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Abstract: This pilot study aimed to compare the fit accuracy of cobalt–chromium (Co-Cr) and
polyether ether ketone (PEEK) removable partial denture frameworks, produced by digital technolo-
gies. Two study models of previously prepared Kennedy’s Class I and Class III mandibular dental
arches were scanned. For each model, two frameworks were digitally designed and manufactured
using a Co-Cr alloy via the selective laser melting (SLM) technique, and using PEEK via the milling
technique. A qualitative assessment of the framework’s fit accuracy to the corresponding study
models was carried out using calibrated endodontic instruments and image amplification. Best-fit
superimpositions between the reference design and the scanned frameworks were performed using
the Geomagic Control X version 2018, 3D Systems software, allowing the expression of trueness by
calculating the root mean square (RMS) value. Higher fit accuracy was observed for the milled frame-
works, with the Class I PEEK framework showing the best fit accuracy to the corresponding model.
RMS values were Class I—148.3 µm for Co-Cr and 69.2 µm for PEEK; Class III—107.2 µm for Co-Cr
and 59.7 µm for PEEK. In the experimental conditions used, the milled PEEK frameworks showed
better fit accuracy and higher trueness than the SLM-printed Co-Cr ones in both Kennedy classes.

Keywords: removable partial denture; framework; CAD-CAM; digital; PEEK; Co-Cr; fit accu-
racy; trueness

1. Introduction

Traditionally, a removable partial denture (RPD) consists of a metal framework that
provides rigid support to a dental prosthesis. The most prevalent technique to produce
RPD metal frameworks is the conventional lost-wax casting method [1,2]. This technique
involves multiple laboratory procedures and is susceptible to errors and material distortion
that may compromise the mechanical properties and fitting, thus is considered a highly
sensitive technique [1–3].

More recently, computer-aided design and manufacturing (CAD-CAM) technologies
have been used to produce RPD frameworks, overcoming some limitations of the conven-
tional approaches [4,5]. High reproducibility and predictability, with simplified workflows
and reduced laboratory time, are essential advantages of digital methods [2,5–7], along
with new materials and techniques [6,8,9].
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CAD-CAM technologies involve three distinct phases: image acquisition (scanning),
image analysis and manipulation (CAD) and manufacturing (CAM). During image acqui-
sition, digital scanners measure superficial points of an object to define its topography,
converting this information into a universal (standard tessellation language (STL)) file. This
file is then integrated into CAD software that allows the different components of the RPD
to be planned and designed [10].

For computer-aided manufacture (CAM), two strategies can be used—subtractive
(milling) or additive (printing)—depending on whether it involves the subtraction of
material from a prefabricated block or the additive deposition of material in successive
layers, respectively. Compared with the conventional methods, the milling technique has
some advantages, such as decreased microporosity and improved mechanical properties.
This technique, however, is ill-suited to produce metal frameworks due to the high wear of
cutting tools [2,11,12]. The recently introduced soft-milled Co-Cr alloys have demonstrated
interesting in vitro results in complete-arch implant-supported fixed dental prostheses,
but their clinical performance is yet to be assessed [13]. On the contrary, 3D printing
has shown promise for metal manufacturing [14]. The additive selective laser melting
(SLM) technique with local melting and rapid material solidification enables less material
waste and, according to some authors, allows the production of fitting RPDs with excellent
mechanical properties [2,12,15–17].

Cobalt–chromium (Co-Cr) metal alloys remain the most frequently used material to
produce RPD frameworks due to their high elastic limit, excellent wear and corrosion
resistance, biocompatibility and low cost [13,18,19]. Co and Cr are the most abundant
elements of these alloys, but other metallic and non-metallic elements are present, such as
molybdenum (Mo) and carbon (C), respectively. Each element contributes to particular
properties of the alloy, with the C content influencing the wear resistance [13]. These alloys,
however, may be associated with hypersensitivity reactions, a metallic taste sensation,
osteolysis around abutment teeth, increased weight of the denture, aesthetic impairment
and, consequently, patient discomfort and dissatisfaction [6,20,21].

For both aesthetic and biocompatibility reasons, non-metallic materials have been
developed, such as polyether ether ketone (PEEK) [21,22]. Based on the literature, PEEK
is considered more aesthetic than metal-based materials, which, combined with its low
weight and biocompatibility, provides increased patient comfort and satisfaction [6,23,24].
Additional beneficial properties of this material are its adequate mechanical properties,
good stability to chemical and physical agents, low affinity to bacterial plaque and low
stress transmission to abutment teeth [23,25]. Also, the emergence of new European laws
regulating the use of Co-Cr due to the inclusion of cobalt in the list of carcinogenic, mu-
tagenic, and toxic substances for reproduction reinforces the need for further research
on alternative metal-free materials [26]. Due to these favorable properties, PEEK-based
materials have been used in the prosthodontic field in dental implants, provisional abut-
ments, and implant-supported restorations, fixed dental prostheses and removable denture
frameworks [27].

The clinical success of an RPD depends on a correct fit accuracy of the prosthetic
framework to the oral structures, ensuring the necessary support, stability, and reten-
tion [3,7,21,28]. A correct fitting to the oral structures prevents not only deformation and
fracture of the RPD but also patient discomfort, oral mucosa injuries, wear and teeth
mobility or loss [3,4,6]. The space between the internal surface of the prosthesis and the
supporting tissues represents the misfitting of the denture from a clinical point of view [29].
The misfitting of a prosthetic framework and the supporting tissues has been classified by
some authors based on the following range values: intimate contact (absence of space or
presence of a space between 0 and 50 µm); clinically acceptable space (space between 50
and 311 µm) [7,30].

There are qualitative and quantitative methods to evaluate the fit accuracy of RPD
frameworks [15,17,21]. While the former is faster and more accessible, the latter requires
more complex procedures [31]. The assessment methods can also be distinguished based
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on the type of tools used and the data collection technique. Thus, analog methods include
(i) direct measurement using calibrated instruments (e.g., orthodontic arch wires or en-
dodontic pluggers) [7,32,33] and (ii) indirect methods that involve the use of elastomeric
materials (e.g., silicone) to fill in the putative gap [3,29,31].

Several authors have described the fit accuracy assessment of RPD frameworks
[3,7,11,15,29,34,35]. Some studies compare the fit accuracy of PEEK frameworks man-
ufactured using different CAD-CAM techniques [21,36], while others compare PEEK with
Co-Cr frameworks obtained via conventional methods [37]. However, studies comparing
the fit accuracy of PEEK and Co-Cr frameworks manufactured with digital techniques are
limited and scarce [11].

In line with these findings, this in vitro pilot study aimed to evaluate Co-Cr and PEEK
frameworks’ fit accuracy, produced using two digital techniques (additive and milling), in
Kennedy’s Class I and III edentulous arches. Our research question was as follows: Are
there fit accuracy differences between SLM-printed Co-Cr vs. milled PEEK frameworks in
both Kennedy’s Classes I and III?

2. Materials and Methods

Two study models of mandibular Kennedy’s Class I and Class III, modification 1 eden-
tulous arches (Edentulous Study models Kavo, Kavo®, Berlin, Germany) were used. In
Kennedy’s Class I model, rest seats were prepared in the mesial occlusal surface of tooth #44
and in the cingulum of teeth #43 and #33 (Figure 1a), whereas in the Class III modification
1 model, rest seats were prepared in the mesial occlusal surface of tooth #37, the distal
occlusal surface of tooth #35, the mesial occlusal surface of tooth #46 and in the cingulum
of tooth #43 (Figure 1b).
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Figure 1. Mandibular study models with rest seat preparations: (a) Kennedy Class I; (b) Kennedy
Class III, modification 1.

The prepared models were scanned with a laboratory scanner (Medit T500, Medit®,
Seoul, Republic of Korea), and the PartialCAD software basic version (Partial Planner,
Zirkonzahn®, Gais, Italy) was used to analyze the insertion axis, eliminate the unwanted
undercuts, and create the digital design of the frameworks (Figure 2). The STL files were
saved and exported to the CAM equipment to begin the manufacturing process.

For each study model, two frameworks were produced with CAD-CAM: (i) one in
Co-Cr (Figure 3), using a Co-Cr alloy and an SLM machine (EOS GmbH, Phibo®, Barcelona,
Spain), followed by a heat treatment to improve the mechanical properties; and (ii) the
other in PEEK (Figure 4), by direct milling (M5, Zirkonzahn®, Gais, Italy) of a PEEK disc
(Zirkonzahn Tecno Med 95H20; Ref.: TMAH0120—Lot.: 15922). The Co-Cr frameworks
were finished with drills and rubbers, immersed in an electrolyte bath, and polished with
brushes and paste. The PEEK frameworks were finished using drills to remove the supports
and then submitted to rubber polishing.
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Figure 4. Milled PEEK frameworks: (a) Kennedy Class I; (b) Kennedy Class III, modification 1.

Each framework was correctly placed on the corresponding study model, and a
qualitative fit accuracy assessment method was applied. The method was based on a
direct inspection of the gap between the framework components and the model surface,
using image amplification and calibrated endodontic instruments that explore the entire
peripheral area of the component. The framework components used as measuring sites are
illustrated in Figure 5.
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Figure 5. Evaluated sites on the qualitative assessment of fit accuracy for each Kennedy class.
B—buccal; L—lingual; M—mesial; D—distal.

The fit assessment of the major connector was performed using a Kerr file size 50,
whose tip has a 500 µm diameter. An endodontic plugger size 35, with a tip diameter of
350 µm, was used to assess the remaining framework components (cingular and occlusal
rests and minor connectors). Misfitting was considered in the presence of a gap equal to or
higher than 500 µm or 350 µm, respectively.

To complement this analysis, whenever a misfit higher than the tip diameter of the
instrument was identified, a Williams periodontal probe was used to confirm whether the
gap was equal to or higher than 1000 µm.

Two types of image amplification were used for all measurements—magnifying loupes
(1.8×) (Lorben 1.8× head magnifier) and a stereoscopic microscope (20×) (Olympus SZ-ET,
Olympus®, Tokyo, Japan).

A digital quantitative assessment of trueness through putative discrepancies between
the manufactured frameworks and the original standard tessellation language (STL) files
was carried out using the Geomagic software (Geomagic Control X version 2018, 3D
Systems Inc., USA). For that purpose, the PEEK and Co-Cr frameworks were scanned
using the S600 Arti laboratory scanner (S600 Arti, Zirkonzahn, Gais, Italy) in order to
obtain the polygonal mesh of the produced frameworks in STL files (CAD framework
produced, CFP). The trueness of the prosthetic frameworks was then assessed by digitally
superimposing the CFP onto the STL file of the original CAD design (CAD framework
designed, CFD). A tolerance level of ±50 µm was set in the Geomagic software. Color
maps were used for easier visualization of discrepancies between CFP and CFD, with green
areas representing good matching between the CFP and the CFD, blue areas corresponding
to negative deviations (CFP smaller than the CFD) and red areas illustrating positive
deviations (CFP larger than the CFD). Quantitative dimensional differences between CFP
and CFD, measured in micrometers, were calculated using root mean square (RMS), mean
and standard deviation values.

3. Results

Data collected through the qualitative fit accuracy assessment are summarized in
Tables 1–4. Examples of adapted (A) and misfit (MF) points found during the qualitative
assessment are depicted in Figure 6.
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Table 1. Qualitative assessment of fit accuracy for Kennedy’s Class I frameworks (with image
amplification and calibrated endodontic instruments).

Kennedy Class I
Co-Cr Framework PEEK Framework

Loupes Microscope Loupes Microscope

Occlusal rest #44 A A A A
Cingulum rest #33 A A A A
Cingulum rest #43 A A A A

Minor connector #33B MF MF A A
Minor connector #33L A A A A
Minor connector #43 A A A A

Minor connector M #44 A A A A
Minor connector D #44B A A A A
Minor connector D #44L A A A A

Lingual bar A A A A

A—adapted (no gap with endodontic instruments); MF—misfit ≥ 350 µm. B—buccal; L—lingual; M—mesial;
D—distal.

Table 2. Qualitative results of clinical inspection method with image amplification and calibrated
endodontic instruments for Kennedy Class III, modification 1.

Kennedy Class III,
Modification 1

Co-Cr Framework PEEK Framework

Loupes Microscope Loupes Microscope

Occlusal rest #35 A A A A
Occlusal rest #37 MF MF A A
Occlusal rest #46 MF MF MF MF
Occlusal rest #43 A A A A

Minor connector #35 A A A A
Minor connector #37B A A A A
Minor connector #37L MF MF MF MF
Minor connector #46B MF MF MF MF
Minor connector #46L A A A A
Minor connector #43B A A A A
Minor connector #43L A A A A

Lingual bar A A A A

A—adapted (no gap with endodontic instruments); MF—misfit ≥ 350 µm. B—buccal; L—lingual; M—mesial;
D—distal.

Table 3. Qualitative assessment of misfit components for Kennedy’s Class I frameworks (with image
amplification and Williams periodontal probe).

Kennedy Class I
Co-Cr Framework

Loupes Microscope

Minor connector #33B MF′ MF′

A—adapted; MF′—misfit < 1000 µm; B—buccal.

Table 4. Qualitative results of clinical inspection method with image amplification and a periodontal
Williams probe for Kennedy Class III, modification 1.

Kennedy Class III,
Modification 1

Co-Cr Framework PEEK Framework

Loupes Microscope Loupes Microscope

Occlusal rest #37 MF′ MF′ - -
Occlusal rest #46 MF′ MF′ MF′ MF′

Minor connector #37L MF′ MF′ MF′ MF′

Minor connector #46B MF′ MF′ MF′ MF′

A—adapted; MF′—misfit < 1000 µm; B—buccal; L—lingual.
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Figure 6. Illustrative images of the qualitative assessment of fit accuracy of the frameworks, showing
adapted (A) and misfit (MF) points: (a) Co-Cr framework adapted at lingual bar (endodontic file);
(b) Co-Cr framework adapted at cingular rest (endodontic plug); (c) PEEK framework misfit at
occlusal rest >350 µm (endodontic plug); (d) PEEK framework misfit at occlusal rest <1000 µm
(periodontal probe).

In Kennedy’s Class I (Table 1), the Co-Cr framework showed a misfit in one out of
ten evaluated sites, with both magnifying loupes (MLs) and stereoscopic microscope (SM).
On the other hand, in the PEEK framework, all the assessed points were adapted, with
both image amplification methods. In Kennedy’s Class III modification 1 (Table 2), the
Co-Cr framework showed a misfit in four out of twelve points assessed, whereas the PEEK
framework presented a misfit in three points, with both amplification methods.

The misfitting sites identified with the endodontic instruments were checked with a
Williams periodontal probe and all were lower than 1000 µm, which was confirmed in both
the amplification methods used (Tables 3 and 4).

Visual inspection of the color maps obtained after digital superimpositions finds that
the milled PEEK frameworks exhibited more green areas than the SLM-printed Co-Cr
frameworks, particularly evident in Kennedy’s Class I (Figures 7–10).
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RMS values were calculated as a quantitative measure of the trueness. Lower RMS
values correspond to higher trueness. Accordingly, in Kennedy’s Class I (Table 5), the
trueness was higher in the PEEK framework than in the Co-Cr one (RMS = 69.2 µm
vs. RMS = 148.3 µm, respectively). Similar results were observed in Kennedy’s Class
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III modification 1 (Table 6), with PEEK providing the best trueness (RMS = 59.7 µm vs.
RMS = 107.2 µm).

Table 5. Quantitative assessment of trueness (expressed in µm) for Kennedy’s Class I frameworks.

Co-Cr Framework PEEK Framework

Maximum 594.5 430.1
Minimum −594.8 −430.1

Mean −73.3 25.4
Standard Deviation 128.9 64.4

Root Mean Square (RMS) 148.3 69.2

Table 6. Quantitative assessment of trueness (expressed in µm) for Kennedy’s Class III modification
1 frameworks.

Co-Cr Framework PEEK Framework

Maximum 454.4 302.1
Minimum −455.4 −300.9

Mean −33.3 −26.9
Standard Deviation 101.9 53.2

Root Mean Square (RMS) 107.2 59.7

4. Discussion

In this in vitro pilot study, the PEEK frameworks obtained by milling showed a better
fit accuracy to the corresponding models than the SLM-printed Co-Cr frameworks in both
Kennedy classes, with the PEEK framework of a mandibular Kennedy Class I presenting
the best scores.

RPD manufacturing through CAD/CAM technologies has emerged as a promis-
ing strategy. Since it may involve either subtractive or additive methods that can be
combined with a variety of materials, a thorough evaluation of the frameworks pro-
duced by CAD/CAM is still limited and sometimes inconsistent, demanding further
research [11,12,16].

To the best of our knowledge, no available studies compare milled PEEK with SLM-
printed Co-Cr frameworks. Nevertheless, several studies have addressed these materials
and manufacturing techniques separately. Consistent with our data, Ye et al. observed a
better fit accuracy of milled PEEK frameworks compared with Co-Cr frameworks produced
using a conventional method, with PEEK showing clinically acceptable gaps for occlusal
rests (86.2 ± 22.6 µm) and major connectors (52.8 ± 44.6 µm) [37]. According to Negm
et al., PEEK frameworks manufactured by milling also showed clinically acceptable values
(<311 µm) at the rests (70 ± 90 µm) and major connectors [21]. In turn, Soltanzadeh
et al., assessing Co-Cr frameworks fabricated using different techniques, observed that the
SLM-printed Co-Cr frameworks presented the poorest fitting when compared with Co-Cr
frameworks produced with (i) the lost-wax technique from a stone model, (ii) 3D printing
from a stone model and (iii) the lost-wax technique from a resin model [7]. When the fit
accuracy of PEEK frameworks to oral structures was subjectively rated, adequate fitting
scores were reported [23]. Also, patients showed higher satisfaction compared to the use
of Co-Cr RPDs [38]. Although this evidence provides essential clues, the diversity of the
assessment methods and manufacturing techniques preclude a direct comparison with
our results.

From a clinical perspective, the gap between the inner surface of the framework and
the supporting structures represents the fit accuracy of an RPD [29]. Various methods
for assessing this gap have been described in the literature [7,39], but a gold-standard
method is still unreported. The fitting of an RPD framework can be analyzed either
qualitatively or quantitatively [31]. As they are simple and fast, qualitative assessment
methods, such as visual inspection or pressing tests, are widely used, but the information
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collected needs to be more precise and objective [31]. In quantitative assessment methods,
a direct measure of the gap using analog instruments has proven difficult, as it involves
sectioning the RPD, which may not reflect the overall fitting [7]. Therefore, an indirect
quantitative assessment of the gap has often been applied through a silicone mold of
this discrepancy, followed by the measurement of its weight or thickness [3,31,39,40].
However, the deformation and rupture of the elastomeric material during its manipulation,
coupled with the difficulty of measuring its thickness due to its elasticity, are important
disadvantages of this approach [15,29,40].

The current study used a qualitative analog method based on direct inspection of the
gap between the framework components and the model surface, using image amplification
and calibrated endodontic instruments (endodontic plugger #35 and file #50). A qualitative
assessment using calibrated endodontic instruments was previously described by Con-
ceição et al. [33]. A similar method based on using a calibrated orthodontic wire of 500 µm
has already been described by other authors [32]. The choice of calibrated instruments
was supported by previous research by Eggbeer et al. [30], who classified a gap between
0 and 50 µm as intimate contact between the structures, and a space ranging from 50 to
311 µm as clinically acceptable [7,30]. In line with this information, an endodontic plugger
with a tip diameter of 350 µm was used to assess the occlusal and cingular rests, and
minor connectors, while an endodontic file #50 (tip diameter of 500 µm) was used to assess
the major connectors, for which a relief of 400 µm was automatically established by the
CAD software.

Image amplification coupled with the calibrated endodontic instruments was a strat-
egy to provide more accurate and reliable assessment than simple visual inspection. Inter-
estingly, the results obtained with the two image magnification modalities—magnifying
loupes and a stereoscopic microscope—were coincident in all the sites assessed, suggesting
that magnifying loupes, often used in daily clinical practice, allow the identification of the
same misfits as more expensive equipment.

In contrast with other authors who restricted the points evaluated to the RPD rests [11,31,35],
our qualitative assessment involved almost all the RPD components (occlusal and cingular rests,
minor and major connectors) as an attempt to gain further insight into the overall fitting of the
framework. Although this analog method only identifies gaps at the periphery of a specific
component, not considering the intaglio surface, it enables a feasible, simple and low-cost fit
assessment of a framework, which may be routinely carried out in clinical or laboratory (quality
control) contexts.

The ability of a technique to result in the manufacture of objects with minimal dif-
ferences from the original design represents the trueness [34]. Discrepancies between the
structure produced and the original digital design can result in gaps between the pros-
thetic framework and the supporting structures, or excess material. Both situations may
compromise the fitting and clinical success of the RPD.

It is important to clarify that accuracy consists of trueness (proximity of measurement
results to the true value) and precision (repeatability or reproducibility) [41]. Through
visual analysis of the color mapping generated by Geomagic superimpositions, it is possible
to determine the direction of the displacement and understand the type of distortion
observed [42]. In the current study, it was evident that the PEEK frameworks exhibited
more green areas (high trueness) and increased color uniformity than the Co-Cr ones for
both Kennedy classes, but especially in the Class I edentulous condition.

Digital superimposition also enabled a quantitative assessment of the trueness. This
study defined trueness as the discrepancy between the frameworks produced and the
original CAD design, which was expressed as RMS. This value indicates how far the
discrepancies between the files are from zero, with a value of zero indicating a perfect
match between the files. Thus, a high correspondence between the superimposed files
depicts high trueness and occurs when low RMS values are recorded [42–44]. Analyzing
the RMS values obtained, it was possible to conclude that the discrepancies between
the produced frameworks and the original CAD design were lower in the PEEK than
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in the Co-Cr frameworks, in both Kennedy Classes, indicating a higher trueness of the
milled PEEK frameworks. Although a complete correlation cannot be established due
to diverse experimental conditions and specimens, these results are in agreement with
those obtained by Arnold et al., who concluded that PEEK frameworks produced by
milling (43 ± 23 µm horizontal and 38 ± 21 µm vertical) showed lower distortion and
increased precision in comparison with frameworks fabricated with SLM (365 ± 205 µm
horizontal and 363 ± 133 µm vertical) [11]. Negm et al. also found that PEEK frameworks
produced directly by milling exhibited low discrepancies (17.36 ± 4.32 µm) and uniform
color maps [18]. In addition, evaluating metal frameworks produced indirectly by milling
and additive techniques, Snosi et al. found that subtractive techniques displayed fewer
deviations and therefore greater trueness (150.1 ± 20.5 µm) than additive techniques
(179.0 ± 13.7 µm) [39]. Other work conducted by Peng et al. reported that RPD frameworks
fabricated with SLM had a better trueness (RMS = 350 µm) than frameworks produced using
the conventional method [2]. In that study, the discrepancy levels were higher than those
obtained in the current investigation for SLM-printed Co-Cr frameworks (−73.3 ± 28.9 µm
for Class I and −33.3 ± 101.9 µm for Class III, modification 1).

Although relevant insights have been provided, our study has some limitations that
should be mentioned. They are related to the accuracy of the laboratory scanners used
for image acquisition and the difficulties found during the scanning of the external and
internal surfaces of the produced frameworks to capture all points of interest. The precision
level achieved by the manufacturing equipment and the settings used in the CAM machine
may have also influenced our results. The finishing and polishing procedures may have
had an impact on the final quality of the frameworks that should not be neglected. Fur-
thermore, since our work involved two materials and two production techniques, isolated
comparisons regarding either the material or the manufacturing method per se cannot be
established. The decision of using 3D printing for Co-Cr manufacturing instead of a milling
technique was supported by the high costs and rapid wear of cutting tools observed in the
latter, which impair its routine use in clinical practice. As this was a pilot study, the reduced
number of models and frameworks assessed constitutes a bias of the current work, pre-
cluding any conclusions regarding the reproducibility of the manufacturing systems used.
Finally, the absence of a control group, which may include RPD frameworks produced by
the corresponding conventional methods, is a drawback of this study. In future research,
besides increasing the sample size, a digital fit accuracy assessment method should be
considered in order to enable a more objective and straight forward analysis. Apart from
improving the in vitro data collection, clinical research is mandatory to evaluate the oral
performance of these RPD frameworks, focused on the effects on both supporting tissues
and patients’ comfort/satisfaction levels.

5. Conclusions

Considering the results presented, this pilot study reveals that the milled PEEK frame-
works showed a better fit accuracy and trueness than the SLM-printed Co-Cr frameworks,
in both Kennedy classes addressed.

Although valuable, this data deserves validation by further in vitro studies with larger
samples, which should include other Kennedy classes, models and an increased number of
frameworks assessed. Complementary in vivo research is also crucial to fully understand
the clinical performance of these RPD frameworks.
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