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Abstract: The chance to critically and microscopically inspect the quality of bonded restorations once
they are delivered to the patient after several pre-cementation steps is rare or nonexistent. Replicas of
in-service restorations can provide a wealth of information on the integrity of the restorations and
moreover make it possible to bring this information to the laboratory for further detailed analysis.
This study aimed to characterize the epoxy replicas of 27 cemented monolithic yttria-stabilized
zirconia crowns of the maxillary and mandibular arch to assess surface roughness, topography,
and symmetry. The topography of the facial, lingual, and occlusal/incisal surfaces of each crown
was observed under the optical microscope and further characterized using the scanning electron
microscope. Surface roughness measurements were performed using the atomic force microscope.
The optical microscope was used to measure the golden proportion and visible width of the anterior
maxillary crowns. Surface damage consistent with unpolished adjustment was identified mostly
in the occlusal surface of the posterior teeth. Other irregularities, such as scratch marks, small pits,
and coarse pits were also found. The surface roughness had great variability. Not all of the anterior
maxillary and mandibular teeth followed the golden proportion concept. This study design allows
in vitro characterization of in-service restorations. It provides a framework for using replicas for
early identification of patterns or features that can trigger fracture and for analysis of morphology
and symmetry.

Keywords: zirconia; symmetry; topography; golden proportion; roughness

1. Introduction

A wide variety of ceramic materials are available for the fabrication of indirect restora-
tions, such as veneers, crowns, multi-unit fixed dental prostheses, inlays, and onlays.
Polycrystalline ceramics began to be used in the 1990s, initially with alumina crystals and
later with zirconia crystals [1,2]. In general, the main characteristics that differentiated
these polycrystalline ceramics from the others are the absence of a glass matrix, the high
mechanical properties, and the great opacity [2]. More recently, yttria-stabilized zirconia
(YSZ) ceramics that contain a higher yttria content and a higher cubic/tetragonal ratio have
been introduced into dentistry, allowing greater translucency and their use in a monolithic
form [3]. This latest YSZ generation brings the opportunity to provide the patient with
esthetic improvement, as well as outstanding mechanical properties. Moreover, gradient
monolithic YSZ restorations enable a more simplified procedure for manufacturing the
restorations than in previous generations by prescinding a veneer material and possibly
being less costly. To date, monolithic YSZ restorations, also known as full- contour restora-
tions, have shown a success and survival rate of 98-100% after a 1-year follow-up [4,5] and
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98% after 5 years [6]. However, we are still learning more and more about the behavior
of monolithic YSZ structures while they are in service and about the potential causes of
failure.

In general, the failure mechanism of dental ceramics has been defined as complex [7].
It is more common to find studies characterizing the surface and morphology of the ceramic
restorations after catastrophic failure occurs. The chances to critically observe the restora-
tions with regard to the mechanical, biological, and esthetic requirements, once delivered
and placed in the patient’s mouth, are rare or nonexistent. The unfeasibility of putting the
cemented restorations and the patient under the microscope for further analysis can be
overcome by the replication of the restorations using the replica technique [8-10]. Epoxy
resin replicas obtained from polyvinylsiloxane impressions have proven to reproduce up to
the nanometric features of the replicated object: the tooth structure, the restorative material,
or even the complete arch [9,10]. Therefore, information such as the topography, superficial
integrity, and surface roughness can be collected from replicas. Another important aspect
of examining the replicas of post-cementation restorations is the characterization of the
restorations’ symmetry or asymmetry analysis. The analysis of the golden proportion,
also referred to as Phi, is suggested as a mathematical approach to developing the ideal
size and shape relationships for maxillary teeth, hence the association with esthetics, a
pleasant smile and harmony [11,12]. This proportion was first introduced and described
geometrically by Euclid in the 4th century BC as the division of a line (AB) into 2 parts
(AC and CB) in such a way that AB:AC = AC:CB. The golden proportion is a constant ratio
between the larger and the smaller teeth. This ratio is approximately 1.618:1. According
to this ratio, the smaller anterior tooth is nearly 62% of the adjacent larger tooth. The
concept of the golden proportion is not restricted only to dentistry, but has also been widely
applied in other fields, such as art, engineering (e.g., building construction), and modern
architecture (e.g., in windows, furniture, and cars). Indeed, it is found in nature in shells,
flowers, trees, hurricanes, and the alignment of the planets, just to name a few [13].

This study aimed to characterize replicas of in-service dental crowns made of mono-
lithic translucent zirconia in terms of their surface roughness, surface topography, and
symmetry. It is hypothesized that the in-service restorations will show similar surface
features, and the anterior teeth will follow the golden proportion.

2. Materials and Methods

The characterization of translucent zirconia restorations was performed by using
epoxy replicas obtained by casting low-viscosity, low-shrinkage epoxy (EpoxySet, Allied
High Tech Products Inc., Compton, CA, USA) onto the disinfected polyvinylsiloxane
impressions (Elite HD + light and heavy body, Zhermack, Badia Polesine (RO), Italy)
of a full-mouth rehabilitation of the upper and lower jaw. The impressions were taken
by the dentist 2 days after cementation of the restorations as a control of his work. The
information about the zirconia restorations is de-identified (without the patient’s name,
address, birthdate, age, social security number, zip code, or any other identifier associated
with the patient’s personal and health information). Twenty-seven monolithic zirconia
crowns were present and examined. Those 27 restorations constituted the sample size of
our study. As seen in the epoxy resin model, tooth #1, 15-17, and 32 were not present.
The free surfaces—facial (F), incisal (I), or occlusal (O), and lingual (L) surfaces of each
restoration—were characterized qualitatively and quantitatively. Mesial and distal surfaces
were not possible to analyze because of the adjacent teeth in the model. Our study did
not include the lingual surface of the last posterior teeth in the arch in the inspection to
standardize the surface analysis.

2.1. Topography Analysis

All 27 epoxy replicas of the restorations were carefully observed under the optical
microscope (VHX-1000, Keyence, Itasca, IL, USA). Surface damage and irregularities
(texture differences) were registered. Both were further characterized in a scanning electron
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microscope (SEM, SUPRA 40, Carl Zeiss, Thornwood, NY, USA). Prior to SEM examination,
the epoxy replicas were sprayed with the scanning preparation CEREC® Optispray (Sirona
Dental, Bensheim, Germany) for the acquisition of the digital images using the Planmeca
Emerald™ intraoral scanner (Planmeca Emerald, Helsinki, Finland). The scans were
recorded and exported from the Romexis software in STL format. The total area of surface
damage found in each surface was analyzed using free and open-source software (3D
Slicer 4.11.20210226, http:/ /www.slicer.org/ (accessed on 20 July 2021)) for image analysis.
Following this analysis, the epoxy-poured replicas were cleaned with enzymatic detergent
(Patterson Multipurpose Enzyme Tablets, Patterson Dental, Saint Paul, MN, USA) followed
by deionized water, both in an ultrasonic bath (Model 150T, Aqua Sonic, VWR scientific
products, Radnor, PA, USA) to remove surface contamination. The epoxy replicas were
air dried with an oil-free stream, sputter-coated with 4 nm gold (EM ACE-600, Leica
Microsystems, Buffalo Grove, IL, USA) and observed under the SEM using a secondary
electron detector. Twenty gold-coated, epoxy-poured replicas of the restorations were
re-examined.

2.2. Surface Roughness Analysis

Another set of epoxy resin replicas was obtained from the impressions. The epoxy
was poured on the previously identified smooth and rough areas of the facial and lingual
surfaces of each tooth and observed under the optical microscope. The epoxy replicas
were then carefully placed on polymeric clay (Sculpey III, Polyform Products Company,
Elk Grove Village, IL, USA), ensuring that the area of interest was facing upward and
macroscopically leveled. A 15 um by 15 pm region on the replicas was scanned using an
atomic force microscope (AFM, Bioscope Catalyst, Bruker Corporation, Santa Barbara, CA,
USA) with a ScanAsyst Air probe (Bruker Corporation, Santa Barbara, CA, USA) in the
PeakForce Tapping mode at a scanning rate of 0.977 Hz with 512 by 512 samples/line. The
scans were leveled digitally using the Nanoscope analysis software (Bruker Corporation,
Santa Barbara, CA, USA) to remove any tilt. Surface roughness measured by the AFM-
topography images was measured with the Gwyddion 2.39 software [14].

2.3. Symmetry Analysis

The height, width, and height-to-width ratio of the facial surfaces of the maxillary
and mandibular anterior crowns were measured using the 3D Slicer and compared with
the golden proportion. The height of the maxillary and mandibular anterior teeth were
measured from the incisal edge up to the most apical point at the gingival margin (the
longest visible apicocoronal distance parallel to the long axis of the tooth), while the width
was measured at three levels: at the gingival third (the distance between the mesial and
distal gingival embrasures), at the middle third (the distance between the mesial and distal
points of contact), and at the incisal third (the distance between the mesial and distal
incisal facial embrasures). The visible width of the maxillary anterior teeth was noted for
the height-to-width ratio calculation. In addition to that, the facial form of the anterior
teeth (square, ovoid, or tapered) and the visible width of the upper posterior teeth were
registered. The measurement of the facial surfaces” anatomical contour was performed
using the Open Curve Markup tool in 3D Slicer. The visible width of the facial surface of
every posterior restoration was measured and compared to the mesio-distal distance in the
frontal view.

The qualitative data on topography were not submitted to statistical analysis since the
observations cannot be tested to see if they are statistically significant. Surface roughness
data were analyzed using one-way ANOVA (« = 0.050). The symmetry data of the anterior
restorations were compared by the percent difference between the obtained value and the
gold standard to determine their closeness.
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3. Results
3.1. Topography Analysis

The optical microscope revealed that 20 (74.1%) out of the 27 examined teeth presented
surface damage, while 13 (48.1%) presented irregularities different from the surface damage.
The SEM evaluation highlighted that the damage was predominant on the occlusal surface
of the posterior teeth. Surface irregularities were found the most in the lingual face of the
posterior teeth. Detailed results are depicted in Table 1.

Table 1. Surface topography (surface irregularities and damage) of the epoxy resin replicas of zirconia
monolithic restorations.

Surface Damage Surface Irregularities
. # of # of
I(;?Sliaot:)(,:;l T(;Io)t h Surfaces  Percentage  Tooth ID Surfaces  Percentage
Affected Affected
6 L 8 F
10 L 11.10% 9 F 11.10%
11 I 22 L
Anterior 7 LL
9 ILL
2 El 14.80% None None 0%
23 ILL
2 (@)
3 (@)
4 0 2 F
5 (@)
5 L
12 (@)
13 o 12 L
44.4% 13 L 25.9%
14 (@)
. 19 L
Posterior 18 (@)
20 L
19 (@) 30 L
20 (@)
30 F
31 F
3 FO
21 LO 3.70% 28 O, L 11.10%
29 O, L

E 1, O and L stand for facial, incisal, occlusal, and lingual surfaces, respectively. * The percent values for the
number of teeth are calculated out of the 27 that were inspected. ** The percent values for the number of surfaces
are calculated out of the 81 surfaces (including only facial, incisal, or occlusal and lingual) that were evaluated.

Figure 1 shows representative images of the different surface damage findings ob-
served under both microscope analyses. The damage observed was mostly compatible
with traces of machining or manual adjustment with diamond or polishing burs by either
the dental technician or the dentist. In some cases, the flattening of the cusp tips on the
posterior teeth was observed. The damaged area was measured in each detected surface
as shown in Table 2. Damage was found in a variety of extensions. In some cases, it
compromised as little as ~1% of the surface (tooth #2, occlusal surface, and #31, facial
surface), and in other cases it affected a large area of the surface (e.g., 90% of the occlusal
surface of tooth #18).



Symmetry 2021, 13, 1755 50f 13

Figure 1. Lingual view of the epoxy replica of zirconia restoration placed in tooth #6 (bottom). SEM map (top) shows in

detail the damage present on the surface to be mostly compatible with adjustment-introduced damage.

Table 2. Surface damage area per surface per tooth.

# of Damaged Damaged Total Remaining
Location Tooth ID Surface Area Undamaged Surface
Surfaces 2 2
(mm*) Area (mm*®)

6 L 37.8 45.7

7 LI 21.5 45.1

9 LI 28.4 13.6
Anterior 10 L 18.0 43.2

11 I 12 2.8

22 FI 19.9 67.3

23 IL 8.1 40.6

2 (@] 1.6 74.9

3 (@] 20.8 60.5

4 (@] 14.1 27.9

5 (@] 6.2 32.4

12 (@] 17.8 34.3

13 (@] 6.2 50.7
Posterior 14 (@] 22.0 58.6

18 (@] 30.5 3.5

19 (@] 2.9 75.2

20 (@] 4.0 36.0

21 LO 5.9 59.4

30 F 5.9 67.4

31 F 1.1 67.1

E I, O and L stands for facial, incisal, occlusal and lingual surfaces, respectively.
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The optical microscope revealed irregular surface topography, such as light parallel
scratch marks (Figure 2a), small pits (Figure 2b), coarse pits, and irregularities (Figure 2c).

—
500.00pum

—
0.50mm g

Figure 2. Three examples of the irregularities present in the resin epoxy replicas of the zirconia restorations. (a) Light
scratches on the lingual surface of tooth #31. Black arrows run parallel to the scratches. (b) Dotted arrow points at the small
pits on the facial surface of tooth #29. (c) Asterisk shows the irregularity on the occlusal surface relative to the facial cusps.
Right images are at higher magnification to show details of the regions of interest indicated by the arrows and asterisk. For
Figure (c), the gold-coated epoxy resin sample was observed under the optical microscope.

3.2. Surface Roughness

There was quite a bit of variability in surface roughness values (Ra) among the smooth
and irregular surfaces that were analyzed. For instance, Figure 3 shows the difference in
surface roughness between an identified smooth area versus another one with irregularities
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within the same surface. Some surfaces that were classified as smooth under the optical
microscope had a surface roughness value in the range of 23.9-46.9 nm, while other smooth
surfaces were in the range of 0.1-0.2 nm.

— e
500.00um 0.50mm

Figure 3. Buccal surface of an upper posterior tooth (#2) and surface roughness 3D map and profile.

3.3. Symmetry

The width-to-height ratio between the two maxillary central incisors (4:3) and between
the lateral incisors (4:3) was similar, although their dimensions varied. There were minor
differences between the canines. For the maxillary teeth, the highest mean mesio-distal
dimensions were found in the canines (#6, and #11), while the lowest were in the lateral
incisors. The mandibular anterior teeth followed a similar trend to the maxillary teeth
with regard to the medio-distal dimensions, where the canines had the highest dimensions.
However, the lower central incisors were the ones with the lowest mesio-distal width.
Moreover, the width-to-height ratio of the four anterior incisors (#23 to #26) was similar,
while the canines had ratios very close to each other. All the maxillary anterior teeth were
tapered-shaped, while the mandibular anterior teeth were square tapered- shaped. Table 3
summarizes the symmetry results.

Table 3. Height, width, and width-to-height ratio measurements of the epoxy replicas of the anterior zirconia restorations.

Incisal Third Middle Gingival Visible Width-to-Heieht
Teeth # Width Third Width  Third Width Width Height (mm) 1dth-to-Hels Form
Ratio
(mm) (mm) (mm) (mm)
11:10
6 9.7 10.1 10.1 8.5 10.6 (80%) Tapered
7 7.2 7.3 7.1 73 11.1 11:7 Tapered
. . . . . (66%) pere
4:3
8 8.7 9.2 7.9 9.2 11.8 (78%) Tapered
9 9.3 9.4 7.6 9.4 116 4:3 Tapered

(81%)
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Table 3. Cont.

Incisal Third Middle Gingival Visible Width-to-Height
Teeth # Width Third Width  Third Width Width Height (mm) o-relg Form
Ratio
(mm) (mm) (mm) (mm)
10 7.0 7.3 5.8 7.0 11.1 11:7 Tapered
. . . . . (63%) p
1 114 113 9.7 6.8 11.6 127 Tapered
. . . . . (59%) p
11:8 Square
22 7.7 10.1 10.1 — 10.9 (93%) tapered
2:1 Square
23 55 5.6 5.0 — 10.2 (54%) tapered
2:1 Square
24 5.0 52 42 — 9.9 (52%) tapered
2:1 Square
25 52 51 37 — 9.8 (52%) tapered
2:1 Square
26 5.4 5.8 5.0 — 10.1 (57%) tapered
11:9 Square
27 7.7 10.1 10.5 — 11.07 (91%) tapered

The width of the facial contour and the visible width of the maxillary posterior teeth
(2-6, 11-14) showed that for the most posterior we look at there is less visible facial contour
of the upper right posterior teeth than the upper left posterior ones, or no visible facial
contour (Table 4).

Table 4. Visible width of the maxillary posterior teeth.

Tooth # Total Width Visible Width

(mm) (mm)
2 11.1 0.7
3 12.6 1.6
4 8.4 16
5 9.2 2.7
12 10.3 21
13 9.7 0.3
14 129 0

The anterior maxillary zirconia restorations measured by their epoxy replicas did not
follow the golden proportion (Figure 4A). A digital simulation of the same teeth following
the golden proportion showed that the teeth would look long and narrow (Figure 4B).

The null hypothesis was rejected as the epoxy replicas of the in-service restorations
showed different surface features, including irregularities and damage, and the anterior
teeth did not follow the golden proportion.
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7.0 mm 6.8 mm

Figure 4. Visible width and width-to-height ratio measurements of the epoxy replicas of the anterior zirconia restorations

from the facial view. (A) Original view of right and left central incisors, lateral incisors, and canines in 3D (top) and epoxy
resin (bottom) model. The teeth did not follow the golden proportion. (B) Same image as (A), but digitally modified to fit
the golden proportion. Lateral incisor now in the proportion of 1:1.618 with central incisor and 1:0.618 with canine; the size
of the central incisor was maintained.

4. Discussion

The inspection of the ceramic restorations after being delivered to the patient is
not a common practice in dentistry. This step is crucial and raises concerns because
unnoticed surface changes can occur in the bonded restoration after undergoing processing,
adjustment, and finishing by the lab technician or the dentist. Rekow et al. reported
that the performance of dental ceramics depends on aspects that inevitably damage the
material such as the physical properties of the material, the fabrication methods, the
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clinical procedures and the oral environment [15]. Failure in ceramic restorations can
originate at different locations, such as the top surface, intaglio surfaces, margins, and
subsurface [15,16]. Therefore, this study aimed to characterize macro- and microscopically
the surface of in-service monolithic crowns, as well as the morphology of the anterior
maxillary restorations by using epoxy resin replicas.

The replica technique has been widely used to study the fracture surfaces of speci-
mens in the laboratory or components that failed in service [8,9]. Numerous studies have
proven that it can also be useful for other purposes, such as registering the morphological
characteristics of cavities, wear, restored teeth, and even plaque formation on human tooth
surfaces [10,17-21]. An epoxy resin replica is prepared out of a polyvinylsiloxane impres-
sion [8,9] from the object or surface of interest. Epoxy replicas have been shown to retain
information from features that are present in the original piece [10]. Our study successfully
used epoxy resin replicas in the quest for more information about the quantitative and
qualitative macro- and microscopic morphological aspects of ceramic restorations made of
the latest generation of a high-strength ceramic material such as YSZ ceramics.

The examination of the epoxy replicas revealed the presence of irregularities and
surface damage in many surfaces except on the proximal surfaces of each restoration. The
fact that the replicas of the restoration were obtained from the impressions of the already
bonded and in-service restorations prevented us from having access to the mesial and
distal surfaces and, hence, from inspecting them at those levels. Ten out of the thirteen
teeth where surface irregularities were identified presented different flaws predominately
in the lingual surfaces. The light parallel scratches suggested adjustment in the restoration
surface but with insufficient polishing to achieve a smooth surface. The small pits are
consistent with insufficient or incomplete finishing before the restoration delivery to the
patient. The coarse pits and irregularities, observed in some elements, seem to be evidence
of thick finishing, without the succession of steps from coarse to fine abrasive grits. All
of the irregularities suggest a lack of smoothness. Indirect restorations such as the ones
examined are supposed to leave the laboratory with a smooth, highly polished surface
with the possibility of alteration in the case that the dentist makes adjustments while
trying, or after cementing, the restorations. Most of the irregularities were found in the
lingual surfaces, which are the less likely areas to be adjusted by the dentist and suggest
that the restorations might have been received with the flaws identified here, perhaps in
the attempt to contour the restoration. The surface roughness of the “smooth area” of
the examined replicas was much lower than the roughness of surfaces submitted to the
four-step polishing procedures [22].

The shape, sharpness, size, and depth of the surface flaws can reduce the strength of
the ceramic, leading to chipping or bulk fracture of the restoration [23]. The damage toler-
ance of dental ceramics can differ depending on the grinding direction. Loss in strength has
been corroborated more after transversal grinding than longitudinal grinding [24]. Another
negative aspect of high surface roughness is that, if present mostly in occlusal contact
areas, it can abrade the opposing dentition or restoration [25-27]. Polished monolithic
YSZ crowns have been reported to generate more wear of opposed enamel than natural
teeth [25,26], and this phenomenon is exacerbated when unpolished zirconia is opposing
natural dentition. The attrition of monolithic zirconia crowns on natural teeth is lower for
premolars (42.10 & 4.30 um) than molars (127.00 £ 5.03 um) [27]. We agree with Jilo’s
statement that careful handling of the ceramic is critical and that more emphasis should be
given to producing smooth surfaces to avoid unfavorable stress concentrations that can act
as fracture origins [23]. High surface roughness can also contribute to plaque accumulation
and biofilm growth [28,29]. Thus, it is worrisome when high surface roughness is detected.
In this study, high surface roughness values characterized with sharp peaks and valleys
were found near the cervical margin of posterior teeth (Figure 3), lingually and facially,
which happen to be areas more prone to plaque accumulation. In that sense, it would have
been interesting to compare the scan of the restorations before and after cementation to
identify the damages made by the dentist during cementation and finishing. However, we
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did not have access to any records of the patients, including digital records such as scanned
images, because they contained patient data and thus allow his/her identification.

The other set of data collected in this study was used to assess the symmetry of
the anterior teeth which can affect the esthetic aspect of the smile. The mathematical
theorem known as the “golden proportion” was proposed to be used in dentistry to obtain
the adequate mesiodistal and cervicoincisal dimensions of the anterior teeth. However,
different ratios have been described in the literature as the ideal ones. Some studies
stated that the central incisor is in golden proportion when the coronal width-to-height
ratio is 62%, and others said that the 75-80% ratio is considered to be most esthetically
pleasing [30]. Similarly, Sterret reported that the width-to-height ratio that represents the
most stable reference is 81% [31]. More recently, another study reported that the proportion
of 85% central incisor, and 80% lateral incisor and canine were considered as more esthetic
for both professionals and laypersons [32,33]. Our results showed that tooth #9 was the
only one that satisfied precisely Sterret’s recommended ratio (81%). However, the adjacent
incisor tooth had a slightly lower ratio (78%). The lateral incisors showed a similar width-
to-height ratio (66%), which means that narrow incisors would not be perceived as too
esthetic as suggested by Alvarez-Alvarez [33]. The relationship between the width and
the length of the clinical crown of teeth can be a useful reference to establish the starting
point when managing a case where the original reference of dimensionality of the anterior
teeth has been lost. Beyond that, it should be possible to achieve functional stability along
with esthetic harmony. However, other parameters can also influence the perception of
symmetry and proportion, such as facial contour and the transition of line angles.

Further research studies are needed to critically assess post-cementation, indirect
restorations as well as direct restorations. For instance, fiberglass post restored teeth
combined with a resin composite core showed a different failure mode than the ceramic
restorations, being more susceptible to failure at the post/cement and cement/dentin inter-
faces rather than superficially [34]. In addition, as further research it would be interesting
to continue a periodic follow-up on the performance of the damaged new generation of
zirconia restorations over time.

5. Conclusions

Epoxy replicas of the post-cementation final restorations can help identify early pat-
terns or features that can trigger fracture. They were helpful for measurements of surface
roughness, symmetry, and topography analysis. Surface flaws were present in more than
50% of the restoration replicas. The considerably variable surface roughness suggests that
finishing protocols are not consistently used.
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