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Featured Application: The aesthetic stability of dental resin composites is an issue.
Clinicians should know that this problem also affects 3D-printed permanent resin and
that repolishing systems cannot completely recover the staining color shifts.

Abstract: Background: 3D-printed (3DP) resins for permanent restorations are increasing
in availability and gaining popularity. Aesthetic stability is an issue of dental resins that
may compromise the long-term success of restorations. A staining test has been performed
to evaluate gloss, roughness, and color staining of a permanent 3DP resin, and the effects of
repolishing. Methods: Squared specimens of one 3DP permanent resin (Crown permanent,
Formlabs) have been CAD-designed and 3D-printed. After the roughness, gloss, and
color measurements, they were immersed in a coffee staining bath at 44 °C for 24 h and
then measured again. Subsequently, they were repolished with three different systems:
prophy cup and Nupro prophy paste, HiLuster Plus 2-step, and OptilStep Polisher 1-step
polishing systems. Results: Gloss and Roughness were not significantly affected by the
staining procedure. No significant changes were observed for gloss after repolishing,
while one of the tested systems (prophy cup and paste) produced a worsening effect on
roughness. Color was affected by the staining procedure. After repolishing, b* changes were
almost completely recovered, while L* changes were recovered only partially. Conclusions:
Color stability still represents a challenge, and 3DP resins for permanent use are affected.
Repolishing systems should be further developed and tested.

Keywords: 3D printing; resin composites; staining; gloss; roughness; color stability

1. Introduction

Aesthetics is one of the main objectives of restorative dentistry, which aims to restore
the original natural appearance of sound teeth. If the tooth cannot be fully restored accord-
ing to conservative principles, such as discoloration that is not resolvable with minimally
invasive procedures or excessive loss of anatomical references, prosthetic treatment will be
necessary [1,2].

Prosthetic restorations have undergone advancements to optimize aesthetic appeal and
functional efficacy. These developments involve the integration of novel methodologies and
innovative materials, enhancing the efficiency of manufacturing processes. Currently, the
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most commonly used materials for achieving excellent results are ceramics, like feldspathic,
lithium disilicate, and zirconia [3-7].

Among the other materials used in aesthetic restorations, resin-based composite
resins (RBC) play a fundamental role. They already provide excellent results in direct
restorations and show sufficient longevity [8], even if one of their most discussed problems
is color stability.

From a manufacturing point of view, the enhancements in CAD/CAM workflow
allow the creation of indirect restorations through subtractive procedures (e.g., milling)
in a clinically satisfactory and reproducible outcome associated with the use of ceramic-
based materials such as feldspathic ceramics, lithium disilicate, zirconia, hybrid, and
resin-based materials.

The 3D Printing manufacturing process has recently been introduced in the dental
field [9,10]. Unlike the CAD/CAM technique, 3D printing is an additive process for
creating prosthetic devices, performed by layering materials, with resin material already
widely diffused and ceramic still in its beginning. This results in aesthetically improved
indirect resin restorations and reduced material waste, thus increasing environmental
sustainability [11] and reducing production timing and cost [12,13]. The primary challenge
associated with this technique is its recent implementation, resulting in a still limited
number of studies available. At first, 3D printing in prosthetic dentistry was suitable
only for temporary materials, as there were many conflicting aspects, especially about the
mechanical properties, dimensional accuracy, and fit of the 3D-printed materials. More
recently, permanent resin materials have been marketed [11,14-16]

Exposure of traditional direct and indirect resin-based materials to different staining
substances, such as coffee, red wine, chlorhexidine mouthrinses [17,18], and smoke [19], has
been extensively evaluated in the scientific literature, giving a reasonably clear indication of
the alterations in the resin’s chromatic properties. For example, different formulations and
uses of resins induce different results, and CAD/CAM resin-based materials show better
chromatic stability than direct and indirect resin-based composites (RBCs) [20]. For the 3DP
resins, most of the information is still missing or scarcely addressed. Likewise, repolishing
procedures may allow reverting color change below the clinical acceptability threshold in
specific clinical situations, avoiding the immediate need to replace stained restorations [21].
For this aspect as well, little information is available about 3D-printed resins.

This study evaluated coffee’s ability to stain and/or alter the surface characteristics
(gloss and roughness) of a 3D-printed resin for permanent restorations. Additionally, three
different repolishing systems were assessed for their ability to restore color and surface
properties of the 3D-printed resin material tested. The null hypothesis tested was that
neither exposure of the device to a coffee-based staining solution nor different repolishing
techniques significantly affected the material’s color, gloss, and roughness.

2. Materials and Methods

One resin (Permanent Crown Resin, Formlabs, Somerville, MA, USA) for 3D-printing
permanent prosthetic restorations was tested. Table 1 provides comprehensive details
regarding the material analyzed in this study.

Table 1. Composition of the tested 3D-printed resin-based composite.

Chemical Component Weight Percentage
Bis-EMA ! >50-<75
Silanized glass 30-50

1 Bis-EMA (bisphenol A diglycidyl methacrylate ethoxylated).
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2.1. Specimen Preparation

Samples (14 mm x 14 mm x 4 mm) were designed using Thinkercad software (Au-
todesk, San Rafael, CA, USA) (Figure 1). The design was exported in .stl format and
subsequently imported into the PreForm software (The software version numeber is 3.32.0,
Formlabs, Somerville, MA, USA) for automated support generation and slicing.
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Figure 1. Specimens designed by Thinkercad software (a) and automatic support calculation and
slicing performed by PreForm program (b).

The print settings were set to 50 u, and the exposure time matched the software’s
recommendations for the tested resin. The specimens were 3D-printed using the Formlabs
3B printer (Formlabs, Somerville, MA, USA). After the printing process, the specimens were
removed from the printing platform and underwent a 3 min cleansing using the FormWash
(Formlabs, Somerville, MA, USA), an automatic washing machine from the same printer’s
manufacturer, following the operational guidelines. These required 99% isopropyl alcohol
(IPA) to remove any residual unpolymerized resin. Following the washing process, the
specimens were cured for 20 min at 60 °C in an automated polymerization device again
from the same manufacturer of the printer and of the resin tested (FormCure, Formlabs,
Somerville, MA, USA).

Following manufacturer instructions, the specimens were sandblasted with 50 glass
beads (Perlablast micro, Bego, Bremen, Germany) at 1.5 bar to remove residual resin filler
from the sample surface. Subsequently, an additional polymerization cycle was carried out
in the FormCure for 20 min at 60 °C (Figure 2).

Figure 2. Permanent Crown Resin printed specimens.

The samples were then marked on one edge to identify the surface and orientation
for subsequent polishing and repolishing procedures. The specimens were removed from
the supports and manually polished using composite polishing burs. In particular, Vita
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ENAMIC Polishing Set and diamond paste preloaded disc were employed: the pink bur
was used for pre-polishing (8500 rpm), the gray one for high-gloss polishing (6500 rpm),
and finally the Dia-Finish L 40-0001 (Renfert, Hilzingen, Germany) at 4500 rpm.

The burs were employed according to the manufacturer’s guidelines without water
cooling. According to the repolishing procedure, thirty specimens were randomly divided
into three groups (n = 10).

2.2. Color Measurements

Color coordinates L*, a*, b* of the CIELAB color system were measured using a
colorimeter with diffuse light and a d/8° viewing geometry (Color Meter Pro, CHNSpec,
Hangzhou, China) on a 50% gray background, featuring an 8 mm opening integrating
sphere, and a proprietary measurement software (Color Meter 2.2.24). At the beginning and
after each group measurement, calibration was performed as indicated by the manufacturer.
The D65 illuminant and a 10° standard observer were selected. Three readings were
performed for each specimen, and the average values of color coordinates were obtained.
The color measurements were performed at baseline (T0), after staining procedure (T1),
and after repolishing procedures (T2).

2.3. Roughness Measurement

The roughness (Ra) was measured with a contact profilometer (Mitutoyo SJ-201P,
Mitutoyo, Kanagawa, Japan), set with a cutoff value of 0.8 mm, a stylus speed of 0.5 mm/s,
and a tracking length of 5.0 mm [22]. As Ra values may vary depending on the measurement
position, standardization of measurements was achieved by using a CAD-designed and
3D-printed proprietary support mold that secured both the sample and the measurement
probe in a fixed and reproducible position. Ra values were measured at baseline (T0), after
the staining procedure (T1), and after the repolishing procedure (T2).

2.4. Gloss Measurement

The gloss assessment was performed through a compact aperture glossmeter JND-XA6-
SA; VISYIQI Lab Measuring Instruments, Hafei, China), with a reading area of 2 mm X 2 mm,
and a reading angle of 60°, following ISO 2813 specifications [23]. Measurement standardization
was ensured through one support securing both the specimen and the measuring device in a
steady and reproducible position. Gloss Unit (GU) data were recorded at baseline (T0), after the
staining procedure (T1), and after repolishing procedures (T2).

2.5. Staining

A total of 6 g of coffee powder (Nescafé Gold, Nestlé Italia, Assago, Italy) were
diluted in 0.5 1 of boiling distilled water. After 10 min of stirring, the coffee solution was
filtered using filter paper. The staining solution was kept at 44 °C =+ 1 °C. The samples
were submerged in the coffee solution for 24 h. The staining solution was renewed every
6 h[17,20].

After removal from the staining solution, the specimens were ultrasonically cleaned
in a 95% ethanol solution for 3 min and then dried using an oil-free air jet (Figure 3).
Subsequently, the samples were re-measured according to the procedure above (T1).

2.6. Repolishing
After staining procedures, the specimens were repolished using the following methods:
Group 1: Dental prophylaxis cups (Dental Trey, Fiumana—Predappio, FC, Italy) 7 mm

palm-shaped, 10,000 rpm with water cooling, and Nupro prophylaxis paste with "coarse’
granularity (Dentsply Sirona, Charlotte, NC, USA);
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Group 2: two-step HiLuster Plus Polishing System (Kerr, Orange, CA, USA) at 10,000 rpm;
Group 3: One-step OptilStep Polisher System (Kerr, Orange, CA, USA) at 10,000 rpm.

After repolishing, the specimens were re-measured according to the procedure
above (T2).

Figure 3. The samples at the end of the staining procedure.

2.7. Statistical Analysis

The Shapiro-Wilk and Levene tests were applied to verify that the collected data met
the normality of data distribution and homogeneity of group variances, respectively. For
each dependent variable (L*, a*, b*, roughness, gloss), a Two-Way Repeated Measures
Analysis of Variance (ANOVA) was performed with measurement time as the within-
subjects factor and the experimental group as the between-subjects factor. The statistical
significance of the between-factor interaction was also assessed. The Tukey test was used
for post hoc comparisons as needed. The significance level was set at p < 0.05 in all the tests.

3. Results

The descriptive statistics of the variables L*, a*, b*, roughness, and gloss at baseline
(T0), after staining (T1), and after repolishing (T2) are reported in Tables 26, along with
the outcome of the statistical analysis.

Table 2. Descriptive statistics and outcome of statistical analysis of L* data. Different super-
script letters indicate statistically significant differences among measurements taken at subsequent
time intervals.

Standard

Time Intervals Group Mean Deviation n
1 64.9 0.5 10

2 65.1 0.3 10

10 3 64.7 0.5 10

TO total A 64.9 0.4 30

1 62.9 0.6 10

2 62.9 0.8 10

Tl 3 62.6 0.6 10

T1 total © 62.8 0.7 30
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Table 2. Cont.

Time Intervals Group Mean Star}d;frd n
Deviation

1 64.8 04 10

2 64.4 0.5 10

T2 3 64.6 0.2 10

T2 total B 64.6 0.4 30

1 64.2 1.1 10

Total group 2 64.2 1.1 10

n =30
3 64.0 1.1 10

Table 3. Descriptive statistics and outcome of the statistical analysis of a* data. Different super-
script letters indicate statistically significant differences among measurements taken at subsequent
time intervals.

Standard

Time Intervals Group Mean Deviation n

1 0.01 0.4 10

2 —0.08 0.3 10

10 3 0.2 0.4 10

TO total A 0.04 0.4 30

1 0.2 0.3 10

2 0.1 0.2 10

m 3 03 03 10

T1 total B 0.2 0.3 30

1 —0.5 0.3 10

2 —0.4 0.1 10

T2 3 —0.5 0.2 10

T2 total © —-05 0.2 30

1 —0.1 0.5 10

Total group 2 -0.1 0.3 10
n =30

3 0.0 0.5 10

Table 4. Descriptive statistics and outcome of the statistical analysis of b* data. Different upper-
case superscript letters highlight statistically significant differences among measurements taken at
subsequent time intervals. Different lowercase upper script letters indicate statistically significant
differences among measurements taken at subsequent time intervals within each experimental group
(underlined for group 1, italic for group 2, bold for group 3). Different Greek alphabet letters in
superscript labels statistically significant differences among experimental groups at TO.

Time Intervals Group Mean St::;:g:i n
12 9.8 0.3 10

24« 9.7 0.4 10

10 3ab 11.4 0.2 10

TO total A 10.3 0.8 30
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Table 4. Cont.

Time Intervals Group Mean gt;:;:;f)i n

1¢ 13.7 1.2 10

2¢ 13.6 1.1 10

T 3b 13.6 1.1 10

T1 total © 13.7 1.1 30

1k 10.6 1.3 10

20 11.2 0.9 10

12 32 10.7 0.9 10

T2 total B 10.8 1.0 30

1 11.4 2.0 10

Total group 2 11.6 1.9 10
n =230

3 11.9 1.5 10

Table 5. Descriptive statistics of roughness data. Neither factor, nor the between-factor interaction

was statistically significant.

Timing Group Mean gt(:;:taif;i‘ n

1 0.51 0.24 10

2 0.40 0.08 10

10 3 0.55 0.31 10

TO Total 0.49 0.23 30

1 0.51 0.24 10

2 0.39 0.08 10

Tl 3 0.54 0.23 10

T1 Total 0.48 0.20 30

1 0.51 0.12 10

2 0.41 0.10 10

T2 3 0.45 0.14 10

T2 Total 0.46 0.13 30

1 0.52 0.21 10

Total group 2 0.41 0.09 10
n =30

3 0.52 0.24 10

3.1. L* Color Coordinate

The Two-Way Repeated Measures ANOVA revealed that L* values recorded at sub-
sequent experiment stages differed significantly (p < 0.001). Specifically, *L decreased

after coffee staining. Repolishing inverted the change in the color parameter, though not

restoring the initial condition. All these differences were statistically significant according

to the post hoc test (p < 0.05). The repolishing technique did not emerge as a significant

factor per se (p = 0.48). The between-factor interaction was also non-significant from a
statistical point of view (p = 0.27) (Table 2).
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Table 6. Descriptive statistics and outcome of the statistical analysis of gloss data (GU). Different
uppercase letters in superscript identify statistically significant differences among groups. Different
lowercase letters in superscript denote statistically significant differences among measurements
within each experimental group (underlined for group 1, bold for group 3). Different Greek alphabet
letters in superscript highlight statistically significant differences among the groups at T2.

Timing Group Mean ]gtei:;:;:)i n

1 19.52 5.3 10

2 214 4.8 10

10 3 18.9b 4.8 10

TO total 19.9 49 30

1 19.82 45 10

2 219 5.4 10

Tl 3 19.3b 6.3 10

T1 Total 20.3 5.4 30

1 9.2bp 3.0 10

2 26.5 % 8.6 10

12 3 2843« 9.1 10

T2 Total 21.3 11.3 30

1B 16.2 6.6 10

Total group 2A 233 6.7 10
n =30

34 222 8.1 10

3.2. a* Color Coordinate

The Two-Way Repeated Measures ANOVA disclosed that the a* measurements
recorded at succeeding stages of the experiment differed significantly (p < 0.001). In
particular, a* increased with staining and shifted to negative with repolishing. These dif-
ferences were statistically significant according to the post hoc test (p < 0.05). Neither the
repolishing technique factor per se (p = 0.59), nor the between-factor interaction (p = 0.24)
was found to be statistically significant (Table 3).

3.3. b* Color Coordinate

It emerged from the Two-Way Repeated Measures ANOVA that b* values differed
significantly at subsequent stages of the experiment (p < 0.001). Similarly to a*, b* was
lowered by immersion in coffee solution, and repolishing inverted the change, though not
recovering the baseline characteristics. All these differences were statistically significant
according to the post hoc test (p < 0.05). The repolishing technique was not a significant
factor per se (p = 0.29). Nevertheless, the between-factor interaction was statistically
significant (p < 0.001). Particularly, the post hoc test pointed out that 1-step repolishing
(group 3) produced b* values statistically comparable to baseline (p > 0.05) (Table 4).

3.4. Roughness Measurements

The Two-Way Repeated Measures ANOVA revealed that surface roughness did not
significantly change following immersion in the staining solution and subsequent repol-
ishing (time factor significance p = 0.45; group factor significance p = 0.27). Also, the
between-factor interaction was not statistically significant (p = 0.36) (Table 5).



Appl. Sci. 2025,15,171

9of 12

3.5. Gloss Measurements

According to the Repeated Measures ANOVA, no statistically significant difference
existed among the gloss values recorded at subsequent time intervals (p = 0.59). When
assessing the effect of the polishing technique per se, statistically significant differences
emerged among the groups (p = 0.001). Specifically, according to the post hoc test, specimens
repolished with rubber cups and Nupro prophylactic paste (group 1) exhibited significantly
lower gloss than the other specimens (p < 0.05). The between-factor interaction was found to
be statistically significant (p < 0.001). Specifically, the post hoc test indicated that polishing
with rubber cups and Nupro prophylactic paste (group 1) significantly reduced gloss
(p < 0.05); conversely, 1-step polishing (group 3) enhanced gloss to a statistically significant
extent (p < 0.05). At the end of the experiment (T2), specimens treated with rubber cups
and Nupro prophylactic paste (group 1) exhibited the lowest gloss, and the difference was
statistically significant according to the post hoc test (Table 6).

4. Discussion

The statistical analysis of the collected data led to the rejection of the formulated null
hypothesis. The analysis revealed that exposure to the coffee solution induced significant
alterations in the three color coordinates measured. It is worth noting that the three coor-
dinates influence the perception of dental color differently. The L* coordinate (Lightness)
denotes the amount of gray in a color. It is hence primarily accountable for the perception
of dental color as either “darker” or “lighter”, holding substantial importance in dental
color perception. Conversely, the a* coordinate represents the quantity of green or red
present in the color (positive values for red and negative values for green), with limited
significance in the perception of dental color. The b* coordinate indicates the amount of
blue and yellow within a color (positive values for yellow and negative for blue) and in
dental color undergoes considerably more variation than the a* coordinate, representing
the “yellowing” effect in dental color perception, thus playing a significant role.

The staining did not significantly affect the brightness or surface roughness, and
the repolishing procedure had little influence on this property, regardless of the specific
method employed.

Repolishing proved to be quite effective in restoring the three color parameters, even
if complete restoration to the pre-discoloration values was achieved only for the b* variable
and only following repolishing with the 1-step system (group 3). Remarkably, this proce-
dure increased the initial Lightness levels. Conversely, brightness was notably decreased
after repolishing with prophy cup and Nupro paste (group 1).

Roughness and gloss are clinically significant characteristics of materials used for
dental restorations. Roughness can be described by various linear (Ra, Rq, Rz) or three-
dimensional (Sa, Sq, Sz) parameters [24-26]. In this study, following previously published
scientific literature [24], it was decided to measure Ra, which represents the average arith-
metic value of all absolute distances from the surface profile within the measurement length.
This is the most commonly used parameter to evaluate the impact of polishing techniques
on restorative materials. Previous studies have demonstrated that the average Ra value
of a restorative material should be below 0.2 u [25] to minimize bacterial adhesion [27].
In the present investigation, all recorded Ra values exceeded the threshold above, being
approximately 0.5 u (Table 5). Nonetheless, it is noteworthy that intact human enamel
typically exhibits Ra values ranging from 0.45 u to 0.65 u [27,28]. Consequently, it can be
inferred that the 3D-printed resin for prosthetic restorations tested in the study exhibited
surface roughness similar to that of natural enamel and maintained this characteristic even
after the discoloration test.
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Gloss is defined as the specular reflection from a surface and is determined according
to ISO standards by comparing the intensity of incident light at a 60° angle with the
intensity of light reflected from the surface at an equal angle but in the opposite direction.
Its refractive index and surface morphology influence the material’s gloss. Generally, the
rougher the surface, the lower the gloss [24]. However, these two properties have different
physical natures: the former being physical and the latter optical.

In contrast to surface roughness, a clinical acceptability threshold for gloss has not
yet been established [27]. Nevertheless, in evaluating gloss, reference can be made to the
data available in the literature regarding natural enamel, considering that the composite
resins judged visually similar to human enamel have been reported to exhibit gloss values
ranging between 40 and 47 GU [27,29], which is therefore considered the reference range
for enamel. In this study, all gloss values measured for the tested resin (Table 6) are lower
than those attributed to natural enamel. Nevertheless, it is essential to note that there is
still ongoing disagreement in the literature regarding the optimal viewing geometry for
gloss measurements. Furthermore, the lack of uniformity in experimental conditions across
studies precludes direct comparison of the data obtained.

Only one paper reported the surface roughness and gloss of Permanent Crown Resin.
Vichi et al., in a recent study [30], analyzed several different finishing and polishing methods
and reported that all of the tested systems were able to achieve clinically acceptable results
for roughness. In contrast, less acceptable results were obtained for gloss, except for a
nitrogen chamber glazed system, which achieved excellent results for both roughness
and gloss. A recent study focused on measuring the translucency of Permanent Crown
Resin [31], and another analyzed its optical properties [32], although examining different
parameters than the L*, a*, and b* color coordinates of the CIELAB system measured in
the present study. When compared to prior studies conducted on materials for prosthetic
crowns using the same measurement techniques and methods applied in this study;, it is
shown that Permanent Crown Resin exhibited a surface roughness exceeding that of CAD-
CAM feldspathic ceramic Vita Mark II [27] and similar to that of lithium disilicate ceramics
such as VITA Suprinity and IPS e.max CAD [24]. Conversely, its gloss was notably lower
than that of both ceramic types. Moreover, the roughness and gloss of Permanent Crown
Resin were found to be lower than those of bulk composite resins for direct restorations
tested under similar experimental conditions [33].

When comparing the three polishing techniques used in this study, the OptilStep
Polisher yielded the most favorable results, supporting the manufacturer’s assertions about
its ability to achieve high gloss on composite resin surfaces in a single step. Conversely,
the pumice particles in the Nupro prophylactic paste, designated as “coarse”, may have
exerted an abrasive impact on the material’s surface, potentially diminishing its reflectivity.
As a limitation of the study, even if representative of the procedures traditionally carried
out during hygiene and repolishing, only three systems were used.

Another limitation of the present study is that, even if representative of a “commonly
used dental composite polishers” reported in the IFU of the tested materials, only one system
has been selected for the initial finishing and polishing procedure, which is essential as
baseline. Different strategies for achieving an initial excellent finishing and polishing
degree could be the object of further studies. Likewise, it could be of interest to consider
the possibility of finishing this material with glazing rather than mechanical systems.

Further development of this study could involve examining how the material’s print-
ing orientation affects its optical characteristics, which appears to be a crucial factor in
additive manufacturing. Additionally, other conditions in the oral cavity may influence
the optical material properties, such as hydrolytic and UV aging and exposure to smoke.
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These aspects deserve further investigation, especially concerning the improvement of the
clinical environment simulation.

Author Contributions: Conceptualization, C.G. and A.V.; methodology, A.V.; software, A.V.; investi-
gation, G.M.; resources, A.V.; data curation, C.G.; writing—original draft preparation, C.G. and G.M.;
writing—review and editing, A.V., C.G., EV,, S.B. and G.P, visualization, C.G. and G.M.; supervision,
AV, C.G. and G.P; project administration, C.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. Due to the university’s policy on access, they are not publicly available.

Acknowledgments: The authors thank Formlabs GmbH, Belin, Germany, for donating the
printing Materials.

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

References

1.  Blatz, M.B.; Chiche, G.; Bahat, O.; Roblee, R.; Coachman, C.; Heymann, H.O. Evolution of Aesthetic Dentistry. J. Dent. Res. 2019,
98, 1294-1304. [CrossRef] [PubMed]

2. Spear, EM.; Kokich, V.G. A multidisciplinary approach to esthetic dentistry in: Successful esthetic and cosmetic dentistry for the
modern dental practice. Dent. Clin. N. Am. 2007, 51, 299-318. [CrossRef] [PubMed]

3. Spitznagel, F.A.; Boldt, J.; Gierthmuehlen, P.C. CAD/CAM Ceramic Restorative Materials for Natural Teeth. J. Dent. Res. 2018, 97,
1082-1091. [CrossRef] [PubMed]

4. Della Bona, A.; Kelly, ].R. The Clinical Success of All-Ceramic Restorations. J. Am. Dent. Assoc. 2008, 139, S8-513. [CrossRef]

5. Fathy, S.M.; Al-Zordk, W.; Grawish, M.; Swain, M.V. Flexural Strength and Translucency Characterization of Aesthetic Monolithic
Zirconia and Relevance to Clinical Indications: A Systematic Review. Dent. Mater. 2021, 37, 711-730. [CrossRef]

6. Bonfante, E.A.; Calamita, M.; Bergamo, E.T.P. Indirect restorative systems-A narrative review. J. Esthet. Restor. Dent. 2023, 35,
84-104. [CrossRef]

7. Cesar, PF; Miranda, R.B.P; Santos, K.F,; Scherrer, S.S.; Zhang, Y. Recent advances in dental zirconia: 15 years of material and
processing evolution. Dent. Mater. 2024, 40, 824-836. [CrossRef]

8.  Davidowitz, G.; Kotick, P.G. The use of CAD/CAM in dentistry. Dent. Clin. N. Am. 2011, 55, 559-570. [CrossRef]

9. Kessler, A.; Hickel, R.; Reymus, M. 3D printing in dentistry-state of the art. Oper. Dent. 2020, 45, 30-40. [CrossRef]

10. Tian, Y,; Chen, C,; Xu, X.; Wang, J.; Hou, X,; Li, K;; Lu, X,; Shi, H.; Lee, E.S,; Jiang, H.B. A Review of 3D Printing in Dentistry:
Technologies, Affecting Factors, and Applications. Scanning 2021, 17, 9950131. [CrossRef]

11.  Guo, N,; Leu, M.C. Additive manufacturing: Technology, applications and research needs. Front. Mech. Eng. 2013, 8, 215-243.
[CrossRef]

12.  Stansbury, ].W.; Idacavage, M.]. 3D printing with polymers: Challenges among expanding options and opportunities. Dent. Mater.
2016, 32, 54-64. [CrossRef] [PubMed]

13. Della Bona, A.; Cantelli, V.; Britto, V.T; Collares, EX.; Stansbury, ].W. 3D printing restorative materials using a stereolithographic
technique: A systematic review. Dent. Mater. 2021, 37, 336-350. [CrossRef]

14. Cakmak, G.; Donmez, M.B.; Atalay, S.; de Paula, M.S.; Fonseca, M.; Schimmel, M.; Yilmaz, B. Surface roughness and stainability
of CAD-CAM denture base materials after simulated brushing and coffee thermocycling. J. Prosthet. Dent. 2024, 132, 260-266.
[CrossRef]

15. Pot, G.J.; Van Overschelde, P.A.; Keulemans, F,; Kleverlaan, C.J.; Mendes Tibst, ].P. Mechanical properties of additive-manufactured
composite based resins for permanent indirect restorations: A scoping review. Materials 2024, 17, 3951. [CrossRef]

16. Balestra, D.; Lowther, M.; Goracci, C.; Mandurino, M.; Cortili, S.; Paolone, G.; Louca, C.; Vichi, A. 3D Printed Materials for

permanent restorations in indirect Restorative and Prosthetic Dentistry: A critical review of the literature. Materials 2024, 17, 1380.
[CrossRef]


https://doi.org/10.1177/0022034519875450
https://www.ncbi.nlm.nih.gov/pubmed/31633462
https://doi.org/10.1016/j.cden.2006.12.007
https://www.ncbi.nlm.nih.gov/pubmed/17532924
https://doi.org/10.1177/0022034518779759
https://www.ncbi.nlm.nih.gov/pubmed/29906206
https://doi.org/10.14219/jada.archive.2008.0361
https://doi.org/10.1016/j.dental.2021.01.022
https://doi.org/10.1111/jerd.13016
https://doi.org/10.1016/j.dental.2024.02.026
https://doi.org/10.1016/j.cden.2011.02.011
https://doi.org/10.2341/18-229-L
https://doi.org/10.1155/2021/9950131
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.1016/j.dental.2015.09.018
https://www.ncbi.nlm.nih.gov/pubmed/26494268
https://doi.org/10.1016/j.dental.2020.11.030
https://doi.org/10.1016/j.prosdent.2022.06.006
https://doi.org/10.3390/ma17163951
https://doi.org/10.3390/ma17061380

Appl. Sci. 2025, 15,171 120f 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Paolone, G.; Formiga, S.; De Palma, F; Abbruzzese, L.; Chirico, L.; Scolavino, S.; Goracci, C.; Cantatore, G.; Vichi, A. Color
stability of resin-based composites: Staining procedures with liquids-A narrative review. J. Esthet. Restor. Dent. 2022, 34, 865-887.
[CrossRef]

Donmez, M.B.; Cakmak, G.; Sabatini, G.P,; Kahveci, C.; Orgev, A.; Yoon, H.I; Revilla-Léon, M.; Yilmaz, B. Effect of polymerization
unit, polishing, and coffee thermocycling on the color and translucency of additively manufactured resins used for definitive
prostheses. Int. |. Prosthodont. 2024, 37, 19-29. [CrossRef]

Paolone, G.; Pavan, E; Mandurino, M.; Baldania, S.; Guglielmi, P.C.; Scotti, N.; Cantatore, G.; Vichi, A. Color stability of
resin-based composites exposed to smoke. A systematic review. J. Esthet. Restor. Dent. 2023, 35, 309-321. [CrossRef]

Paolone, G.; Mandurino, M.; De Palma, F.; Mazzitelli, C.; Scotti, N.; Breschi, L.; Gherlone, E.; Cantatore, G.; Vichi, A. Color
stability of polymer-based composite CAD/CAM Blocks: A Systematic Review. Polymers 2023, 15, 464. [CrossRef]

Ertas, E.; Giiler, A.U.; Yiicel, A.C.; Kopriilii, H.; Giiler, E. Color Stability of Resin Composites after immersion in different drinks.
Dent. Mater J. 2006, 25, 371-376. [CrossRef] [PubMed]

EN 623-624; Advanced Technical Ceramics. Monolithic Ceramics. General and Textures Properties. Part 4: Determination of
Surface Roughness. European Committee for Standardization: Brussels, Belgium, 2005.

EN ISO 2813:2014; Paints and Varnishes—Determination of Gloss Value at 20°, 60° and 85°. International Organization for
Standardization: Geneva, Switzerland, 2014; pp. 1-7.

Vichi, A.; Fabian Fonzar, R.; Goracci, C.; Carrabba, M.; Ferrari, M. Effect of Finishing and Polishing on Roughness and Gloss of
Lithium Disilicate and Lithium Silicate Zirconia Reinforced Glass Ceramic for CAD/CAM Systems. Oper. Dent. 2018, 43, 90-100.
[CrossRef] [PubMed]

Barucci-Pfister, N.; Gohring, T.N. Subjective and objective perceptions of specular gloss and surface roughness of esthetic resin
composites before and after artificial aging. Am. |. Dent. 2009, 22, 102-110. [PubMed]

Lawson, N.C.; Burgess, ].O. Gloss and Stain Resistance of Ceramic-Polymer CAD/CAM Restorative Blocks. J. Esthet. Restor. Dent.
2016, 28 (Suppl. S1), S40-545. [CrossRef]

Carrabba, M.; Vichi, A.; Vultaggio, G.; Pallari, S.; Paravina, R.; Ferrari, M. Effect of Finishing and Polishing on the Surface
Roughness and Gloss of Feldspathic Ceramic for Chairside CAD/CAM Systems. Oper. Dent. 2017, 42, 175-184. [CrossRef]
Cakmak, G.; Weber, F.A.; Donmez, M.B.; Kahveci, C.; Schimmel, M.; Yilmaz, B. Effect of coffee thermocycling on the surface
roughness and stainability of denture base materials with different chemical compositions manufactured with additive and
subtractive technologies. |. Esthet. Restor. Dent. 2024, 36, 453-459. [CrossRef]

Mormann, 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]

Vichi, A.; Balestra, D.; Louca, C. Effect of different finishing systems on surface roughness and gloss of a 3D-printed material for
permanent dental use. Appl. Sci. 2024, 14, 7289. [CrossRef]

Vichi, A.; Balestra, D.; Scotti, N.; Louca, C.; Paolone, G. Translucency of CAD/CAM and 3D Printable Composite Materials for
Permanent Dental Restorations. Polymers 2023, 15, 1443. [CrossRef]

Espinar, C.; Della Bona, A.; Tejada-Casado, M.; Pulgar, R.; Pérez, M.M. Optical behavior of 3D-printed dental restorative resins:
Influence of thickness and printing angle. Dent. Mater. 2023, 39, 894-902. [CrossRef]

Paolone, G.; Moratti, E.; Goracci, C.; Gherlone, E.; Vichi, A. Effect of finishing systems on surface roughness and gloss of full-body
bulk-fill resin composites. Materials 2020, 13, 5657. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/jerd.12912
https://doi.org/10.11607/ijp.7406
https://doi.org/10.1111/jerd.13009
https://doi.org/10.3390/polym15020464
https://doi.org/10.4012/dmj.25.371
https://www.ncbi.nlm.nih.gov/pubmed/16916243
https://doi.org/10.2341/16-381-L
https://www.ncbi.nlm.nih.gov/pubmed/29284101
https://www.ncbi.nlm.nih.gov/pubmed/19626974
https://doi.org/10.1111/jerd.12166
https://doi.org/10.2341/15-174-L
https://doi.org/10.1111/jerd.13136
https://doi.org/10.1016/j.jmbbm.2013.01.003
https://doi.org/10.3390/app14167289
https://doi.org/10.3390/polym15061443
https://doi.org/10.1016/j.dental.2023.08.003
https://doi.org/10.3390/ma13245657

	Introduction 
	Materials and Methods 
	Specimen Preparation 
	Color Measurements 
	Roughness Measurement 
	Gloss Measurement 
	Staining 
	Repolishing 
	Statistical Analysis 

	Results 
	L* Color Coordinate 
	a* Color Coordinate 
	b* Color Coordinate 
	Roughness Measurements 
	Gloss Measurements 

	Discussion 
	References

