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Purpose: To compare the accuracy of 12 different dental restorations fabricated with milling or 3D-printed 
molds and robotically controlled casting. Materials and Methods: Twelve dental restorations (11 inlays and 
onlays and 1 crown) were made per restoration type, one per each of the 12 different teeth models (total 
of 24 restorations). On each tooth preparation, two restorations were manufactured using different CAD/
CAM techniques: (1) milling and (2) robotically controlled casting and 3D-printed molds. In addition, two-
layer restorations were manufactured with 3D-printed molds. The marginal and internal gaps were evaluated 
at 120 points per restoration based on micro-CT 3D imaging. Internal gaps were evaluated using a replica 
technique with silicone. Results: Median values (interquartile ranges) for marginal gaps, middle internal gaps, 
and central internal gaps were significantly lower for 3D-printed mold restorations (44.3 [65.4] µm, 95.4 
[96.2] µm, and 104.6 [78.1] µm) compared to milled restorations (58.4 [93] µm, 145.9 [85.8] µm, and 138.6 
[65.7] µm). Internal gaps in the 3D-printed mold group were 6% to 51% smaller than in the milled group. 
Conclusions: The accuracy of restorations fabricated with 3D-printed molds may be preferable compared 
to milled restorations, except in the case of crown restoration. However, additional studies with a larger 
number of samples and different types of restorations are needed to confirm the results. Int J Prosthodont 
2024;37(suppl):s79–s88. doi: 10.11607/ijp.8236
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In developed countries, direct composite resin fillings are the most frequently used 
material in dental posterior lesions.1 Composite resins consist of fillers (eg, bisphenol-
A-glycidyl dimethacrylate) and other dimethacrylate monomers, which are converted 

into solid polymers during operation by additional polymerization.2 These composite 
resins provide better esthetics than metal alloys, are easily repairable, and can be 
bonded to tooth tissues.3 Polymerization shrinkage remains a major disadvantage of 
composite resin fillings, which causes stress to the filling material and to the bonded 
defect walls and may lead to marginal leakage, discoloration, and sensitivity.4–6 
Volumetric shrinkage values between 1.08% and 4.68% are reported.7–9 The main 
reasons for their failures in posterior regions are fractures and caries.10,11 For more 
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complex indirect restorations, ceramic or metal-ceramic 
materials are often indicated. Compared to direct fill-
ings, indirect restorations involve more invasive tooth 
preparation and higher material costs.12 Providing good 
esthetics, durability, and competitive cost-benefit ratios 
are the future challenges for the development of dental 
restoration materials.

Today, minimally invasive treatment options combined 
with adhesive techniques provide a solution for conven-
tional prosthodontic treatment methods using metal-
free materials.13 Additive manufacturing, also called  
3D-printing technology could be a solution for cost-
effectively manufacturing precisely fitting dental restora-
tions. For this technology, successive layers of material 
are deposited under computer control to create an ob-
ject layer by layer, based on a computer-aided design 
(CAD).14,15 The 3D printing process is either direct or 
indirect. Direct 3D printing means printing the object, 
while in indirect 3D printing, a mold is fabricated using 
the printer and the object is prepared using the mold.16 
Few studies have been published concerning 3D printing 
in the field of dental restorations manufacturing; lithium 
disilicate crowns are printed under laboratory condi-
tions,17 marginal accuracy of 3D-printed ceramic onlays is 
clinically acceptable,18 but the fit of inlays produced from 
3D-printed wax patterns is inferior compared to milling.19 
In contrast to subtractive CAD/CAM technology, the 3D 
printing process offers many benefits: Accuracy is not 
limited to the milling unit’s machining tools, material loss 
is low, and complex structures can be produced from a 
variety of materials.20 Based on the present literature, 
direct 3D printing is still challenging, partly due to the 
material demands.21 Therefore, indirect 3D printing may 
be a viable option by fabricating dental restorations with 
molds corresponding the restoration and robotically con-
trolled casting. With this technique, systematic errors in 
the restoration manufacturing process (such as polymer-
ization shrinkage) can be compensated during the CAD 
process. Furthermore, this technique allows clinicians 
to optimize the roughness of the restoration’s bond-
ing surface and the use existing photocurable, chemi-
cally curable, or dual-curable restorative materials for 
indirect restorations. Generally, automated 3D-printed 
mold–fabricated restorations also provide good repro-
ducibility, minimizing human errors, and the technique 
reduces dentists’ challenging workload in large defects. 
Furthermore, 3D-printing technology might offer a solu-
tion for manufacturing bioinspired dental materials and 
restorations, which are challenging for conventional and 
subtractive techniques.22 

Good accuracy improves the prognosis of an indirect 
restoration.23 The accuracy of the restoration is defined 
as marginal and internal gaps between the restoration 
and tooth, with a smaller gap indicating higher accuracy. 
Internal gap describes the perpendicular distance from 

the restoration’s internal surface to the axial tooth wall. 
The identical measurement at the restoration margin 
is the marginal gap.24 Most investigators use McLean 
and von Fraunhofer’s proposed values to determine a 
clinically acceptable marginal gap (≤ 120 mm).25 Optimal 
gap values range between 25 and 40 mm, based on 
ISO standards and the Council on Dental Materials and 
Devices.26–29 

The aim of the present study was to (1) evaluate the ac-
curacy of 11 composite resin inlay and onlay restorations 
and a crown manufactured by a newly developed manu-
facturing technique with 3D-printed molds and roboti-
cally controlled casting and (2) compare their accuracy 
to milled restorations manufactured with a commercially 
available milling system, based on an in vitro experiment. 
The working hypothesis was that the accuracy of dental 
restorations fabricated with 3D-printed molds are at least 
as good as the accuracy of milled restorations. 

MATERIALS AND METHODS

Twelve different inlay and onlay defects with different 
shapes and one crown were prepared on 12 model teeth 
(Frasaco). Restorations (Fig 1) were manufactured for 
each tooth using milling or 3D-printed molds and roboti-
cally controlled casting30 (n = 12 per restoration type;  
n = 1 per restoration type and specific tooth defect). 

Digital impressions were performed according to the 
manufacturer’s guidelines of the defect and the adjacent 
and opposing dentition. Based on the hardware display 
screen, all details of the defects were clearly captured. 
The digital impressions for the milled restorations were 
captured with an intraoral scanner (Emerald, Planmeca), 
the CAD process was carried out using design software 
(PlanCAD Easy, Planmeca), and restorations were milled 
using an in-lab milling unit (Planmill40, Planmeca) and 
hybrid ceramic blocks (Enamic, Vita). The digital impres-
sions for the 3D-printed mold restorations were captured 
with a different intraoral scanner (Trios 4 Wireless, ver-
sion 20.3.1, 3Shape) and designed in Trios Design Studio 
(3Shape). Restoration files were saved in STL file format, 
a standardized file format for 3D printing. The files were 
imported to a newly developed custom-design software 
(Mould Designer, 3DToothFill, Rayo 3D Biotech) where 
a mold was designed corresponding to the restoration. 
Figure 2 illustrates the software’s different restoration 
preparation steps. The mold included two to three fine 
holes to prevent air pockets in the casting stage. Uniform 
(isotropic) 3% shrinkage compensation was considered in 
the mold design based on a separate set of dental fillings 
prepared for different defects. This shrinkage compensa-
tion provided a generally optimal fit in agreement with the 
typical shrinkage of polymer composite filling materials.7–9 

A customized 3D printer (Inkspire with Z-Suite soft-
ware version 2.15.1, Zortrax) was used to print out the 
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Restoration 
no. Type

Approximate width/
height/depth (mm) Restoration form

1 Four-surface 
onlay 7/6.6/2.5

2
MOD  

(mesio-
occluso-distal)

3.5/8.5/2.8

3 Three-surface 
onlay 3.8/8.2/2.5

4 Approximal 
surface inlay 5.5/7.8/2.5

5 Approximal 
surface inlay 4/7.1/1.6

6 Approximal 
surface onlay 6.4/8.4/3

7 Three-surface 
inlay 5.1/10/3.5

8 Crown 1.2/1/1.2

9 Three-surface 
onlay 7.7/9.8/3.7

10 Approximal 
surface inlay 4.3/8.8/2.2

11 Three-surface 
inkay 4.5/8.6/4.2

12 Two-surface 
inlay 3.7/6/3

Fig 1  The shape and 
approximate dimensions 
of the restorations made 
with milling and 3D- 
printed molds. 
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molds for one- or two-layer restorations using water-
washable biocompatible resin (Raydent SG, Ray). Print 
parameters were selected based on separate tests for 
print surface quality and dimensional accuracy. For print-
ing, the layer thickness was 0.05 mm, and the flat face of 
the mold was against the build plate. The layer exposure 
time was about 5 seconds, and the printing typically 
lasted about 15 minutes. The mold inner surface was 
handled with separating liquid (Very Special Separator, 
DVA) and dried to prevent the restoration material from 
adhering to the mold. Next, a dental robot (3DToothFill) 
manufactured the restoration by well-controlled casting 
of filling material (G-aenial Universal Injectable, GC) lay-
ers into the mold as per the original design specifications. 
The injection pressure was comparable to normal hand 
application with a syringe. Two-layer restorations were 
prepared for tooth model restorations 1 and 5 using 
flowable composite (everX Flow, GC) as a core material. 
After filling the mold with the core material and prelimi-
nary curing, a larger cover was replaced on the mold and 
filled with G-aenial Universal Injectable. After curing for 
10 to 15 seconds, a fully light cured restoration with a 

hardness comparable to manufacturer specifications 
was ready for accuracy testing. Curing was confirmed 
by hardness measurement. 

The accuracy of the restorations was evaluated and 
compared based on radiographic microtomography 
(micro-CT scans; n = 12 per group; 1 per restoration). 
The samples were scanned in plastic tubes (Fig 3) with 
a desktop micro-CT scanner (Skyscan 1172, Bruker). The 
scanning was performed with 100 kVp and 10 W and 
an image pixel size of 7 µm. An Al+Cu filter, equivalent 
approximately to 2 mm of Al, was used to remove low 
energy x-rays. The rotation step was 0.40 degrees, frame 
averaging 4, 180 degrees of rotation, and 20% of beam 
hardening was used. Three contact points were checked 
with 3D inspection software (DataViewer, Bruker) to 
ensure the correct position of the restoration. For the 
3D-analysis of the gap between tooth and restoration, 
the micro-CT data was processed as follows: (1) median 
filtering with a round 3D filter, (2) binarization, and (3) 
removal of random speckles. The 3D analysis of the 
gap distribution and volume was calculated with CT-
Analyzer software (version 1.18, Bruker). The marginal 

Fig 2  The different steps performed to manufacture the two-layer restorations (restoration 1). (a) The restoration’s prominence line is de-
termined in a specific software, allowing a mold split to be designed along that line. (b) The core and surface layer of the restoration is deter-
mined. (c) A mold is designed, including a bottom part (left), one cap for core casting (middle), and another cap for surface layer casting (right). 

a b

c
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gaps of the restorations were measured in 20 uniformly 
spaced sections, in an angle around a single axis. The 
first measuring point was set in the middle of the outer 
edge of the restoration when the image was oriented 
mesiodistally. After each measurement, the section was 
rotated 9 degrees through the transaxial (x–y) plane, and 
the marginal gap was measured at both marginal edges 
with the criteria set by Holmes et al.24 Internal gaps of 
the restorations were measured from the same sections 
as marginal gaps by dividing mesiodistal and buccolin-
gual sections into six parts. The exact measurement point 
was determined by taking a perpendicular distance from 
the dividing line to the edge of the restoration and the 
tooth. Middle and central gaps were measured from 
40 points. In total, each filling had 120 measurement 
points (Fig 4).

The internal gaps of the restorations were also evalu-
ated with a replica technique. The defects were filled 
with a light-body low-viscosity A-silicone (Affinis, 
Coltène), and the restorations were pressed onto their 
corresponding preparation using finger pressure on the 
restoration’s occlusal surface until it met the tooth, and 

the restorations were held in place with maximum finger 
pressure for 2 minutes, which is the total working time 
for the impression material. Excess impression material 
was removed from the outer lines using a disposable 
scalpel (no. 15 blade, B. Braun). The restoration and 
the impression material were carefully removed and 
weighed with an analytical balance (XSE, Mettler Toledo;  
0.01-mg precision scale). Each measurement was re-
peated four times. 

Statistical Methods
Kolmogorov-Smirnov test was used to examine the nor-
mal distribution of micro-CT measurements. Median 
values and interquartile ranges (IQRs) were calculated at 
each measuring point. The statistical differences between 
the micro-CT measurements of milled and 3D-printed 
mold restorations were analyzed using Mann-Whitney 
U test. P < .05 was considered statistically significant. 
Statistical analyses were performed using SPSS (version 
27.0.1.0, IBM). The differences between the measure-
ments of the milled and 3D-printed mold techniques 
were analyzed using t test.

Fig 3  Each restoration was fixed on the 
tooth by wrapping a thin strip of adhesive 
tape around the pair. The samples were then 
placed in a plastic tube, and a light cushion 
was applied on top to prevent movement 
during the imaging. No cement layer was 
present; there was only  an air layer between 
the tooth and restoration.

Fig 4  The marginal gaps of the resto-
rations were determined at 40 points 
around the entire outer edge of the 
restoration. Internal gaps of the res-
torations were measured in the same 
sections as marginal gaps by dividing 
mesiodistal and buccolingual sections 
into six parts. (a and b) The exact mea-
surement point was determined by 
taking a perpendicular distance from 
the dividing line to the edge of the 
restoration and the tooth. (c) Middle 
and central circles indicate the series 
of measurement points. After each 
measurement, the image was rotated 
9 degrees through the transaxial (x–y) 
plane. 

a b

c
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RESULTS

The median marginal and internal gap values obtained 
from the micro-CT measurements are presented in Table 
1. Median values (IQRs) for marginal gaps, middle internal 
gaps, and central internal gaps were significantly lower for 
3D-printed mold restorations (44.3 [65.4] µm, 95.4 [96.2] 
µm, and 104.6 [78.1] µm, respectively) compared to milled 
restorations (58.4 [93] µm, 145.9 [85.8] µm, and 138.6 
[65.7] µm, respectively) (Fig 5). The 3D group had statisti-
cally significantly lower marginal gap values in restorations 
2, 3, 5, 6, 8, and 12; significantly lower middle internal gap 
values in restorations 1, 2, 3, 4, 6, 7, 8, 9, 11, and 12; and 
significantly lower central internal gap values in restorations 
1, 2, 4, 7, 9, 10, 11, and 12. Based on the replica technique 
measurements, internal gaps were 6% to 51% lower for 
the 3D-printed restorations in all defect forms (Table 2).

Table 1  Marginal and Internal Gap Measurements Based on Micro-CT Scans 

Restoration no.

1 2 3 4 5 6

Marginal gap, µm

  Milled 51.1 (58.3) 113.1 (164.0) 80.2 (131.3) 36.5 (72.9) 72.9 (74.7) 109.4 (49.3)

  3D-printed 50.0 (50.0) 64.1 (179.8) 34.8 (46.9) 27.8 (71.2) 34.7 (74.6) 63.9 (63.9)

  P .810 .048* .041* .908 .001* < .001*

Middle internal gap, µm

  Milled 138.6 (43.8) 222.5 (120.4) 164.2 (62.0) 153.2 (109.4) 58.4 (21.8) 167.8 (111.2)

  3D-printed 84.4 (37.5) 99.7 (94.4) 128.5 (93.7) 41.7 (62.5) 100.7 (142.4) 111.9 (133.9)

  P < .001* < .001* .001* < .001* .014 .022*

Central internal gap, µm

  Milled 138.6 (21.9) 222.5 (58.3) 145.9 (36.5) 116.7 (34.7) 65.7 (21.8) 189.7 (34.6)

  3D-printed 87.5 (23.5) 99.7 (33.8) 135.5 (27.8) 55.6 (39.9) 69.5 (121.5) 175.8 (37.9)

  P < .001* < .001* .052 < .001* .321 .162

Restoration no.

7 8 9 10 11 12

Marginal gap, µm

  Milled 43.8 (43.7) 116.7 (297.3) 43.8 (29.2) 54.8 (94.8) 36.5 (36.5) 83.9 (107.6)

  3D-printed 29.9 (44.8) 55.6 (79.8) 59.9 (87.9) 54.2 (86.3) 37.3 (57.9) 46.9 (50.0)

  P .589 .001* .241 .550 .110 .007*

Middle internal gap, µm

  Milled 142.3 (56.6) 193.4 (107.6) 167.8 (36.5) 116.7 (69.3) 127.7 (49.3) 142.3 (87.5)

  3D-printed 89.6 (50.5) 138.9 (100.7) 131.8 (79.9) 91.5 (50.8) 89.6 (43.0) 62.5 (106.3)

  P < .001* < .001* < .001* .099 < .001* < .001*

Central internal gap, µm

  Milled 142.3 (34.7) 218.8 (160.5) 142.3 (21.9) 87.5 (36.5) 109.4 (34.7) 167.8 (36.5)

  3D-printed 74.7 (37.4) 239.6 (241.3) 119.6 (69.9) 121.9 (25.4) 74.7 (37.4) 112.5 (193.8)

  P < .001* .126 .031* < .001* < .001* .014*

Data are presented as median (IQR). 
*Statistically significant difference (P < .05).
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Fig 5  Median values (IQRs) for marginal gaps, middle internal gaps, 
and central internal gaps of all measurement points for all restora-
tions in both groups. **Statistically significant difference (P < .05).
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DISCUSSION

The present study found that the marginal and internal 
fit of restorations fabricated with 3D-printed molds was 
better than those of milled restorations, as the gap values 
were significantly lower for 3D-printed mold restorations 
when all measuring points were considered. Based on 
the replica technique, the 3D-printed mold restorations 
had an average of 27% smaller internal gaps than milled 
restorations.

Minimal marginal and internal gaps are important for 
clinicians; inadequate marginal accuracy of the pros-
thetic restoration can lead to gingival inflammation, 
increased probing depths, bone resorption, and cement 
dissolution.31,32 Other complications related to indirect 
composite restorations are secondary caries and pulp 
inflammation.33 Further, failure loads of ceramic CAD/
CAM crowns decrease when resin cement thickness in-
creases.23 In the present study, the marginal and internal 
gaps of the milled restorations were larger than that of 
3D-printed mold restorations. Multiform onlay restora-
tions 1, 2, 3, 6, 7, 9, 11 in the 3D-printed mold group 
contained complex shapes and long margins, which 
may be challenging for milling technology, resulting in 
a larger gap. In turn, the fit of the milled restorations 
showed better values for the two surface inlay defects (5 
and 10) that were not as complex in shape as the others. 
Further, the milling technique resulted in a better fit for 
crown preparation compared to the 3D-printed mold 
technique. However, it should be noted that the study 
set included only one crown preparation per restora-
tion type. In addition, the mold design parameters and 
printing settings were not fully optimized (eg, related to 

shrinkage compensation), which could be an anisotropic 
factor influencing the isotropic factors herein. Optimal 
nonisotropic shrinkage compensation may provide sig-
nificant improvements in the accuracy of this 3D-printed 
mold technique. Thus, no further conclusion on the 
applicability of the technique for preparation of crowns 
can be made based on the present pilot study. 

The present results are supported by earlier stud-
ies. In a systematic review, marginal and internal fit of 
milled inlays and onlays ranged from 36 to 223 mm and 
from 23 to 407 mm, respectively.34 Based on micro-
CT measurements, other studies found that marginal 
and internal gaps of milled onlays ranged from 35 to  
128 mm and from 53 to 407 mm, respectively.35,36 These 
results are partly above the clinically acceptable limit. In 
turn, clinically acceptable cement space is reported for 
milled ceramic mesial-occlusal-distal inlays, but the fit 
in other forms of defects remains uncertain.37 May et 
al23 suggested that CAD/CAM system manufacturers 
may optimize their milling systems to produce satisfying 
marginal values, as the outer edge of the restoration can 
be easily examined but the internal fit may differ from 
it. This might explain the relatively good marginal fit for 
milled restorations in the present and previous studies, 
though the internal fit was not optimal. In the literature, 
marginal and internal fit for 3D-printed interim crowns 
ranged between 27 and 143 mm and 24 and 217 mm, 
"respectively.38–43 Mean cement film thicknesses of  
320 mm and 620 mm were reported for 3D-printed 
provisional resin veneers and crowns, respectively.44 For 
additively manufactured inlay and onlay wax patterns, 
mean marginal and internal gaps of 39.7 to 86.5 mm and 
82.9 to 91.9 mm were reported, respectively.19,45 Further, 

Table 2  Comparison of Replica Weighted Means Between the Restorations and Abutment Teeth 

Restoration 
no.

Milled 3D-printed

P

Two-layer 3D-printed

P**Mean SD Mean SD Mean** SD**

1 902 9.0 639 57.5 .002* 641 70.51 .05

2 1,515 30.3 744 14.9 < .001*

3 1,535 46. 893 187.5 .005*

4 1,187 47.5 798 95.8 .001*

5 1,234 61.7 994 89.5 .006* 1,125 90 .099

6 2,310 138.6 1,561 171.7 < .001*

7 1,749 122.4 1,206 72.4 < .001*

8 2,593 207.4 2,186 21.9 .029*

9 2,174 195.7 1,700 153 .010*

10 1,433 143.3 1,067 74.7 .080

11 1,188 130.7 1,120 11.2 .375

12 1,012 121.4 852 8.52 .008*

Silicone masses are the original data multiplied by 100,000 (ie, 902 = 0.00902 g). 
*Statistically significant difference (P < .05). 
**Two-layer 3D-printed restorations were compared to milled ones.
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mean marginal gaps ranged from 63.1 to 129 mm  
for direct 3D-printed resin inlays.46 For direct 3D-printed 
resin or metal crowns, marginal and internal gaps were 
between 71 and 111 mm and 101 and 253 mm, respec-
tively.47,48 Compared to previous studies, the results of 
the present study seem promising.

In the present study, the accuracy of the restorations 
manufactured using 3D-printed molds showed better fit 
than milled ones. This may indicate that 3D-printed mold 
restorations could provide a solution for less invasive 
defect preparation in the fabrication of indirect dental 
restorations, as the printing accuracy is not dependent 
on milling burs. Among the clinical advantages, it is 
worth noting that 3D printing can minimize material 
waste compared to conventional milling techniques. 
The 3D-printed molds enable the use of commercially 
available composite resins to manufacture multi-surface 
indirect restorations, which might be more cost-effective 
than traditional techniques. With this technique, the core 
of the mold can be roughened to improve bonding to 
the restorations. In addition, two-layer restorations can 
be manufactured with the presented 3D-printing mold 
technique, which makes it possible to mimic dentin and 
enamel layers, as seen in restorations 1 and 5. This is 
challenging with current manufacturing methods. Fur-
thermore, with the 3D-printing mold technique, polym-
erization shrinkage can be considered during the CAD 
process, and shrinkage compensation of about 2% to 
3% seems to be optimal. While the hardware required 
for 3D-printed mold restorations may incur initial invest-
ment costs, the anticipated technical advantages hold 
significant promise. Controlled mold design with an 
automated casting procedure leads to good reproduc-
ibility in restoration manufacturing. 

The present study used Frasaco model teeth, which 
do not accurately mimic oral conditions. Thus, it is nec-
essary to perform this kind of comparison study with 
human teeth, too. A micro-CT device was selected for 
marginal and internal fit measurements because it pro-
vides a nondestructive method for analyzing gap space 
in any direction or position.49 The technique has been 
successfully used in earlier studies35,36,49–51 and recom-
mended for marginal fit analysis.52 A resolution of about 
7 µm was chosen, allowing quantitative comparisons 
of fit in different locations. For marginal and internal 
gap measurements, 120 measuring points were chosen 
per restoration, as at least 50 measurement points are 
recommended for reliable results.53 There are some un-
certainties  related to the technique; micro-CT sectional 
images are inaccurate if two materials have similar densi-
ties,35 and there may have been bias if the orientation of 
the tooth was not perpendicular. Further, the micro-CT 
analysis does not always determine the shortest distance 
between surfaces at a certain point but rather the dis-
tance in a certain direction. For example, in restorations 

2 and 8, there is a significant variation in the values (ie, 
the orientation of the gap). In those restorations, some 
of the measuring points were in the middle of the gap, 
between the defect wall and the restoration, which 
explains the high IQR values. The actual distance is less 
than the specified “oblique” value. Cementation is re-
ported to increase marginal discrepancy.54 Therefore, not 
including cement may lead to an underestimation of the 
true gaps in a clinical application. However, the same 
measurements were used for both groups so that the 
results could be compared reliably. Gap measurements 
with luting cement could be carried out in future studies. 

The micro-CT data was not normally distributed, so 
IQRs and Mann-Whitney U test were used instead of 
SDs and t test for the replica technique measurements. 
The current study incorporates crown preparation, given 
that achieving a smooth margin in crowns is conveniently 
achievable using a milling system. The intention was 
to examine the impact of 3D mold printing on the ac-
curacy outcomes of currently used indirect restoration 
preparations. This is the rationale behind selecting crown 
restoration, as well as more intricately contoured inlay 
and onlay restorations, as illustrative examples. Because 
this is a pilot study, only one restoration per tooth model 
per group was manufactured. Two two-layer restora-
tions were incorporated to showcase the potential of 
3D-printed mold restorations. The number of the studied 
restorations was relatively low, which is why additional 
studies using larger sample sets and different forms of 
defects are needed to confirm the findings. In a pilot 
study, it is commonly advised to produce a minimum of 
five samples per experimental group. Technical develop-
ments are also needed to improve the usability of the 
3D-printing mold technique. Further studies are also 
needed to determine the optimal shrinkage compensa-
tion and to optimize the surface roughness for bond 
strength. 

Another limitation of the study was that different 
digital imaging, design software, and restoration materi-
als were used for the groups, which may have affected 
the results. As for the imaging and design, Planmeca 
(Emerald and PlanCAD) did not support the mold tech-
nique, but Trios (Trios 4 and Design Studio) did, which 
is why Trios was selected for the 3D mold and robotics. 
The Planmeca system was used for the milled restora-
tions because it includes a milling unit from the same 
manufacturer, enabling a seamless working protocol. 
Trios does not include a milling unit. Additionally, studies 
have shown differences in terms of precision and true-
ness between various intraoral scanners.55,56 This factor 
should be considered when comparing results between 
milling and additive manufacturing. The filling material 
for the 3D-printing mold technique was selected based 
on the commercially available material, which can be lay-
ered, thus simulating the natural structure of the tooth. 
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However, for the milled technique, only homogeneous 
blocks can be used. 

Subsequent studies should utilize an intraoral scan-
ner proficient in STL data extraction with an associated 
milling unit, which will facilitate the establishment of a 
uniform baseline dataset across subtractive and additive 
manufacturing methods. Moreover, it is advisable that 
future research provide a comprehensive synthesis and 
detailed documentation of the preparation design to 
enhance methodologic transparency. Further, micro-CT 
data continues to be a modern reference for assessing 
the accuracy of dental restorations. The use of micro-CT 
software enables the seamless alignment of a scanned 
object with the associated CAD file used in its design.

CONCLUSIONS

Except for the crown preparation, the accuracy of 3D-
printed mold restorations was more favorable than that 
of the milled restorations. Due to the limited sample 
size, any strong conclusions cannot be drawn. Thus, 
additional investigations are needed to confirm these 
findings using a larger set of specimens and different 
types of restorations. 
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