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ARTICLE INFO ABSTRACT

Article history: Objectives. To provide dental practitioners and researchers with a comprehensive and trans-
Received 15 December 2020 parent evidence-based overview of the characteristics of literature regarding initiatives of
Accepted 2 June 2021 robot technology in dentistry.

Data. All articles in which robot technology in dentistry is described, except for non-scientific
articles and articles containing secondary data (reviews). Amongst others, the following

Keywords: data were extracted: type of study, level of technological readiness, authors’ professional
Robot background and the subject of interaction with the robot.

Technology Sources. Bibliographic databases PubMed, Embase, and Scopus were surveyed. A reference
Dentistry search was conducted. The search timeline was between January 1985 and October 2020.
Automatic Study selection. A total of 911 articles were screened on title and abstract of which 161 deemed
Yomi eligible for inclusion. Another 71 articles were excluded mainly because of unavailability of
Suresmile full texts or the sole use of secondary data (reviews). Four articles were included after hand
Automated searching the reference lists. In total, 94 articles were included for analysis.

Conclusions. Since 2013 an average of six articles per year concern robot initiatives in den-
tistry, mostly originating from East Asia (57%). The vast majority of research was categorized
as either basic theoretical or basic applied research (80%). Technology readiness levels did
not reach higher than three (proof of concept) in 55% of all articles. In 84%, the first author
of the included articles had a technical background and in 36%, none of the authors had a
dental or medical background. The overall quality of literature, especially in terms of clinical

validation, should be considered as low.
© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Academy of Dental
Materials. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

* Corresponding author at: Department of Oral and Maxillofacial Surgery, Amsterdam University Medical Center, University of Amsterdam,
1105 AZ Amsterdam, The Netherlands.
E-mail address: t.c.vanriet@amsterdamumec.nl (T.C.T. van Riet).
https://doi.org/10.1016/j.dental.2021.06.001
0109-5641/© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Academy of Dental Materials. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.dental.2021.06.001
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2021.06.001&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:t.c.vanriet@amsterdamumc.nl
https://doi.org/10.1016/j.dental.2021.06.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1218

DENTAL MATERIALS 37 (2021) 1217-1226

Contents
BN § X o 18 Lot o3 o AP N 1218
2. Materials and Methods .. .. ... 1218
2.1. Information sources and search Strategy ... .......oouuuuiiiii ittt e e 1218
B = s o) e o < 1218
G T 6L 1= [Tt o o 1 1218
2.4. Data charting process and data IteIMS .. ......couuiuutt ettt ettt e ettt 1220
B RESUIES oo 1220
3.1 STUAY SEIECHION . ettt et 1220
3.2. Study demography and professional background ......... ...ttt 1220
3.3. Fields of dentistry and study deSiGI .........oooiiiiiii it 1220
3.4. Subject of experiments and Technological Readiness Levels (TRL)......cc.uutttititiiiiie i, 1221
L ) -1 15[ ) K 1222
4.1, Summary Of the @VIAEIICE .. ..ottt e et 1222
L T B 1o Y1 =Y o) o - 1223
5. COMCIUSION . e 1223
UL G . oottt e e 1223
S =) ¢ 0 oL 1223
1. Introduction 2, Materials and methods
The first generally recognized digitally operated and pro- 2.1. Information sources and search strategy

grammable robot was an industrial robot called ‘Unimate’
(Unimation, Inc., USA) that was used in the automotive indus-
try in 1961 [1]. The Programmable Universal Machine for
Assembly 200 (PUMA 200, Westinghouse Electric, Pittsburg,
PA, USA) was the first robot to be used in medicine over 25
years later (1988). Its purpose was to align a needle during
neurosurgical biopsies [2].

Since then, experiments with robot technology in many
fields of dentistry have been described, for example in implan-
tology, restorative dentistry and education [3,4]. Some robotic
solutions have become commercially available in recent years
and are marketed for use in the general dentist practice, such
as the implantology robot “Yomi’ (Neocis, Miami, Florida, USA).
For the general dentist, it might be difficult to keep track of
these initiatives and their level of (scientific) development.
Furthermore, in ‘grey literature’ the capabilities of robots
when it comes to their functionality and stage of development
might be difficult to interpret and can be easily overestimated
[5]

Most reviews on this topic have a narrow scope, i.e.,
describing robot technology in a specific field. A recent review
by Grischke et al. explained more about the possibilities of
robotics on a broader scale in dentistry, including cognitive
robotics, but as with other reviews concerning robot technol-
ogy in dentistry, it lacked a clear systematic approach [6-8]. To
the authors best of knowledge, a strong systematic overview
of available evidence in dental robotics and how this evidence
is synthesized, is missing.

In this first part of a systematic review, the primary aim is
to provide dental practitioners and researchers with a com-
prehensive, transparent and evidence-based overview of the
characteristics of the literature and level of development of
robot initiatives in dentistry. In a second part of this system-
atic review an overview of the usage of robot technology in all
fields of dentistry since its very beginning is provided.

Guidelines from both the Preferred Reporting Items for Sys-
tematic Reviews (PRISMA) as well as the Joanna Briggs Institute
(JBI) were used to structure this review [9,10]. The biblio-
graphic databases Medline (through PubMed), Embase and
Scopus were searched on 30 October 2020. In addition, the
reference lists of included full texts and excluded reviews
were screened and cross-referred. The search strategies were
defined appropriately for each database together with an
information specialist (RS). An overview of the search strategy
for all three databases can be found in Tables 1-3.

2.2.  Eligibility criteria

The definition of a robot differs throughout literature. For the
purpose of this review it was decided that, when an author
used the term robot for the described technology, it was con-
sidered as such and was therefore eligible for inclusion. Since
the first robot in medicine was described in 1988, only publica-
tions in or after 1985 were included. Articles in all languages
were included. (Non-)Systematic reviews, patents, presenta-
tion slides, posters and video content were excluded from data
synthesis. Robots used for research purposes only, i.e., stan-
dardized impression taking to evaluate material properties,
were excluded. Literature regarding robot technology in oral
and maxillofacial surgery was excluded since most of the med-
ically used robot systems are infeasible for usage in general
dentistry.

2.3. Study selection

Articles identified using the search strategy were imported
into a web application for systematic reviews (Rayyan, Qatar
Computing Research Institute, Doha, Qatar) [11]. Duplicates
were removed before uploading to Rayyan by an inhouse
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Table 1 - PubMed search strategy. Number of articles found = 347.

PubMed search terms

#1 Robotic Surgical Procedures[MeSH] OR robot*[tiab] OR yomi][tiab] OR suresmile[tiab]

#2 Dentistry[MeSH] OR Education, Dental[MeSH] OR Health Education, Dental[MeSH] OR Students, Dental[MeSH] OR Dental
Materials[MeSH]) OR (dentistry[tiab] OR dental [tiab] OR denture[tiab] OR dentist[tiab] OR dentine[tiab] OR enamel[tiab] OR
tooth[tiab] OR teeth[tiab] OR molar* [tiab] OR gingiva[tiab] OR periodontal[tiab] OR Prosthodontic[tiab] OR Periodontic[tiab]
OR Endodontic [tiab] OR Implantology[tiab] OR Orthodontic[tiab] OR Dentistry/surgery[MeSH]

#3 #1 AND #2

Table 2 - Scopus search strategy. Number of articles found = 634.

Scopus search terms

#1 (TITLE-ABS-KEY (robot* OR yomi OR suresmile))

#2 (TITLE-ABS-KEY (dentistry OR dental OR denture OR dentist OR dentine OR enamel OR molar* OR gingiva OR periodontal
OR prosthodontic OR periodontic OR endodontic OR implantology OR orthodontic))

#3 #1 AND #2

Table 3 - Embase search strategy. Number of articles found = 272.

Embase search terms

#1 ((exp robot assisted surgery/) or (robot* or yomi or suresmile).ti,ab,KW)

#2 ((exp “Dentistry”/or dental education/or dental health education/or dental student/or exp dental material/) OR (dentistry
OR dental OR denture OR dentist OR dentine OR enamel OR tooth OR teeth OR molar* OR gingiva OR periodontal OR
Prosthodontic OR Periodontic OR Endodontic OR Implantology OR Orthodontic).ti,ab,kw)

#3 #1 AND #2
M
Articles identified Articles identified Articles identified
through PubMed through Embase through Scopus
g searching (n= 347) searching (n=272) searching (n= 634)
=
=
=
= Articles identified through all Duplicate articles removed
databases (n= 1253) g (n=363)
|
)
A\ 4
o Articles screened on basis of title Articles excluded
E and abstract in Rayyan (QCRI) (n="751)
§ Qatar Computing Research
Q
N Institute (n=911)
— :
)
Articles included after screening
(n=161) | Articles excluded with reason (n=71):
- no full text (n=26)
E - no dental robot (n=20)
B - robot for dental research only (n=7)
) - no primary data (n= 16)
m - abstract for poster presentation (n=2)
— v
Full-text articles included Additional articles found via
(n=90) reference lists (n=4)
B
kst
=2
Q
= A 4
Total of full-text articles included
(n=94)
—

Fig. 1 - Diagram of the search process and results.
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Table 4 - A modified version of the classification of types of medical research described in Rohrig et al. [13].

Main classification of study design

Examples

Basic research — theoretical
Basic research — applied

Clinical research — observational
Clinical research — experimental

Epidemiological research — observational

Epidemiological research — experimental

Method development (no experiments)

Experiments on models, animals, cadavers, or humans
Material development

Therapy study, case series, case reports, prognostic studies
Clinical intervention studies

Case control studies

Observational studies

Comparative studies

Field/group studies

Table 5 - Technological Readiness Level (TRL) description.

Group Technology Description
readiness levels
TRL 1 Basic principles of the technology are observed.
Discovery TRL 2 Technological concept is formulated.
TRL 3 After laboratory tests a proof of concept is made.
TRL 4 Proof of concept is validated in laboratory with prototypes.
Development TRL S Technology is tested and validated in the relevant environment.
TRL 6 Technology is demonstrated in relevant environment; the prototype is not yet optimized
for operational environment.
. TRL 7 Technology is integrated in operational environment.
Demonstration TRL 8 The system is completed and qualified; the technology performs properly.
Deployment TRL 9 Actual system is proven in operational environment; technology is commercially ready.

application, after which two independent reviewers screened
all titles and abstracts for relevance (TR, KC). Results were
compared afterwards and in case of any discrepancies, a dis-
cussion was held to reach an agreement. A third reviewer was
consulted to act as a referee (JH), when required. After title
and abstract screening, a full text screening was performed.
Articles were excluded when full-text was unavailable (see
Fig. 1).

2.4. Data charting process and data items

Full text of all articles meeting the inclusion criteria for fur-
ther analysis were acquired. Data extraction was performed
in duplicate by two authors (TR, KC) using a customized data
extraction form. The following data items were collected: field
of dentistry, year of publication, Technological Readiness Lev-
els, country of origin, authors’ professional background (either
clinical or technical) and the subject of interaction with the
robot. The type of study was recorded according to a modified
classification of study types in medical research (see Table 4)
[12].

The technology readiness level (TRL) of each proposed ini-
tiative was estimated on the information provided in the
original research paper. The TRL scale, originating from the
National Aeronautics and Space Administration (NASA), con-
sist of 9 stages and 4 groups of development levels in which
technology can be categorized (see Table 5) [14]. For data reg-
istration and analysis, Microsoft’s Office Excel (version 2019,
Microsoft Corporation, USA) was used.

3. Results
3.1.  Study selection

The search in all three databases combined, excluding dupli-
cated articles, resulted in 911 articles eligible for title and

abstract screening. After title and abstract screening 161 arti-
cles were deemed valuable for inclusion of which 71 articles
had to be excluded with reasons specified (Fig. 1). The most
frequent reason for exclusion (26 times) was the unavailabil-
ity of a full-text version of the articles. The complete texts
of 90 articles were carefully reviewed and screened by hand
searching to find four additional articles matching the inclu-
sion criteria [15-18]. In total 94 articles were included in this
systematic review for qualitative synthesis (Fig. 1).

3.2 Study demography and professional background

Articles included from countries in East Asia (China, Japan,
and Korea) formed the largest group with 54 articles in total
(57%), followed by the USA with 17 articles (18%) (Fig. 2). All
included articles were in English except for four Chinese arti-
cles [19-22] and one article in Turkish [23]. These five articles
were translated to English before data extraction. After hitting
a peak number of articles around the year 2012 (nine articles),
the number of published articles stabilized to around six per
year, since then (Fig. 3). In 15 calendar years between 1985 and
2008, no articles were included in this study.

In total 373 authors were counted of which most (253, or
60%) had a technical background. The majority of first authors
had a technical background (70 articles, 84%) and in 30 articles,
no authors with a dental or medical background were involved
at all (36%). In 15 articles (18%), no authors with a technical
background were involved.

3.3.  Fields of dentistry and study design

Orthodontics, implantology and surgery, together responsi-
ble for 43% of all included articles, formed the largest groups
in this study. Dental radiology (2%) formed the smallest
group with only two included articles (Fig. 4) [24,25]. With
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Fig. 2 — Country of origin of the research project.

Number of Artcles
o - N w » w [e)} ~ [ee] o
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Years of publication

Fig. 3 - Number of included articles per year of publication.

eight articles concerning the ‘Suresmile’ robot, it was the
most frequently mentioned robot in literature [15,26-32]. In
total, 75 articles (80%) were categorized as basic research
of which 55 consisted of applied research containing some
type of experiment. Outside articles describing basic research,
six were categorized as observational clinical research, 12
as observational epidemiological research and one as clini-
cal experimental research (Fig. 4). The observational clinical
research category consisted of three case- reports [28,33,34],
and three case-series [27,29,32]. All but one case report
[34] were reported in the field of orthodontics. Observa-
tional epidemiological research consisted of five case-control
[15,26,31,35,36], three observational [30,37,38], and four com-
parative studies [23,39-41]. Other than basic research study
designs were only to be found in the field of orthodontics,
implantology and in the education of both patients and stu-
dents.

3.4. Subject of experiments and Technological
Readiness Levels (TRL)

The robots in the included articles interacted mostly with den-
tal materials (33%) such as orthodontic wires or non-dental
experimental models (29%, Table 6). Interaction with humans
was seen most frequently in the field of education (9 out of 11
articles) avoiding the need of physical contact of robots with
their target audience. Only two articles concerning a master-
slave system for the evaluation and training of the mouth
opening and one case report on implantology robot Yomi had
direct robot-to-patient interaction [34,42,43].

The mean level of technological readiness for all 94 studies
was 4.3, median 3 (Table 7). Commercially available technology
was found in the field or orthodontics (9), implantology (2),
gnathology (1) and education of students (1).
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Fig. 4 - Total number of articles and the study design per field of dentistry.

Table 6 - Subject of interactions with the robot.

Object of experiments Number of
articles (%)

Dental material 30 (32%)
e Orthodontic wires (18)
o Resin teeth (6)
o Dental impressions (6)
Experimental model 27 (29%)
Humans 12 (13%)
Cadavers 11 (12%)
Other 14 (15%)

4. Discussion

4.1.  Summary of the evidence

The aim of this study was to provide dental practition-
ers and researchers with a comprehensive, transparent and
evidence-based overview of the main characteristics of litera-
ture regarding physical robot initiatives in dentistry.

Although arising trend following the years of robotic devel-
opments for oral and maxillofacial, craniofacial, and head and
neck surgery was found by De Ceulaer et al., this trend was not
seen as strongly for robots in dentistry where the number of
publications has stabilized to around 6 per year [108].

The present study showed 94 articles concerning a wide
array of interesting robot initiatives in all fields of dentistry.
The largest group of articles (80%) was classified as basic
research, either purely theoretical or applied. This means that
the technique has not yet been compared to any existing tech-
niques nor tested in, for example, a series of patients. Studies
categorized in the clinical or epidemiological research groups
were only found in the field of orthodontics, implantology
and education. Reason for this might be the relative easiness
of testing on patients in most these groups, in which direct
interaction of a robot with patients is unnecessary.

Where some basic research articles might describe well-
designed experiments, most articles in the epidemiological

and clinical research groups were, overall, very limited in
their design. Only a few observational studies described
the effectiveness of a workflow containing robot technology
compared to the conventional workflows [15,23,26,31,35-37].
One prospective interventional study could be included [103].
No cost-effectiveness studies were found. The overall qual-
ity of literature in this review should be considered as
low.

In more than half (55%) of all included studies the technol-
ogy readiness of the initiatives did not exceed level three, a
proof of concept. One quarter (24%) of the described technol-
ogy was validated in either a laboratory setting or relevant
environment and 13% of all articles described a workflow
containing commercially available robot technology. It is
important to realize that, especially concerning technology
in the higher TRL levels, often the same robot technology is
described in more than one paper of which the Suresmile sys-
tem is an example as it used in eight articles. These findings
are in accordance with the recent article by Grischke et al.
[7] which described 49 articles, of which approximately 75%
did not reach a level of technology readiness higher than level
three [7].

With 76% of all first authors having a technological back-
ground and 30% of all papers lacking an author with a dental
or medical background the average article has a strong techno-
logical character. The authors emphasize that, for successful
development of technology in dentistry, clinicians should be
more involved in the process.

According to the demographic findings (Fig. 2) well over
half of all included articles was either from China or Japan
(East-Asia). It must be noted that some included articles seem
to have similar research data published either in a different
journal or in another language. These studies were included
in the overview nevertheless, which might cause an overes-
timation of results originating in East Asia. Another finding
in this study was the limited number of articles (12) describ-
ing robots interacting with humans [23,34-36,38-43,101,103)].
In the last 20 years all projects avoid direct contact between a
robot and human subject, except for a recent case report with
implantology robot Yomi.
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4.2, Limitations

This review is not free of limitations. Firstly, a relative high
number (26 out of 161) of articles were excluded based on the
lack of full-text articles available. This has to be taken into
account when interpreting these results. Most articles were
unavailable either because they concerned articles originated
before 1990 or were published in local/regional or commercial
journals to which the authors did not have access to. Based on
the available titles and abstracts of the excluded articles, the
topics and methods covered in these excluded articles were
well in line with the included articles. The authors are con-
vinced that inclusion of these articles would not have led to
significant changes in the conclusions of this article.

Secondly, the determination of the level of technological
readiness is made on the information supplied in the paper.
In some articles information regarding the development level
was limited which might lead to minor misjudgments of the
TRL level.

Finally, in our search strategy an assumption was made
that, if an author used the term robot technology, it was con-
sidered as such. This might lead to an underestimation since
authors might describe their technology with different key-
words. Despite this, the authors do not expect to have missed
important articles on robot technology in dentistry by using
this strategy.

5. Conclusion

This study provides a comprehensive overview of the charac-
teristics of literature on robot technology in dentistry since
its very beginning. While there were many interesting robot
initiatives reported, the overall quality of the study design is
low which was similar to the general level of technological
readiness. Robots interact mostly with dental material (i.e.,
orthodontic wires) and interact with humans mostly when
direct contact can be avoided (i.e. educational purposes). The
amount of publications seems to stabilize in recent years to
about six articles per year and most first authors have a tech-
nical background (84%).
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