2021, 125, 469.e461–469.e466.
[CrossRef] [PubMed]

28. Mörmann, W.H.; Stawarczyk, B.; Ender, A.; Sener, B.; Attin, T.; Mehl, A. Wear characteristics of current aesthetic dental restorative
CAD/CAM materials: Two-body wear, gloss retention, roughness and Martens hardness. J. Mech. Behav. Biomed. Mater. 2013, 20,
113–125. [CrossRef]

29. Rosentritt, M.; Sawaljanow, A.; Behr, M.; Kolbeck, C.; Preis, V. Effect of tooth brush abrasion and thermo-mechanical loading on
direct and indirect veneer restorations. Clin. Oral Investig. 2015, 19, 53–60. [CrossRef]

30. Kamonkhantikul, K.; Arksornnukit, M.; Lauvahutanon, S.; Takahashi, H. Toothbrushing alters the surface roughness and gloss of
composite resin CAD/CAM blocks. Dent. Mater. J. 2016, 35, 225–232. [CrossRef] [PubMed]

31. Koizumi, H.; Saiki, O.; Nogawa, H.; Hiraba, H.; Okazaki, T.; Matsumura, H. Surface roughness and gloss of current CAD/CAM
resin composites before and after toothbrush abrasion. Dent. Mater. J. 2015, 34, 881–887. [CrossRef] [PubMed]

32. ISO/TS 14569-2:2001(en) Dental Materials—Guidance on Testing of Wear—Part 2: Wear by Two-and/or Three Body Contact; Technical
Specification; International Organization for Standardization: Geneva, Switzerland, 2001.

33. ISO 4287:1997. Geometrical Product Specifications (GPS)—Surface Texture: Profile Method—Terms, Definitions and Surface Texture
Parameters; International Organization for Standardization: Geneva, Switzerland, 1997.

34. Saxer, U.; Barbakow, J.; Yankell, S. New studies on estimated and actual toothbrushing times and dentifrice use. J. Clin. Dent.
1998, 9, 49–51. [PubMed]

35. Clarke, D.R. Interpenetrating phase composites. J. Am. Ceram. Soc. 1992, 75, 739–758. [CrossRef]
36. Harris, J.; Marquis, P. Comparison of the deformation and failure characteristics of morphologically distinct metal-glass interpen-

etrating phase composites. J. Mater. Sci. 2002, 37, 2801–2810. [CrossRef]
37. Choi, J.-W.; Song, E.-J.; Shin, J.-H.; Jeong, T.-S.; Huh, J.-B. In Vitro Investigation of Wear of CAD/CAM Polymeric Materials

Against Primary Teeth. Materials 2017, 10, 1410. [CrossRef]
38. Mandikos, M.N.; McGivney, G.P.; Davis, E.; Bush, P.J.; Carter, J.M. A comparison of the wear resistance and hardness of indirect

composite resins. J. Prosthet. Dent. 2001, 85, 386–395. [CrossRef]
39. Murakami, M. Surface properties of an indirect composite polymerized with five laboratory light polymerization systems. J. Oral

Sci. 2009, 51, 215–221. [CrossRef]
40. Dupriez, N.D.; von Koeckritz, A.K.; Kunzelmann, K.H. A comparative study of sliding wear of nonmetallic dental restorative

materials with emphasis on micromechanical wear mechanisms. J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 103, 925–934.
[CrossRef] [PubMed]
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