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Purpose: This in vitro study evaluated the adaptation of cobalt-chromium (Co-Cr) fixed dental prostheses 
(FDPs) fabricated by selective laser melting (SLM) with different build angles. Materials and Methods: 
Maxillary right first premolars and first molars from a typodont were prepared with 1-mm chamfer, 2-mm 
occlusal reduction, and total taper of 8 degrees to receive three-unit FDPs. After framework design, data were 
sent to a laser machine, and 30 specimens were fabricated from Co-Cr metal powder by SLM. Specimens 
were assigned to three groups (n = 10 per group) with different build angles of 0 (A0), 30 (A30), and 45 
(A45) degrees. Marginal and internal fit were evaluated. Results were compared among build orientation 
groups and abutments. Data were analyzed using the Levene test, t test, and analysis of variance (α = .05). 
Results: A statistical difference was found between different angle groups (P = .015). At the abutment 
level, a significant difference was found in the gap values between build orientation groups for the molars 
(P = .048). Group A0 reported the smallest mean discrepancy values, and group A45 the highest. Statistical 
differences were found between group A45 and groups A0 (P < .001) and A30 (P < .024). Conclusions: 
The fit of printed metal FDPs was affected by the build orientation but remained clinically acceptable.  
Int J Prosthodont 2024;37(suppl):s41–s47. doi: 10.11607/ijp.8343
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Compared to the conventional lost-wax technique, CAD/CAM systems are less 
dependent on the dental technician’s skills and have fewer operator procedures 
and reduced processing time and production costs.1–5 CAM systems include 

subtractive milling and additive manufacturing (AM). The most commonly used addi-
tive technology to produce cobalt-chromium (Co-Cr) and titanium alloys structures is 
the powder bed fusion technology, which includes selective laser sintering, selective 
laser melting (SLM), and electron beam melting.6 

In the SLM process, the piece is built following a build direction, fixed as the  
z axis. The process starts by slicing the 3D CAD design in a 2D contour in the x-y 
plan at each level of the build axis. From this 2D contour, a slice thickness is added 
cumulatively at the successive slicing plans.7 A laser is scanned on metal powders 
(particle size: 20 to 60 μm) to generate a layer of products following the sliced 
data.8 The alloy powders are completely melted using CO2 or Nd:YAG lasers in 
argon or nitrogen inert chamber.9 This sequence continues until the production 
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of a near-net-shape of the designed structure. Free-
form shaping can be achieved without any mold and 
beyond the limitations of the cutting tools, allowing 
the fabrication of dental restorations with complex 
geometries.10 Although reduced material waste and 
lightweight designs have been appreciated,11–13 draw-
backs like reduced construction framework scale, slow 
building speed, and uncertain dimensional precision 
have also been raised.4 Moreover, construction design, 
process parameter settings, and postprocessing proce-
dures need time and effort.14,15 Many aspects of this 
technology (like part accuracy, processing cost, and 
product mechanical properties) remain challenging,16 
and variations in product characteristics are related to 
the process settings.14,17–20 Major parameters—such as 
slice thickness, build axis, thermal errors, and support 
structures—can affect the object accuracy.7 

Co-Cr alloys are preferred for the fabrication of met-
al frameworks because of their good biocompatibility 
and exceptional mechanical properties.21 In fixed dental 
prosthess (FDP) construction, an adequate adaptation is 
crucial for abutment preservation, periodontium health, 
and clinical longevity. A microleakage may occur from 
increased marginal discrepancy, leading to cement dis-
solution, secondary caries, bacterial growth, and peri-
odontal disease.22 Customized dental prostheses have 
been produced with a fit equivalent to that of traditional 
cast restorations.22–25 

The key constraint in AM is achieving an accurate 
object. The build direction, which is an important AM 
parameter to be set before the manufacturing start, 
will affect the tolerated errors, consumed energy, and 
needed volume of support structures,26 with differences 
in the final product properties.16 The building orientation 
influences the printing time resulting from variations in 
the number of layers between the selected directions.27 

The chosen build angle should require the least num-
ber of support structures with minimal finishing and 
polishing time.28 The shrinkage between layers is also 
dependent on the build orientation,29 influencing the 
mechanical properties of the final product.30 Limited 
data have been provided regarding the adaptation of vat 
photopolymerized products,31–33 but not in SLM metal 
FDP manufacturing. Thus, the objective of this in vitro 
study was to evaluate the influence of build orienta-
tion parameter on the fit of Co-Cr multi-unit prostheses 
fabricated by AM. The null hypotheses were: (1) the 
different build angles would not lead to prostheses fit 
difference; and (2) the adaptation would be related to 
the abutment preparation. 

MATERIALS AND METHODS

The maxillary right first premolar and first molar from a 
typodont model (A3, Frasaco) were prepared to receive 
three-unit FDPs, with a 360-degree 1-mm chamfer, 
2-mm occlusal reduction, and 8 degrees total taper.34 
The dies were scanned with a scanner (Ceramill Map 
400, Amann Girrbach), and the framework design was 
done by using a software (Ceramill Mind, Amann Gir-
rbach), setting the connector cross-section at 9 mm2, 
the wall thickness at 0.6 mm, and the cement space at 
30 µm at 1 mm above the margin.15 The initial design 
was cut back to allow a ceramic layering of 1.5 mm.  
The data were transferred to a printing machine (SLM 
100, ReaLizer) for specimen production via a metal 
powder (Mediloy S-Co, Bego). The printing parameters 
were set as follows: a scan speed of 7 meter/second, a 
focus diameter of 40 µm, a Yb-fiber laser power with 
a wavelength between 1,060 and 1,100 nm, a laser 
power output of 200 W, and a surface power density of  
25 kW/mm2 under nitrogen gas (Fig 1).35–37 The same 
printing parameters were used for all 30 dies, but three 
different build angles were used (10 dies per angle 
group): build orientation of 0 degrees (group A0), build 
orientation of 30 degrees (group A30), and build ori-
entation of 45 degrees (group A45). In the 0-degree 
frameworks, the FDP occlusal surface was parallel to the 
platform; whereas for the 30- or 45-degree frameworks, 
these surfaces were rotated by 30 or 45 degrees, respec-
tively, along the prosthesis long axis (Fig 2).31 

The internal residual stress of the frameworks was 
relieved using a furnace (LT 15/12/P330, Nabertherm) 
at 650ºC. The temperature was increased to 800ºC 
within a span of 12 minutes and held for 15 minutes, 
then cooled down within 15 minutes to 550ºC. The 
specimens were removed for further processing when 
the temperature was below 550ºC (Fig 3).36  

The marginal and internal fit of frameworks was mea-
sured using the silicone replica technique.31 A light-body 
silicone (Aquasil Ultra light, Dentsply Sirona) was applied 

Fig 1  Schematic presentation of the selective laser melting process. 
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in the copings intaglio, which were directly placed on 
the metal die with a compression force of 40 N applied 
on the pontic central fossae.38 After complete polym-
erization, the copings were removed with the adher-
ent light body. A medium-body material (Aquasil Ultra 
medium, Dentsply Sirona) was then added to support 
the silicone light body. The replica process was redone 
when any flaw was found within the silicone film. The 
prepared silicone was segmented with a razor blade in 
the mesiodistal and buccolingual planes, at the central 
fossae deepest point, using a prepared acrylic resin guide 
(Unifast, GC). 

One operator (E.E.D.) measured the discrepancies us-
ing a stereomicroscope (SZX-ZB7, Olympus) with a built-
in measuring program. Measurements were performed 
on digital images at ×20 magnification. A total of 18 
locations were measured (M1 to M9), in the mesiodistal 
and buccolingual planes for both abutments.5 The mar-
ginal measurement value was considered as the mean 
of M1, M2, M8, and M9; the axial value as the mean 
of M3 and M7; and the occlusal value as the mean of 
M4, M5, and M6 in all planes. An intraclass correlation 
coefficient test of .969 was found. 

A power analysis determined the sample size to be 
8.98 at 99% power.37 The discrepancy values between 
the materials and the abutments were compared using 
Levene test and t test (SPSS version 23.0, IBM). Analysis 
of variance and Bonferroni correction were used for 
multiple pairwise comparisons. Equality of variances was 
assessed with Levene test (α = .05 for all tests).

RESULTS 

The difference between groups was statistically different 
(F = 4.367, df = 2, P = .015), but not between abutments 
(F = .632, df = 1, P = .428). The difference was signifi-
cant among molars (F = 3.219, df = 2, P = .048), but 
not among premolars (F = 2.166, df = 2, P = .125), with 
a mean fit value of 108 ± 28 µm for the molars and of  
104 ± 16 µm for the premolars (Table 1). The biggest 
mean gap was found in group A45, and the smallest 
gap in group A0 (Table 2). Statistical differences were 
reported between groups A0 and A45 (P < .001) and 
between groups A30 and A45 (P = .024) (Table 3). Figure 
4 shows the estimated gap in means in the different 
measured regions and abutments. 

Fig 2  Schematic drawing of the designed frameworks with differ-
ent build angles (0, 30, and 45 degrees) of the occlusal planes to the 
building platform plane. 

Fig 3  A printed fixed partial denture fixed on its abutment model. 

Table 1  Comparison Between Groups for Each Measured Location

M1 M2 M3 M4 M5 M6 M7 M8 M9

Build angle groups

  A0 38 ± 5 59 ± 4 68 ± 4 128 ± 6 178 ± 8 156 ± 10 79 ± 4 70 ± 5 54 ± 5

  A30 59 ± 5 56 ± 4 76 ± 4 136 ± 6 169 ± 8 166 ± 10 82 ± 4 87 ± 5 82 ± 5

  A45 64 ± 5 70 ± 4 95 ± 4 160 ± 6 195 ± 8 160 ± 10 99 ± 4 82 ± 5 92 ± 5

P .002 .083 .001 .012 .179 .824 .023 .128 < .001

A0 = 0-degree angle; A30 = 30-degree angle; A45 = 45-degree angle; M1–M9 = different measured locations. 
Data are presented in µm as mean ± SD. 
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DISCUSSION

The results of this study indicate that the metal frame-
work fit was related to the build orientation, and thus 
the first null hypothesis was rejected. Authors have 
mainly evaluated the fit of FDP resin casting patterns 
with different build orientations.27,31,39 The present find-
ings are consistent with previous conclusions in printed 
provisional crowns where the 0-degree build orienta-
tion had the optimal fit.31,32 Zero- and 30-degree build 
angles have been recommended for better marginal and 
internal fit,32 but another study recommended 30 or 45 
degrees.39 These conclusions confirmed that the build 
angle influenced the structure characteristics,32,39–42 

with statistical differences in the marginal and internal fit 
and variations in build support, finishing, and polishing 
time and effort.33,40 

The build orientations were chosen based on a previ-
ous study.31 Comparison with other studies was difficult 
because the other authors have only worked on resin 
and casting patterns.31,32,39 In the present study, the 
45-degree build orientation produced discrepancies sig-
nificantly greater than those of the other groups, which 
is consistent with other findings.31,39 The marginal gaps 
generated by the three groups were clinically accept-
able,39 whereas in a previous study, only the 0-degree 
casting patterns had values < 120 µm.31 Laser penetra-
tion may vary with build orientation.41 In group A45, 

Table 2  Estimated Mean Gaps from Build Angle Groups

Build angle groups Mean SE

95% CI

Lower Upper

A0 92.6 µm 4.5 µm 83.5 µm 101.6 µm

A30 106.0 µm 3.7 µm 98.6 µm 113.4 µm

A45 112.4 µm 3.7 µm 105.0 µm 119.8 µm

A0 = 0-degree angle; A30 = 30-degree angle; A45 = 45-degree angle; SE = standard error.

Table 3  Multiple Pairwise Comparisons to Measure Gap for Techniques, Based on Observed Means

Angle I Angle J
Mean  

difference (I–J) SE P

95% CI

Lower Upper

A0 A30 –9.1 µm 4.1 .093 –17.1 µm 1.2 µm

A0 A45 –20.3 µm 5.3 < .001 –3.2 µm –9.1 µm

A30 A45 –11.2 µm 4.2 .024 –12.1 µm –1.3 µm

A0 = 0-degree angle; A30 = 30-degree angle; A45 = 45-degree angle. 
The mean difference is significant at the .05 level. 
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Fig 4  Comparison of fit be-
tween build-orientation groups 
in the different measured re-
gions. A total of 18 measure-
ments were performed on 
mesiodistal and buccolingual 
planes (9 measurements [M1–
M9] per plane) for both abut-
ments. Marginal = mean of M1, 
M2, M8, and M9; axial = mean 
of M3 and M7; occlusal = mean 
of M4, M5, and M6. A0 = 0- 
degree angle; A30 = 30-degree 
angle; A45 = 45-degree angle; 
MM = maxillary right first molar 
model; MP = maxillary right first 
premolar model.
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during the construction of the buccal wall of the speci-
mens, excessive polymerization may have occurred that 
necessitated a framework tilt during insertion.31 

Several process parameters—including slice thick-
ness, build orientation, support structures, and hatching 
pattern—have played a major role in the final product 
quality and accuracy.7,43 Build orientation may help to 
overcome the limited build platform size and slow build 
rate and can reduce the postprocessing procedures.4 The 
build angulation may be set manually or automatically 
using different algorithms,44 taking into account the 
printing time and the amount and area of support.45 
In the AM process, normally the layer in construction is 
supported against gravity by the previously polymerized 
layer. Some regions of the newly deposited layer may 
be overexposed, presenting an overhang area opposite 
to the build direction. The gravity effects may induce 
a deformation of the overhanging walls and affect the 
marginal fit.31 Different overhang areas may result from 
different build orientations, with additional support 
structures and increase in material quantity, build time, 
process cost, and surface quality deterioration in contact 
with support regions.16 Attaching build structures in-
creases the build time,32 with the shortest time required 
for the 0-degree build orientation.31 Depending on the 
geometry of the object, the surfaces forming an angle 
with the long axis between 0 and 30 degrees must be 
supported; whereas surfaces with bigger angles can be 
self-supported,33 with a variation in dimension related 
to the support configuration.40 In the 0- and 30-degree 
angles, the margins were supported; this can explain 
the significant difference found with the results of the 
45-degree angle in the present study. If a 90-degree 
angle was considered, the opposite margins of the ones 
supported by the platform will be in an overhang posi-
tion, where maximum deviations have been found.33 

The surface roughness of the SLM products may be 
influenced by the building direction and the choice of 
support.2 With the product’s surface quality determined 
by the layer-by-layer apposition,46 the metal powder–
based process encounters several challenges, includ-
ing trying to reduce the staircase effect with a poor 
surface finish and using minimal support structures for 
the overhanging regions.7 Each layer addition results 
in complex time-dependent temperature profiles, with 
frequent thermal cycling affecting the material micro-
structure.47 During the AM process, the upward-facing 
surfaces are totally exposed to the laser beam, and the 
heat can be dissipated through the layers underneath 
the top one.2 Subsequently, the metal powders can be 
totally molten. For downward-facing surfaces touching 
the powder bed, an overheat occurs from the poor heat 
transfer of the unmelted powders. When the melt pool 
solidifies, the unmelted powders may adhere to the 
downward-facing surfaces, leading to a higher surface 

roughness.48 Precipitates have been observed along the 
build direction. Increasing the inclination angle of the 
downward-facing surface may produce smoother exter-
nal surfaces49 but rougher internal surfaces. Throughout 
the SLM procedure, the remaining unmelted underly-
ing metal powder is sintered to the AM object surface. 
Consequently, partially molted powder can be found on 
the metal surface. This can explain the higher gap values 
associated with increased build angle, where some of 
the crown’s intaglio surface became downward-facing 
surfaces. Different volumetric errors and surface qualities 
may have resulted from different build directions with 
different stair stages.7 It is still technologically impossible 
to overcome the volumetric error resulting from the 
mismatch between the nominal and real surfaces, with 
some deterioration in the surface quality.50 Differences 
between a designed and final product have been also 
encountered due to several drawbacks like the stair-
stepping effect.16 Mechanical, chemical, sandblasting, 
machining, or laser polishing postprocessing procedures 
have been proposed to modify the object surface.4,51 

Temperature fluctuations during production may lead 
to high internal tension, which alters the product accu-
racy.52 A heat source is used to selectively melt material 
in the layer with the help of a scan strategy. This may 
induce alternative compressive and tensile stresses in the 
successive layers, with a complicated stress distribution 
related to temperature variations within the layer.7 The 
residual stress distribution is correlated with the process 
parameters, the geometry of the printed object, and the 
building orientation. The latter will influence the stress 
distribution because of the changes in the boundary 
orientations. The 0-degree design, built with greater 
area in contact with the building platform, has resulted 
in lower residual stress levels.53 A postprocessing heat 
treatment is needed to relieve the internal residual stress 
resulting from process thermal gradients. 

The framework fit was not dependent on the abut-
ment form, and thus the second null hypothesis was 
rejected. However, the adaptation differed among differ-
ent locations on the molars, which is onsistent with other 
findings.11,15,54 This difference has not been statistically 
significant in the marginal fit on premolars and molars.55 
Acquisition quality and digital data processing can affect 
the prosthesis fit.25,55 A marginal gap of 120 μm has 
been considered clinically permissible,56 but it can range 
between 100 and 150 μm.57 The prosthesis retention and 
resistance may be affected by the internal fit,58 whereas 
the occlusal gap is usually larger compared to the other 
measured areas.59 A larger cement space would have 
overcome the small differences found among the pros-
theses adaptation.31 The occlusal and incisal gaps have 
been 1.5× to 5× greater than the predefined cement 
space in 3D-printed interim crowns.32,60,61 However, the 
axial gap acts differently, with values sometimes smaller 
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than the cement space.61 Errors in standard tessellation 
language file splitting and pattern shrinkage have been 
blamed, with an imperfect fit necessitating increased 
cement space for better adaptation.40,61 

Major sources of errors (such as container effect, stair-
case effect, overcure, tessellation, number of build lay-
ers, sharp corners, distortion, and shrinkage) during the 
AM build process have been acknowledged.62,63 Build 
time, energy consumption, and material utilization may 
be considered proportional to the build height, taking 
into consideration the setting program.16 A limitation 
of the present study was that only one dental alloy and 
one laser melting machine, with selective build angles, 
were used in the FDP fabrication. Additional research is 
needed to assess the effect of different parameters on 
the prostheses fit, where different results may be ob-
tained. However, evaluating several parameters within 
the same study can make conclusions difficult. 

CONCLUSIONS

Based on the findings of this in vitro study, the following 
conclusions were drawn:

1. The build direction affected the marginal and internal 
fit of the Co-Cr prostheses fabricated by SLM.

2. Clinically acceptable marginal fit was found for the 
different build orientations.

3. The prosthesis adaptation differed among different 
locations on the molars.
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