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of problem. Stereolithography (SLA) additive manufacturing (AM) technologies can be selected to fabricate zirconia crowns;

he internal and marginal discrepancies associated with these new technologies remain unclear.

he purpose of this in vitro study was to measure and compare the marginal and internal discrepancies of milled and AM zirconia
using the silicone replica technique.

nd methods. An implant custom abutment was manufactured and scanned by using a laboratory scanner (CARES Software;
). An anatomic contour crown was digitally designed, and the standard tessellation language (STLC) file was obtained. The STLC
linted into 2 pieces, simulating the parts of the crown that would replace the enamel (STLG1 file) and dentin (STLG2 file)
Three groups were determined: anatomic contour zirconia milled (CNC group), AM anatomic contour zirconia (AM group), and
d zirconia (SAM group). For the CNC group, the STLC file was used to manufacture milled (CARES zirconium-dioxide crown;
) zirconia specimens. For the AM group, the STLC file was used to additively fabricate (CERAMAKER 900; 3DCeram Co) the
DMix ZrO2 paste; 3DCeram Co) specimens. For the SAM group, the STLG2 file was selected to AM (CERAMAKER 900; 3DCeram
conia (3DMix ZrO2 paste; 3DCeram Co) specimens. Ten specimens per group were manufactured. The silicone replica technique
to measure the marginal and internal discrepancies. The cement gap was measured on images captured by using a digital
at ×100 magnification. For the internal gap, 50 measurements were made for each specimen, and for the marginal gap, 25

ents were made for each specimen. The normality test, Shapiro-Wilk test, was conducted. The results indicated that the
s were not normal; therefore, nonparametric Kruskal-Wallis H and pairwise Mann-Whitney U-tests were used to analyze the
pearman correlation coefficient was used to determine the correlation between marginal and internal discrepancies in all 3 groups.

gnificant differences were found in marginal and internal discrepancies among the groups. The CNC group had the least marginal
l discrepancies compared with the AM and SAM groups. The SAM group had significantly lower values for marginal and internal
ies than the AM group. The AM group showed the highest marginal and internal discrepancies. The CNC group had a weak
coefficient of 0.13 (P=.046), the AM group had a moderate correlation coefficient of 0.32 (P<.001), and the SAM group had a
ant correlation coefficient of 0.12 (P=.051).

s. CNC and SAM groups had clinically acceptable marginal and internal discrepancies, while the AM group had a clinically
le marginal and internal crown discrepancies. Furthermore, a weak correlation was encountered between the marginal and
crepancies measured in all groups. (J Prosthet Dent 2019;-:---)
Computer-aided design and computer-aided
manufacturing (CAD-CAM) technologies involve pro-
cesses whereby the design and the subtractive and/or
additive fabrication of a prostheses are guided by
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computers.1-5 Advancements in subtractive technologies
have enabled fabrication of ceramic dental restorations
exhibiting a clinically acceptable fit6-13 while reducing the
influence of the dental laboratory technician in the
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Clinical Implications
The stereolithography AM technology tested is able
to provide zirconia crowns with clinically acceptable
marginal and internal accuracy; however, the total
volume of the digital design of the restoration
significantly influences the manufacturing outcome.
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production process.13 However, such technologies pre-
sent a number of manufacturing limitations, including
considerable wastage of the unused parts of the milled
blocks, the constant need for replacement of the milling
tools after a number of cycles, limited reproduction of
surface geometry as dictated by the size of the milling
burs and the axis of the computer numerical controlled
(CNC) machine, and the risk of introducing microscopic
cracks while milling the ceramic materials.14-18

The American Society for Testing and Materials
(ASTM) has defined additive manufacturing (AM) as “a
process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies.”19 The ASTM
has determined seven AM categories: stereolithography
(SLA), material jetting, material extrusion, binder jetting,
powder bed fusion (PBF), sheet lamination, and direct
energy deposition.19 Current AM methods that can be
used to manufacture zirconia materials are SLA, material
jetting, material extrusion, SLS, selective laser melting
(SLM) technologies from the PBF technologies family,
direct energy deposition, sheet lamination, and binder
jetting technologies.20

Several research groups have developed photo-
polymerizable ceramic suspensions by using photo-
polymerizable resin loaded with ceramic powder21-24 for
the fabrication of fully dense SLA AM materials. To
obtain a homogeneous green part and promote binder
removal and sintering, highly concentrated resins are
used.25 A liquid resin is mixed in a ceramic suspension
and selectively solidified through controlled photo-
polymerization. Consequently, green parts with different
shapes can be fabricated from a mixture of ceramic
powders and photosensitive resin. Postprocessing of the
fabricated green parts is necessary to eliminate the
photosensitive resin, fuse ceramic particles together, and
obtain a dense ceramic component.21-25

Advantages of AM technologies over subtractive
methodologies include saving material and the versatility
to manufacture complex geometries.26-28 Factors that can
affect the accuracy of a printed object include laser speed,
intensity, angle and building direction,29-33 number of
layers,29 software,33 shrinkage between layers,32 amount
of supportive material,31 and postprocessing proced-
ures.34-36
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Marginal fit is an important factor in the clinical
success and longevity of indirect restorations. Minimizing
the marginal discrepancy between the prepared tooth
structure and the restoration minimizes the exposure of
the luting material to the oral environment, thus
reducing cement dissolution, microleakage, inflammation
of the periodontal tissues, and the risk of pulpal
inflammation.37-41 The American Dental Association
(ADA) in its specification N.8 indicates that the thickness
of the luting cement for a dental crown should not exceed
25 mm when using a Type I luting cement or 40 mm when
using a Type II luting agent.42 Even though a consensus
as to the ideal maximum marginal gap width of a dental
restoration is lacking, a marginal gap between 50 to 120
mm has been considered clinically acceptable.9,10,43-48 The
most referenced study pertaining to clinically acceptable
marginal discrepancy was conducted by McLean and
Von Fraunhofer in 1971,43 where the authors concluded
that a marginal opening of no more than 120 mm was
clinically acceptable after a clinical examination of more
than 1000 crowns at 5 years.

Previous studies have reported a marginal discrep-
ancy of milled zirconia restorations between 17 mm and
118 mm.6-11,46,49-57 In a systematic review based on 54
articles, the marginal gap for ceramic crowns was iden-
tified as ranging from 7.6 mm to 206.3 mm.48

A consensus as to the best methodology for evalu-
ating the fit accuracy of prosthetic restorations is lack-
ing.44,48 The outcome variations between different
studies can be attributed to heterogeneous study designs
with varying definitions of the marginal discrepancy,
direct and indirect evaluation methods, measurements
per specimen, sample size, finish line, and the stage at
which the marginal gap was measured.48 The silicone
replica technique is the most extensively used nonde-
structive tool for analyzing the marginal and internal
areas with direct microscopic examination.48

Limited information is available regarding the mar-
ginal and internal discrepancies of zirconia crowns man-
ufactured by using SLA AM technologies.56 The purpose
of the present study was to compare the marginal and
internal discrepancies of anatomically contoured milled
zirconia crowns and additively manufactured, anatomi-
cally contoured and splinted zirconia crowns by using the
silicone replica technique. The null hypotheses were that
no significant difference in marginal discrepancy would be
found between the milled and additively manufactured
groups and that no significant difference would be found
in the internal discrepancy between the milled and addi-
tively manufactured groups.
MATERIAL AND METHODS

A maxillary definitive cast with a dental implant (Bone
level RC implant; Straumann) in the right first premolar
Revilla-León et al



Figure 1. A, Maxillary master cast with dental implant in right first premolar position. B, Zirconia abutment manufactured for cemented crown
restoration.

Figure 2. Digital design of specimens. A, Anatomically contoured crown digital design for specimen fabrication in milled and additive manufactured
groups. B, Splinted additive manufactured crown digital design.
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position was obtained (Fig. 1A). A dental laboratory
scanner (DWOS 7 Series scanner; Straumann) was used
to digitize the definitive cast. A dental CAD software
program (CARES Software; Straumann) was used to
design a custom abutment, the STLA file was used to
manufacture a zirconia implant abutment (CARES
zirconium-dioxide abutment; Straumann) with a chamfer
finishing line, and the cervical preparation line followed a
representative gingival margin contour to simulate clin-
ical conditions. The preparation of the abutment had a
total convergence angle of 10 to 12 degrees and a
circumferential chamfer margin of 1 mm (Fig. 1B).

The same dental laboratory scanner and CAD software
were used to digitize the zirconia custom abutment and
design a cemented crown, the thickness of which ranged
from 1.0 to 2.0 mm. The digital design of the anatomically
contoured crown (STLC file) was obtained (Fig. 2A). The
STLC file was divided into 2 pieces, simulating the parts of
the crown that would replace the enamel (STLG1 file) and
dentin (STLG2 file) structures (Fig. 2B). Three groups were
Revilla-León et al
determined: milled anatomically contoured zirconia (CNC
group), additively manufactured anatomically contoured
zirconia (AM group), and splinted additively manufac-
tured zirconia (SAM group) crowns (Table 1 and Table 2).
The STLC file was used to manufacture the specimens of
CNC and AM groups, while the STLG2 file was used to
fabricate the SAM group specimens.

For the CNC group, the STLC file was used to
manufacture 10 anatomically contoured zirconia
crowns (CARES zirconium-dioxide crown; Straumann).
All the AM specimens were produced by the same
manufacturer (Straumann). For the AM group, the
same STLC file was used to manufacture 10 anatomi-
cally contoured zirconia crowns by using a zirconia
paste (3DMix ZrO2 paste; 3DCeram Co) mixed with
liquid photosensitive resin in a ceramic 3D printer
(CERAMAKER 900; 3DCeram Co). After the AM pro-
cess was completed, the binder was removed ther-
mally, and the ZrO2 was sintered. No additional
processing, including finishing or polishing, was
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 1. Characteristics of milled and stereolithography (SLA) additive manufactured zirconia specimens

Group Material Technology Composition

Anatomically contoured milled (CNC group) CARES Zirconia-dioxide (Straumann) Milling 5-axis NP

Anatomically contoured additively
manufactured (AM group)

3DMix ZrO2 (3DCeram) Laser, stereolithography (SLA) Zirconia stabilized with 3% yttria

Splinted additively manufactured (SAM) 3DMix ZrO2 (3DCeram) Laser, stereolithography (SLA) Zirconia stabilized with 3% yttria

NP, not provided.

Table 2.Mechanical properties of stereolithography additive
manufactured zirconia material

Mechanical Property 3DMix ZrO2 3D Ceram

Grade 700

Particle size (mm) 0.1-0.8

Density (g/cm3) 5.97

Vickers hardness (GPa) 12.6

Young’s modulus (GPa) 209.4

Weibull modulus NP

Shear modulus (GPa) 79.8

Flexural strength (MPa) 1088

Compressive strength (MPa) 2070

Coefficient thermal expansion (K-1) 12.4

NP, not provided. Information provided by manufacturer.
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performed. All the AM specimens were produced by
the manufacturer 3DCeram Co.

For the SAM group, the STLG2 file was used to manu-
facture the 10AMzirconia (3DMixZrO2material; 3DCeram
Co) specimens by using the same ceramic 3D SLA printer
(CERAMAKER 900; 3DCeram Co). All the AM specimens
were produced by the manufacturer 3DCeram Co. The
thickness of the restorative material ranged from 0.5 to 1.0
mm. The specimens of the SAM group were manufactured
following the same protocol as the AM group.

Thirty specimens were obtained (Fig. 3). For the
marginal and internal discrepancy measurement, the
silicone replica technique was used.43 A white silicone
indicator material (Fit Checker Advanced; GC Corp) was
used to simulate the cement space. The intaglio surface of
the crown was coated and placed on the implant abut-
ment by using firm hand pressure from the occlusal
surface to simulate a clinical situation until complete
polymerization of the silicone material. Subsequently, the
crown was removed from the implant abutment. The
silicone cement film was stabilized with a light-body type
A silicone material (Extrude VPD impression material
light body; Kerr) before removal and sectioned by using a
scalpel in a buccolingual direction and subsequently in a
mesiodistal direction (Fig. 4). This procedure was
repeated with each specimen.

The cement gap was measured on images recorded by
using a digital microscope (VHX-2000 series digital mi-
croscope; Keyence America) at ×100 magnification. For
the internal gap, 50 measurements were made for each
specimen, and for the marginal gap, 25 measurements
were made for each specimen (Fig. 5). The same person
performed all measurements to minimize variation in the
measured values.

A statistical software program (IBM SPSS Statistics,
v22; IBM Corp) was used to calculate the means and
standard deviations of the internal and marginal dis-
crepancies for each group. To investigate significant dif-
ferences among the 3 groups, the normality Shapiro-
Wilk test was conducted. The results indicated that the
distributions were not normal. Therefore, measurement
data were assessed by the nonparametric Kruskal-Wallis
H test and pairwise Mann-Whitney U-test (a=.05).
Furthermore, as the data were not normally distributed,
the Spearman correlation coefficient was used to deter-
mine the correlation between marginal and internal
discrepancies in all 3 groups.
THE JOURNAL OF PROSTHETIC DENTISTRY
RESULTS

The internal and marginal adaptation measurements of
the study groups are shown in Table 3. For the marginal
discrepancy analysis, significant differences were found
in the marginal gap among the CNC, AM, and SAM
groups (P<.001). Pairwise testing indicated that the AM
group had a significantly higher marginal discrepancy
than the CNC and SAM groups (P<.001) and that the
SAM group had a significantly higher marginal discrep-
ancy than the CNC group (P<.001) (Fig. 6A).

For the internal discrepancy examination, a significant
difference was found in the internal discrepancy among
the CNC, AM, and SAM groups (P<.001). Pairwise
testing indicated that the SAM group had a significantly
higher internal discrepancy than the CNC group
(P<.001), the SAM group had a significantly lower in-
ternal discrepancy than the AM group (P=.001), and the
AM group had a significantly higher internal discrepancy
than the CNC group (P<.001) (Fig. 6B).

The Spearman correlation coefficient between the
marginal and internal discrepancies was 0.24 (P<.001).
The CNC group had a weak correlation coefficient of 0.13
(P=.046), the SAM group had a nonsignificant correlation
coefficient of 0.12 (P=.051), and the AM group had a
moderate correlation coefficient of 0.32 (P<.001). This
meant that a significant weak association was encoun-
tered between the marginal and internal discrepancies
measured in all groups.

Superficial manufacturing defects encountered on
specimens are shown in Figure 7. The majority of
manufacturing defects were found in the AM group,
which corresponded with the group that obtained the
highest marginal discrepancy values.
Revilla-León et al



Figure 4. Marginal and internal discrepancies measured by using
silicone replica technique. Silicone replicas sectioned by using scalpel in
buccolingual direction and subsequently in mesiodistal direction.

Figure 5. Discrepancy measurement made by using digital microscope
(VHX-2000 series digital microscope; Keyence America) under ×100
magnification.

Figure 3. A, Specimens of CNC, AM, and SAM groups. B, Milled anatomically contoured specimen of CNC group. C, Anatomically contoured additively
manufactured zirconia crown. D, Splinted zirconia additively manufactured crown.
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DISCUSSION

The null hypotheses were rejected as significant differ-
ences were found both in the marginal and internal dis-
crepancies between the milled (CNC group) and the
Revilla-León et al
additively manufactured (AM and SAM) groups. Based on
the results of this study, subtractive or additive technol-
ogies do seem to influence the marginal and internal
discrepancies of a zirconia crown. Anatomically contoured
zirconia milled crowns had significantly lower values for
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 6. A, Marginal discrepancy. B, Internal discrepancy.

Table 3.Descriptive statistics of the CNC, AM, and SAM groups for the marginal and internal discrepancy data (mm)

Group Measurement CNC AM SAM

Marginal discrepancy (N=250) Median ±IQR 37.5 ±50 146.0 ±103.2 79.5 ±49.2

Percentile 25 25.0 97.0 59.0

Percentile 75 75.0 200.2 108.2

Internal discrepancy (N=500) Median ±IQR 73.0 ±44.7 79.0 ±46 85.0 ±48

Percentile 25 54.0 64.0 67.0

Percentile 75 98.7 110.0 115.0
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marginal and internal discrepancies than AM specimens.
However, a wide range of variables in both manufacturing
processes, including calibration, scanning process, soft-
ware design, milling technology, milling strategy, AM
technology, printing parameters, postprocessing proced-
ures, and shrinkage after final firing of the restoration, can
affect the marginal and internal accuracy of a restora-
tion.49,58 Nevertheless, specimens in one of the AM
groups (SAM) demonstrated a marginal discrepancy that
could be considered clinically acceptable.

The virtual crown design of the AM and SAM groups
was identical on their cervical parts but not the total
volume of the crown design. Furthermore, significant
differences were found in the marginal and internal gaps
between both groups. Material bulk difference or volume
design of the STL files used to manufacture the speci-
mens may imply a different direction and volumetric
shrinkage behavior during the binder elimination and/or
the sintering process, which could explain the differences
encountered. Having transitioned through the learning
curve and improvements during the last few decades,
milling has evolved to be a more mature technology.
Similarly, improvements in AM technologies could
enable the control of direction and shrinkage behavior at
different thicknesses.
THE JOURNAL OF PROSTHETIC DENTISTRY
The manufacturing and postprocessing procedures
involved in the SLA AM technology evaluated appear to
limit the accuracy to which it could reproduce the digital
design of the specimens. Also, the green structures
formed by additive technology were subjected to physical
handling, postprocessing, debinding, and sintering.
Cumulatively, these factors accounted for the large vari-
ability in the gap measurements which were observed
with the AM group. Moreover, manufacturing defects
were encountered mostly on the intaglio marginal area in
the AM group, which obtained the highest marginal
discrepancy and were deemed clinically unacceptable.

The trueness of the zirconia crowns fabricated with the
same SLA AM technology used in the present study was
analyzed.56 A typodont tooth was prepared for a ceramic
crown, and a digital crownwas designed by using the CAD
software. The STLC file of the digital crown was either
milled by using a dental 5-axis milling system or additively
manufactured. The CAM crowns were scanned by using a
laboratory scanner, and the trueness of each part was
analyzed by superimposition onto the STLC file. The au-
thors reported that the trueness of the AM specimens was
not significantly different from that of the corresponding
milled specimens. Owing to the lack of standardization
and differences in methodology encompassing tooth
Revilla-León et al



Figure 7. Manufacturing defects. A, Characteristically superficial texture
of AM specimen. B, Manufacturing defect on intaglio surface of
anatomically contoured additively manufactured zirconia crown.
C, Manufacturing defect on marginal portion of anatomically contoured
additively manufactured zirconia crown.
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preparation, thickness differences in the crown design,
and the measurement method selected, it was difficult to
make a comparison with the present study. Moreover, the
authors did not report the thickness of the digital crown
design, a variable that might have contributed to the dif-
ferences obtained in the present study on the AM group.
Revilla-León et al
The anatomically contoured milled zirconia speci-
mens demonstrated a mean marginal discrepancy of 65.0
mm, which was consistent with that found in previous
studies reporting the marginal discrepancy of milled zir-
conia restorations to range from 17 to 118 mm.6-11,46,49-57

The outcome variations between different studies can be
attributed to heterogeneous study designs, inconsistent
definitions of marginal discrepancy, direct and indirect
evaluation methods, measurements per specimen, sample
size, finish line, scanning procedures, digital design of the
restoration, milling technology used, and the stage at
which the marginal gap was measured.48

In the present study, marginal adaptation of the
specimens obtained by using the silicone replica tech-
nique was evaluated by direct visual examination under a
digital microscope at ×100 magnification, representing a
nondestructive technique. A limitation of the technique,
however, was the ideal positioning and identical angle for
direct measurements.58 Nevertheless, these aspects were
minimized by positioning the specimens in relation to a
base, such that measurements were always made at the
same points,58 and by increasing the number of mea-
surements per specimen.59

Further studies accounting for the effect of variables
including thickness of the restorative material, firing
cycles effect, tooth type, tooth preparation, finishing line
configuration, occlusal anatomy, and different mea-
surement techniques are recommended. Furthermore,
investigations analyzing the mechanical properties and
clinical outcomes of zirconia AM restorations are
needed.

CONCLUSIONS

Within the limitations of this in vitro study, the following
conclusions were drawn:

1. Significant differences were found in the marginal
and internal discrepancies between the 2 different
manufacturing methods, namely subtractive and ad-
ditive technologies. The anatomically contoured mil-
led group demonstrated lower marginal and internal
discrepancies than additively manufactured
specimens.

2. The splinted zirconia AM group had significantly
higher marginal and internal discrepancies than the
anatomically contoured milled group. However, it
can be considered to be within the clinically
acceptable range.

3. Anatomically contoured AM crown specimens had
the highest marginal and internal discrepancies,
which were beyond the clinically acceptable range.

4. A significant weak correlation between the marginal
and internal discrepancies was measured in all
groups.
THE JOURNAL OF PROSTHETIC DENTISTRY
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