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Objective This article compares and evaluates the marginal and internal fitness and
three-dimensional (3D) accuracy of class Il inlays fabricated using Tescera (TS) resin,
milling of hybrid and zirconia blocks, and 3D printing with NextDent C&B.

Materials and Methods Fifty-two mesio-occlusal inlays were fabricated using con-
ventional method with TS, milling of Lava Ultimate (LU), milling of Zolid Fx multilayer
(ZR), and 3D printing (n = 13 each). The marginal and internal fithess were evaluated at
six points in the mesio-distal section of a replica under a digital microscope (160x
magnification), and the accuracy was evaluated using 3D software. Analyses were
conducted using t-test, one-way analysis of variance (ANOVA) and two-way ANOVA,
while Duncan’s multiple range test was used for post hoc analyses (o= 0.05).
Results The marginal and internal fitness of the 3D and ZR were significantly superior
to that of the TS and LU. For LU, ZR, and 3D, a significant discrepancy between the
marginal gap and internal gap was observed (p <0.05). On evaluating accuracy,
trueness was significantly higher in ZR than in TS and LU; precision was significantly
higher in 3D and ZR than in TS and LU (p < 0.05).

Conclusion The marginal and internal fitness and the accuracy of TS, ZR, and 3D were
within the clinically acceptable range. The marginal and internal fitness and accuracy of
3D were better than those of TS and LU, which are commonly used in dentistry. There is
immense potential for using 3D-printed inlays in routine clinical practice.

working on high-strength blocks."># Contrarily, the additive
method has no limitations on the output size, can be used to

manufacturing  fabricate complicated designs, and causes no material waste.

(CAD/CAM) was introduced in dentistry in the 1980s and
has an extensive range of applications.1 It is divided into
subtractive (milling) and additive (three-dimensional [3D]
printing and rapid prototyping) methods depending on the
process of fabrication.>> Compared with additive method, the
disadvantages of subtractive method include wastage of ma-
terial, frequent replacement of equipment due to wear, and
higher possibility of defects due to poor machinability when
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Hence, it is preferred in dentistry.

Among the 3D printing methods, selective laser sintering,
selective laser melting, stereolithography (SLT), and digital
light processing (DLP) are commonly used in dentistry.® SLT
and DLP are more frequently used due to small equipment
size, excellent cost-effectiveness, and ability to print high-
resolution, sophisticated outputs; among these, DLP is more
popular due to its faster printing speed than SLT."3*
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Marginal gap (MG) and internal gap (IG) are critical
factors affecting the long-term success of dental prostheses.
Larger MG increases the risk of leakage from dissolution and
wear of cement caused by physical fatigue and chemical
corrosion; the resultant subgingival plaque and bacterial
infiltration may lead to hypersensitivity, secondary caries,
and prosthesis failure. Poor internal fitness leads to de-
creased retention and support of the prosthesis and in-
creased cement thickness, thereby lowering the fracture
resistance of the prosthesis.”-8

Although difficult to obtain in clinical practice, the Amer-
ican Dental Association Specification No. 8 stipulates that a
gap of 25 to 40 um is appropriate for optimal fitness of fixed
prostheses; however, McLean and von Fraunhofer suggested
a clinically acceptable limit of 120 um.® Many studies have
reported that an MG and IG of < 120 um is clinically satisfac-
tory.'® The accuracy of 3D-printed prostheses has been
reported by various studies to be within the clinically
acceptable range compared with those made by milling or
the traditional lost wax technique.>* One study suggested an
average MG of 50 to 60 and 150 to 168 um in ceramic crowns
and mesio-occluso-distal ceramic inlays fabricated by
CAD/CAM'"; another study reported that the MG increased
with more complex cavity geometry, such as with cusp
capping.'?

Nondestructive methods for evaluating MG and IG include
micro-computed tomography and the replica technique.’ 3of
these, the replica technique has some disadvantages, includ-
ing difficulties in identifying the margins, potential errors
when the silicone impression is torn or cut, and a limited
number of measurement points'*~'7; additionally, the accu-
racy may be affected by the type of silicone material,
measurement method, and number of measurement points
used.'® Nevertheless, the replica technique is generally ac-
cepted as an easy, reliable, and less expensive measurement
method for MG and IG."7:19:20

For evaluating accuracy, the trueness and precision of the
measured data were evaluated against the reference data
obtained from 3D scanning in accordance with the Interna-
tional Organization for Standardization 5725-1 standard,
and the results were expressed as root mean square (RMS).
Lower RMS values indicate superior trueness and precision.
Previous studies have suggested that RMS values < 10 um
indicate excellent fitness, whereas RMS values > 50 pm indi-
cate poor fitness.?’?? Although trueness does not measure
the fitness, it is used to evaluate the clinical quality by
comparing the difference between reference data and mea-
sured data from the fabricated prosthesis.”> The measured
data may be affected by scanner accuracy and data analysis
method; however, 3D accuracy is reported to be a more
reliable method than two-dimensional evaluation since a
computer could be used to measure the 3D distance from the
measurement points and additional random points.21

With an increase in the use of 3D printing in dentistry,
many studies have investigated the MG and IG or accuracy of
3D-printed provisional crowns, orthodontic models, abut-
ment models, and full dentures. Nonetheless, evidence is
scarce on the fitness and accuracy of 3D-printed resin inlays.

European Journal of Dentistry  Vol. 17 No. 4/2023 © 2023. The Author(s).
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In this study, we compared class II inlays made by con-
ventional method using Tescera resin (TS), milling Lava
Ultimate (LU), and Zolid Fx multilayer (ZR) blocks, which
are widely used in clinical practice for esthetic restoration,
and 3D printing using NextDent C&B resin. The null hypoth-
eses tested were: (1) there is no difference in the marginal
and internal fitness and accuracy according to the material,
and (2) there is no difference according to the measurement
point between IG and MG in each group.

Materials and Methods

A mesial class Il inlay cavity (occlusal box depth = 2.5 mm and
isthmus width=3.0mm; proximal box with mesiodistal
width = 1.2 mm, buccolingual width =3.0 mm, and occluso-
gingival depth =4.0 mm; and convergence angle =8 degrees)
was prepared on a mandibular right first molar resin tooth
(Nissin Dental Products, Kyoto, Japan) using a high-speed
handpiece with a diamond burr (TF-31, MANI, Tochigi, Japan).
Silicon impression material (Honigum Light Body, Regular
Body, DMG, Hamburg, Germany) was used to make an impres-
sion of the prepared cavity. Using high-strength dental stone
(Fujirock EP, GC Europe), 52 master dies (=Fig. 1) were made.
Subsequently, 52 class Il inlays were fabricated using the four
different materials in accordance with the manufacturer’s
protocol. The experimental groups were conventional prepa-
ration using TS, milling of LU, milling of ZR, and 3D printing
with NextDent C&B resin (=Table 1). The number of inlay
specimens in each group was 13.

The TS group specimens were prepared as follows: a resin
separator (TS die separator, Bisco, Chicago, Illinois, United
States) was applied to the cavity in the master die. After
drying, TS resin (Bisco) was placed directly inside the cavity
to prepare the external morphology of the inlay, followed by
light curing for 2 minutes in a TS ATL Light Cup (Bisco). After
adding enough water to submerge the specimen and one
spoon of dissolved oxygen scavenger (TS Oxygen Scavenger
Plus, Bisco) to the TS ATL Heat Cup, the specimen was placed
and heat-cured for 25 minutes at 130°C in accordance with
the manufacturer’s protocol.

In the LU, ZR, and 3D groups, class II inlay specimens were
prepared as follows: after scanning the master die using an
intraoral scanner (Trios 3, 3shape, Copenhagen, Denmark), the
Ceramill Mind (Amann Girrbach, Pforzheim, Germany) program
was used to design the class II inlay specimens with 30 um of
cement space 1.0 mm above the margin. The specimens were
designed and fabricated according to each manufacturer’s
protocol.

In the LU and ZR groups, CAD/CAM milling equipment
(Ceramill Motion 2, Amann Girrbach) was used to mill the
hybrid blocks (LU, 3M ESPE, St. Paul, Minnesota, United States)
and zirconia blocks (ZR multilayer, Amann Girrbach). The milled
ZR specimens were placed in a heating furnace (Ceramill Therm,
Amannn Girrbach), and the temperature was increased from 20°
Cto 1,450°C at a rate of 12°C/min. Subsequently, the specimens
were left at 1,450°C for 1 hour before being cooled.

In the 3D-printed group, NextDent C&B resin (3D Systems,
Soesterberg, Netherlands) and a DLP 3D printer (Bio3D L12
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Fig. 1

Inlay cavity preparation and fabricated inlay specimen. (A)
Mandibular right first molar with a prepared class Il mesio-occlusal
inlay cavity, (B) master die, (C) image of the master die saved as
standard tessellation language file of master die, and (D) inlay
specimen fabricated by 3D printing. 3D, three-dimensional.

Dental Professional, BIO3D, Seoul, Republic of Korea) were
used to print the specimens with a layer thickness of 50 um,
printing rate of 10 mm/h, and building angle of 180 degrees.
Subsequently, the specimens were placed inside a light-
curing unit (LG-3Dprint Box, 3D Systems) and cured for
30 minutes.

The replica for the evaluation of marginal and internal
fitness was prepared as follows: after injecting light body
silicone (Aquasil Ultra XLV, Dentsply DeTrey, Konstanz,
Germany) into the cavity of the master die (~Fig. 1A) and
inserting the inlay specimen within its position in the cavity,

Table 1 Materials assessed
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a universal testing machine (Instron 3345, Instron Corpora-
tion, Norwood, Massachusetts, United States) was used to
apply a load of 5N for 5minutes until the silicone hard-
ened.?* On the mesiodistal portion of the replica that passed
through the central fossa, the MG was measured at two
points, cervical margin (A) and occlusal margin (F), and the IG
was measured at four points, the midpoints of cervical floor
(B), axial wall (C), pulpal wall of the occlusal box (D), and
axial wall of occlusal box (E), under a digital microscope (KH-
7700, Hirox, Tokyo, Japan) at 160x magnification (~Fig. 2).

After evaluating marginal and internal fitness, accuracy
was assessed. The standard tessellation language (STL) files
obtained by scanning the inlay cavity of the master die were
used as the reference data for the TS group, while STL files
designed by CAD software were used as reference data for the
other three groups. Measurement data were generated as STL
files by scanning the prepared inlay specimens with a model
scanner (Identica Blue, Medit, Seoul, Republic of Korea). The
generated data files were evaluated for trueness and preci-
sion using 3D software (Geomagic Verify, 3D Systems Inc.,
United States). Trueness was evaluated by comparing the
discrepancy between the reference and measurement data
files in each experimental group (n=13). Precision was
calculated by comparing pairs of measurement data files in
each experimental group (n=78).

To determine the deviation between the reference and
measurement data files, two data files were superimposed to
measure trueness and precision. The RMS value was used to
quantify the trueness and precision, and was calculated as
follows:

RMS =

where x; is the reference data at measurement point i, x; is
the measurement data at measurement point i, and n is the
total number of measurement points. A smaller RMS value
indicated a higher accuracy.

Group | Brand name Manufacturer Composition
Monomer Filler (mass%)
TS Tescera Bisco, Chicago, IL, USA Ethoxylated bis-GMA, | Glass frit < 80
UDMA amorphous silica <25
LU Lava Ultimate | 3M ESPE, St. Paul, MN, USA | Bis-GMA, UDMA, Si02 (20 nm), ZrO2 (4-11nm), | 80
Bis-EMA, TEGDMA aggregated Zr02/SiO2 cluster
(Si02 =20 nm, ZrO2 =4-11nm)
ZR Zolid Fx Amann Girrbach, Zr02 +Hf02 + Y203 >99.0
multilayer Pforzheim, Germany Y203 8.5-9.5
Hf02 <5
Al203 <0.5
Other oxides <1
3D NextDent C&B | 3D Systems, Methacrylic oligomers,
Soesterberg, Netherlands phosphine oxides

Abbreviations: 3D, three-dimensional printing; Bis-EMA, ethoxylated bisphenol-A dimethacrylate; Bis-GMA, bisphenol A diglycidylether methac
rylate; LU, milling with Lava Ultimate; TEGDMA, triethylene glycol dimethacrylate; TS, Tescera resin; UDMA, urethane dimethacrylate; ZR, milling

with Zolid Fx multilayer blocks.

European Journal of Dentistry ~ Vol. 17 No. 4/2023 © 2023. The Author(s).
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Fig.2 (A) Schematic representation of measurement points for the marginal and internal discrepancy in the sagittal section of silicone replica:
marginal areas =A, F; internal areas =B, C, D, E. (B) Measurement of the internal gap of Zolid Fx multilayer by digital microscope at 160x
magnification (light green: light body silicone, green: heavy body silicone).

Table 2 Discrepancy in each group at the measurement points

Measurement Material

P TS LU ZR 3D

MG 107.65 +67.37° 118.54 4+45.547 58.35 +14.88° 53.77 +16.29°
IG 103.1 94+43.80° 168.81+42.67° 95.69 +13.34° 82.02+8.32°
Total sum value 104.68 +48.50° 152.05 +36.96° 83.24+11.78° 72.60+7.29°

Abbreviations: 3D, three-dimensional printing; IG, internal gap; LU, Lava Ultimate; MG, marginal gap; TS, Tescera; ZR, zirconia.
Note: Values are presented as mean =+ standard deviation; unit, ym. Within the same row, the same lowercase letters indicate no statistically

significant difference in one-way analysis of variance (ANOVA) at a=0.05.

For visualizing the differences between the reference and
measurement data, 3D deviation image analysis was used to
obtain a 3D color map. Areas where the measured data
differed within410pum from the reference data were dis-
played in green, areas where the measured data differed
greater than +10um were displayed in yellow to red, and
areas smaller than -10pm were displayed in blue to dark
blue.

All data were evaluated using SPSS ver. 20.0 statistical
software (IBM Corp., Armonk, New York, United States). The
interaction effect between the material (TS, LU, ZR, and 3D)
and measurement point (MG and IG) was analyzed using
two-way analysis of variance (ANOVA). The difference in
marginal and internal fitness according to material used
was analyzed using one-way ANOVA. The discrepancy be-
tween MG and IG in each experimental group was analyzed
using t-test (a =0.05). Trueness and precision, representing
accuracy, were analyzed by one-way ANOVA, and post hoc
analyses were performed using Duncan’s new multiple range
test (a=0.05).

Results

=Table 2 shows the results obtained in the evaluation of
marginal and internal fitness in the four experimental
groups. On comparing MG among the four experimental
groups (mean of the values at A and F), the MG of ZR and
3D was statistically significantly smaller than that of TS and

European Journal of Dentistry  Vol. 17 No. 4/2023 © 2023. The Author(s).

LU (p <0.05). All groups were considered clinically accept-
able because MG of all four groups was < 120 pm.

On comparing the IG between the groups (mean of the
values at B, C, D, and E), the IG of LU (168.81 +42.67) was
statistically significantly larger than that of TS, ZR, and 3D
and larger than the clinically acceptable range (p < 0.05). On
comparing the mean MG and IG, the values were statistically
significantly smaller in ZR and 3D than in TS and LU
(p<0.05).

On evaluating the discrepancy between MG and IG in each
experimental group (=Table 2), there was a statistically
significant discrepancy between MG and IG in LU, ZR, and
3D (p <0.05; ~Fig. 3).

A two-way ANOVA showed no interaction effect between
material and measurement point (p >0.05). There was a
difference in the effect of materials and measurement points
on fitness, as explained by 47.8%. The material (7.93%) was a
more important factor in determining fitness than the
measurement point (35.66%) (~Table 3).

Regarding trueness, a factor of accuracy, the RMS value of
ZR was statistically significantly lower than that of TS and LU
(p <0.05), while no significant difference was identified in
the trueness of 3D compared with that of TS, LU, and ZR
(p>0.05; ~Table 4).

The 3D color deviation maps in =Fig. 4 show the 3D
surface deviation between the reference and measurement
data. Yellow to red areas indicate positive deviation and blue
to dark blue areas indicate negative deviation. The 3D color
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Fig. 3 Marginal and internal discrepancies at each measurement
point according to materials. The same letters indicate no statistically
significant difference by one-way analysis of variance (ANOVA) at
a=0.05. *Statistically significant difference by t-test at a=0.05. 3D,
three-dimensional printing; IG, internal gap; LU, Lava Ultimate; MG,
marginal gap; TS, Tescera; ZR, zirconia.

deviation map of trueness and precision of LU showed more
positive and negative deviations than the other experimental
groups.

On evaluating precision, another component of accuracy,
the RMS value of 3D and ZR was statistically significantly
lower than that of TS and LU, while the RMS value of LU
(65.08 +13.34) was larger than the clinically acceptable
range and showed a significant difference compared with
the other three groups (p < 0.05; =Table 5).

Discussion

This study evaluated the marginal and internal fitness and
accuracy of class Il inlays fabricated by conventional method
using TS, milling of LU and ZR, and 3D printing with NextDent
C&B resin. Differences in marginal and internal fitness and
accuracy were identified among the four experimental
groups (p<0.05). ZR and 3D showed significantly better
marginal and internal fitness and precision than TS and LU
(p <0.05); additionally, ZR showed better trueness than the
other three groups. With TS, ZR, and 3D, the marginal and
internal fitness was < 120 um and the RMS values of trueness
and precision were < 50 um; hence, these three groups were
within the clinically acceptable.?> Therefore, the null hypoth-

Lim et al.

Table 4 Trueness (RMSvalues) of the inner surface of the inlays
made of four fabrication methods

Group Trueness (RMS £ SD) F p

TS 47.06 +14.73° 4.360 0.009
LU 48.97 +17.49°

ZR 33.26 +7.24°

3D 40.86 +4.78%°

Abbreviations: 3D, three-dimensional printing; LU, Lava Ultimate; RMS,
root mean square; SD, standard deviation; TS, Tescera; ZR, zirconia.
Note: Unit, um. The same lowercase letters were not significantly
different by one-way analysis of variance (ANOVA) at a=0.05.

eses that there would be no differences in marginal and
internal fitness and accuracy according to the material
between the four groups and that there would be no differ-
ences between IG and MG in each group were rejected.

LU was introduced as a material that causes less wear of
the opposing dentition, less susceptibility to fracture, better
machinability, and easier repair than other porcelain mate-
rials used for esthetic restorations.”?’ However, a study
compared the internal fitness of inlays fabricated using
four different blocks reported that LU had a mean IG of
186 pm, which was larger than that of Vita Enamic and IPS e.
max (p<0.05). That is why LU had lower hardness and
flexural strength than the other two ceramic blocks, as
such a greater amount of material was removed during
milling, leading to its poor fitness.?

In this study, the LU group showed the poorest marginal
and internal fitness and accuracy among all groups. Although
the MG of the LU group was within the clinically acceptable
range, the IG and RMS value of precision were greater than
the clinically acceptable range.

Although the LU and ZR specimens were fabricated by a
subtractive method using the same milling machine in this
study, ZR showed significantly better marginal and internal
fitness and accuracy than TS and LU (p <0.05), with the
lowest RMS value of trueness among all four experimental
groups. Zirconia materials were designed and milled with
25% extra size to compensate for the 20 to 25% shrinkage
after sintering,?> thereby having better fitness than other

Table 3 Two-way ANOVA considering two factors with the interaction term

Source Sum of df Mean F p
squares squares

Corrected model 121461.523 7 17351.646 12.550 0.000

Material 90653.483 3 30217.828 21.857 0.000

Measurement point 20167.578 1 20167.578 14.587 0.000

Material® 10640.463 3 3546.821 2.565 0.059

(measurement point)

Error 132725.038 96 1382.552

Corrected total 254186.562 103

Abbreviations: ANOVA, analysis of variance; df, degrees of freedom.
Note: R*=0.478.
Significantly different by two-way ANOVA at a =0.05.

European Journal of Dentistry ~ Vol. 17 No. 4/2023 © 2023. The Author(s).
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Fig. 4 The three-dimensional color deviation maps for trueness and precision of four groups. Positive deviation is displayed as yellow to red
colors and negative deviation as blue to dark blue. 3D, three-dimensional printing; LU, Lava Ultimate; TS, Tescera; ZR, zirconia.

Table 5 Precision (RMS values) of the inner surface of the
inlays made using the four fabrication methods

Group Precision (RMS + SD) F p

TS 45.72 +5.68° 101.698 0.000
LU 65.08 4+ 13.34¢

ZR 24.66 +2.35°

3D 20.05+2.01°

Abbreviations: 3D, three-dimensional printing; LU, Lava Ultimate; RMS,
root mean square; SD, standard deviation; TS, Tescera; ZR, zirconia.
Note: Unit, um. The same lowercase letters indicate no statistically
significant difference by one-way analysis of variance (ANOVA) at
a=0.05.

milled materials.” Zirconia blocks were generally overmilled
compared with the reference design, which could be helpful
with the insufficient compensation of shrinkage.?> And the
pre-sintering density of zirconia is 40% of the final density,2®
which is softer than the LU block. Furthermore, latest CAD
software programs were reportedly able to accurately com-
pensate for shrinkage of the block during sintering.’

Factors that may affect the fitness of the prosthesis
fabricated by milling included the material of the block,
milling equipment, milling burr size, and degree of wear of
the burr.8-2%-27 Spitznagel et al mentioned that the power and
torque of the milling device should be modified according to
the type of block during milling.?® Many dental technicians
fabricate dozens of crowns without replacing the burr be-
cause there are no definitive manufacturer guidelines about
changing the milling tool except following tool breakdown
and while milling different materials; the prosthesis fabri-
cated without burr replacement is also considered clinically
acceptable.?! In this study, milling of LU blocks and ZR blocks
was performed without burr replacement.

European Journal of Dentistry  Vol. 17 No. 4/2023 © 2023. The Author(s).

When designing the STL files for ZR, LU, and 3D with the
CAD software, a cement space of 30 um at 1 mm above the
margin was provided as recommended by the manufacturer.
However, for TS, the scanned data of the master die was
converted to the STL files and used as the reference data, and
the specimen was fabricated without cement space.

In this study, unlike the other three experimental groups,
no cement space was provided for TS, nevertheless it showed
larger MG and IG than 3D and ZR (p < 0.05). In TS, the RMS
value of trueness was also larger than that of ZR, while
precision was significantly larger than that of ZR and 3D
(p <0.05). TS may have shown poorer marginal and internal
fitness and accuracy than ZR and 3D, fabricated by the
CAD/CAM method, due to the accumulation of errors during
wax blockout and manual fabrication of the specimens.?’

On comparing MG and IG in the four experimental groups,
three of the experimental groups, except TS in which fabri-
cation was performed without cement space, showed a
statistically significant discrepancy between MG and IG
(p<0.05).

In 3D, the MG and IG were the smallest among all four
experimental groups and significantly smaller than that of
LU and TS (p < 0.05). The precision of 3D was statistically
significantly better than that of LU and TS, with the smallest
RMS value (p < 0.05). The present study supports previous
studies that reported better internal fitness of 3D-printed
restorations than milled from resin blocks.>3%31 The excel-
lent marginal and internal fitness may have been because the
specimens were designed and printed to a larger size to
compensate for resin polymerization shrinkage. The excel-
lent precision may have been due to fewer errors among the
specimens which were 3D printed simultaneously.

Flexural strengths of TS resin, Synfony resin, and LU block,
which are commonly used in clinical practice for aesthetic
inlays, were 84.6, 76.8, and 170.5 MPa, respectively.3%33
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Although the flexural strength of NextDent C&B (114-119
MPa, 2.3-2.4 GPa, respectively) specimens reported by
KeRler et al was lower than that of LU block, it was higher
than that of TS or Synfony resin.” We expect to improve not
only the flexural strength but also other physical property of
3D-printed materials.

This study had several limitations while evaluating the
marginal and internal fitness and accuracy of each experi-
mental group. The same burr was repeatedly used while
milling ZR and LU specimens. Additionally, the TS specimens
were fabricated with no cement space. Although resins for 3D
printing have been approved for midterm use for up to
2 years owing to physical properties>* additional long-
term studies on the properties of 3D-printed resin are
needed to implement the use of 3D-printed inlays for
permanent restoration.

Conclusion

Within the limitations of this current study, it was concluded
that:

1. The MG of all experimental groups was within the clini-
cally acceptable range (<120 um). The trueness and pre-
cision RMS value of the ZR, 3D, and TS groups was within
the clinically acceptable range < 50 pm.

2. The marginal and internal fitness and accuracy of 3D-
printed resin inlays were within the clinically acceptable
range and those of 3D-printed inlays were statistically
significantly better than those of inlays fabricated by TS
and LU, which are widely used in dentistry; 3D-printed
resin inlays have high potential for use in routine clinical
practice for esthetic restoration.
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