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Purpose: The aim of this paper is to evaluate studies on the quality of fit of alloy
removable-partial-dentures (RPDs) produced by computer-aided design/computer-aided
manufacturing (CAD/CAM) and rapid prototyping (RP) technology. This paper offers
a comprehensive scoping review of various methods of assessing the quality of fit of
RPDs in the context of a developing digital approach to manufacturing and assessment.
Methodology/Approach: A search was made using MEDLINE/PubMed, Scopus, and
Science Direct to identify the studies of the accuracy of fit of RPDs.

Findings: Optical and physical examination of dentures “in situ” on the model or in the
patient’s oral cavity were the most commonly used methods for the assessment of fit of
RPDs. Eighteen of the included studies assessed the internal fit between RPDs and oral
tissues or models using either polyvinyl silicone materials as filler, calipers, photographs, and
microscopes or a combination of these. Two studies used visual assessment. Most studies
reported that the fit of RPDs ranged from satisfactory to excellent. However, many of these
assessments seemed somewhat subjective and flawed with regard to assessing indentations of
the framework into a model or distortion. Two papers used a new method of computer-based
superimposition which included a color map of discrepancies to assess the fit of the machine-
produced RPDs offering possibilities to quantify the assessment of fit, perhaps leading to
a more objective assessment. Despite the limited number of clinical trials, the available
evidence was thought to reinforce the claim that the fit of RPDs fabricated digitally was
acceptable.

Conclusion: The recent introduction of color maps to compare the differences between the
fitting surface and the model is promising. However, a new method for displaying discre-
pancies shown by color maps is introduced, which could lead to a more quantitative
assessment.

Keywords: dental fit, removable partial dentures, digital context, review, accuracy

Introduction

The fit of removable partial dentures (RPDs) is considered one of the most
important features in evaluating RPD success and was identified as the chief
complaint wearers.! The misfit (distance between the framework and the reference
cast, and/or the distortion and indentations produced by the framework) could be
a result of poor laboratory procedures, or a distorted impression, or ridge remodel-
ing after delivery. In fact, misfit is the most commonly reported source of dissa-
tisfaction (76%).> A well-fitting RPD reduces long-term periodontal or structural
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damage to abutment teeth.® The fit of alloy RPD is usually
evaluated either by the assessment of fit on the definitive
cast, or the fit of the RPD intraorally.*>

An RPD can be assessed for fit clinically using a dental
mirror and cheeks where the rests of RPDs are properly
seated touching the teeth in correct places, and that the
intraoral soft tissues are not impinged upon by any part of
the RPD, such as the major connectors.” Although these
techniques may be considered somewhat informal, never-
theless they are used on an everyday basis to assess
whether the RPD is well fitted prior to insertion.
However, this informality is often carried over into
a research context.

Several new materials and methods of producing RPDs
have been developed in recent years. Improvements in
polymer-based materials and digital fabrication approaches
allow increased biocompatibility, durability, and elasticity,
as well as more esthetically agreeable and cost-effective
outcomes.®

Continuing technological advances in the computer-
aided design/computer-aided manufacturing (CAD/CAM)
systems and the materials may offer improved quality,
expanded capabilities, and increased user friendliness of
the prosthesis’ ° These new technologies are potentially
important for patients seeking more rapid, accurate, and
functionally efficient prosthetic rehabilitation.”-'°

Early CAD/CAM systems depended entirely on sub-
tractive methods (ie, milling). Recently, additive meth-
ods employing rapid prototyping (RP) have progressed
rapidly in several fields of dentistry as they have the
potential to overcome the possible drawbacks of subtrac-
tive techniques. For example, there could be discrepan-
cies of fit due to the difficulty of milling sharp corners or
tight troughs with the smallest milling tool, which maybe
too large for the corner to be cut. The RP technologies
are also able to produce more complex forms.'
However, a recent article, which analyzed the fit of
a milling-produced coping on a typical tooth preparation
for a single crown compared to the fit of an RP-produced
coping, found that either manufacturing system can be
used in dental practice.> A small and insignificant dis-
crepancy of fit between the two manufacturing methods
was found with milling showing a slightly improved fit.

The RP describes the customized production of solid
models using 3D computer data. Over the past decade,
advances in RP have continued to develop, resulting in
the development of new techniques that have been applied
to the fabrication of various prostheses. The RP fabrication

Dove
technologies  include Stereo  Lithography,® Fused
Deposition Modeling (FDM), and, more recently,

Selective Laser Sintering (SLS)."?

The RP techniques have been used to build complex 3D
models in medicine since the 1990s. The RP has been
recently found successful applications in different dental
fields, such as the fabrication of implant surgical guides,
frameworks for fixed RPDs, wax patterns for the dental
prosthesis, zirconia prosthesis, molds for metal castings, max-
illofacial prostheses and complete dentures and RPDs.'"'*

The use of RP in the manufacture of RPDs allows for
the elimination of the waxing, investing and casting steps
and thus reduces the potential for inaccuracies, possibly
resulting in better quality control in the dental lab.'*'”
Moreover, the use of RP, may allow for an automatic
determination of the insertion axis, and fast identification
of retentive areas’ deletion.' It may potentially reduce the

preparation time for RPDs,'®'®  require fewer
adjustments,'®'® and reduce material waste.’
Objectives

A prosthesis is considered to be ill-fitting when ‘gaps’ are
evident between any part of an RPD and the definitive cast or
oral tissues, or if indentations into the definitive cast or tissues
are produced on the fitting surface of the RPD, or distortion.
Inappropriate fit may contribute to discomfort, movement, or
damage to the associated tissues, lack of function, and poor
aesthetics. Improper fit may also be the primary reason that
many RPDs are not worn. An ill-fitting prosthesis can exag-
gerate other problems caused by the prosthesis. An example
that reported typical sites where there was a loss of fit, 76% of
RPD rests did not contact the intended surfaces and thus
might not function as intended. "’

This scoping review seeks to review and analyze rele-
vant literature in the field of interest. Various methods of
assessing the quality of fit of RPDs manufactured by
digital and conventional techniques are discussed.
Developments in color mapping may ultimately offer
a better solution for research purposes which will be dis-
cussed later in this review.

This review was conducted according to the framework
adapted and proposed from the methodology of Joanna

Briggs Institute (JBI) Scoping Reviews Manual 2015.%°

Inclusion Criteria

The inclusion criteria for selecting articles was established
(Table 1). Studies involving a subset of relevant research
that followed by

discussed laboratory procedures
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Table | Inclusion and Exclusion Criteria for Selected Articles

Box | Keywords and Subject Headings Used During the Search

Inclusion Criteria Exclusion Criteria

Search Terms

* Peer-reviewed, primary * Not peer-reviewed, primary

research. research.
* Published in English.

* Focusing on fit of removable

* Not written in English

 Abstract with no full txt
partial dentures in digital * Literature that did not include
(context). empirical data (letters, editorials,
* Published between

January 2002 and August 2019

news etc.).

assessment of fit were considered for inclusion. References
of selected articles were also reviewed for possible inclu-
sion in the study. Titles and abstracts of all selected articles
were reviewed and upon identification for possible inclu-
sion, the full text of the article was reviewed thoroughly
and cross-matched with the predefined inclusion criteria.
Further, only research and review articles, and case reports
and series were included. Primarily, the first researcher
screened titles and abstracts for potential eligibility in the
study. To increase reliability, this procedure was carried
out in collaboration with the librarian/researcher. Two
researchers individually screened a random selection of
1283 titles and abstracts. Any variances were discussed
and a consensus was reached. Once the screening process
was complete, eligible records were obtained as full texts.
The final list of included articles was evaluated and ver-
ified by the research team.

The articles used in this review were found in
MEDLINE PubMed (National Library of Medicine,
Washington, DC), Scopus (Elsevier), and Science Direct
using Jordan University of Science and Technology
library.

Search Strategy

The keyword combinations in the title or abstract of pub-
lications are shown in Box 1. Articles concerning RPDs
fabricated using CAD/CAM and RP that were published
from 2002 to August/2019 were selected which were writ-
ten in English. Another material was excluded because
most digital developments have occurred since 2002 and
the cost and time involved in translating material. The
definition of search terms was based on an investigation
by Lima et al.>' The articles which contained the search
terms in any part of the article (including titles, abstracts,
or article texts) were screened and the articles discussing
fit were reviewed.

»

“rapid prototyping” and “removable partial denture”, “rapid
prototyping” and “removable partial denture” and “framework”,
“additive manufacturing” and “removable partial denture”, “rapid
manufacturing” and “removable partial denture”, “Accuracy” and
“RPD?”, “dental prosthesis design” and “removable partial denture”
and “framework”, “CAD/CAM” and “removable partial dentures”,
“CAD” and “removable partial denture”, “RP” and “RPDs”, “RP” and
“removable dentures”, “RP” and “removable prosthesis”,

“Digitally designed” and “removable dentures”, “Digital removable

partial dentures”, “Rapid manufacturing” and “removable dentures”

Articles of complete dentures and prototyping implants
were also excluded except for one which discussed color
mapping. Duplicated articles among different search
resources were excluded. Articles discussing the produc-
tion of RPDs from metal-free materials were also
excluded. A data charting form was used to record data
extracted from included articles. To fulfill the scoping
review question, the researchers considered what exact
information should be extracted. Out of the original arti-
cles 1283 articles which result from various search
resources and references, 50 were read in full, and 20
articles were selected for inclusion in the review (Figure
1). After much consideration, the following data from each
article was extracted: study design and purpose, sample
method, main findings.

Presentation of the Result

The studies of RPDs were divided into two categories
depending on the method of assessing the fit; Analogue
methods and Digital methods. A comparison between the
accuracy of RPD fit between the two categories will be
presented.

Analogue method category involves non-computer stu-
dies which and relying on a filling material to register
gaps, microscopy or a digital photography camera to
assess fit. However, Digital method category involves the
studies that use the technology to produce color map to
assess fit.

Analogue Methods of Assessing Fit

A number of studies discussed below used non-computer-
based methods to assess fit such as the use of silicone as
a registration material to fill gaps between the fitting sur-
face of a physical RPD and the stone master model, or
between an RPD clasp and a tooth to measure gaps
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Figure | Identification and selection of studies included.

between these surfaces by measuring the thickness of
filling material.?> 2" Others used silicone to assess the
accuracy of fit of a RP-produced clasp on a tooth, and
compared it to a conventionally produced clasp on a -
tooth.”*?” A study fabricated a replica using polyvinyl
siloxane (PVC) and analyzed the accuracy of the RPD
framework.'® The accuracy of fit was assessed on the cast
by 4 examiners. Gaps between the rests of the 50 clasp
assemblies and the rest seats were recorded with PVC and
measured in micrometers by a dial caliper.'” Measurement
of the thickness of a silicone registration material using
a caliper is one of the methods most frequently used to
determine the accuracy of an RPD.'” However, this
method has a drawback in that it is difficult to accurately
measure the thickness due to the elasticity of the silicone.

The results of the above-mentioned studies which
assess fit by relying on a filling material to register gaps
are likely to be inaccurate for two important reasons.
Firstly, the filler material could potentially distort either
on setting or more likely on removal over tight areas, or
during measurement. Secondly, this method offers no way
of showing whether there are indentations of the dental
item into soft tissues or the model or whether such
encroachments produce distortions when a restoration or
appliance is seated on hard tissues. The same point applies
to some studies reviewed above which rely on tactile or
visual assessment.

The following articles which use microscopy and
a digital photography camera are not subject to the first
point above but are still subject to the second criticism.
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A study used light microscopy (VMZM-40; 4H-JENA
Engineering GmbH, Germany) at x 560 magnification to
determine the accuracy of fit of modified clasps fabricated
by 4 different CAD/CAM systems and compared their fit
to those produced by conventional techniques.”® The
RPDs were produced using 4 different CAD/CAM techni-
ques which were: indirect RP (wax inject printing com-
[LWT]), direct RP
(Selective Laser Melting [SLM]), indirect milling (wax

bined with lost wax technique

milling with conventional technique), and direct milling
(resin milling Polyether ether ketone).”® Frameworks were
placed on the master model, and the accuracy of each
canine clasp (12 clasps per group) was analyzed at 3
vertical and 3 horizontal areas and at 2 vertical and 3
horizontal areas of modified molar clasps. Leaving aside
questions regarding whether vertical and horizontal dis-
tances are the most meaningful concepts when measuring
curved, complex 3D shapes.”®

A recent study was carried out to compare the fit of 15
RPD frameworks fabricated using the SLM technique to
15 RPDs produced by the conventional method by mea-
suring polyvinyl siloxane (PVC) for both groups using
a digital microscope at 50x in micrometers.”* The fit
accuracy of digital RPDs fabricated by RP was assessed
by measuring silicone registration material with a total of
348 measurements using a stereomicroscope and image
program.”’ Another study used an USB digital intraoral
camera at x16.5 magnification at 3 points on each side to
measure visible gaps of 30 RPD frameworks produced by
conventional techniques and the light-curing modeling
material technique.®® Every framework was transferred to
an alloy master model to measure gaps between the metal
base of the framework and the crest of the alveolar ridge
of the model. Authors commented that the accuracy of
framework can differ according to the span length of the
edentate ridge and material type of framework used for
fabrication.*® It was reported that the mean value of the
short edentulous span was significantly smaller than that of
the long edentulous span in the light-curing modeling
material technique, whereas the opposite result was
obtained in the conventional technique group.’® Yet,
a different study measured the space under a major con-
nector at the anterior and posterior borders of maxillary
palatal strap, using a profile projector with a sensor.*® In
this study, 24 duplicate for a machine-milled metal cast
were used. Twelve were control group while the remaining
twelve were included in the test group, which had the
provision for anchorage. It was concluded that the

accuracy of fit of the palatal major connector was signifi-
cantly better in the test group than the control group, with
0.1% level of significance at point P. The accuracy was
significantly improved in both groups at point A by 1%
level of confidence.*”

Visual and tactile examination of RPDs on the cast or
in the oral cavity were one of the most used methods to
the fit of the digitized RPD in

1017.213137 uestions arise relating to the rather

assess several
studies.
informal judgements needed when using visual inspection
and movement of frameworks on models or “in situ” to
assess whether a dental item is fit for purpose. Where the
above studies which use a microscope or digital camera
are concerned, questions arise regarding where and in
which direction the minimum distance between the com-

plex 3-dimensional structures is taken to be.

Digital Methods of Assessing Fit
Whilst studies relating to the fit of RPDs have been under-
taken for many years, perhaps due to its comparatively
recent development, there is little literature exploring the
application of the ability of digital technology to create
“color maps” to the topic of fit. A color map is a technique
where an STL file produced by a 3D scan of, for example,
the fitting surface of an RPD is superimposed with an STL
file of a scan of the model surface in three dimensions. The
“best fit” of these two surfaces is obtained by digital
procedures and colors appear indicating the various sizes
of gaps or indentations between the RPD and the model. In
other words, this technique shows the value of surface
discrepancies as a map of colors where each color repre-
sents a value of the differences between the two surfaces,
for instance in millimeters. Furthermore, these discrepan-
cies are based on, for example, perhaps 600 points of
comparison. This offers a huge step change to the number
of points it is possible to compare using analogue methods.
Two published papers that use color maps in the
assessment of fit of RPDs in the dental literature are
discussed here. Negm et al (2019) used metrology soft-
ware for the color map technique and the misfit (distance
between each framework and the reference cast) was mea-
sured at 25 standardized points.*® In order to assess the
overall accuracy, each STL file of the framework was
superimposed over the original STL file of the design,
and the average deviation was recorded in microns.*® In
addition, a study by Soltanzadeh et al (2019) used the
same software to measure the gap distance between the

frameworks and scanned master model at 8 locations.>
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However, the study reports that although both conven-
tional and 3D-printing methods of framework fabrication
revealed clinically acceptable adaptation, the conventional
cast RPD groups revealed better overall fit and accuracy.””
This study raises the question of whether 8§ locations are
enough to reach a clear conclusion compared to other
studies which use hundreds. Improved findings may be
possible if more points were selected which is easily
possible with color map technology.*’

Whether the Digital Methods
Deliver Better Fit Results Than
Analogue Methods for RPDs?

There are a number of studies that compared the accuracy
of fit of RPD between CAD/CAM-produced RPD and
conventionally casted RPD. Few of these studies manu-
factured one or limited number of RPDs to assess the
accuracy of fit. Therefore limited novel results are to be
expected but a novel critique and new application of
existing knowledge has been suggested in these studies.
An “in vitro” study argued that the fitting of 15 RPDs,
which were designed using a lab scanner (D800, 3Shape,
Copenhagen), and a commercial dental computer-aided
design (CAD) software (Dental System 2015, 3Shape,
Copenhagen) fabricated from Polyetheretherketone
(PEEK) — RPDs were better fitting than those traditionally
constructed cast framework RPDs.?? In addition, the CAD/
CAM technology caused significantly smaller gap dis-
tances in all of the clasp regions, as compared to the
conventional technique.”® It was also reported that the
clasps produced by direct milling (CAD/CAM) showed
significantly better fit compared to conventional clasps.?’
A recent study compared the quality of fit of RP-RPDs and
conventionally produced RPDs for 15 selected cases using
PVC, concluded that the gap between the rest and relevant
rest seat was bigger in RP-RPDs than the conventional
castings.*® Nevertheless, the authors commented that the
RP-produced frameworks were acceptable for clinical
application, with satisfactory retention and stability and
no undesired rotation. Leaving aside the issue that such
gaps are potential traps for plaque, etc., the study made
every effort to maximize the number of cases studied.
Fifteen cases are still perhaps insufficient to allow firm
conclusions to be drawn and further studies are needed to
underpin this initial finding. In addition, a study used PVC
as a registration material to compare the fit of SLM pro-
duced — RPD frameworks and conventionally produced

RPDs when fitted to models in an “in vitro” study.*' It
was shown that the average gap of the RP frameworks was
larger than those of conventional RPDs in three cases
while no difference was found in one case.*' Thus, this
study goes some way to confirm the findings of the study
discussed immediately above. However, a study reports
that although both conventional and 3D-printing methods
of framework fabrication revealed clinically acceptable
adaptation, the conventional cast RPD groups revealed
better overall fit and accuracy.®” The interesting findings
for the above-reviewed articles so far suggesting that
milling compares more favorably to conventional casting
techniques than printing. However, it has been claimed
that RPDs produced by RP techniques showed distinct
fitting irregularities.

Discussion

This review has highlighted the results of studies compar-
ing digital methods of manufacture of RPDs with the
conventional technique (Table 2). In doing so, it has devel-
oped a strong critique of methods used to assess of fit.
Digital RPD manufacture is still at an early stage. The
number of steps required in digital procedures is reduced
over conventional ones, which suggests a potential
improvement is possible, as some of the above studies
confirm. It is reasonable to expect that eventually digital
methods can produce sufficient accuracy. Furthermore, it
may be that the ability to shrink or enlarge a digital dental
item by minute amounts in CAD either as a whole or in
specific areas could eventually lead to greater comfort.

Whilst most authors suggest digital and conventional
techniques to produce acceptable frameworks, this conclu-
sion is largely based on informal judgements. For exam-
ple, gaps observed between rests and rest seats have been
reported but have been informally judged to be acceptable
by the researchers involved. Such statements would hold
a greater acceptance if a consensus could be agreed
regarding what spaces and other aspects of fit were
acceptable.

A further degree of rigor would perhaps be achieved if
the comparison of findings could be based on a more uni-
form approach. Currently, comparison of various studies is
difficult due to the enormous variation in choice of cases.
For example, bounded saddles or free end saddles (distal
extensions) of various lengths have been used. Several
studies evaluating the fit of RPDs used maxillary

models,2’18’29’42 whilst other studies used mandibular
6,11,22,25,

models. 3039 Different classes and modifications
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of Kennedy RPDs were also evident in the studies. For
instance, a study used a metal model of a Kennedy class
[T modification 1 with two edentulous spaces of different
spans, short and long.*® Others used a Kennedy class III
modification 1. The material type of the models was also
different among the studies.*”

Color maps offer enormous possibilities for the study
of fit in dentistry. A color map from an unpublished thesis
reproduced here (Figure 2).** Figure 2 shows an image
representing a color map, or “color plot” of the fit between
the Co-Cr cast and a master cast. Whilst it does not
illustrate an RPD but rather an edentulous palatal plate, it
provides a good illustration of the use of such maps. The
degree of variation between the master model and the
casting is represented by colors. In this example, violet
represents the master model, blue represents an area which
would encroach into a physical model (a negative value),
and green represents areas which fit and orange represents
an area which would produce a gap between the casting
and a physical model. In addition, there are various shades
representing measurements in millimeters between the two
extremes. For example, violet represents —0.5 to —0.1mm,
blue represents —0.1 to —0.05mm, green represents —0.05
to 0.05mm, orange represents 0.05 to 0.lmm and pink
represents 0.5 to 0.25mm.

However, a method that develops a quantitative assess-
ment of the color map is described below and has not
previously appeared in the published dental literature.
The method suggests many advantages which will be

Figure 2 A color plot (Scale % 1) of the fit between the CoCr cast and a master cast.
Note: Courtesy of McDowell, M., A comparison of accuracy between BEGO,
Siladent, and an Empirical sprueing methodology. - Can computerised radiographic
technology assist in identifying most nominal accurate CoCr casting? [Dissertation],
Cardiff Metropolitan University, 2014.
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Dove

pointed out. Rather than simply looking, a carefully look-
ing at a vast array of different colors, a suggested approach
is to produce a bar chart with very narrow bars. Figure 3
shows such a chart that may typically be generated from
the map shown in Figure 2 by software engineering.

In Figure 3 the color of each bar represents the degree of fit
or misfit measured in square millimeters across the whole of
the fitting surface. There are approximately 150 bars represent-
ing an even spread over the fitting surface. The vertical axis
shows how many square millimeters there are of each mea-
surement represented by each color. The same or similar colors
are then grouped together in the chart. This method is devel-
oped dentally in an unpublished thesis.*> Each of the 150
(approximately) bars represents a square millimeter of each
color, which in turn represents a value of fit (0.0) or misfit and
are evenly spread over the fitting surface. The exact fit repre-
sented in the histogram is presented at the value of 0.0 shown
in green. Hence for the color map used in the present

Settings | Colors = Hstogram

20.04 suface fom?

G:Mued'&mmms'kvum[hmiﬂmﬂ[

illustration, it can be seen that the majority of points show
green, ie, 0.0 (a good fit) and many show a minus value to
0.1 mm. There is a smaller percentage of plus values (or gaps).

However, even a chart such as the one in the illustration
does not allow an easy quantification and cannot be read
quantitatively by eye because there are so many bars and
the colors tend to shade into each other. Yet it does indicate,
for example in the figures shown, that there is a greater area
of green than blue and a smaller area of red. Perhaps this
would not be so easily seen from a visual study of color
maps alone. However, from such a chart, a step forward in
quantification is easily achieved since it should be possible
for software to calculate, as a percentage of the overall arca
of the fitting surface, where there is fit (0.0), where there are
minus values to say, 0.0 to 0.01 square mm, where there are
plus values up to say, 0.0 to 0.01 square mm, and so on.

Such percentage values would facilitate comparisons of
overall fit between studies.

Varance dutibution —_

deviation frrm)

T T T

03 04 05

 |[@je)
Devigtion min 1«-{.‘50rrrr| Devistion max: |>= 0 50 mm

Figure 3 Histograms of nominal fit and misfit.
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Note: Courtesy of McDowell, M., A comparison of accuracy between BEGO, Siladent, and an Empirical sprueing methodology. - Can computerised radiographic technology
assist in identifying most nominal accurate CoCr casting? [Dissertation], Cardiff Metropolitan University, 2014.
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Conclusion

In such a context, a standardized approach along the lines
of using test procedures that have been prescribed in
standards such as for ISOs or the American Standards
would help in allowing meaningful comparisons of future
studies and give credence to claims regarding what is “an
acceptable fit”. Finally, a possible method of using color
maps, histograms generated from these and percentages of
accuracy of fit derived from digital superimposition, has
been suggested which again would facilitate quantification
and meaningful comparison of studies. This method can
replace all other forms of assessment as it does have many
advantages. We agree fit and accuracy are the final arbiter,
which is why we felt it was vital to include the digital
method of assessment of these characteristics.
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