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Additively and subtractively manufactured implant-supported
fixed dental prostheses: A systematic review

Alexis loannidis' ® | Kevser Pala® | FranzJ.Strauss'® | Jenni Hjerppe® |
Ronald E. Jung!® | Tim Jodal?

IClinic of Reconstructive Dentistry, Center
of Dental Medicine, University of Zurich, Abstract

Zurich, Switzerland Aim: To compare and report on the performance of implant-supported fixed dental

2Department of Reconstructive Dentistry,
University Center for Dental Medicine

prostheses (iFDPs) fabricated using additive (AM) or subtractive (SM) manufacturing.

Basel, University of Basel, Basel, Methods: An electronic search was conducted (Medline, Embase, Cochrane Central,
Switzerland

witzerian Epistemonikos, clinical trials registries) with a focused PICO question: In partially
Correspondence edentulous patients with missing single (or multiple) teeth undergoing dental implant
Alexis loannidis, Clinic of Reconstructive . . .. ..
Dentistry, Center of Dental Medicine, therapy (P), do AM iFDPs (I) compared to SM iFDPs (C) result in improved clinical per-
University of Zurich, Plattenstrasse 11, formance (O)? Included were studies comparing AM to SM iFDPs (randomized clinical

8032 Ziirich, Switzerland.

Email: alexis.ioannidis@zzm.uzh.ch trials, prospective/retrospective clinical studies, case series, in vitro studies).

Results: Of 2'184 citations, no clinical study met the inclusion criteria, whereas six in

vitro studies proved to be eligible. Due to the lack of clinical studies and considerable
International Team

IT for Implantology heterogeneity across the studies, no meta-analysis could be performed. AM iFDPs were

made of zirconia and polymers. For SM iFDPs, zirconia, lithium disilicate, resin-modified
ceramics and different types of polymer-based materials were used. Performance was
evaluated by assessing marginal and internal discrepancies and mechanical properties
(fracture loads, bending moments). Three of the included studies examined the marginal
and internal discrepancies of interim or definitive iFDPs, while four examined mechani-
cal properties. Based on marginal and internal discrepancies as well as the mechanical
properties of AM and SM iFDPs, the studies revealed inconclusive results.

Conclusion: Despite the development of AM and the comprehensive search, there is very
limited data available on the performance of AM iFDPs and their comparison to SM tech-

niques. Therefore, the clinical performance of iFDPs by AM remains to be elucidated.

KEYWORDS

additive manufacturing, CAD-CAM, Computer-Aided Design, Computer-Aided Manufacturing,
dental implants, Dental Prosthesis, Implant-Supported, single tooth, 3 Dimensional Printing,

3 D Printing, Three-Dimensional Printing

1 | INTRODUCTION replaced or complemented by digital workflows (Jung et al., 2009;

Muhlemann et al., 2018; Schneider et al., 2021). These technol-
With the advent of digital technologies in implant dentistry, con- ogies pursue toward a common goal: the optimization of current
ventional surgical and prosthetic approaches have been increasingly treatment options in implant dentistry (Al-Dwairi et al., 2019; Joda

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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et al., 2017, 2021; Kunavisarut et al., 2022; Muhlemann et al., 2022;
Pan et al., 2019).

Conventional prosthetic workflows have shown predictable
long-term results, but involve more manual effort and treatment
time, and are more technique-sensitive (Joda & Bragger, 2016).
To overcome these limitations, digital workflows, using computer-
aided design (CAD) as well as computer-aided manufacturing
(CAM) for the fabrication of the prostheses, have been introduced
(Mormann et al., 1990; Muhlemann et al., 2018). The CAM process
for the different restorative materials relies on two methods: (1)
SM: subtractive manufacturing or (2) AM: additive manufacturing
(Pyo et al., 2020).

Subtractive manufacturing methods involve the milling of a man-
ufacturing material to obtain an interim or final restoration. SM has
become a well-established technology in implant dentistry produc-
ing accurate implant-supported fixed dental prostheses (iFDPs; De
Angelis et al., 2020; Gintaute et al., 2021; Muhlemann et al., 2020).
Nevertheless, there are some limitations such as the large amounts
of waste due to material residues generated during the grinding of
the material block. In addition, the SM technology is limited to some
extent by the complexity of the structures, as the number of mill-
ing axes and number and shape of the milling instruments limit the
possible design and affect the reproduction of an object (Methani
et al., 2020; Revilla-Leon, Besne-Torre, et al., 2019). Furthermore,
during the milling processes of ceramics, the material's high strength
can lead to an increased wear of the milling instruments (Methani
et al., 2020).

Additive manufacturing, commonly referred to as 3D printing,
describes the process of successive adding and joining materi-
als layer by layer to build a digitally designed three-dimensional
object by means of a 3D printer (Jockusch & Ozcan, 2020). The
AM technology allows the inclusion of different material prop-
erties or colors in the same workpiece (Methani et al.,, 2020;
Stansbury & lIdacavage, 2016). Moreover, AM may bring the
advantage of reduced material waste and enables the recycling
of unused material (Galante et al., 2019). There are different
technologies and materials used for AM. The quality of a prod-
uct, as well as the production time and costs, can be affected
by various factors such as the technology used, its resolution,
processing parameters (e.g. the energy source, layer thickness,
or building orientation), material composition, and required post-
processing treatments. (Alharbi et al., 2016; Osman et al., 2017,
Tian et al., 2021).

In in vitro studies, both AM and SM methods have shown similar
precision for the fabrication of tooth-supported fixed dental pros-
theses (loannidis et al., 2021; Son et al., 2021; Wang et al., 2019).
A previous systematic review comparing SM to AM for iFDPs re-
ported inconclusive results, in part due to a limited number of stud-
ies applying AM (Muhlemann et al., 2021). Due to the significant
and ongoing interest in additive manufacturing, it is crucial to an-
alyze and summarize the latest state of evidence in order to arrive
at more definitive conclusions about this fabrication method. The
aim of the present systematic review was, therefore, to compare

and report on the performance of iFDPs fabricated using AM or

SM techniques.

2 | MATERIALS AND METHODS

2.1 | Protocol development registration and
reporting format

A detailed protocol was developed and followed according to the
PRISMA (Preferred Reporting Items for Systematic Review and
Meta-Analyses) statement (Page et al., 2021) and the 2021 Cochrane
Handbook (Higgins et al., 2021). The protocol was registered in
PROSPERO with the identification number CRD42021293470.

2.2 | Eligibility criteria

According to the PICO-framework, a focused question was utilized

to facilitate the inclusion and exclusion of studies.

2.21 | Focused question

In partially edentulous patients with missing single (or multiple) teeth
undergoing dental implant therapy (P), do AM iFDPs (I) compared to
SMiFDPs (C) result in an improved clinical performance (O)?

Population (P): Partially edentulous patients with missing single
(or multiple) teeth undergoing dental implant therapy.

Intervention (1): AM iFDPs.

Comparison (C): SM iFDPs.

Outcome (O): Clinical performance including clinical, radio-
graphic, aesthetic outcomes, survival and complication rates as well

as patient-reported outcomes.

2.3 | Search strategy

An electronic search was conducted on Medline (PubMed) Embase,
Cochrane Central, and Epistemonikos (for relevant systematic re-
views addressing the topic). An electronic search was also performed
on ClinicalTrial.gov and Cochrane Central Register of Controlled Trials
for registered ongoing trials. The electronic search was conducted
up to November 1, 2022 and designed and adapted to each type of
database (Table 1). In addition, reference lists of retrieved studies for

full-text screening and previous reviews on the topic were screened.
2.4 | Inclusion criteria
Randomized clinical trials (RCT), prospective and retrospective clini-

cal studies, case series with at least 10 patients, and in vitro studies,
all comparing AM to SM single- or multi-unit iFDPs.
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TABLE 1 Search strategy.

“dental implants”[MeSH Terms] OR “dental implants, single tooth”"[MeSH Terms] OR “dental implants, single tooth”[MeSH Terms]

OR “Dental Implantation, Endosseous”[MeSH Terms] OR “Dental Prosthesis” [MeSH Terms] OR “Dental Prosthesis, Implant-
Supported” [MeSH Terms] OR “Denture, Partial, Fixed” [MeSH Terms] OR “Crowns” [MeSH Terms] OR “dental restoration
failure” [MeSH Terms] OR “Tooth, Artificial” [MeSH Terms] OR “Dental abutments” [MeSH Terms] OR “restoration*”

[All Fields] OR “suprastructure*” [All Fields] OR “crown*” [All Fields] OR “fixed dental prosthes*” [All Fields] OR “fixed

partial denture*” [All Fields] OR “abutment*” [All Fields] OR “dental implant*”[All Fields] OR “Denture, Partial, Temporary”
[MeSH Terms] AND Dental Technology [MeSH Terms] OR Computer-Aided Design [MeSH Terms] OR Computer-Aided
Manufacturing [MeSH Terms] OR Manufacturing, Computer Aided [MeSH Terms] OR Design, Computer Aided [MeSH
Terms] OR “CAD-CAM” [All Fields] AND Printing, Three Dimensional [MeSH Terms] OR Printings, Three-Dimensional [MeSH
Terms] OR Three-Dimensional Printings [MeSH Terms] OR 3-Dimensional Printing [MeSH Terms] OR 3 Dimensional Printing
[MeSH Terms] OR 3-Dimensional Printings [MeSH Terms] OR Printing, 3-Dimensional [MeSH Terms] OR Printings, 3-
Dimensional [MeSH Terms] OR 3-D Printing [MeSH Terms] OR 3 D Printing [MeSH Terms] OR 3-D Printings [MeSH Terms]
OR Printing, 3-D [MeSH Terms] OR Printings, 3-D [MeSH Terms] OR Three-Dimensional Printing [MeSH Terms] OR Three
Dimensional Printing [MeSH Terms] OR 3D Printing [MeSH Terms] OR 3D Printings [MeSH Terms] OR Printing, 3D [MeSH
Terms] OR Printing, 3D [MeSH Terms] OR “3-dimensional print*” [All Fields] OR “3d print*” [All Fields] OR “three-dimensional
print*” [All Fields] OR “3-dimensional print*” [All Fields] OR “additive” [All Fields] OR “additive manufacturing” [All Fields] OR

“tooth implant”/exp OR “tooth implantation”/exp OR “implant-supported denture”/exp OR “tooth prosthesis”/exp OR “dental

abutment”/exp OR “partial denture”/exp OR “prosthesis design”/exp OR “suprastructure*” OR “crown*” OR “fixed dental
prosthes*” OR “fixed partial denture*” OR “abutment*” OR “dental implant*” AND “dental technology”/exp OR “computer
aided design”/exp OR “computer aided design/computer aided manufacturing”/exp OR “CAD/CAM software”/exp OR “CAD-
CAM” AND “three dimensional printing”/exp OR “three dimensional computer aided design”/exp OR “stereolithography”/
exp OR “three dimensional printing” OR “additively manufact*” OR “3-dimensional print*” OR “additive” “OR additive

Medline

“additively manufact*”[All Fields] OR “CAD-CAM mill*” [All Fields]
Embase

manufacturing” OR “three-dimensional print*” OR “CAD-CAM mill*”
Central

[mh “dental implant”] OR “dental implant®” AND [mh “Computer-Aided Design”"] OR [mh “Computer-Aided Manufacturing”] OR

[mh “Manufacturing, Computer Aided”] OR [mh “Design, Computer Aided”] OR “CAD-CAM” OR “subtractive manufacturing”
OR “subtractive manufact*” AND [mh “Printing, Three Dimensional”] OR [mh “Printings, Three-Dimensional”] OR [mh
“Three-Dimensional Printings”] OR [mh “Three-Dimensional Printing”] OR [mh “Three Dimensional Printing”] OR “additive”
OR “additive manufacturing” OR “additively manufact*”

Epistemonikos

“dental implants”[MeSH Terms] OR “dental implants, single tooth”"[MeSH Terms] OR “dental implants, single tooth”[MeSH

Terms] OR “Dental Implantation, Endosseous”[MeSH Terms] OR “Dental Prosthesis” [MeSH Terms] OR “Dental Prosthesis,
Implant-Supported” [MeSH Terms] OR “Denture, Partial, Fixed” [MeSH Terms] OR “Crowns” [MeSH Terms] OR “fixed

dental prosthes*” [All Fields] OR “fixed partial denture*” [All Fields] OR “abutment*” [All Fields] OR “dental implant*”[All
Fields] OR “Denture, Partial, Temporary” [MeSH Terms] AND Computer-Aided Design [MeSH Terms] OR Computer-Aided
Manufacturing [MeSH Terms] OR Manufacturing, Computer Aided [MeSH Terms] OR Design, Computer Aided [MeSH
Terms] OR “CAD-CAM" [All Fields] AND Printing, Three Dimensional [MeSH Terms] OR Printings, Three-Dimensional [MeSH
Terms] OR Three-Dimensional Printings [MeSH Terms] OR 3-Dimensional Printing [MeSH Terms] OR 3 Dimensional Printing
[MeSH Terms] OR 3-Dimensional Printings [MeSH Terms] OR Printing, 3-Dimensional [MeSH Terms] OR Printings, 3-
Dimensional [MeSH Terms] OR 3-D Printing [MeSH Terms] OR 3 D Printing [MeSH Terms] OR 3-D Printings [MeSH Terms]
OR Printing, 3-D [MeSH Terms] OR Printings, 3-D [MeSH Terms] OR Three-Dimensional Printing [MeSH Terms] OR Three
Dimensional Printing [MeSH Terms] OR 3D Printing [MeSH Terms] OR 3D Printings [MeSH Terms] OR Printing, 3D [MeSH
Terms] OR Printing, 3D [MeSH Terms] OR “3-dimensional print*” [All Fields] OR “3d print*” [All Fields] OR “three-dimensional
print*” [All Fields] OR “3-dimensional print*” [All Fields] OR “additive” [All Fields] OR “additive manufacturing” [All Fields] OR
“additively manufact*”[All Fields] OR “CAD-CAM mill*” [All Fields]

2.5 | Exclusion criteria

e Fully edentulous cases.
e Studies focusing on the manufacturing procedures of frameworks

or abutments.

2.6 | Study selection

Based on the inclusion/exclusion criteria, two calibrated authors
(JH; KP) screened independently the titles, abstracts, and full texts
to check for eligibility. No restrictions were set for the date of
publication, but the language for text eligibility was restricted to
English, German, Spanish, Finnish, Turkish, Italian, and Portuguese.

The identified articles were inserted into the Rayyan® Online
Software (Qatar Computing Research Institute) and the duplicated
articles were deleted. The inter-agreement among the authors was
based on Cohen's Kappa score. Any disagreements were resolved
by discussion with a third author (Al). All articles that did not meet
the eligibility criteria were excluded and the reasons for exclusion

were noted.
2.7 | Data extraction
Consistent with the latest handbook by the Cochrane group

(Higgins et al., 2021) a paper form using processing software was
used for the data extraction tables. The tables were pilot-tested
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by two extractors. Data were independently extracted by two
reviewers (JH, KP) using data extraction tables (Excel Microsoft
Corporation). In case of missing data, the authors of the included

studies were contacted via email to provide the missing or addi-

tional data.
3 | RESULTS
3.1 | Search

A total of 2184 articles were identified through the electronic
search (Figure 1). After the removal of 414 duplicates, 1'770 titles
were screened, and 23 records were evaluated on the basis of their
abstract and on the information available in the trial registry. Based
on full-text analysis 15 articles were excluded (Table 2). Two relevant
trial registrations (German Clinical Trial Register ID: DRKS00029049
and Brazilian Registry of Clinical Trials ID: RBR-4msyxn) were fur-
ther excluded, as the final reports were not available. A total of 6 ar-
ticles remained and were finally included. The inter-rater agreement
during the selection of the abstracts (screening phase) between re-

viewers was k=0.839.
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3.2 | Description of included studies and study
characteristics

The included studies were published between 2016 and 2022
(Table 3, Figure 2). No clinical studies could be found and, therefore,
only in vitro studies were included. A total of 6 in-vitro studies in-
cluding screw- or cement-retained single-unit iFDPs were analyzed.
Performance was evaluated by assessing marginal and internal
discrepancies and mechanical properties (fracture loads, bending
moments). Materials included for the AM iFDPs were ceramics (zir-
conia) and polymers (PMMA, resin composite). For the SM iFDPs,
zirconia, lithium disilicate reinforced glass ceramic, resin-modified
ceramic, composite, and polymer materials (PMMA, Pekkton) were
investigated in the included studies. The used AM methods were
digital light processing (DLP) and stereolithography (SLA). SM refers
to milling processes with multi-axis milling machines.

No clinical studies comparing AM to SM iFDPs were found. The
identified in vitro investigations comparing these two manufacturing
methods for iFDPs focused on (1) the marginal and internal discrep-
ancies, and (2) the fracture loads and bending moments.

The data were analyzed qualitatively and given that no clinical

study was included no demographics were reported. Considering

[ Identification of studies via databases and registers ]
c Records identified from:
2 PubMed (n = 1112) Egg‘;ﬁf,;?mm’ed before
o Embase (n = 1'059) he
E Epistemonikos (n = 11) — (Dnuglfﬂe; records removed
5 Cochrane Central Register of
= Controlled Trials (n = 2)
Records screened > Records excluded
(n=1770) (n=1747)
Reports sought for retrieval
(n=23)
o
c
e
[
: I
3]
(%}
A Reports excluded:
Reports assessed for eligibility _— Lack of comparator or control group
(n=23) (n=4)
Investigating abutments/frameworks
(n=11)
Trial registration, not yet published
(n=2)
° L . .
7] Studies included in review
o
2 (n=6)
FIGURE 1 Flow chart of the systematic ‘_!'=’
review. —
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Author/Publication Year
Kim et al. (2017)

Akcin et al. (2018)

Obermeier et al. (2018)

Svanborg et al. (2018)

Ghodsi et al. (2019)

Presotto et al. (2019)

Barbin et al. (2020)

Gonzalo et al. (2020)

Kim and Lee (2020)

Williams et al. (2020)

Yildirim (2020)

Graf et al. (2021)

Revilla-Leon et al. (2021)

Hsu et al. (2022)

Revilla-Leon et al. (2022)

Journal

Materials

The Journal of Prosthetic
Dentistry

Clinical Oral Investigations

The International Journal of
Oral and Maxillofacial
Implants

European Journal of Dentistry

The Journal of Prosthetic
Dentistry

Journal of the Mechanical
Behaviour of Biomedical
Materials

Materials

BioMed Research International

Journal of Oral and
Maxillofacial Surgery

The Journal of Prosthetic
Dentistry

The Journal of Advanced
Prosthodontics

The Journal of Prosthetic
Dentistry

Polymers

Journal of Prosthodontics

Reason for exclusion

Investigating abutments/
frameworks

Investigating abutments/
frameworks

Lack of comparator or
control group

Investigating abutments/
frameworks

Investigating abutments/
frameworks

Investigating abutments/
frameworks

Investigating abutments/
frameworks

Investigating abutments/
frameworks

Lack of comparator or
control group

Lack of comparator or
control group

Investigating abutments/
frameworks

Lack of comparator or
control group

Investigating abutments/
frameworks

Investigating abutments/
frameworks

Investigating abutments/
frameworks

TABLE 2 List of excluded studies.

that only in vitro studies were included, no risk of bias analysis was
deemed necessary.

3.3 | Data extraction and management

Two reviewers (KP and JH) extracted data from the included studies
using a pre-piloted data extraction form and checked them against
each other. We resolved any disagreements by discussion or with
a third review author (Al). We extracted data on: Author, date of
publication, study design, manufacturing technique in AM and SM,
testing method, marginal and internal discrepancies, fracture load,

and bending moments.
3.4 | Marginal and internal discrepancies
Three of the included studies examined the marginal and internal

discrepancies between AM and SM iFDPs. One of these studies as-
sessed interim iFDPs, while two examined definitive iFDPs.

An in vitro study compared cemented interim single-unit
iFDPs, which were manufactured either using a 4-axis milling
machine (SM) or DLP (AM) (Park et al., 2016). The used materi-
als were Pekkton (SM) and PMMA (AM). The marginal and inter-
nal discrepancies between the prostheses and the standardized
implant abutments were examined at 20 reference points. The
mean marginal discrepancies (+standard deviations) amounted
to 58.02 (+19.75) um (SM) and 56.85 (+22.24) pm (AM). For
both groups, the largest internal discrepancies were measured
in the occlusal area with mean values (+standard deviations)
of 197.87 (+42.18) um for SM and 167.81 (+41.86) pm for AM.
Statistically significant differences between AM and SM for the
intermarginal and occlusal areas were reported, while the mar-
ginal, axio-gingival, and axio-occlusal discrepancies did not reach
statistically significant levels.

The second study examining the marginal and internal dis-
crepancies, compared three study groups (Revilla-Leon, Methani,
et al., 2020). In the SM group, definitive single-unit SM zirconia
iFDPs were tested. The second group consisted of definitive single-
unite AM zirconia iFDPs (AM full-contour). In the third group, the
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FIGURE 2 Graphical overview of the characteristics of the included in vitro studies for the groups AM (a) and SM (b). For the AM groups,
the restorative materials, the fabrication method (DLP, SLA) and the measurement methods (BM =bending moments, FL=fracture loads,
MID =marginal and internal discrepancy) are indicated from the outside to the inside. For the SM groups, the restorative materials, the
number of milling axes (4, 5) and the measuring methods (BM, FL, MID) are indicated from the outside to the inside.

full-contour design was divided into two files: one representing the
enamel part of the iFDP and the second one the dentin part. Only
the latter was further processed to be fabricated by AM technolo-
gies to build the third group under investigation (AM splinted). For
the AM of the zirconia parts, SLA was applied. The SM and AM fab-
ricated zirconia parts were placed onto individualized zirconia abut-
ments to measure the marginal and internal discrepancies. The silicon
replica technique was used to determine the marginal discrepancies
at 25 points and the internal discrepancies at 50 points per specimen.
Median marginal discrepancies (+standard deviations) of 37.5 (+50)
pum (SM), 146.0 (+103.2) pm (AM full-contour), and 79.5 (+49.2) pm
(AM splinted) were found. In the internal areas, discrepancies of 73.0
(+44.7) pm (SM), 79.0 (+46) pm (AM full-contour), and 85.0 (+48) um
(AM splinted) were detected. The differences of marginal discrepan-
cies were significantly different when comparing AM full-contour to
AM splinted and SM, and when comparing AM splinted to SM. As for
the internal discrepancies, the differences between the groups were
statistically significant when comparing SM to AM full-contour and
splinted and when comparing AM full-contour to AM splinted.

In another in vitro study, the marginal discrepancy for definitive
single-unit iFDPs, where the prostheses were cemented to stan-
dardized titanium abutments, was investigated using stereomicros-
copy (Donmez & Okutan, 2022). For the fabrication of the SM iFDPs,
three different definitive restorative materials were used, including
two composites and one resin-modified ceramic material. The iFDPs
were milled using a 4-axis milling machine. For the AM group, DLP
was used for the fabrication of definitive composite resin iFDPs.
Marginal discrepancy measurements were performed at 60 points
per iFDP before and after cementation with self-adhesive resin ce-
ment. The mean marginal discrepancies (+standard deviations) after
cementation amounted to 62.6-65.5um in the SM groups and 52.4
(+£2.3) pm in the AM group. The results showed significantly lower
marginal discrepancy values for the AM specimens compared to the
SM groups.

3.5 | Mechanical properties: fracture loads and
bending moments

Four of the included studies examined the mechanical proper-
ties of SM and AM iFDPs—all single-unit—measuring the fracture
loads (four studies) and the bending moments (one study). One of
the studies evaluated interim iFDPs, while two assessed definitive
iFDPs. One study evaluated both definitive and interim materials.

An included study (Donmez & Okutan, 2022) compared the
fracture resistance of an AM composite resin with three differ-
ent SM materials: two composites and a resin-modified ceramic.
The used AM technique was DLP. The definitive prostheses were
cemented to titanium abutments using a self-adhesive resin ce-
ment and then statically loaded with a vertical force. In the SM
groups mean fracture loads of 1'274-1'359N were found, whereas
the AM group showed a mean value (+standard deviations) of
1'413.91 (+140.49) N. All the iFDPs fractured without an abut-
ment fracture and the results showed no significant differences
between the groups.

A further study (Martin-Ortega et al., 2022) evaluated the frac-
ture loads of anterior and posterior polymer-based screw-retained
interim iFDPs. The SM PMMA iFDPs were fabricated using a 5-axis
milling machine. The AM fabrication process for the polymer iFDPs
was DLP. All prostheses were cemented to standardized metallic im-
plant abutments and screw-retained to the implants. Prior to load-
ing, all specimens were subjected to thermo-cyclic aging. The mean
fracture loads (+standard deviations) were 988 (+55) (SM) and 636
(£277) N (AM) for the anterior iFDPs, whereas the posterior groups
showed values of 424 (+68) (SM) and 321 (+129) N (AM). The fracture
load testing resulted in fractures of the iFDPs, while the abutments
remained intact. The failure modes consisted of multiple fractures
in the anterior group and mostly single longitudinal fractures in the
posterior group. The results showed significantly higher failure load
values for the SM iFDPs in both the anterior and posterior groups.
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In both manufacturing methods, the anterior iFDPs had higher mean
fracture load values than the posterior iFDPs.

Another included study (Zandinejad et al., 2019) compared the
fracture loads of definitive SM (5-axis milling machine) zirconia and
lithium disilicate iFDPs to SLA AM zirconia iFDPs. All prostheses
were cemented to standardized zirconia abutments. The antago-
nist for the loading test consisted of a Co-Cr prosthesis. The me-
dian fracture loads (+standard deviations) were 1292 (+189) N (SM
Zirconia), 1’289 (+142) N (SM lithium disilicate), and 1243 (+265.5)
N (AM). No significant differences were found among the groups.
All fractures occurred at the abutment level with the fracture line
near the interface of the implant analog and the zirconia abutment.
Therefore, all iFDPs were intact at the end of the loading test.

One study (Sudbeck et al., 2022) reporting on mechanical proper-
ties evaluated the bending moments and fracture loads of polymer-
based iFDPs with or without a standardized titanium base before
and after aging. For the specimens with a titanium base, the pros-
theses were cemented onto the titanium base and screw-retained to
the implant. For the specimens without a titanium base, the iFDPs
were directly screwed to the implant. The manufacturing methods
included milling with a 5-axis milling machine and DLP. The tested
materials included composite resin, resin-modified ceramic, PMMA,
and a 3D-printed resin. Before aging, the iFDPs with a titanium base
showed no significant differences in bending moments for any of the
restorative materials tested. iFDPs without a titanium base exhibited
higher bending moments when fabricated using 3D printed resin and
milled composite resin compared to the other materials before aging.
After aging, in the titanium base group, 3D printed resin resulted
in lower bending moments than milled composite resin. Without a
titanium base, there was no significant impact of the restorative ma-
terial on the results after aging. The results for the fracture loads
showed no significant differences between the materials when tita-
nium base abutments were not used. With a titanium base abutment

AM iFDPs had the lowest fracture load values.

4 | DISCUSSION
4.1 | Main findings

The current systematic review sought to compare and report on the
performance of AM and SM iFDPs. No clinical studies could be found
that directly compared the two methods of fabrication. Based on the

included in vitro studies, the present systematic review revealed:

1. A lack of studies comparing the performance of AM and SM
iFDPs.

2. No significant differences between AM and SM interim iFDPs for
marginal discrepancies. The internal discrepancies were statisti-
cally significantly lower with AM compared to SM only in inter-
marginal and occlusal areas.

3. Inconsistent results when comparing marginal and internal dis-

crepancies of SM versus AM definitive iFDPs.

4. Lower fracture loads and bending moment values for AM com-
pared to SM interim iFDPs.

5. Similar fracture loads for AM and SM definitive iFDPs.

6. Insufficient data to draw strong conclusions.

7. Considerable heterogeneity across the studies limiting a thorough
comparison. Confounding variables included the type of prosthe-
sis (definitive or interim), the varying materials, the different lo-
cations, and the lack of detailed information regarding material

compositions, production, and post-processing parameters.

4.2 | Marginal and internal discrepancies

When examining the marginal and internal discrepancies between
a prosthesis and an abutment, the marginal fit plays a pivotal role.
Consequently, the accuracy in the marginal area is a relevant aspect
of the longevity of indirect prostheses and thus the clinical success
of iFDPs. A lack of marginal fit may expose the prosthesis/abutment
interface to the oral environment, increasing the possibility of bac-
terial colonization and triggering peri-implant inflammation, which
can eventually may lead to marginal bone loss (Broggini et al., 2003).
Furthermore, a poor fit can predispose to plaque accumulation, in-
tensifying the ensuing inflammatory response. Clinically, the marginal
gap between the restorative material and the abutment is usually
filled up with resin cement (loannidis et al., 2020; Pitta et al., 2021).
It is known that this interface area can be further affected by aging
processes (loannidis et al., 2020). In the literature, a mean marginal
discrepancy of <120pm has been reported as clinically acceptable
(Jemt & Book, 1996), while other authors have reported a misfit of
up to 200pum as an acceptable discrepancy (Boeckler et al., 2005).
The present review found similar marginal accuracies of interim
iFDPs between SM and AM when using Pekkton and PMMA as re-
storative materials (Park et al., 2016). This suggests that AM could be
a viable alternative to SM for iFDPs. The study had a high number of
specimens per group, which increased the statistical power and ena-
bled the detection of small differences. When it comes to definitive
iFDPs, the present review found conflicting results on the marginal
and internal discrepancies between AM and SM fabrication meth-
ods. Whereas some results favored the SM method (Revilla-Leon,
Methani, et al., 2020), another study showed significantly lower
marginal discrepancies for the AM fabricated prostheses (Donmez
& Okutan, 2022). The differences in outcomes might be attributed
to the use of different restorative materials and manufacturing tech-
nologies. Resin-based and resin-modified ceramic materials showed
lower marginal discrepancies for AM specimens than for SM groups.
Resin-based materials can be fabricated with SM or AM technologies
at a high precision (Jockusch & Ozcan, 2020; No-Cortes et al., 2022;
Revilla-Leon & Ozcan, 2019). In contrast, the study showing non-
clinically acceptable marginal and internal accuracies for full-contour
prostheses fabricated by AM technologies used zirconia as restora-
tive material (Revilla-Leon, Methani, et al., 2020). The latter study
showed only acceptable marginal and internal discrepancies for the
AM process for the group testing the AM intermediate secondary
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abutment (AM splinted). The anatomically full-contoured and the
splinted prostheses did not differ regarding the design of the cervical
area. However, the total volume of the AM splinted prostheses was
substantially smaller. Other studies confirm the acceptable marginal
accuracy when small-volume prostheses are fabricated (loannidis
et al.,, 2021). Accordingly, the authors speculated that differences
in the material bulk or volume design might lead to varying direc-
tions and volumetric shrinkage behavior during the post-processing,
causing the accuracy differences between the 2 AM groups (Revilla-
Leon, Methani, et al., 2020). This might be further explained by the
fact that zirconia prostheses manufactured in full contour showed a
high standard deviation in discrepancies in the marginal area.

The included studies indicate that marginal discrepancies
might pose a challenge in the manufacturing process of the iFDPs.
Although the discrepancies found may be partially clinically ac-
ceptable, the results of AM groups tended to be more variable
(Revilla-Leon, Methani, et al., 2020). This might be explained
by the further development of SM. AM, on the contrary, has
only been recently introduced in dentistry for the fabrication of
prostheses. A further aspect that needs to be taken into consid-
eration when interpreting the present findings is the method of
assessment. Whilst some studies performed a two-dimensional
cross-sectional analysis, others performed a direct analysis of the
marginal area using a stereomicroscope. Arguably, a 3D analysis
of the complete prosthesis might be necessary to generate accu-
rate information regarding the marginal and internal fit (Boitelle
et al., 2018). Additionally, more information about the production
parameters, debinding, sintering, and post-processing procedures
for the SM and AM techniques would have been needed to further
interpret the data. This is of importance since these factors can
influence the final accuracy of the prostheses and therefore deter-
mine the marginal and internal fit (Komissarenko et al., 2018; Tian
et al., 2021). Detailed information on the material composition for
the print materials was mostly lacking. At this stage, there is insuf-
ficient data to draw strong conclusions on the marginal fit of AM
compared to SM iFDPs.

4.3 | Fracture loads and bending moments

The mechanical properties play a pivotal crucial in the clinical suc-
cess of iFDPs. Factors such as fracture loads and bending moments
are important and determine whether a prosthesis can withstand
the physiological occlusal forces. The present review found lower
fracture loads and bending moment values for AM compared to
SM interim iFDPs (Martin-Ortega et al., 2022). While interim AM
iFDPs in the anterior region might withstand physiological forces,
posterior ones could have a higher risk for fractures (Martin-Ortega
etal.,, 2022). The AM iFDPs showed higher standard deviations com-
pared to the SM ones. In other words, there was more variability in
the results. AM iFDPs showed failure modes with several smaller
fragments, whereas the iFDPs in the SM groups mainly fractured
in two to four pieces (Sudbeck et al., 2022). Two of the included

studies evaluated screw-retained iFDPs (Martin-Ortega et al., 2022;
Sudbeck et al., 2022). It should be noted that the screw access chan-
nel might have affected the manufacturing accuracy as well as the
mechanical properties. Also, artificial aging led to a decrease in
bending moment values (Sudbeck et al., 2022).

As for definitive iFDPs, the present review found a similar frac-
ture load for AM and SM iFDPs. These findings should, however,
be interpreted with caution because of the varying manufacturing
methodology applied, including printer, printing protocol, and re-
storative materials. For example, in one of the included studies, all
specimens were fractured at the abutment level but none at the level
of the prosthesis (Zandinejad et al., 2019). Therefore, the results
cannot provide a real comparison between the tested manufactur-
ing methods, but demonstrate that all included restorative materials
were able to withstand physiological occlusal forces. In fact, previous
studies (Martin-Ortega et al., 2022; Park et al., 2019) have evaluated
the mechanical properties of AM prostheses but the varying meth-
odology applied, for example, manufacturing technique, materials
used, and methods of assessment, made it difficult to draw defini-
tive conclusions (Giugovaz et al., 2022). In addition, aging processes
were often lacking in the included studies. The influence of aging
processes could have a significant impact on the fracture load and
should therefore be included in further study designs to have a more
complete picture (Sudbeck et al., 2022). Detailed information on the
material compositions, printing parameters, sintering processes, and
postprocessing procedures was often lacking.

Fracture loads and bending moments are primarily material pa-
rameters and are highly influenced by the mechanical properties of
the restorative material (Donmez et al., 2022). The manufacturing
process (AM and SM) may have a secondary effect on the mechani-
cal properties of the iFDPs. However, the extent to which the manu-
facturing process affects the resulting bending moments or fracture
loads remains unclear. Therefore, the direct comparisons of mechan-
ical performance are a result of the material properties themselves
and the associated manufacturing processes.

4.4 | Further aspects regarding AM procedures

The AM techniques used in the included studies were SLA and DLP.
The main difference between stereolithography and digital light
processing is the light source. The differences in manufacturing
techniques might have contributed to the differences found across
the studies. A narrative review evaluating AM techniques in pros-
thodontics considered SLA the most accurate technique (Alharbi
et al., 2017). The precision of the SLA method is determined by dif-
ferent factors such as the precision of the laser beam position, the
exposure size in x-y planes, and the resolution in the z-axis (Alharbi
et al., 2017). The precision of the DLP method is determined by dif-
ferent factors such as the optical specifications of the DMD, lens
quality, pixel size, and resolution (Alharbi et al., 2017). Additionally,
there are differences in accuracy between the available 3D printers.
There are also different parameters, including the layer thickness
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and printing orientation, that can have an influence on the printing
results (Alharbi et al., 2017).

Another important point to consider when interpreting the pres-
ent findings is the restorative material used as this can influence
the clinical outcomes. In this sense, it should be mentioned that the
AM process is not equally evolved for all materials. While studies
show good results with the use of metals, the AM of ceramics and
polymers still has some limitations (Hesse & Ozcan, 2021; Jockusch
& Ozcan, 2020; Revilla-Leon, Meyer, & Ozcan, 2019). The AM pro-
cesses of included studies (SLA and DLP) can be used to produce
ceramic parts by mixing ceramic powders and photosensitive resin.
Green parts are then fabricated using the vat photopolymeriza-
tion. Subsequently, during the debinding and sintering processes
the organic materials in photosensitive resin are eliminated, and
the ceramic particles are fused together to create denser ceramic
objects (Revilla-Leon, Meyer, et al., 2020). An in vitro study com-
paring the fracture resistance and flexural strength of SM and AM
zirconia bars resulted in significantly lower values for the AM parts
indicating that the mechanical properties of printed zirconia might
still be a limiting factor. AM zirconia seems to be more sensitive to
shrinkage during the sintering process. A review evaluating the AM
of dental ceramics reported favorable volumetric shrinkage for SM
compared to AM (Al Hamad et al., 2022). That review also reported
that an increase in the zirconia content of a suspension could lead
to reduced volumetric shrinkage, whereas it might have challeng-
ing effects on factors such as the viscosity and layer thickness. This
aspect could be further evaluated to overcome the limitations for
AM zirconia prostheses. As for the use of polymers, based on the in-
cluded studies it appears that AM of interim resin iFDPs is a reliable
method and different kinds of geometries can be manufactured.
Mechanically AM resin material seems to be more prone to frac-
tures compared to other resin materials. One of the limiting factors
may be the lower elastic modulus for the polymers used in AM pro-
cedures. A recent review concluded that there was a lack of dental
polymers, which could remain in the oral cavity for a longer period
than 12months (Goodridge et al., 2012; Jockusch & Ozcan, 2020;
Sudbeck et al., 2022).

Further studies are needed to compare AM and SM procedures
and thus increase the evidence. Similar materials should be used
for both manufacturing processes to enable clearer comparisons.
Additionally, detailed documentation of material compositions and
manufacturing processes is required for comparisons with other
studies. Other in vitro studies are necessary to investigate the po-
tential advantages of AM, such as the inclusion different material
properties or colors in the same workpiece. This aspect was not ad-
dressed in the current studies and could offer more possibilities than
the SM process. Randomized clinical trials are needed to compare
the clinical performance of AM and SM iFDPs.

The low number of studies included, and the absence of clinical
studies limit the translation of findings to the clinic. Interestingly,
the present systematic review indicate that interim AM iFDPs in

the anterior region might be clinically acceptable in terms of fit and

mechanical properties, making them a viable alternative to SM pro-
cesses and resulting in reduced material waste. However, the use of
AM iFDPs is still insufficiently investigated and should not be widely
used in clinical practice outside of clinical trials.

The major strength of the present review is the comprehensive
search and the adherence to the methodological standards through
all stages of the review process. The comprehensive search was
achieved by means of searching additional clinical trial registers.
The present review, however, also has limitations, particularly the
lack of clinical studies, as no clinical study could be found comparing
AM and SM iFPDs, and thus only in vitro in studies were included.
Hence, the outcomes of the review could not answer the original
question posed. In addition, the absence of a grey literature search
and the language restriction to English, German, Spanish, Finnish,
Turkish, and Portuguese may have prevented the inclusion of addi-
tional studies. Finally, relevant factors including the material compo-
sitions and (post-) processing parameters, were not always available
limiting the comparability between the studies.

5 | CONCLUSION

At present, there is very limited in vitro and no clinical data available
comparing additively manufactured (AM) fixed implant-supported
dental prostheses (iIFDPs) with those fabricated using subtractive
manufacturing (SM) techniques. Heterogeneity across the avail-
able and included in vitro studies delivered insufficient data to draw
conclusions on the marginal and internal discrepancies and the me-
chanical performance. Therefore, the performance and comparison
of AM iFDPs with those fabricated by SM procedures remain to be
elucidated.
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