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ABSTRACT
Statement of problem. Selective laser melting (SLM) is a promising additive technology for clinical
practice, but data on dimensional precision assessed by marginal fit combined with stress and strain
investigations of implant-supported fixed partial dentures (FPDs) are lacking.

Purpose. The purpose of this in vitro study was to verify whether the SLM additive manufacturing
technology provides better dimensional precision for 3-unit FPD frameworks than subtractive
manufacturing with soft metal block (SMB) milling and the standard casting technique.

Material and methods. Thirty 3-unit implant-supported FPDs with Co-Cr frameworks were made
by the casting, SMB milling, and SLM methods (n=10). The marginal fit between the framework
and the implant abutment was evaluated with photoelastic (PH) and strain gauge (SG) models.
Stress and strain in the implant-supported system were measured by quantitative PH and SG
analyses after prosthetic screw tightening. Data were subjected to the Kruskal-Wallis test, Mann-
Whitney U test, and Spearman correlation test (a=.05).

Results. The framework manufacturing method affected the marginal fit (P<.001), stress, and strain
values (P<.05). The SLM group showed the best mean ±standard deviation marginal fit (mm) (PH
model: 8.4 ±3.2; SG model: 6.9 ±2.1) in comparison with SMB milling (PH model: 42.3 ±15.7; SG
model: 41.3 ±15.3) and casting (PH model: 43.5 ±27.8; SG model: 41.3 ±24.6) (P<.05). SLM showed
lower mean ±standard deviation stress and strain values (60.3 ±11.6 MPa; 91.4 ±11.1 mstrain) than
casting (225.5 ±142.8 MPa; 226.95 ±55.4 mstrain) and SMB milling (218.6 ±101.7 MPa; 289.7 ±89.3
mstrain) (P<.05). A positive correlation was observed between fit and stress or strain for all groups
(P<.05).

Conclusions. Three-unit FPD frameworks made using the SLM technology showed better
dimensional precision than those obtained with the casting or SMB milling methods. (J Prosthet
Dent 2019;122:38-45)
Fixed partial dentures (FPDs) in
dentistry are usually manufac-
tured by the lost-wax tech-
nique,1-5 and casting procedures
are an affordable option for pa-
tients who need base-metal
restorations.3,5 However, this
conventional technique is com-
plex and time-consuming.6 To
reduce the human factor and
laboratory variables gener-
ated by the inconsistency of
the volumetric and linear
expansion of the materials
used (impression materials,
waxes, gypsum, casting in-
vestments),7,8 computer-aided
design and computer-aided
manufacturing (CAD-CAM)
systems have been introduced
as a promising alternative to
conventional casting tech-
niques.1,3,9-13

CAD-CAM systems can be

classified into subtractive manufacturing (SM) and ad-
ditive manufacturing (3D printing). SM involves the
fabrication of prostheses from block-shaped materials by
using diamond rotary instruments.1,3 One available SM
technology is the milling of a soft metal block (SMB) with
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Figure 1. Master model with dimensions and regions (PM and M)
designated. M, first molar; PM, first premolar.

Clinical Implications
Initial marginal fit, stress, and strain results indicate
that the 3D printing selective laser melting
technology is a promising method for fabricating
implant-supported fixed partial dentures. Further
investigations are warranted to fully clarify the
long-term behavior of the technology for clinical
practice.
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with casted frameworks and showed similar marginal fit
and stress; however, higher consistency was observed for
SMB frameworks, a further advantage of the tech-
nique.3,14,15 An important disadvantage of the method is
material waste due to removing material from a block to
fabricate the framework,3 with up to 90% of the material
being wasted.11

A recently introduced method for prosthesis fabrica-
tion without material waste, selective laser melting (SLM)
additive manufacturing, has shown promising results for
the fabrication of metal restorations.10,12,16-20 The SLM
additive technology is a 3D printing technology that al-
lows for the direct impression of a metal prosthesis by
sintering layers of metal powder, saving production time
by improving efficiency.16,18 The residual metal powder
can be used for future fabrications, thus avoiding material
waste.1,21,22 Previous studies have evaluated FPDs
fabricated by additive manufacturing and compared
some biomechanical parameters with those of cast and/or
subtractive frameworks.10,12,20,23-29 However, only the fit
and fracture properties of copings or FPDs were inves-
tigated, and marginal fit, stress, and strain investigations
of implant-supported FPDs are lacking.

Therefore, the purpose of this in vitro study was to
determine whether implant-supported FPDs with Co-Cr
frameworks fabricated by SLM additive manufacturing
provides better dimensional precision than those made
by SMB SM and casting as evaluated by marginal fit,
stress, and strain evaluations. The null hypothesis was
that no difference would be found in the dimensional
precision of FPD frameworks manufactured by using the
3 different technologies.

MATERIAL AND METHODS

A steel master model (30×20×15 mm) with 2 miniabut-
ment analogs screwed onto 2 drillings placed 18 mm
apart (center to center) was fabricated (Fig. 1). Cast
miniabutment cylinders (Mini-abutment cylinder; SIN-
Sistema de Implante) were screwed onto the analogs of
the master model, and frameworks simulating an FPD of
a mandibular first premolar (PM region) to a first molar
(M region) were formed by using a low-shrinkage acrylic
resin (GC Pattern Resin; GC America Inc). The
Presotto et al
framework was screwed onto the master model, and an
impression (Flexitime Easy Putty Correct Flow; Kulzer
GmbH) was made. This was duplicated to standardize
the framework patterns (n=10). The frameworks were
invested (Gilvest HS; BK Giulini) and cast in Co-Cr alloy
(StarLoy C; DeguDent GmbH) (59.4% Co, 24.5% Cr,
10% W, 2% Nb, 2% V, 1% Si, 1% Mo, 1% Fe, and elastic
modulus of 200 GPa) by the lost-wax casting technique
(cast control group) (n=10). A furnace with a 35 �C/
min increase in temperature was used, and the frame-
works were heated for 30 minutes at 450 �C, 700 �C, and
850 �C. The frameworks were then slowly cooled for 40
minutes, abraded with Al2O3 particles (125 mm and
pressure of 0.55 MPa) (Aluminum Oxide; Renfert Ltd),
and finished and polished by using tungsten carbide burs
at a low speed, except in the margin in contact with the
abutment surface (Fig. 2A).

For the SMB milled frameworks (experimental group)
(n=10), the master model and the assembled master
model/waxed framework were scanned (Ceramill Map
300 Scanner; Amann Girrbach). The CAD files were
imported into the respective software program (Ceramill
map v2.7.05; Amann Girrbach), and the virtual model
was acquired. The frameworks were milled in a milling
machine (Ceramill Motion 2; Amann Girrbach) from Co-
Cr blocks (Ceramill Sintron blocks; Amann Girrbach)
(66% Co, 28% Cr, 5% Mo, <1% Si, <1% Fe, <1%
Mn, <1% C, and elastic modulus of 200 GPa). After being
milled, the frameworks were sintered at 1280 �C for 5
hours in the sintering box (Ceramill Sinter box; Amann
Girrbach) of the sintering furnace (Ceramill Argotherm;
Amann Girrbach). The specimens were finished with
airborne-particle abrasion (125-mm Al2O3 particles;
pressure of 0.55 MPa) (Fig. 2B).

For the SLM frameworks (experimental group)
(n=10), the previously obtained CAD file was converted
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 2. A, Cast frameworks. B, SMB frameworks. C, SLM frameworks.
SLM, selective laser melting; SMB, soft metal block.

Figure 3. A, Photoelastic model. B, Strain gauge model with electric
circuit in one-quarter of Wheatstone bridge. C, Positioning of strain
gauges with strain axis perpendicular to base of model.
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to standard tessellation language (STL) files and trans-
mitted to the SLM equipment (Mlab Cusing 200R;
Concept Laser GmbH). The frameworks were printed by
direct laser metal sintering by using a powdered Co-Cr
alloy (remanium Star CL, Powder 10-40 mm; Concept
Laser GmbH) (60.5% Co, 28% Cr, 9% W, 1.5% Si, <1%
Mn, <1% N, <1% Nb, <1% Fe, and elastic modulus of
230 GPa). The procedure specifications were based on
the standard method recommended by the manufac-
turer: 25 mm of powder layer thickness and 200 W of Yb-
fiber laser powder, with a maximum fabrication speed of
5 cm3/h. Before the frameworks were removed from the
building platform, they were heat treated in a furnace
under argon atmosphere (1150 �C for 1 hour; cooling to
300 �C in the oven). This posttreatment is recommended
by the manufacturer to eliminate the residual stresses of
the printing procedure. Tungsten carbide burs at a low
speed were used to remove the support structures, and
the frameworks were finished with airborne-particle
abrasion (125-mm Al2O3 particles; 0.55 MPa) according
to the manufacturer’s recommendation (Fig. 2C).

After all the frameworks had been manufactured,
photoelastic stress analysis was performed. For the
photoelastic model (PH model) fabrication, impression
transfer copings for miniabutments were positioned on
the master model. The transfers were united by using
low-shrinkage autopolymerizing resin (GC Pattern
Resin; GC America Inc) and a drill. The assembly was
centrally positioned in a circular PVC section (4.5-cm
diameter and 3.5-cm height) fixed on a glass plate by
using utility wax (7 dental wax; Lysanda Produtos
Odontologicos Ltd). The silicone (Silicone Master; Tal-
max Produtos de Protese Dentaria Ltd) was mixed ac-
cording to the manufacturer’s instructions and poured
into the polyvinyl chloride (PVC) tube. After 48 hours,
the impression transfer copings were loosened, and the
master model was removed from the silicone
THE JOURNAL OF PROSTHETIC DENTISTRY
impression. The photoelastic resin (Araldite GY 279 BR
and catalyst Aradur HY 2963; Araltec Chemicals Ltd)
was manipulated for 1 minute at a resin-to-catalyst
proportion of 2:1. The mixture was placed in a pressure
chamber coupled to an air injection tube (5.9 MPa; 20
minutes) for bubble removal. Brånemark standard im-
plants (Tryon external hexagon implant 4.1×11 mm;
SIN-Sistema de Implante) with miniabutments (Mini-
abutment-external hexagon 4.1×2 mm; SIN-Sistema de
Presotto et al



Figure 4. Ten points (red) of interest determined around each implant. A,
Cast framework. B, SMB framework. C, SLM framework. SLM, selective
laser melting; SMB, soft metal block.
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Implante) were tightened on the silicone matrix trans-
fers. The photoelastic resin was slowly poured over the
silicone matrix. After 72 hours, the transfers were
removed, the PH model was obtained, and the trans-
lucency and surface finish were verified, making it
appropriate for analysis (Fig. 3A).

Photoelastic analysis was performed by using a circular
polariscope of horizontal transmission (developed in the
Mechanical Design Lab Henner Alberto Gomide, School of
Mechanical Engineering of the Federal University of Uber-
landia), consisting of two 1/4-retardant wave filters and 2
polarizingfilters, thepolarizer and theanalyzer.Markingson
the polariscope platform were made to standardize the po-
sition of the model during analysis. The frameworks were
tightened to the photoelastic model with a 10-Ncm torque
and the tightening sequence PM-M. A layer of mineral oil
was applied to the photoelastic model to improve the
viewingof fringes.Allmeasurementswereperformedon the
same model. The images were acquired by using a digital
camera (Canon SX50HS; Canon Inc), and the stress values
were quantified by using a specific software program
(Fringes software; Mechanical Design Lab, FMEC, Federal
University of Uberlandia). For this purpose, 10 points of
interest were determined along the entire length of each
implant (Fig. 4). The formula s=KN/2bdwhere K=11.271 N/
mmwas theoptical constant of the photoelastic resin,Nwas
the fringe order, and b=15 mm was the thickness of the
modeldwas used to calculate the maximum shear stress (s)
for each point, yielding the stress average for each region
(PM and M) and the framework ðPM region+M region

2 Þ.
Strain gauge analysis was performed to investigate the

strain induced on the miniabutments. For fabrication of
the strain gaugemodel (SGmodel), a similar transfer set of
photoelastic models was fabricated on the master model.
Modified conical dental implant abutment analogs were
tightened on transfers. A parallelometer was used to place
the transfer and analog assemblies perpendicular to the
base in a silicone matrix with the same dimensions as the
master model. The silicone matrix was filled with Type IV
dental stone cast (Durone IV; Dentsply Sirona) manipu-
lated according to the manufacturer’s recommendations
(19 mL of water and 100 g of powder for 30 seconds in a
vacuum), and 9-mm long analog stems were embedded in
the dental stone cast. Before model fabrication, the analog
stems were abraded with 110-mm aluminum oxide parti-
cles at 0.55 MPa pressure to create a rough surface able to
sustain strain gauge bonding. Two strain gauges (PA-06-
060-BG-350 L; Excel Sensores Ltd) were bonded parallel
to the long axis of the analogs by using cyanoacrylate-
based adhesive (Loctite Super Bonder; Henkel). The
electric circuit was mounted in a one-quarter Wheatstone
bridge with temperature control (Fig. 3B, C). The SG
model was connected to the ADS 2000 (Lynx Tecnologia
Eletronica Ltd), with data processed by using a specific
software program (AqAnalysis 2000; Lynx Tecnologia
Presotto et al
Eletronica Ltd). The tightening of frameworks on the
model followed the same protocol as described for the
photoelastic analysis. The frameworks were tightened on
the model, and the average strain value was obtained with
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 5. Schematic of marginal fit reading.
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a 5-minute interval, beginning 3 minutes after tightening.
All measurements were performed on the same model.
Between analyses, the strain gauges were set to zero to
verify that there was no plastic deformation of the modi-
fied analogs.5

After the stress and strain analyses, the marginal fit
(Fig. 5) was measured with the PH and SG models by
using a 1.0-mm precision microscope at ×120 magnifica-
tion (VMM-100-BT; Walter Uhl), equipped with a digital
camera (KC-512NT; Kodo BR Electronics Ltd) and an
analyzer unit (QC 220-HHQuadra-Check 200; Metronics
Inc). The measurements were performed according to the
single-screw test protocol3,5 by a blinded, calibrated
examiner (A.G.C.P.), where an intraclass correlation co-
efficient of 0.991 (P<.001) was obtained. The frameworks
were placed in the models, the prosthetic screw of the PM
region was tightened to 10 Ncm by using a 0.1-Ncm
precision digital torque meter (Torque Meter TQ-8800;
Lutron), and 2 readings of the discrepancy were ob-
tained for theM region in the buccal and lingual regions of
the abutment, diametrically opposed, at the abutment-
prosthesis interface. The readings were standardized on
the central portion of the miniabutment platform between
the top edge and the prosthetic framework. The procedure
was repeated with the M region, yielding an average fit
value for each region (PM andM) and for each framework,
ðPM region+M region

2 Þ.
The Student t test was performed to evaluate the

reproducibility of the transfer technique by comparing fit
values of the master model and the working models (PH
model and SG model). Data were subjected to the Krus-
kal-Wallis test to investigate the influence of the frame-
work manufacturing method on the fit, stress, and strain
values. The Mann-Whitney U test was used to compare
the groups in pairs. The Spearman correlation test was
used to evaluate the correlation between fit and stress or
strain data. Analyses were conducted by using a specific
software program (IBM SPSS Statistics, v21.0; IBM Corp)
(a=.05). The effect size of each test was determined sta-
tistically according to the Mann-Whitney U test (r>0.846).

RESULTS

No significant differences were found in the marginal fit
between the models (master model-PH model: t=−0.556;
df=58; P=.580; master model-SG model: t=−0.312; df=58;
P=.756; PH model-SG model: t=−0.261; df=58; P=.795;
Student t test). The framework manufacturing method
affected the fit values (P<.001; Kruskal-Wallis test). The
SLM group showed the best levels of mean ±standard
deviation marginal fit (mm) (PH model, 8.4 ±3.2; SG
model, 6.9 ±2.1) (P<.05), and no difference was observed
between the SMB milled (PH model, 42.3 ±15.7; SG
model, 41.3 ±15.3) and casting groups (PH model, 43.5
±27.8; SG model, 41.3 ±24.6) (P>.05) (Fig. 6).
THE JOURNAL OF PROSTHETIC DENTISTRY
A significant influence of the framework
manufacturing method on the stress and strain values
was noted (P=.001, Kruskal-Wallis test). The SLM group
showed the lowest mean ±standard deviation stress and
strain levels (PH model, 60.3 ±11.6 MPa; SG model, 91.4
±11.1 mstrain) (P<.05) (Fig. 6). No difference in mean
±standard deviation stress values was found between the
SMB milled (PH model, 218.6 ±101.7 MPa; SG model,
289.7 ±89.3 mstrain) and casting groups (PH model, 225.5
±142.8 MPa; SG model, 227.0 ±55.4 mstrain) (P>.05)
(Fig. 7). Positive correlations between stress or strain and
marginal fit were observed for all interactions (Table 1).

DISCUSSION

The findings of this study revealed that the dimensional
precision of FPD frameworks depends on the
manufacturing method. Thus, the first null hypothesisd
no difference would be found in the dimensional preci-
sion of FPD frameworks manufactured by using the 3
different technologiesdwas rejected. FPDs frameworks
made by SLM technology showed lower levels of mar-
ginal fit, stress, and strain. Also, the variations of mar-
ginal fit, stress, and strain values in the SLM group were
lower, suggesting a higher reliability of the technology,
than in the casting and SMB milled groups.

One possible reason for the improved dimensional
precision and reliability of frameworks fabricated by the
SLM technology is the achievement of 100% of the
material’s density at the final printing procedure.21 In this
study, posttreatment heat was applied to reduce the
stresses in the SLM frameworks (1150 �C for 1 hour), and
the full density of the material was achieved before this
step. However, the full density of SMB frameworks was
achieved only after the sintering step (1280 �C for 5
hours), which can induce shrinkage of up to 11%.3 The
shrinkage modifies the dimensional configuration of each
framework differently, generating a within-group differ-
ence at the final procedure, and could explain the higher
data distribution in the SMB group. The sintering step of
Presotto et al
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the SMB has previously been reported as a reason for the
fit similarity of the SMB technique with that of casting 3-
unit FPDs.3,5 Also, the similarity between the techniques
can be explained by the presence of a premachined base
of the cast cylinders that improves the framework fit. This
feature makes the casting technique the gold standard.
For this reason, the cast group was used as a control
group in the present study.

Another reason in support of the superior dimensional
precision of SLM frameworks is the different elastic
modulus of alloy materials among the groups. Despite the
fact that all frameworks were made with Co-Cr alloy, to
isolate the influence of manufacturing methods, the alloy
used for each system had specific compositions and
properties, such as different elastic modulus values. Ma-
terials with higher elastic moduli are more resistant to
deformation, resulting in lower stress transmission to the
system.13 Thus, the higher elastic modulus of the SLM
Presotto et al
alloy can explain the lower stress and strain data found in
photoelastic and strain gauge analyses.

Both stress analyses allowed for the investigation of stress
and strain parameters in the implant-supported system,
except in the framework. The analysis could be performed by
bonding the strain gauges on the frameworks, but it could
introduce bias into the results because of the differences in
positioning among the frameworks. Also, the bulk of the
frameworks could lead to an inadequate measurement of
strain.5 Finite element analysis could provide stress data
located inside the frameworks; however, the actual frame-
works, in terms of porosity and density, cannot be accurately
reproduced with this methodology. Despite the absence of
information about stresses located in the frameworks, the
indirect investigation of other components of implant-
supported systems may suggest framework behavior.

In addition to the full-density achievement of SLM
frameworks and their higher elastic modulus, the lower
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 1. Spearmann correlation analysis between marginal fit and stress
or strain as function of framework manufacturing method for both
photoelastic and strain gauge models

Framework Manufacturing Method

Marginal Fit/Stress-Strain
Correlation

r Pa rb Pa,b

Casting

Photoelastic model 0.915 <.001 0.883 .002

Strain gauge model 0.891 .001 0.867 .002

SMB

Photoelastic model 0.903 <.001 0.883 .002

Strain gauge model 0.806 .005 0.733 .025

SLM

Photoelastic model 0.930 <.001 0.904 .001

Strain gauge model 0.902 <.001 0.865 .003
aSignificant P<.05 level (2-tailed). bCorrelation values excluding outliers depicted in Figures 6
and 7 as red dots.
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stress and strain values are also directly affected by their
improved marginal fit because a positive correlation be-
tween stress or strain and marginal fit was observed,
corroborating previous findings.3 Studies comparing
conventional casting and SLM technology also showed
better marginal fit levels for the SLM technology for
metallic copings16,20 and FPDs.10,12,17 Also, the present
results are consistent with a previous fit investigation of
implant-supported FPDs that reported better accuracy of
the SLM technique than milling or conventional casting
using Co-Cr alloy for 3-unit and 4-unit designs.29 A more
complete investigation of the marginal and internal fit of
cemented Co-Cr 3-unit FPD frameworks made by SLM,
conventional casting, and milling showed that the SLM
technique was better than the milling method, corrobo-
rating the present findings.19

The superiority of the SLM technique in this study is
also justified by the fact that there is no need for drilling
compensation during the CAD file processing, which is
needed for the SMB milled group.19 This is because the
smallest milling burs used had a 1.0-mm diameter, so the
scanner software created a space on the internal straight
angles to obtain access for them. The effect of this
compensation was even more pronounced for cemented
prostheses, leading to higher cement film thickness.19 For
implant-supported frameworks, evidence suggests that a
more intimate prosthesis cylinder-to-abutment contact
implies the higher stability of the implant-supported
system.5 Thus, a promising long-term behavior of SLM
frameworks under the influence of dynamic loading may
be predicted because there is no need for drill compen-
sation with this technology; however, future in-
vestigations of internal fit and its correlation with
marginal fit, stress, and strain variables after longer pe-
riods of simulated clinical use are required.

In the field of prosthodontics, new technologies are
based on the premise of achieving higher quality pros-
theses. For 3-unit FPD frameworks, initial fit, stress, and
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strain results indicate that 3D printing SLM technology is
a promising clinical option with reliability, improved fit
levels, and, consequently, lower stress and strain trans-
mitted to the implant-support system. However, the
long-term performance of SLM frameworks cannot be
determined, and research simulating longer clinical use is
needed to clarify the influence of dynamic loading on the
analyzed variables. Also, future research comparing other
CAD-CAM systems and materials is necessary. Further-
more, longitudinal follow-up of implant-supported
prosthetic rehabilitations with 3-unit FPDs fabricated by
the evaluated manufacturing methods could support the
long-term safety and efficacy of using the SLM tech-
nology in clinical practice.

CONCLUSIONS

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

1. The dimensional precision of 3-unit FPD frame-
works is affected by the manufacturing method.

2. Three-unit FPD frameworks made by the SLM
technology showed superior dimensional precision.
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