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Objective: The purpose of this study was to measure the surface roughness and compare
the fit of a cobalt-chromium selective laser-melted removable partial denture framework
and a titanium binder jetting removable partial denture framework.

Materials and methods: A design for a removable partial prosthesis framework was
made using 3Shape software, and thereafter, one framework was additively manufactured
in cobalt-chromium with selective laser melting and one in titanium using binder jetting
technology. The weight of the frameworks was measured, and the surface parameters Sa,
Sds, and Sdr were measured by white light interferometry. The fit of the frameworks was
analyzed using visual inspection and the pressing test.

Results: The weight of the frameworks in their post-printed state was 15.66 g and 7.43 g
for cobalt-chromium and titanium, respectively. After finishing and polishing, the cobalt-
chromium framework’s outer surface showed a high shine and smooth surface, with lower
values in the Sa and Sdr parameters. The visual inspection showed gaps in the titanium
framework, and the pressing test detected movement greater than 0.5 mm for the same
material.

Conclusion: The Ti framework showed higher surface roughness and was left with a
lackluster finish after polishing. Also, the fit of the Ti framework was not clinically
acceptable. The additive manufacturing binder jetting technology for titanium needs
improvement or an adjustment of the settings to be used for clinically removable partial
dentures. The cobalt-chromium framework manufactured by selective laser melting
showed an acceptable clinical fit and surface roughness.

Keywords: denture, partial, removable, titanium, cobalt, chromium. additive manufacturing

INTRODUCTION

Metal frameworks for removable partial dentures (RPDs) have traditionally been fabricated using the
lost-wax technique, which is a laborious, manual, and material- and time-consuming process that
involves several steps where errors are prone to occur (Rudd and Rudd, 2001; Lima et al., 2014).
Computer-aided design/computer-aided manufacturing (CAD/CAM) technology for the fabrication
of fixed dental prostheses is well-developed and has been used in dentistry for more than 30 years
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(Miyazaki et al, 2009). For the fabrication of RPDs, this
technology is relatively new. The development of CAD/CAM
technology in the field of RPDs was, in the beginning, limited due
to the lack of dedicated software that could support digital
surveying and design in CAD, and by the lack of an
appropriate manufacturing technique (Williams et al.,, 2004).
In the fabrication of metal frameworks for RPDs that include
components with complex shapes that must be thin, the
subtractive method is not a suitable choice. It is not easy to
cut the complicated shapes and/or undercut areas. Milling of hard
metals requires heavy cutting forces for efficient material
removal. These cutting conditions cause excessive vibration
and exert thermal and mechanical stresses on the workpiece,
which can contribute to dimensional distortion, especially on thin
parts. Additive manufacturing (AM) has the advantage of being
able to produce large objects with surface irregularities,
undercuts, voids, and hollow morphology, which makes it
more suitable for manufacturing metal RPD frameworks. The
passive nature of the manufacturing technique, due to the lack of
force application and vibration of the machine during the
production of the workpiece, allows the production of delicate
and thin structures. The amount of wasted raw material in this
technique is also much lower than that in the subtractive
technique (Abduo et al,, 2014; Lima et al, 2014; Barazanchi
et al, 2017; Ohkubo et al., 2017). A problem with the AM
technique for the fabrication of dental metal objects is that the
printed objects are left with a much rougher surface than objects
manufactured by either subtractive or lost-wax techniques
(Fernandez et al., 2014; Ohkubo et al, 2017). The surface
roughness varies between different AM processing techniques
but is also influenced by processing parameters used during the
build process (Hong et al., 2016; Fousova et al., 2018).

In recent years, research and development of specific software
for the designing of RPDs together with evaluation of AM
techniques for fabricating RPDs has made it possible to design
and manufacture RPD frameworks by CAD/CAM (Lima et al.,
2014). The design in CAD offers advantages such as automatic
determination of a suggested path of insertion, almost instant
elimination of unwanted undercuts, and the making of a virtual
pattern in a much faster time than is achieved using the
traditional lost-wax technique (Han et al., 2010).

The first metal frameworks of removable partial dentures
produced by the design in CAD and AM techniques used
additively manufactured epoxy-based and acrylate-based
polymer sacrificial patterns. The sacrificial patterns were
invested and cast (Williams et al., 2004; Eggbeer et al,, 2005). It
was found that stereolithography (SLA) was the most suitable
choice of the additive process for the fabrication of a sacrificial
epoxy-based resin pattern that produced satisfactory casting results
(Eggbeer et al., 2005). Further development of CAD/CAM and
additive technologies in RPD framework fabrication was achieved
by omitting the casting stage. The direct manufacturing of an RPD
metal framework in a cobalt-chromium alloy (CoCr) was produced
directly from CAD data and selective laser melting (SLM)
technology (Richard Bibb et al., 2006; Williams et al., 2006).

To evaluate the fit of RPD frameworks, visual inspection and
pressing tests have been proposed and described as tests
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commonly used and accepted in clinical practice. For example,
occlusal rests are pressured to detect whether there is movement,
and the adaption of the clasp and rigid elements to the teeth are
assessed visually (Eggbeer et al., 2005; Han et al.,, 2010; Ye et al,,
2017). RPD frameworks in CoCr obtained by CAD and AM with
SLA or SLM technologies have shown an acceptable clinical fit,
comparable with frameworks produced using the lost-wax
technique, when subjectively evaluated by visual inspection
and pressing tests (Richard Bibb et al., 2006; Bibb R. J. et al,
2006; Williams et al., 2006; Ye et al., 2017).

AM with titanium (T4i) powder in the production of removable
dental applications has been attempted (Tan et al., 2019).
Kanazawa et al. fabricated a Ti alloy framework for a
maxillary complete denture by using the SLM technique and
found only small internal gaps in the palatal framework when
placed on the stone master model. However, they also stated that
a more precise fitting evaluation is needed (Kanazawa et al,
2014). Due to its low density, the titanium RPDs are lighter than
CoCr RPDs and would therefore be more suitable for use in larger
RPD frameworks to offer more comfort for the patient. Other
advantages of titanium include excellent corrosion resistance and
biocompatibility (Ohkubo et al., 2008; Ohkubo et al.,, 2017).

The surface roughness of RPD frameworks has been reported
in a few studies mainly analyzing the surface of rests or clasps. In
these studies, cast CoCr has been reported to have an Ra value of
9.96-10.15 um for the clasp arm and 2.4-2.5um for the rest
(Kajima et al., 2016; Nakata et al., 2017; Torii et al., 2018). The
surface roughness of the SLM CoCr is affected by the build angle:
the 90° build angle has a lower Ra value than 0" and 45°
2.37-1022um for the clasp arm (Kajima et al, 2016;
Kittikundecha et al., 2019).

To build the RPD framework with an SLM machine, adequate
supports are needed to support the build material and prevent it
from collapsing. In addition, the support acts as a heat conductor as
the material melts and solidifies during the build process. Inadequate
support can result in incomplete parts or heat-induced curls, which
may result in the build failure. The supports are either manually or
automatically designed and fabricated along with the object. When
the build process is finished, the support structures are removed with
cutting tools. To avoid the rough finish created by the support
structures or the risk of damaging the fitting surface of the RPD
framework during the removal of the support, the framework is
oriented such that the support avoids the fitting surface (Richard
Bibb et al., 2006; Williams et al., 2006; Han et al., 2010). Despite the
promising benefit of a much faster “digital workflow” with the CAD/
CAM AM technique than with the lost-wax technique in the making
of RPDs, the removal of the support structures are time-consuming
(Alharbi et al., 2016; Campbell et al., 2017). The purpose of this study
was to measure the surface roughness and compare the fit of a CoCr
SLM RPD framework and a Ti binder jetting RPD framework.

METHODS

A type IV dental stone model of a partially edentulous maxilla
with the anterior teeth 24, 17, and 18 remaining was created from
a silicon mold. An experienced dental technician scanned the
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stone model using a laboratory scanner (D700 3shape
Copenhagen, Denmark), and an appropriate framework of an
RPD to fit the stone model was designed using CAD (Dental
manager, 3shape, Copenhagen Denmark). Virtual surveying was
performed, a suggestion of an ideal path of insertion was offered,
unwanted undercuts were blocked, appropriate components of
the RPD framework were designed, and the components were
combined to form the RPD framework. Extra material was
manually applied to the minor connectors to achieve a smooth
transition between the different components. The design data of
the RPD framework were saved as an STL file. The file was then
sent to a production center (Forstec Open mill, Malmo, Sweden)
for the fabrication of a CoCr metal framework by using the SLM
technique (CoCr Mediloy S-Co. Co 63.9%, Cr 24.7, W 5.4%, Mo
5.0%, Si 1.0%; grain size 10-45 um. Bego, Bremen, Germany), and
to Digital Metal (Hogands, Sweden) for the fabrication of a Ti
RPD framework with Digital Metal P2500 binder jetting
technology (Ti alloy Digital Metal ISO 22068. Al 6%, V 4%,
oxygen < 0.30%, carbon < 0.20%).

The two frameworks were weighed on a digital scale (Sauter
precision balance RE 2012) and test-fitted to the stone model in their
post-printed state. The two frameworks were then analyzed for
surface roughness and evaluated for fit to the stone model. Prior to
surface analysis and evaluation of fit, the intaglio surfaces of the
frameworks were carefully processed with a small round bur for the
removal of the post-printed surface layer. When fresh metal
subjectively could be seen during the removal of the surface
layer, no further treatment was performed in that area. The outer
surfaces of the frameworks were finished and polished using
conventional methods (Lima et al, 2014): removal of the post-
printed rough surface by grinding with tungsten carbide millers
(Rudd and Rudd, 2001) and polishing with fine abrasive rubber
wheels (for the removal of scratches from the previous grinding
procedure) (Miyazaki et al., 2009), followed by the use of finer
polishing rubber wheels, brushes, and polishing paste for final
polishing. When no further improvement in surface smoothness
could be observed subjectively, the finishing and polishing were
terminated. The mesh bases of the frameworks were left untouched.

Surface Analysis

The surface roughness was examined utilizing white light
interferometry  (Smart WLI-extended optical 3D surface
Measuring system GBS, mbH, Ilmenau, Germany), and software
was used to perform the surface measurements and evaluate the
measurements (smartVIS 3D/Mountains MAP, Digital surf, France).
Four arbitrary areas were randomly selected: areas on the surfaces of
the prepared intaglio, outer surfaces of the frameworks, and the
intaglio and outer surfaces of the mesh bases. Each measurement had
a size of 360 x 226 um. To numerically describe the surface,
parameters Sa, Sds, and Sdr were selected (ISO 25178). Sa (um) is
the arithmetic mean roughness of a surface. Sds (1/um2) describes the
density of peaks per unit of area. Sdr (%) represents the developed
surface area ratio.

Evaluation of Fit
The finished and polished frameworks were test-fitted to the
stone model. If needed, any necessary adjustments were made

3D Printing of a Titanium RPD

FIGURE 1 | SLM RPD in CoCr in post-printed state close-up.

using tungsten carbide burs to fit the frameworks to the stone
model. Visual inspection and pressing tests were used to assess
the fit of the frameworks, methods which have been used to
analyze the fit of RPD frameworks to stone models in previous
studies (Eggbeer et al., 2005; Han et al,, 2010; Ye et al,, 2017).
Based on a method for the clinical evaluation of RPDs proposed
by Frank et al. (2000), two modified categories were used in this
study to assess the fit of the frameworks (Lima et al., 2014): visual
inspection, whether all rigid elements touch the teeth (Rudd and
Rudd, 2001), and the degree of the base support, observing the
extent of movement when applying pressure to the most anterior
point of contact between the framework and stone teeth. The base
support was divided into less or more than 0.5 mm of movement.
The fit of the frameworks to the stone model was evaluated by an
experienced dental technician with more than 20 years of work
experience in the fabrication of removable dentures.

RESULTS

The CoCr frameworks were delivered from the production
centers with the support structures removed; therefore, no
extra laboratory time was needed in the removal. Finishing
and polishing of both the CoCr and titanium frameworks
could begin in the state they were delivered. The CoCr
framework had a weight of 15.66 g, and the Ti framework had
a weight of 7.43 g in their post-printed states.

Surface Analysis

Visually, the post-printed surface of the titanium framework had
a fine homogeneous grain-like texture, while the surface of the
CoCr framework appeared rougher with small pores and nabs
distributed over the surface (Figure 1). However, the post-printed
surface of the CoCr framework was easier and faster to remove
during grinding than that of the titanium framework. Both
frameworks displayed a line-like distribution of pores along
the external borders of the outer surfaces. The removal of
these required extra grinding and polishing in both cases,
especially in the titanium specimen. After finishing and
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TABLE 1 | Mean values + standard deviations of surface roughness at four
different areas of the frameworks.

Surface Sa Sds Sdr

Ti outer surface 125 +1.21 0.31 £ 0.09 273 + 304

Ti intaglio surface 477 +325 0.26 +0.03 699 + 687

Ti mesh base outer surface 8.08 + 3.21 0.28 £ 0.02 1357 + 401
Ti mesh base intaglio surface 1720 £ 218 0.33 +£0.02 3.044 + 363
CoCr outer surface 0.07 £ 0.04 0.46 + 0.04 7.55 +10

CoCr intaglio surface 1.29 + 1.05 0.27 £ 0.04 165 + 238

CoCr mesh base outer surface 2.24 +0.87 0.23 + 0.01 226 + 109

CoCr mesh base intaglio surface 3.65 £ 2.12 0.24 £ 0.08 620 + 443

FIGURE 2 | Visible misfit of the dental strap and anterior palatal strap of
the Ti RPD framework.

polishing, the CoCr framework’s outer surface showed a high
shine and smooth surface. This desired surface finish was not
achieved with the titanium framework. Although extensive
polishing of the outer surface of the titanium framework was
executed, the surface was left with a lackluster finish. The
roughness values of the two frameworks obtained by white
light interferometry are listed in Table 1.

Evaluation of Fit

The CoCr framework was easily fit to the stone model, and after
removal of the post-printed surface, no further adjustments were
needed. The titanium framework did not fit to the stone model, and
adjustments with tungsten carbide burs had to be done on the minor
connectors, dental strap, and reciprocal arm before it could be fit.

3D Printing of a Titanium RPD

The results of the visual inspection and pressing test of the
CoCr and the Ti frameworks are, respectively, presented in
Table 2. The fit of the CoCr framework was rated as clinically
acceptable. The fit of the Ti framework was rated as not clinically
acceptable (Figure 2).

DISCUSSION

The purpose of this study was to investigate if an additive
manufacturing technique to produce an RPD metal framework
in titanjum could be compared to a CoCr framework
manufactured using the SLM technique. The titanium
framework was 8 g lighter than the CoCr framework, most
likely due to the lower density of titanjium. Both frameworks
were delivered without support structures, but more time was
needed in making adjustments of the fit and polishing of the Ti
framework, and the fit still did not meet the clinical acceptance
and the outer surface was left with a lackluster finish.

These subjective findings were also consistent with the results
from the surface analysis. The outer surface of the CoCr
framework had lower Sa and Sdr mean values than the outer
surface of the Ti framework, while the Sds mean value was higher.
This indicates that the surface roughness of the CoCr framework
was lower than that of the Ti framework. The lower Sdr value of
the CoCr outer surface points to the fact that although the
number of peaks per unit area was higher than the number of
peaks per unit area of the Ti framework, the peaks and valleys did
not deviate as much from the mean surface plane. The CoCr
intaglio surface also presented lower roughness values than the
intaglio surface of the Ti framework. The roughness values of the
Ti mesh base outer and intaglio surfaces also implied that the
surfaces of the framework had higher roughness in their post-
printed states.

Owing to the subjective nature of the evaluation method for
assessing the fit of the frameworks in the present study, the results
should not be directly compared with the results obtained in other
studies. Other studies using similar subjective evaluation methods
for assessing the accuracy of fit as the method used in the present
study have found the fit of CoCr RPD frameworks fabricated
using CAD/CAM SLM techniques to have a good or satisfactory
fit (Eggbeer et al., 2005; Han et al, 2010). Ye et al. (2017)
evaluated the clinical fit of CoCr RPD frameworks by visual
inspection and pressing tests and used a silicon impression
material for the quantitative evaluation of occlusal rest seat
adaption. They found that although the average gap between

TABLE 2 | Results of visual inspection and pressing tests of the RPD frameworks.

Titanium framework

Visual inspection .
e Acceptable adaption of reciprocal arm to 16-17
o \Visible relief space between the palatal strap, centric and anterior part to the stone model
Pressing test e Detectible movement of more than 0.5 mm
Clinically e No
acceptable

Visible gap between the dental strap and teeth 11-13, acceptable fit to 21-24

Cobalt chromium framework

e Acceptable adaption between dental strap and teeth
e \Visible gap between reciprocal arm and tooth 17

e Good adaption of palatal strap to stone model

® Detectible movement of less than 0.5 mm

® Yes
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the occlusal rest and rest seat of the SLM RPDs was significantly
larger than that of the investment casting group, the SLM RPDs
met the clinical needs when evaluated by visual inspection and
pressing tests. Using light microscopy, Arnold et al. (2018)
evaluated the fit of RPD clasps fabricated by means of five
different methods: SLA (castable), SLM (direct), lost-wax
technique, and two types of subtractive (direct and castable)
methods. Before measurement, the frameworks were rated
subjectively for design and stability. The frameworks in the
direct and indirect AM groups showed reduced stability to
transverse and sagittal movements. Also, the retentive clasp
fabricated by AM techniques exhibited the highest
discrepancies. During the fabrication process, the build
orientation, layer thickness, and other processing parameters
affected the accuracy of the printed parts (Kulkarni et al,
2000; Alharbi et al., 2016; Maamoun et al., 2018). The settings
of these parameters used during the manufacturing process could
be the reason for the reduced stability found with the AM-
produced framework.

In addition to the fact that each AM technique has its own
inherent processing accuracy (Alharbi et al., 2017), variations in
the use of processing parameters between the two manufacturing
techniques examined in the present study could also explain the
difference in the fit and stability found between the two
frameworks. Also, during the AM build process, model
features like overhang or undercuts need to be supported
either by the build material itself or by support structures to
prevent the build material from collapsing (Liu et al., 2006).
Inadequate support may also lead to the deformation of parts due
to heat-induced stress, causing the unsupported parts to warp
(Mumtaz et al., 2011). Inadequate support may be another reason
for the inferior fit observed with the Ti framework in the present
study. Also, residual stresses within the material could lead to
warping post-build. The ease of processing the build material
varies between different metals, and the processing of CoCr has
been reported as easier to control in comparison with Ti (Kruth
et al., 2005; Vandenbroucke and Kruth, 2007). Therefore, a CoCr
framework produced by the AM technique (Digital Metal P2500
binder jetting technology) using no support structures and
examined as in the present study may have shown a better fit
than the Ti framework.

Support structures have been reported to increase the surface
roughness at the point of contact with the part being
manufactured and prolong the time needed for finishing and
polishing (Kulkarni et al., 2000; Alharbi et al., 2016). Still, lower
roughness was observed with the CoCr framework, and the time
needed for finishing and polishing was shorter than that for the Ti
framework. The surface quality of AM-fabricated parts has been
observed to be influenced by the build orientation, layer
thickness, and process parameter settings (Vandenbroucke and
Kruth, 2007; Hong et al., 2016) and by different AM-processing
techniques (Fousova et al., 2018). As discussed previously, the use
of different processing techniques and variations in the process
parameter settings could offer an explanation for the difference in
the roughness observed between the two frameworks. Using
CoCr and Ti metal powders to produce two SLM-fabricated
objects, Vandenbroucke and Kruth (2007) found that the Ti

3D Printing of a Titanium RPD

samples showed higher roughness than the CoCr samples even
though a lower particle size was used. This was explained by the
difference in physical properties between the two materials giving
more stable melt pools for CoCr. Antanasova et al. (2018) also
found higher surface roughness of the Ti samples fabricated by
SLM than the CoCr samples, but the difference was not
significant. A higher surface roughness observed for the Ti
frameworks in the present study may be due to the use of
different manufacturing techniques, parameter settings, or the
material itself.

The RPD frameworks in the present study were not
electropolished, a procedure normally used in the finishing
and polishing part of RPD frameworks (Brudvik and Reimers,
1992). If electropolished, the Ti framework could have obtained a
smoother surface. On the other hand, Kevser Aydin (1991) found
that the achieved smoothness of the electropolished object was
dependent on the surface finish prior to the procedure, which
indicates that the CoCr framework would still obtain higher
smoothness. The loss of metal due to electropolishing could
further have worsened the fit of the titanium framework
(Brudvik and Reimers, 1992). The finishing and polishing of
the frameworks were performed with separate tools but with
similar patterns of blade distribution to produce as comparable
effects on the surfaces as possible. The finishing and polishing
procedures were performed by one operator using the same
protocol. Still, variations in the applied cutting force and
magnitude could have affected the distribution and depth of
the scratches and cuts, affecting the surface roughness of the
frameworks differently.

The RPD frameworks in the present study were designed
without any occlusal rests or active clasps. This might have caused
excess movements during the pressing test due to the loss of
stability that these RPD parts may have contributed to. Still, the
CoCr framework achieved an acceptable clinical fit, indicating
that SLM as a manufacturing technique could produce
frameworks in CoCr with sufficient fit. The results from this
study suggest that different methods of AM using different metals
for an RPD framework may produce different levels of accuracy
of fit and surface roughness.

CONCLUSION

The Ti framework showed higher surface roughness and was left
with a lackluster finish after polishing. Also, the fit of the Ti
framework was not clinically acceptable. The AM binder jetting
technology for titanium needs improvement or an adjustment of
the settings to be used for clinically removable partial dentures.
The CoCr framework manufactured by selective laser melting
showed an acceptable clinical fit and surface roughness.
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