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Abstract
Purpose: The surge in digitalization and artificial intelligence has led to the wide application of robots in various fields,
but their application in dentistry started relatively late. This scoping review aimed to comprehensively explore and map
the current status of the clinical application of robots in dentistry.
Study selection: An iterative approach was used to gather as much evidence as possible from four online databases,
including PubMed, the China National Knowledge Infrastructure, the Japan Science and Technology Information Aggre-
gator, Electronic, and the Institute of Electrical and Electronics Engineers, from January 1980 to December 2022.
Results: A total of 113 eligible articles were selected from the search results, and it was found that most of the robots were
developed and applied in the United States (n = 56; 50%). Robots were clinically applied in oral and maxillofacial surgery,
oral implantology, prosthodontics, orthodontics, endodontics, and oral medicine. The development of robots in oral and
maxillofacial surgery and oral implantology is relatively fast and comprehensive. About 51% (n = 58) of the systems had
reached clinical application, while 49% (n = 55) were at the pre-clinical stage. Most of these are hard robots (90%; n = 103),
and their invention and development were mainly focused on university research groups with long research periods and
diverse components.
Conclusions: There are still limitations and gaps between research and application in dental robots. While robotics is
threatening to replace clinical decision-making, combining it with dentistry to gain maximum benefit remains a challenge

for the future.
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1. Introduction

The term “robot” originates from the Slavic root “robot-", which
means labor. The Czech writer Karel Capek used the term to signify
artificial human bodies without souls in his classic 1921 play Ros-
sum’s Universal Robots[1]. Along with other important discoveries
and inventions, such as X-rays and quantum and relativity theories,
the term “robot” became the cornerstone of the rise of modernism
in the arts and sciences[2]. However, there is no unified definition
of “robotics” in academic fields. People continue to endow it with
more profound and broader meanings with the development of ap-
plications in various fields. In this review, we define robotics as a field
of reprogrammable, multifunctional, multipurpose, and versatile
systems intelligently linking sensing to action[3].

Generally, robots can be classified based on their level of
autonomy into three categories: active, semi-active, and master-
slave. They can also be classified based on the type of material into
two categories: hard and soft. Active systems work autonomously
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and undertake pre-programmed tasks, while semi-active systems
allow surgeons to provide guidance and assistance to these pre-
programmed robotic systems, like telerobots. Master-slave systems
lack pre-programming and depend entirely on the operations of sur-
geons. Examples of such systems are described later in the review[4].
In terms of material, traditional (i.e., hard) robots are made of rigid
hard materials, while soft robots designed to imitate the biological
system in nature are made of flexible soft materials, which allow for
greater flexibility, adaptability, freedom, and stronger deformation
ability. Their application in the medical field also makes the interac-
tion between the robotic system and humans more secure[3].

While robots have been in the industry for several decades, their
application in medicine only began in the 1990s. The first recorded
medical application of arobot wasin 1985 when it was used to place a
needle for a brain biopsy under the guidance of computed tomogra-
phy[5]. The first successful surgical robot to be applied clinically was
developed in the United States[6]. Since robots are advantageous
over humans in terms of accuracy, stability, safety, high dexterity,
and reduction of doctors’ fatigue, they have become widely used in
many medical fields currently[7,8], especially in laparoscopic surgery
in urology and cardiac surgery[9].

However, the application of robots in dentistry has been intro-
duced much later compared to medicine. The introduction of new
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technologies such as digitalization and intellectualization in den-
tistry is critical to replacing manual operations and improving work
efficiency. For example, with the increasing demand for dentures,
there is a shortage of dental technicians, making the application of
robots essential in prosthodontics[10]. While a few reviews on the ap-
plications of robots in dentistry have been published[11-13], to the
best of our knowledge, there is no comprehensive review exploring
and mapping the breadth, depth, and scope of the application of ro-
bots in dentistry. Therefore, this review aimed to identify the current
status of the applications of robots in dentistry, reveal limitations and
gaps, provide insights about future implementation and advance-
ment, and explore ways to develop robotics more effectively.

2. Materials and Methods

Following a framework[14-16], we conducted a scoping review
and prepared the report according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses extension for Scoping
Reviews[17].

2.1. Search strategy and article selection

We conducted a comprehensive literature search in four
online databases such as PubMed, the China National Knowledge
Infrastructure, the Japan Science and Technology Information Ag-
gregator, Electronic, and the Institute of Electrical and Electronics
Engineers from January 1980 to December 2022, using search terms
like “robot,” “robotics,” “oral,” “head and neck,” “dental,” “dentistry,”
and “stomatology,” without limitations on language or article type
(Table S1). Subsequently, additional articles were included through
a manual search of relevant articles, web pages, and other sources.

We included articles on robots in the clinical treatment of dental
diseases such as head and neck cancers, obstructive sleep apnea and
hypopnea syndrome, dentition defects, and temporomandibular
joint disorders. Reviews, articles that did not involve robots that
were closely related to dentistry, such as dental education or basic
research (e.g., chewing robots), articles that mentioned the same ro-
bot by the same authors or research team, or articles whose research
purpose was not the robot itself, were excluded from the study.

2.2. Data charting

We retrieved data from the articles, including the year of pub-
lication, authors, dental specialty, name and country, development
stage, function, company, type of material (hard or soft), level of
autonomy, level of injection control, advantages, and limitations of
robots. Additionally, we contacted the corresponding authors to
clarify unclear data.

3. Results

The literature search identified 9,940 articles in the online data-
bases, and 12 articles were added from references or other relevant
articles. Finally, we included 113 articles in this review based on the
article selection strategy (Fig. S1 and Tables 1-4). Of the 113 articles,
83% (n = 94) were published after 2009. The United States had the
largest number of robots being researched and applied (n = 56;
49.6%), followed by China (n = 27; 23.9%), Japan (n = 12; 10.6%), and
Germany (n =7; 6.2%) (Fig. 1). AlImost half of the articles were related
to oral and maxillofacial surgery (OMS) (n = 62; 54.9%), followed by
implantology (n = 12; 10.6%), orthodontics (n = 11; 9.7%), and prosth-

odontics (n = 6; 5.3%) (Fig. 2). Regarding the developmental stage,
51.3% (n = 58) of the systems had reached clinical application, and
48.7% (n = 55) were pre-clinical (research: n = 13, 11.5%; phantom
experiment: n = 22; 19.5%; clinical validation: n = 20; 17.7%). By
material properties, 9.7% (n = 11) are classified as soft robots; robots
with the levels of autonomy of active, semi-active, and master-slave
accounted for 37.2% (n = 42), 6.2% (n = 7), and 56.6% (n = 64), re-
spectively; and 74.3% (n = 84) required the highest level of infection
control sterilization.

3.1. OMS

The first active surgical robotic system in a clinical environment
for maxillofacial surgery was presented in 1998[18]. Additionally, one
of the earliest systems for robot-assisted maxillofacial surgery was
developed in Germany in 1998, when Burghart et al.[19] introduced
a complex expert system including a planner for generating treat-
ment plans, infrared navigation for monitoring patients, robots and
surgical tools, and a surgical robotic system to work on bones. Duan
et al.[20] developed a cranio-maxillofacial-assisted surgical robotic
system and detailed its preoperative planning, the mechanical con-
figuration of the robot, and control and navigation systems. Ma et
al.[21] proposed an autonomous surgical system to conduct OMS
under the assistance and surveillance of surgeons. Recently, Zhang
etal[22] presented a novel single-arm stapling robot and introduced
its mechanism and kinematics control.

In recent years, transoral robotic surgery has rapidly developed
for head and neck surgery. It is defined as a robot-assisted surgery
performed in the upper aerodigestive tract, accessed through the
oral cavity. The most typical surgical system, which is the most widely
used robotic surgical system in the world to date, accounts for more
than half (56%) of the 62 studies we reviewed in the field of OMS. It is
used only for soft tissue resection, and nearly half of them are used to
remove head and neck cancers[23-43], with the rest used for gland
resection[44-49], gland stone resection[50,51], tongue base resec-
tion for obstructive sleep apnea and hypopnea syndrome[52-55],
and cleft lip and palate surgery[56,57]. Surgeons control the arm of
the robotic surgical system to perform surgical operations such as
cutting and suturing under three-dimensional (3D) vision. The first
generation of this robotic surgical system was developed in 1999 and
approved by the Food and Drug Administration (FDA) in July 2000
to operate general laparoscopic surgery, and its use was extended
to head and neck surgery in 2005. Since then, it has led to the de-
velopment of minimally invasive surgery in the 215t century. The
second to fourth generations of this surgical system were developed
successively from 2006 to 2018. As most patents on the technology
expire in 2019, various surgical robots are expected to be developed.
Furthermore, a single-port operator-controlled flexible endoscope
adapted for minimally invasive transoral surgery of the oropharynx,
hypopharynx, and larynx has been developed[58-60]. Fang et al.[61]
proposed a magnetic resonance (MR)-safe soft robotic system for
MR imaging-guided transoral laser microsurgery, which enables safe
and dexterous operation under the electromagnetic interference of
MR imaging.

Further, many other robot-assisted surgeries have been at-
tempted in the various fields of OMS, especially for the treatment
of head and neck cancers. Kawaguchi et al[62] reported their
experience using the CyberKnife system (Accuracy Inc., Sunnyvale,
CA, USA) as a treatment option for an 88-year-old woman with
synchronous cancer (oral squamous cell carcinoma and a malignant
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Table 1. Robots in oral and maxillofacial surgery
Vear " st Author Fobotics . Name of robotics or purpose P ager oot level” _controlleve
Oral and Maxillofacial Surgery (OMFS)
1998 Lueth TC[18] Germany OTTO 1] Hard A Sterilization
1998 Burghart CR [19] Germany a system for robot assisted maxillofacial surgery | Hard @ Sterilization
2011 Duan XG[20] China a robot system for craniomaxillofacial surgery 1] Hard C Sterilization
2019 Ma QI[21] Japan, China an autonomous surgical system for OMFS I} Hard A Sterilization
2022 Zhang JT[22] China a single-arm stapling robot for OMFS Il Hard C Sterilization
Head and neck cancer
2006 O’Malley BW Jr[23] USA da Vinci \% Hard C Sterilization
2009 Genden EM[24] USA da Vinci v Hard C Sterilization
2011 Kim WS[25] USA daVinci S \% Hard C Sterilization
2012 Borumandi F[26] USA da Vinci v Hard C Sterilization
2012 De Virgilio A[27] USA da Vinci vV Hard C Sterilization
2012 Arshad H[28] USA daVinci S v Hard C Sterilization
2012 Shimizu A[29] USA daVinci S \% Hard C Sterilization
2013 Kim CH[30] USA da Vinci \% Hard C Sterilization
2013 Bonawitz SC[31] USA da Vinci \% Hard C Sterilization
2013 Mercante G[32] USA da Vinci \% Hard C Sterilization
2013 Park YM[33] USA da Vinci v Hard C Sterilization
2014 Kawaguchi K[62] USA CyberKnife I\ Hard A Sterilization
2015 Chan JY[34] USA da Vinci v Hard C Sterilization
2015 Lorincz BB[35] USA da Vinci Si \% Hard C Sterilization
2015 Mendelsohn AH[36] USA da Vinci Si \Y Hard C Sterilization
2016 Kim DH[37] USA da Vinci Xi I\ Hard C Sterilization
2016 Holsinger FC[38] USA da Vinci SP \Y Soft C Sterilization
2017 Liu Q[39] USA da Vinci \% Hard C Sterilization
2017 Mattheis S[58] USA Flex Robotic System \Y Soft C Sterilization
2017 Tay G[40] USA da Vinci \% Hard C Sterilization
2017 Duan XGI63] China fl;‘:gf;mgr‘:af;[l[;g'c‘l’:lcttl:‘r’sgresed mplantag | Hard C Sterilization
2018 Chen YQ[41] USA da Vinci S/Xi/SP v Hard/Soft C Sterilization
2018 Persky MJ[59] USA Flex Robotic System IV Soft C Sterilization
2020 Cammaroto G[42] USA da Vinci \Y Hard C Sterilization
2020 Fanhao M[64] China Remebot surgical robot \% Hard C Sterilization
2020 Li CS[65] Singapore 2 f;flﬁfﬂfa:ga"“c system with variable-stiffness I Soft C Sterilization
2021 Barbara F[60] USA Flex Robotic System \Y Soft C Sterilization
2021 Chillakuru Y[43] USA da Vinci I\ Hard/Soft C Sterilization
2021 Fang G61] China fr’;r’:’;grjflf]::rffn'&?g:fréyei;em for MRI-guided I Soft C Sterilization
Gland resection
2011 Walvekar PR[44] USA da Vinci Si \% Hard @ Sterilization
2012 Prosser JD[45] USA da Vinci \% Hard C Sterilization
2013 Park YM[46] USA da Vinci \% Hard @ Sterilization
2019 Lin X[47] USA da Vinci Si \ Hard C Sterilization
2019 Yang TL[48] USA da Vinci Si and Xi [\ Hard C Sterilization
2020 Capaccio P[49] USA da Vinci Si \ Hard C Sterilization
Gland stone resection
2010 Walvekar PR[50] USA da Vinci Si W Hard C Sterilization
2019 Capaccio P[51] USA da Vinci Si \% Hard C Sterilization
Obstructive sleep apnea/hypopnea syndrome (OSAHS)
2012 Vicini C[52] USA da Vinci IV Hard @ Sterilization
2012 Friedman M[53] USA da Vinci W Hard C Sterilization
2017 Montevecchi F[54] USA da Vinci IV Hard @ Sterilization
2020 Lee JA[55] USA da Vinci \Y Hard C Sterilization
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Table 1. Continued

Publication Country of . Development Hard/soft Autonomy Infection
Year [ robotics Name of robotics or purpose stage * robot level **  control level
Cleft lip and palate
2015 Khan K[56] USA da Vinci Si ] Hard @ Sterilization
2016 Nadjmi N[57] USA da Vinci \" Hard C Sterilization
Osteotomy
2002 Engel D[66] Germany RobaCKa | Hard C Sterilization
2010 Burgner J[67] Germany arobot assisted laser bone ablation setup 1] Hard A Sterilization
2015 Baek KW[68] Switzerland gg ;”:E?é?ctaeﬂb ”ggl'atu”sed laser system guided 1 Hard A Sterilization
2015 Gui HJ[69] China a novel navigation-guided robotic system Il Hard A Sterilization
) a parallel kinematics robotic system for man- R
2016 Zhu JH[70] China dibular reconstruction Il Hard A Sterilization
2019 Zhang HY[71] China EJ%Z?;'C Sy ol el [l S He e L 6 e I Hard C Sterilization
2020 lijima T[72] Japan 2UT9“§'YDOF haptic robot for dentistry and oral | Hard C Sterilization
2020 Sun M[73] China a fully automated robot for OMFS Il Hard A Sterilization
Orthognathic surgery
2003 Theodossy T[74] UK gl’;iﬁi'r‘]’g el U el e e e Sy i Hard C Sterilization
2016 Wang X[75] China an orthognathic assisted robot system | Hard C Sterilization
2017 Li Q[76] China a orthognathic assisted robot 1l Hard C Sterilization
2017 Woo SY[77] Korea ;;Qtt:ngirated robot-assisted orthognathic surgery Il Hard A Sterilization
2019 Hara K[78] Japan ﬁnmﬁ:t?gr?r:;}gﬁaﬁ;gqmal BT & R G eTIEE Il Hard C Sterilization
2020 Wu JY[79] China CMF robot system n Hard A Sterilization

*|: Research level (The robot is in the process of development, such as design and analysis of hardware or software.), Il: Phantom experiments level (The
preliminary development of the robot has been completed, and experiments and related improvements are being carried out on phantoms.), llI: Clinical
validation level (The robot has been developed and is in the clinical trial stage, but has not yet received national medical approval and marketed.), IV: Clinical
application level (The robot is already on the market and has been used in treatments of dental diseases.). ** A: active, B: semi-active, C: master-slave.

lung tumor). Radioactive particle implantation has proven effective
in the treatment of cranial and maxillofacial tumors[63]. Meng et
al.[64] introduced a new multimodal, image-guided surgical robot,
the Remebot surgical robot (Beijing Baihui Weikang Technology Co.,
Ltd.; Beijing, China), while performing interstitial brachytherapy for
head and neck cancers. This represents the first attempt to use a
robot for 12°| seed implantation in head and neck surgery. Li et al.[65]
proposed a flexible robotic system with variable-stiffness manipula-
tors for transoral surgery, and its feasibility was preclinically verified
by performing a tonsillectomy on a cadaver.

For hard tissues, robotic systems for osteotomy, orthognathic
surgery, and mandible reconstruction surgery are currently in the re-
search and improvement stage and have not yet been approved for
clinical application. In 2002, Engel et al.[66] introduced the RobaCKa
robotic system developed by the Institute for Process Control and
Robotics in Germany for assisting osteotomies in mouth, jaw, and
facial surgery. The robotic arm used in this study was the FaroArm
(FARO Technologies, Lake Mary, FL, USA), which is a highly accurate
portable coordinate measurement device designed for engineer-
ing, manufacturing, and controlling dimensional quality. Burgner
et al. established the first robot-assisted laser bone ablation setup,
comprising a prototype carbon-dioxide laser system and a robot
with six degrees of freedom (DOF)[67]. Baek et al.[68] demonstrated
the clinical application of robot-guided contact-free laser osteotomy
in cranio-maxillofacial surgery. Gui et al.[69] developed a robotic

system to perform Le Fort | osteotomies. Zhu et al.[70] developed a
parallel kinematics robotic system for mandible reconstruction and
confirmed its efficacy and accuracy were better than manual op-
eration. Zhang et al.[71] developed a robotic system for mandibular
reconstruction with fibula grafts to help the surgeon hold and locate
the free bone. Lijima et al.[72] developed a master-slave multi-DOF
haptic robot for osteotomy. In 2020, the first report on robot-assisted
automatic surgery in craniofacial surgery showed promising results
for the automatic drilling procedure under the condition that there
were no interferences like soft tissues[73]. In orthognathic surgery,
Theodossy and Bamber[74] represented the first attempt to use a
robotic system in the planning of orthognathic surgery. Wang[75]
developed a robotic system that assists surgeons in completing
maxillary repositioning. Qiangian et al.[76] proposed a specific sys-
tem design for an orthognathic-assisted robot based on the image-
guided automated surgical robot. Woo et al.[77] developed a robotic
system to assist with orthognathic surgery and integrated it into the
image-guided virtual planning system presented earlier to accurate-
ly transfer a preoperative virtual plan into the intraoperative phase of
orthognathic surgery. Hara et al.[78] developed a compact and light-
weight 6-DOF robot with a workspace limitation mechanism. Wu et
al.[79] developed a surgical robotic system for craniomaxillofacial
surgery, named the CMF robot system, which can effectively assist in
orthognathic surgery with high accuracy and feasibility.
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Table 2. Robots in oral implantology and prosthodontics
Vear " st Author Fobotics . Name of robotics or purpose P g robot " levelr”_controllevel
Oral Implantology (dental implant surgery)
2001 Boesecke R[80] Germany An assisting medical robot Il Hard C Sterilization
2001 Dutreuil J[81] Zrea:ce, swe- A robotic work plan for dental implantation 1 Hard C Sterilization
2011 Sun X[82] USA Sg;rgat?oen—guided robotic system for dental im- I Hard C Sterilization
2012 Kasahara Y[83] Japan a telerobotic-assisted bone-drilling system Il Hard B Sterilization
2014 Syed AA[84] Eerl]li(;s;an, a dental implant tele-robotic system Il hiard B Sterilization
2017 Haidar Z[88] China BLUE BOY 1] Hard A Sterilization
2018 Zhao YM[89] China BLUE BOY \% Hard A Sterilization
2020 Mozer PS[85] USA Yomi \% Hard C Sterilization
2020 Bolding SL[86] USA Yomi IV Hard C Sterilization
2021 Bolding SL[87] USA Yomi \% Hard C Sterilization
2021 Wu Y[90] China Remebot Dental Robot W Hard A Sterilization
Oral Implantology (zygomatic implant surgery)
2020 Cao Z[91] China @ Sl (e Sy Vo7 Zeemeie faflam I Hard B Sterilization
placement
Prosthodontics (tooth arrangement)
2001 Zhang Y[92] China z;"sféfn ;gf’;g’;';‘fe"t; ;Zﬁiﬂ;g”angeme”t robot M Hard B Disinfection
2010 Zhang Y[93] China a multi-manipulator tooth-arrangement robot 1]l Hard Disinfection
2013 Jiang JG[94] China a tooth-arrangement robot | Hard Disinfection
Prosthodontics (tooth preparation)
2015 Otani T[95] USA LA el e ) o1 el el S B I Hard A Disinfection
for porcelain laminate veneers
2017 Yuan FS[96] China LasgrBot (a miniature laser manipulation robotic m Hard A Disinfection
device for tooth crown preparation)
2019 Yuan FS[97] China a miniature laser manipulation robotic device m Hard A Disinfection

for tooth crown preparation

* |: Research level (The robot is in the process of development, such as design and analysis of hardware or software.), Il: Phantom experiments level (The
preliminary development of the robot has been completed, and experiments and related improvements are being carried out on phantoms.), lll: Clinical
validation level (The robot has been developed and is in the clinical trial stage, but has not yet received national medical approval and marketed.), IV: Clinical

application level (The robot is already on the market and has been used in treatments of dental diseases.). ** A: active, B: semi-active, C: master-slave.

3.2. Oral Implantology

The first study on robot-assisted dental implant surgery was re-
ported in 2001[80]. This system provides real-time visualization and
can assist the surgeon during implant osteotomy site preparation by
holding a drilling guide. Dutreuil et al.[81] introduced a 5-DOF robot
for dental implant procedures to accurately drill splints. Sun et al.[82]
developed an image-guided dental implant robotic system using
the MELFA RV-3S robot. In vitro experiments showed an error of 1.42
+ 0.70 mm. However, tactile feedback is crucial in minimally invasive
and implant surgery. Kasahara et al.[83] proposed a telerobotic-
assisted drilling system for dental implant surgery that can transmit
the cutting force to the surgeon using acceleration-based bilateral
control. Syed et al.[84] developed a telerobotic system that provides
virtual force feedback and allows surgeons to remotely control the
surgical manipulator using handheld haptic devices.

The first commercial dental robotic system globally received
FDA clearance in March 2017 and had been applied in over 1,800
dental implant surgeries by 2020[85-87]. It is a computerized navi-
gational system that provides visual and physical guidance in both
the planning (pre-operative) and surgical (intra-operative) phases
of dental implant surgery. The system also provides haptic feedback

and holds the drill in position, depth, and angulation.

The world’s first autonomous dental implant robotic system
was developed by a team at Beijing University and the Fourth
Military Medical University in China[88]. It was approved for clinical
application on September 16, 2017[89]. The system is composed of
an image-guided platform, a commercial mechanical robot, an im-
plantation platform, and Dental Navi software (the Fourth Military
Medical University Hospital, China). It is highly autonomous and can
execute surgical tasks directly without any apparent control by a
surgeon.

In March 2021, the Remebot Dental Robot was approved for use
in dentistry. Wu et al.[90] used the Remebot dental robot to perform
dental implant surgery on 66 patients with dentition defects, prov-
ing its high positioning accuracy and satisfactory clinical results.
Additionally, some researchers have tried to introduce robotics in
zygomatic implant placement and have developed a novel, compre-
hensive surgical robotic system for it[91]. Preliminary results showed
better accuracy and feasibility of the robotic system than that of sur-
geons. However, more cadaveric trials are needed for improvement
before practical application.
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Table 3. Robots in orthodontics

Publication 1st Author Count_ry of Name of robotics or purpose Development Hard/soft Autoncir;ny Infection
Year robotics stage robot level control level
Bending archwires
1998 Fischer-Brandies H[98] Germany  BAS(Bending Art System) 11l Hard A Disinfection
2004 Rigelsford J[99] USA SureSmile v Hard A Disinfection
2007 Mdller-Hartwich R[100] USA SureSmile 1\ Hard A Disinfection
2009 Scholz R[101] USA SureSmile \Y Hard A Disinfection
2009 Zhang YD[103] China an archwire bending robot based on MOTO- | Hard - .
A Disinfection
MAN UP6
2011 Alford TJ[102] USA SureSmile \% Hard A Disinfection
201 Gilbert A[104] USA LAMDA (I__mgual Archwire Manufacturing and 11l Hard A Disinfection
Design Aid)
2016 Xia Z[105] China a rob9t|c system for orthodontic archwire | Hard A Disinfection
bending
2016 Van der Meer WJ[106]  Germany FMU 2.7 \% Hard A Disinfection
Tooth movement
2011 Kau CH[107] USA AcceleDent \Y Hard A Sterilization
Reducing discomfort
2016 Lobre WD[108] USA AcceleDent \Y Hard A Sterilization

*|: Research level (The robot is in the process of development, such as design and analysis of hardware or software.), Il: Phantom experiments level (The
preliminary development of the robot has been completed, and experiments and related improvements are being carried out on phantoms.), llI: Clinical
validation level (The robot has been developed and is in the clinical trial stage, but has not yet received national medical approval and marketed.), IV: Clinical
application level (The robot is already on the market and has been used in treatments of dental diseases.). ** A: active, B: semi-active, C: master-slave.

3.3. Prosthodontics
3.3.1. Tooth arrangement

Zhang et al.[92] developed a robotic system for tooth arrange-
ment in complete dentures. The first robotic system was developed
in 2001 using Visual C++ and RAPL robot languages and was based
on the CRS-450 6-DOF robot, produced by CRS Robotics Corporation
in Canada. It was used to achieve any position for the grasped teeth.
In 2011, a multi-manipulator tooth-arrangement robot was devel-
oped for manufacturing complete dentures. The 84-DOF robotic
system, consisting of 14 independent manipulators, can adjust each
tooth'’s rotation by moving along its tail, and the repeated position-
ing accuracies are 0.07 and 0.10 mm for a single manipulator and
the whole robotic system, respectively. Subsequent research was
conducted on related parameters and technology, such as the dental
arch generator, to improve its accuracy[93,94].

3.3.2. Tooth preparation

Otani et al.[95] evaluated the accuracy and precision of an
automated robotic tooth preparation system for porcelain lami-
nate veneers. In this system, tooth models were scanned using a
3D laser scanner, and the tooth preparation was designed on a 3D
image, which improved safety and efficiency. In China, research-
ers developed an automatic robotic system for 3D tooth crown
preparation using a picosecond laser and explored its appropriate
parameters[96]. This system, called the Laser Bot[97], is comprised of
various components such as a miniature robotic end-effector, tooth
fixture, laser generator, laser transmission arm, laser scanner (3Shape
D700, Denmark), and computer console. The robotic system was able
to generate satisfactory tooth preparation; however, further tests are
required to determine the ablation efficiencies for different layers of
teeth like dentin, enamel, and other dental materials. In 2018, Laser
Bot was contracted to Robotoo Robotics company (Isreal) and is cur-
rently being upgraded.

3.4. Orthodontics

The bending art system, one of the earliest machines for
orthodontic archwire bending, was developed in the late 20t cen-
tury[98]. It consists of an intraoral camera, a computer with software,
and a bending machine. Butscher et al.[99-102] combined other
medical equipment with an orthodontic archwire bending robot to
perform the complete process, from data collection to 3D imaging
and automatic archwire bending. This archwire-bending robot was
developed in 1994.

Zhang et al.[103] developed an archwire-bending robotic system
based on the movement pattern of the MOTOMAN UP6 robot and
optimized some parameters later. In 2011, Gilbert[104] introduced
a system called Lingual Archwire Manufacturing and Design Aid
(LAMDA; Lancer Orthodontics, Inc., 2330 Cousteau Court, Vista, CA)
to precisely design and bend archwires rapidly. It works only on the
X and Y axes, making it relatively simple, compact, and inexpensive
to manufacture. Xia et al.[105] developed a novel robotic system for
automatic archwire bending, consisting of a modular and robot-
operating system-integrated control system, and demonstrated
that it could conduct automated and accurate orthodontic archwire
preparation. To determine whether clinicians could use digital
workflows to produce multicomponent dental appliances, Van der
Meer et al.[106] used a robot called FMU 2.7 (Airedale Springs, West
Yorkshire, UK), a machine for coiling and forming wire, for archwire
bending.

Additionally, a robot called AcceleDent (OrthoAccel Technolo-
gies Inc., Bellaire, TX) was developed to aid orthodontic treatment.
It is a novel micro pulse vibration robotic system that applies cyclic
forces to move teeth faster through accelerated bone remodeling
and can reduce the discomfort associated with orthodontics[107,108].
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Table 4. Robots in endodontics, oral medicine, and other fields

Publication 1st Author Count_ry of Name of robotics or purpose e Developrr;ent Hard/soft AutoniTy Infection
Year robotics stage robot level control level
Endodontics
2006 Dong J[109] USA an endodontic micro robot root canal treatment | Hard A Disinfection
2010 Ortiz Simon JL[110] Mexico a mechatron.ic assistant system  support and stability Il Hard A Disinfection
for dental drill handling
2010 Gulrez T[111] Pakistan  a visua.l guided robotic end- root canal treatment | Hard A Disinfection
odontic therapeutic system
2012 Nelson CA[112] USA a ‘'vending machine’ type tool  endodontic surgery Il
supplier in robot-assisted end- Hard A Disinfection
odontic surgery
2019 Hwang G[113] Brazil, USA catalytic antimicrobial robots ﬁ_ghting persi;tent | Soft A Disinfection
(CARs) biofilm infections
Oral Medicine
1995 Ohtsuki K[114] Japan WY-1 (Waseda Yamanashi) moqth opgn.mg/ v Hard C Sanitation
closing training
1997 Takanobu H[115] Japan WY-3 moqth ope_n.mg/ \% Hard C Sanitation
closing training
2001 Takanobu H[116] Japan WY-5R mogth ope_n.mg/ \% Hard B Sanitation
closing training
2002 Ohtsuki K[117] Japan WY series moqth ope_znling/ v Hard C Sanitation
closing training
WAO-1(Waseda-Asahi Oral- .
2009 Ariji Y[118] Japan Rehabilitation Robot No. 1) massage therapy \% Hard C Sanitation
. WAO-1R(Waseda-Asahi oral-re- .
2009 Solis J[119] Japan habilitation robot No.1 Refined) Mass29¢ therapy \% Hard C Sanitation
. a soft oral interventional reha-  mouth opening/ o
2015 Yu H[120] China bilitation robot closing training 1l Soft A Sanitation
a soft robotic device
2020 P.Vela-Anton[121]  Peru Borjibot to rehabilitate the I Soft C  Sterilization
sucking capacities of
preterm neonates
Oral and Maxillofacial Radiology
1991 Burdea GC[122] USA the robo.tlc system for dental dental subtraction | Hard A Sterilization
subtraction radiography
1999 Burdea GC[123] USA the robot-based dental subtrac- .| subtraction I Hard A Sterilization
tion radiography system
Dental Public Health
2004 Toshikazu Y[124] Japan asimple robpt for gssmmg brushing teeth I} Hard A Sterilization
tooth brushing guidance
2016 Yasemin M[125] Turkey a humqn—robot interaction dental anxiety 1 Hard A Sterilization
scenario
2017 Sakaeda G[126] Japan an automatic ieethicleaning cleaning teeth 1l Hard A Sterilization
mouthpiece robot
. a humanoid robot for the reduc- dental anxiety in e
2020 Kasimoglu Yv[128] = Turkey tion of dental anxiety in children children v Hard A Sterilization
2021 Sakaeda G[127] Japan ?Qbaouttomatlc Jasin AR ing cleaning teeth 1] Hard A Sterilization
Common
2015 Zhang HZ[129] China an integrated robot system for  multiple dental M Hard A Sterilization
oral and dental treatment treatment
2018 Zhao R[130] China aintegrated dental robot system diagnosis and main- I} Hard A Sterilization

tenance care

* |: Research level (The robot is in the process of development, such as design and analysis of hardware or software.), Il: Phantom experiments level (The
preliminary development of the robot has been completed, and experiments and related improvements are being carried out on phantoms.), lll: Clinical
validation level (The robot has been developed and is in the clinical trial stage, but has not yet received national medical approval and marketed.), IV: Clinical
application level (The robot is already on the market and has been used in treatments of dental diseases.). ** A: active, B: semi-active, C: master-slave.

3.5. Endodontics

In 2006, Dong et al.[109] proposed a microrobot for endodontic
treatment that can be mounted on the tooth and controlled using

a computer to perform automatic treatment procedures, including
probing, drilling, cleaning, and filing. Simon et al.[110] developed

the first mechatronic system to assist dentists in handling dental
drills. This system allows the dentist to manipulate the appliances
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Fig. 1. Yearly trend of articles related to the development of applications of robots in dental treatment by countries
Other fields field-driven robotic assemblies with iron oxide nanoparticles. How-
ever, all the above-mentioned robots are still in the simulation and
Endodontics testing stages; there is no clinical precedent for using robots in root
canal treatment.
Oral Medicine
3.6. Oral medicine
Oral and Maxillofacial . . X . . .
surgery Oral medicine is concerned with the clinical diagnosis and

Prosthodontics

Orthodontics \

Oral Implantology

Fig. 2. Number of articles related to the applications of robots for treatments
in different dental specialties

smoothly and accurately, thereby reducing the risk of iatrogenic
injuries during cavity preparation. Gulrez et al.[111] assessed a visual-
guided robotic endodontic therapeutic system and proposed a spe-
cially designed visual servo controller model for this system. Nelson
et al[112] introduced a novel tool vending machine for providing
root canal instruments during surgery, which is preprogrammed to
automatically select and deliver surgical instruments according to
the surgeon’s needs, thereby acting as a surgical assistant. A series of
experiments showed that it can save up to 4.4% of the time required
for conventional root canal treatment. Hwang et al.[113] designed
catalytic antimicrobial robots that can kill, degrade, and remove bio-
films precisely, efficiently, and controllably. These robots generate
bactericidal free radicals, break down the biofilm exopolysaccharide
matrix, and remove the fragmented biofilm debris via magnetic

non-surgical management of non-dental pathologies affecting the
orofacial region (the mouth and the lower face). Examples include
lichen planus, dry mouth conditions like Sjogren’s syndrome, and
non-dental chronic orofacial pain such as burning mouth syndrome,
trigeminal neuralgia, and temporomandibular joint disorder. Some
oral rehabilitation robots have been included in this study.

Takanishi et al. began to develop the Waseda Yamanashi (WY) se-
ries in the mid-1990s as a platform for treating masticatory dyskinesia
and an instrument for oral rehabilitation training; it has undergone
upgradation from WY-1 to WY-5R during 1995-1999[114-117]. Subse-
quently, the Waseda Asahi oral-rehabilitation robot was developed
to provide appropriate massage therapy for maxillofacial disorders
such as temporomandibular joint disorders and dry mouth, as well as
for the elderly[118,119]. However, this robot was created to massage
the bilateral masseter and temporal muscles; hence, the problem of
massaging the painless muscles needs to be solved through future
studies.

Additionally, Yu et al.[120] presented a force estimation algo-
rithm based on masseter muscle surface electromyography signals
to be used in the control of a developed soft oral rehabilitation
robot. Vela-Anton et al.[121] presented the design and prototype of a
soft robotic system to rehabilitate the sucking capacities of preterm
neonates.
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3.7. Other fields

In the field of oral and maxillofacial radiology, Burdea et
al.[122,123] proposed a new repositioning system that uses a 6-DOF
position sensor and a robotic arm with an X-ray source to improve
accuracy and repeatability by overcoming the low accuracy caused
by mechanical alignment and the time consumption caused by post-
processing registration.

In dental public health, in 2004, a robot using Lego Mindstorms
was designed to guide elementary school students to brush their
teeth correctly[124]. Yasemin et al.[125] developed a human-robot
interaction scenario for children aged 4 to 10 to improve their experi-
ence in a clinical environment by minimizing pain and anxiety dur-
ing dental treatments. Sakaeda et al.[126] developed an automatic
teeth-cleaning mouthpiece robot consisting of an eccentric cam, a
wiper with sponges, and a rounded guide railto aid the elderly and
handicapped in brushing their teeth. The robot has been improved
to achieve a higher plaque removal rate[127]. Kasimoglu et al.[128]
introduced a humanoid robot that can reduce anxiety in children
during dental treatments and improve their behaviors.

In 2015, Zhang[129] proposed an integrated system for dental
treatments that consists of a console, robot, chair device, and navi-
gation system. Dentists can control the robotic arm at the console
to perform various oral and dental treatments with the help of the
navigation system. The team later proposed a novel self-service
robotic system for the early diagnosis of oral diseases and routine
maintenance of oral hygiene[130].

4. Discussion

This scoping review provides an overview of the current state
of robotics in dentistry, with articles that are not directly related
to dentistry being excluded from the review. The development of
dental robots is mainly focused on by university research grou
ps[19-22,61,63,67-84,88-98,103-105,109-123,129,130], which have
diverse components and require a long research period. Most ad-
vanced dental robotic systems are based on commercial industrial
mechanical arms, such as Flex Robotic System[58-60], CyberKnife[62],
RobaCKa[66], LAMDA[104], and FMU 2.7[106]. However, due to the
large number of potential publications, early-stage technologies
without any published studies involving real users were not consid-
ered in this review.

Of the studies included in the review, 54.9%[18-79] were related
to OMS, with the surgical robotic system approved by the FDA in
2009 accounting for half of them[23-57]. This is not surprising, as it is
the most widely used medical robot and has been in clinical use for
over 20 years. The surge in the number of studies since its approval
in 2009 further supports this observation. Furthermore, the develop-
ment of robots in OMS and oral implantology[80-91] is relatively fast
and comprehensive, likely due to the development of medical-sur-
gical robots. In contrast, other fields such as prosthodontics[92-97]
and orthodontics[98-108] have a large number of studies focused
on a single type of system. However, their development is stagnant
at the parameter research or validation stages, which highlights the
need for future collaboration between researchers and clinicians
worldwide.

Regarding the development stage, 40% of studies are included
in the clinical application stage. If those commercial industrial ro-

botic arms are excluded, only a small proportion of robots have been
applied in clinical practice[64,85-90,99-102,107,108,114-119]. This
indicates that the number of studies with lower levels of technical
development is fewer than those with higher levels of technical de-
velopment, which is not conducive to long-term progress. Therefore,
the government should encourage more scientific research and urge
dentists to pay more attention to the development of digitalization
and artificial intelligence[131,132].

Additionally, the level of automation and infection is closely
related to the characteristics of different dental disciplines, although
there is a serious tendency. For example, the robotic systems ap-
proved by the FDA earlier and widely used in the world, such as the
master-slave system, account for a large proportion. There are also
varying infection control requirements for in vivo surgery and in vitro
orthodontic archwire bending. Soft robots, with the improvement of
technology, have gained developers’ attention since 2015 and may
become a more mainstream trend in the future considering their
high strength and durability combined with the characteristics of
hard or traditional robots.

Due to the characteristics of dental treatment, such as the need
for high accuracy, a narrow field of vision, and discomfort caused by
time-consuming procedures, there are many advantages to the appli-
cation of robots in dental treatment. First, the use of transoral robotic
surgery offers a variety of concealed incisions, reduces postoperative
scarring, and improves aesthetic outcomes[23-61]. Second, planning
can be carried out using data collected and analyzed before surgery
as well as real-time intraoperative navigation information, which
allows for accurate positioning and a transparent process, thereby
improving the safety, accuracy, and success rate of surgery[19,20,69].
Third, there is reduced trauma to adjacent tissues due to the minimal
amount of tissue resected, which results in a clear surgical field and
contributes to the postoperative recovery of patients. Fourth, the
clamping stability of the mechanical arm is good, and the risk caused
by the doctor’s fatigue is avoided. Fifth, remote guidance and teach-
ing are possible due to network connections[83,84]. Lastly, advanced
diagnosis and treatment modalities improve the patient experience
and reduce unnecessary panic and anxiety[129,130].

There are also limitations to robots in dentistry. First, they
require expensive infrastructure, including purchase, machine
maintenance, and operation costs[85-87]. Second, many robots
are complex in structure and large in size, making them difficult to
master[110,112]. Unskilled use could prolong surgical times and even
cause unnecessary risks. Third, most robots lack tactile feedback,
which may increase surgical time and become a bottleneck restrict-
ing the development of robotic surgery. Lastly, robots have low lev-
els of intelligence and a limited range of functions, which means they
cannot deal with complex and dynamic oral diseases. Diagnosis and
treatment robots cannot completely free clinicians from the heavy
clinical load. However, these problems could be solved with continu-
ous developments in artificial intelligence and other technologies in
the future.

5. Conclusions

This review highlights the wide range of applications of robots
in dentistry. With the increasing demand for dental treatments and
the advancements in digitalization and artificial intelligence, robot-
ics has great potential in this field. However, there are still gaps in
the research and application of robotics in dentistry. While advanced
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technologies are threatening to replace clinical decision-making,
combining robotics with dentistry at a better and deeper level in the
future remains a challenge.

Acknowledgments

This work was supported by a Grant-in-Aid for Scientific Re-

search (C) (No. 21K10016) from the Japan Society for the Promotion
of Science.

Conflicts of interest statement

The authors declare that they have no conflicts of interest.

References

|

[2]

3]

8l

&)

(o]

1]

[12]

(3]

(4]

(5]

Satava RM. Surgical robotics: the early chronicles: a personal historical
perspective. Surg Laparosc Endosc Percutan Tech. 2002;12:6-16. https:/
doi.org/10.1097/00129689-200202000-00002, PMID:12008765

Margolius I. The Robot of Prague, The Friends of Czech Heritage 2017,17:3-6.
https://czechfriends.net/images/RobotsMargoliusJul2017.pdf [accessed 17
Jan 2023].

Alici G. Softer is harder: what differentiates soft robotics from hard robotics?
MRS Adv. 2018;3:1557-68. https://doi.org/10.1557/adv.2018.159

Lane T. A short history of robotic surgery. Ann R Coll Surg Engl. 2018;100(6_
sup):5-7. https://doi.org/10.1557/adv.2018.159 , PMID:NOT_FOUND

Kwoh YS, Hou J, Jonckheere EA, Hayati S. A robot with improved ab-
solute positioning accuracy for CT guided stereotactic brain surgery.
IEEE Trans Biomed Eng. 1988;35:153-60. https://doi.org/10.1109/10.1354,
PMID:3280462

Washington DC. Intuitive Surgical, Inc. 2021 Annual Report, https://
www.sec.gov/Archives/edgar/data/1035267/000103526722000014/isrg-
20211231.htm; 2021 Dec 31 [accessed 17 Jan 2023].

Taylor RH, Mittelstadt BD, Paul HA, Hanson W, Kazanzides P, Zuhars JF, et
al. An image-directed robotic system for precise orthopaedic surgery. IEEE
Trans Robot Autom. 1994;10:261-75. https://doi.org/10.1109/70.294202
Nishikawa A, Hosoi T, Koara K, Negoro D, Hikita A, Asano S, et al. FAce
MOUSe: a novel human-machine interface for controlling the position
of a laparoscope. [EEE Trans Robot Autom. 2003;19:825-41. https://doi.
org/10.1109/TRA.2003.817093

Troccaz J, Dagnino G, Yang GZ. Frontiers of medical robotics: from concept
to systems to clinical translation. Annu Rev Biomed Eng. 2019;21:193-218.
https://doi.org/10.1146/annurev-bioeng-060418-052502, PMID:30822100
Hideki T. Thinking about dentistry that responds to drastic changes in
society - roles and future developments of the Japanese Stomatological
Society. Kokubyo Gakkai Zasshi. 2020;69:41-2. (in Japanese). https://doi.
org/10.1146/annurev-bioeng-060418-052502

Liu HC. Artificial intelligence stomatology. Zhonghua Kou Qiang Yi Xue
Za Zhi. 2020;55:915-9. (in Chinese). https://doi.org/10.1146/annurev-
bioeng-060418-052502

Grischke J, Johannsmeier L, Eich L, Griga L, Haddadin S. Dentronics: towards
robotics and artificial intelligence in dentistry. Dent Mater. 2020;36:765-78.
https://doi.org/10.1016/j.dental.2020.03.021, PMID:32349877

Ivashchenko AV, Yablokov AE, Komlev SS, Stepanov GV, Tsimbalistov AV.
Robot-assisted and robotic systems used in dentistry. Stomatologiia (Mosk).
2020;99:95-9. (in Russian). https://doi.org/10.1016/j.dental.2020.03.021 ,
PMID:32349877

Levac D, Colquhoun H, O'Brien KK. Scoping studies: advancing the meth-
odology. Implement Sci. 2010;5:69. https://doi.org/10.1186/1748-5908-5-69,
PMID:20854677

Daudt HML, van Mossel C, Scott SJ. Enhancing the scoping study meth-
odology: a large, inter-professional team’s experience with Arksey and
O'Malley’s framework. BMC Med Res Methodol. 2013;13:48. https://doi.
org/10.1186/1471-2288-13-48, PMID:23522333

Peters MD, Godfrey C, McInerney P, Baldini Soares C, Khalil H, Parker D.
Scoping reviews. In: Aromataris E, Munn Z, eds. Joanna Briggs Institute
Reviewer’s Manual. Adelaide, Australia Joanna Briggs Inst, https://review-
ersmanual.joannabriggs.org/; 2017 [accessed 13 Mar 2021].

n7]

(8]

(19

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Tricco A, Lillie E, Zarin W, O'Brien KK, Colquhoun H, Levac D, et al. PRISMA
Extension for Scoping Reviews (PRISMA-ScR): checklist and Explanation.
Ann Intern Med. 2018;169:467-73. https://doi.org/10.7326/M18-0850,
PMID:30178033

Lueth TC, Hein A, Albrecht J, Demirtas M, Zachow S, Heissler E, et al. A surgi-
cal robot system for maxillofacial surgery. In: Proceedings of the IEEE Inter-
national Conference on Industrial Electronics, Control, and Instrumentation
(IECON). 1998;2470-5. https://doi.org/10.1109/IECON.1998.724114.

Burghart CR, Muenchenberg JE, Rembold U. A system for robot assisted
maxillofacial surgery. Stud Health Technol Inform. 1998;50:220-6. https://
doi.org/10.3233/978-1-60750-894-6-220, PMID:10180544

Duan XG, Guo CB, Chen C. Cranio-maxillofacial assisted surgical robot sys-
tem. Robot Technique and Application. 2011;4:38-42. (in Chinese). https://
doi.org/10.3233/978-1-60750-894-6-220

Ma Q, Kobayashi E, Wang J, Hara K, Suenaga H, Sakuma |, et al. Develop-
ment and preliminary evaluation of an autonomous surgical system for
oral and maxillofacial surgery. Int J Med Robot. 2019;15:€1997. https://doi.
0rg/10.1002/rcs.1997, PMID:30900789

Zhang J,Wang W, CaiY, LiJ, Zeng Y, Chen L, et al. A novel single-arm stapling
robot for oral and maxillofacial surgery—design and verification. IEEE Ro-
bot Autom Lett. 2022;7:1348-55. https://doi.org/10.1109/LRA.2021.3137891
O'Malley BW Jr, Weinstein GS, Snyder W, Hockstein NG. Transoral
robotic surgery (TORS) for base of tongue neoplasms. Laryngoscope.
2006;116:1465-72.  https://doi.org/10.1097/01.mlg.0000227184.90514.1a,
PMID:16885755

Genden EM, Desai S, Sung CK. Transoral robotic surgery for the manage-
ment of head and neck cancer: A preliminary experience. Head Neck.
2009;31:283-9. https://doi.org/10.1002/hed.20972, PMID:18972413

Kim WS, Lee HS, Kang SM, Hong HJ, Koh YW, Lee HY, et al. Feasibil-
ity of robot-assisted neck dissections via a transaxillary and retroauricular
(“TARA") approach in head and neck cancer: preliminary results. Ann Surg
Oncol. 2012;19:1009-17. https://doi.org/10.1245/510434-011-2116-2,
PMID:22045466

Borumandi F, Heliotis M, Kerawala C, Bisase B, Cascarini L. Role of robotic
surgery in oral and maxillofacial, and head and neck surgery. Br J Oral Maxil-
lofac Surg. 2012;50:389-93. https://doi.org/10.1016/j.bjoms.2011.06.008,
PMID:21802802

De Virgilio A, Park YM, Kim WS, Byeon HK, Lee SY, Kim SH. Transoral robotic
surgery for the resection of parapharyngeal tumour: our experience in ten
patients. Clin Otolaryngol. 2012;37:483-8. https://doi.org/10.1111/j.1749-
4486.2012.02525.x, PMID:23253343

Arshad H, Durmus K, Ozer E. Transoral robotic resection of selected para-
pharyngeal space tumors. Eur Arch Otorhinolaryngol. 2013;270:1737-40.
https://doi.org/10.1007/s00405-012-2217-y, PMID:23070259

Shimizu A, Ito H, Funato N, Yoshida T, Suzuki M. Experience of transoral
robotic surgery for oropharyngeal carcinomas in Japan. JOURNAL OF
JAPAN SOCIETY FOR HEAD AND NECK SURGERY. 2012;22:297-302. https:/
doi.org/10.5106/jjshns.22.297

Kim CH, Koh YW, Kim D, Chang JW, Choi EC, Shin YS. Robotic-assisted
neck dissection in submandibular gland cancer: preliminary report. J Oral
Maxillofac Surg. 2013;71:1450-7. https:/doi.org/10.1016/j.joms.2013.02.007,
PMID:23597950

Bonawitz SC, Duvvuri U. Robotic-assisted FAMM flap for soft palate
reconstruction. Laryngoscope. 2013;123:870-4. https:/doi.org/10.1002/
lary.23578, PMID:23529879

Mercante G, Ruscito P, Pellini R, Cristalli G, Spriano G. Transoral robotic
surgery (TORS) for tongue base tumours. Acta Otorhinolaryngol Ital.
2013;33:230-5. PMID:24043909

Park YM, Kim WS, Byeon HK, De Virgilio A, Lee SY, Kim SH. Clinical outcomes
of transoral robotic surgery for head and neck tumors. Ann Otol Rhinol
Laryngol. 2013;122:73-84. https://doi.org/10.1177/000348941312200202,
PMID:23534121

Chan JYK, Tsang RK, Eisele DW, Richmon JD. Transoral robotic surgery of
the parapharyngeal space: A case series and systematic review. Head Neck.
2015;37:293-8. https://doi.org/10.1002/hed.23557, PMID:24288351

Lérincz BB, Mdckelmann N, Busch CJ, Knecht R. Functional outcomes, feasi-
bility, and safety of resection of transoral robotic surgery: single-institution
series of 35 consecutive cases of transoral robotic surgery for oropharyn-
geal squamous cell carcinoma. Head Neck. 2015;37:1618-24. https://doi.
0rg/10.1002/hed.23809, PMID:24955923

Mendelsohn AH. Transoral robotic assisted resection of the parapharyn-
geal space. Head Neck. 2015;37:273-80. https://doi.org/10.1002/hed.23724,
PMID:24797361


https://doi.org/10.1097/00129689-200202000-00002
https://doi.org/10.1097/00129689-200202000-00002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12008765?dopt=Abstract
https://czechfriends.net/images/RobotsMargoliusJul2017.pdf
https://doi.org/10.1557/adv.2018.159
https://doi.org/10.1308/rcsann.supp1.5
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=NOT_FOUND?dopt=Abstract
https://doi.org/10.1109/10.1354
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3280462?dopt=Abstract
https://www.sec.gov/Archives/edgar/data/1035267/000103526722000014/isrg-20211231.htm
https://www.sec.gov/Archives/edgar/data/1035267/000103526722000014/isrg-20211231.htm
https://www.sec.gov/Archives/edgar/data/1035267/000103526722000014/isrg-20211231.htm
https://doi.org/10.1109/70.294202
https://doi.org/10.1109/TRA.2003.817093
https://doi.org/10.1109/TRA.2003.817093
https://doi.org/10.1146/annurev-bioeng-060418-052502
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30822100?dopt=Abstract
https://doi.org/10.11277/stomatology.69.41
https://doi.org/10.11277/stomatology.69.41
https://doi.org/10.3760/cma.j.cn112144-20201110-00565
https://doi.org/10.3760/cma.j.cn112144-20201110-00565
https://doi.org/10.1016/j.dental.2020.03.021
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32349877?dopt=Abstract
https://doi.org/10.17116/stomat20209901195
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32349877?dopt=Abstract
https://doi.org/10.1186/1748-5908-5-69
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20854677?dopt=Abstract
https://doi.org/10.1186/1471-2288-13-48
https://doi.org/10.1186/1471-2288-13-48
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23522333?dopt=Abstract
https://reviewersmanual.joannabriggs.org/
https://reviewersmanual.joannabriggs.org/
https://doi.org/10.7326/M18-0850
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30178033?dopt=Abstract
https://doi.org/10.1109/IECON.1998.724114
https://doi.org/10.3233/978-1-60750-894-6-220
https://doi.org/10.3233/978-1-60750-894-6-220
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10180544?dopt=Abstract
https://doi.org/10.3969/j.issn.1004-6437.2011.04.010
https://doi.org/10.3969/j.issn.1004-6437.2011.04.010
https://doi.org/10.1002/rcs.1997
https://doi.org/10.1002/rcs.1997
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30900789?dopt=Abstract
https://doi.org/10.1109/LRA.2021.3137891
https://doi.org/10.1097/01.mlg.0000227184.90514.1a
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16885755?dopt=Abstract
https://doi.org/10.1002/hed.20972
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18972413?dopt=Abstract
https://doi.org/10.1245/s10434-011-2116-2
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22045466?dopt=Abstract
https://doi.org/10.1016/j.bjoms.2011.06.008
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21802802?dopt=Abstract
https://doi.org/10.1111/j.1749-4486.2012.02525.x
https://doi.org/10.1111/j.1749-4486.2012.02525.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23253343?dopt=Abstract
https://doi.org/10.1007/s00405-012-2217-y
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23070259?dopt=Abstract
https://doi.org/10.5106/jjshns.22.297
https://doi.org/10.5106/jjshns.22.297
https://doi.org/10.1016/j.joms.2013.02.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23597950?dopt=Abstract
https://doi.org/10.1002/lary.23578
https://doi.org/10.1002/lary.23578
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23529879?dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24043909?dopt=Abstract
https://doi.org/10.1177/000348941312200202
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23534121?dopt=Abstract
https://doi.org/10.1002/hed.23557
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24288351?dopt=Abstract
https://doi.org/10.1002/hed.23809
https://doi.org/10.1002/hed.23809
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24955923?dopt=Abstract
https://doi.org/10.1002/hed.23724
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24797361?dopt=Abstract

(37]

(38]

[39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

[47]

(48]

[49]

[50]

(51

[52]

[53]

Y. Li, etal./JProsthodont Res. 2024; 68(2): 193-205

Kim DH, Kim H, Kwak S, Baek K, Na G, Kim JH, et al. The settings, pros and
cons of the new surgical robot da Vinci Xi system for transoral robotic
surgery (TORS): a comparison with the popular da Vinci Si system. Surg
Laparosc Endosc Percutan Tech. 2016;26:391-6. https://doi.org/10.1097/
SLE.0000000000000313, PMID:27661201

Holsinger FC. A flexible, single-arm robotic surgical system for transoral
resection of the tonsil and lateral pharyngeal wall: next-generation ro-
botic head and neck surgery. Laryngoscope. 2016;126:864-9. https:/doi.
org/10.1002/lary.25724, PMID:26509920

Liu Q, Zhu ZG, Cheng G, Xie QP. A preliminary experience of Da Vinci robot-
assisted free fibula flap for the management of mandibular and mouth
segmental defect: a case report and review of literature. Chin J Microsurg.
2017;40:320-3. https://doi.org/10.3760/cma.j.issn.1001-2036.2017.04.003
Tay G, Ferrell J, Andersen P. Use of a midline mandibular osteotomy to im-
prove surgical access for transoral robotic resection of the base of tongue in
a patient with trismus. Head Neck. 2017;39:E92-5. https://doi.org/10.1002/
hed.24851, PMID:28661559

Chen YQ, Wang WY, Liang FY, Huang XM, Jason YK, Eddy WY. Application
of robots in head and neck surgery-Experience of the Chinese University
of Hong Kong. J Clin Otorhinolaryngol Head Neck Surg. 2018;32:1056-60.
https://doi.org/10.13201/j.issn.1001-1781.2018.14.004

Cammaroto G, Vicini C, Montevecchi F, Bonsembiante A, Meccariello G,
Bresciani L, et al. Submandibular gland excision: from external surgery to
robotic intraoral and extraoral approaches. Oral Dis. 2020;26:853-7. https://
doi.org/10.1111/0di.13340, PMID:32246560

Chillakuru Y, Benito DA, Strum D, Mehta V, Saini P, Shim T, et al. Transoral
robotic surgery versus nonrobotic resection of oropharyngeal squamous
cell carcinoma. Head Neck. 2021;43:2259-73. https://doi.org/10.1002/
hed.26724, PMID:33899949

Walvekar RR, Peters G, Hardy E, Alsfeld L, Stromeyer FW, Anderson D, et al.
Robotic-assisted transoral removal of a bilateral floor of mouth ranulas.
World J Surg Oncol. 2011;9:78. https://doi.org/10.1186/1477-7819-9-78,
PMID:21767364

Prosser JD, Bush CM, Solares CA, Brown JJ. Trans-oral robotic subman-
dibular gland removal. J Robot Surg. 2013;7:87-90. https://doi.org/10.1007/
$11701-012-0369-9, PMID:27000899

Park YM, Byeon HK, Chung HP, Rho KJ, Kim SH. Robotic resection of benign
neck masses via a retroauricular approach. J Laparoendosc Adv Surg Tech
A.2013;23:578-83. https://doi.org/10.1089/lap.2012.0468, PMID:23706127
Lin X, Liang L, Shao X, Han X. Trans-Oral Robotic Surgery of Subman-
dibular Gland Removal With Preservation of Sublingual Gland and
Wharton's Duct. J Craniofac Surg. 2019;30:237-8. https://doi.org/10.1097/
SCS.0000000000004995, PMID:30480637

Yang TL, Li H, Holsinger FC, Koh YW. Submandibular gland resection via the
trans-hairline approach: A preclinical study of a novel flexible single-port
surgical system and the surgical experiences of standard multiarm ro-
botic surgical systems. Head Neck. 2019;41:2231-8. https://doi.org/10.1002/
hed.25692, PMID:30896063

Capaccio P, Montevecchi F, Meccariello G, Cammaroto G, Magnuson JS,
Pelucchi'S, et al. Transoral robotic submandibular sialadenectomy: how and
when. Gland Surg. 2020;9:423-9. https://doi.org/10.21037/gs.2020.02.04,
PMID:32420268

Walvekar RR, Tyler PD, Tammareddi N, Peters G. Robotic-assisted transoral
removal of a submandibular megalith. Laryngoscope. 2011;121:534-7.
https://doi.org/10.1002/lary.21356, PMID:21344429

Capaccio P, Montevecchi F, Meccariello G, D'’Agostino G, Cammaroto G,
Pelucchi S, et al. Transoral robotic surgery for hilo-parenchymal subman-
dibular stones: step-by-step description and reasoned approach. Int J Oral
Maxillofac Surg. 2019;48:1520-4. https://doi.org/10.1016/j.jom.2019.07.004,
PMID:31337528

Vicini C, Dallan |, Canzi P, Frassineti S, Nacci A, Seccia V, et al. Transoral
robotic surgery of the tongue base in obstructive sleep Apnea-Hypopnea
syndrome: anatomic considerations and clinical experience. Head Neck.
2012;34:15-22. https://doi.org/10.1002/hed.21691, PMID:21400628
Friedman M, Hamilton C, Samuelson CG, Kelley K, Taylor D, Pearson-
Chauhan K, et al. Transoral robotic glossectomy for the treatment of
obstructive sleep apnea-hypopnea syndrome. Otolaryngol Head Neck
Surg. 2012;146:854-62. https://doi.org/10.1177/0194599811434262,
PMID:22247514

(54]

[55]

[56]

(57

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

203

Montevecchi F, Bellini C, Meccariello G, Hoff PT, Dinelli E, Dallan |, et al.
Transoral robotic-assisted tongue base resection in pediatric obstructive
sleep apnea syndrome: case presentation, clinical and technical consider-
ation. Eur Arch Otorhinolaryngol. 2017;274:1161-6. https://doi.org/10.1007/
s00405-016-4269-x, PMID:27568349

Lee JA, Byun YJ, Nguyen SA, Lentsch EJ, Gillespie MB. Transoral robotic
surgery versus plasma ablation for tongue base reduction in obstructive
sleep apnea: meta-analysis. Otolaryngol Head Neck Surg. 2020;162:839-52.
https://doi.org/10.1177/0194599820913533, PMID:32204654

Khan K, Dobbs T, Swan MC, Weinstein GS, Goodacre TEE. Trans-oral robotic
cleft surgery (TORCS) for palate and posterior pharyngeal wall reconstruc-
tion: A feasibility study. J Plast Reconstr Aesthet Surg. 2016;69:97-100.
https://doi.org/10.1016/j.bjps.2015.08.020, PMID:26409954

Nadjmi N. Transoral robotic cleft palate surgery. Cleft Palate Craniofac J.
2016;53:326-31. https://doi.org/10.1597/14-077, PMID:26120882

Mattheis S, Hasskamp P, Holtmann L, Schéfer C, Geisthoff U, Dominas N, et al.
Flex Robotic System in transoral robotic surgery: the first 40 patients. Head
Neck. 2017;39:471-5. https://doi.org/10.1002/hed.24611, PMID:27792258
Persky MJ, Issa M, Bonfili JR, Goyal N, Goldenberg D, Duvvuri U. Transoral
surgery using the Flex Robotic System: initial experience in the United
States. Head Neck. 2018;40:2482-6. https://doi.org/10.1002/hed.25375,
PMID:30303588

Barbara F, Cariti F, De Robertis V, Barbara M. Flexible transoral robotic
surgery: the Italian experience. Acta Otorhinolaryngol Ital. 2021;41:24-30.
https://doi.org/10.14639/0392-100X-N0688, PMID:33746219

Fang G, Chow MCK, Ho JDL, He Z, Wang K, Ng TC, et al. Soft robotic ma-
nipulator for intraoperative MRI-guided transoral laser microsurgery. Sci
Robot.  2021;6:eabg5575.  https://doi.org/10.1126/scirobotics.abg5575,
PMID:34408096

Kawaguchi K, Amemiya T, Shimizu H, Hamada Y. Image-guided robotic
stereotactic radiotherapy for synchronous cancer of maxillary gingiva and
lung. Int J Oral Maxillofac Surg. 2014;43:692-5. https://doi.org/10.1016/j.
ijom.2013.12.005, PMID:24503102

Duan XG, Chen NN, Wang YG, Kong XZ. Development of a radioac-
tive particle implantation surgical robot for cranial and maxillofacial
tumors. Mechanical Science and Technology for Aerospace Engineering.
2017;36:341-6. (in Chinese). https://doi.org/10.1016/j.jom.2013.12.005
Fanhao M, Xiaodong X, Bo Q, Lejun X, Yu S, Liang Z, et al. A new multimodal,
i MAGE-GUIDED, robot-assisted, interstitial brachytherapy for the treatment of
head and neck tumors-A preliminary study. Int J Med Robot. 2020;16:1-5.
https://doi.org/10.1002/rcs.2133, PMID:32500663

Li C, Gu X, Xiao X, Lim CM, Ren H. Flexible robot with variable stiffness in
transoral surgery. IEEE/ASME Trans Mechatron. 2020;25:1-10. https://doi.
org/10.1109/TMECH.2019.2945525

Engel D, Raczkowsky J, Worn H. Roboterassistierte Osteotomien in der
Mund-, Kiefer- und Gesichtschirurgie [Robot-assisted osteotomies in
mouth, jaw and facial surgery]. Biomed Tech (Berl). 2002;47:22-4. (in Ger-
man). https://doi.org/10.1109/TMECH.2019.2945525 , PMID:NOT_FOUND
Burgner J, Mller M, Raczkowsky J, Worn H. Ex vivo accuracy evaluation for
robot assisted laser bone ablation. Int J Med Robot. 2010;6:489-500. https:/
doi.org/10.1002/rcs.366, PMID:21108494

Baek KW, Deibel W, Marinov D, Griessen M, Bruno A, Zeilhofer HF, et al.
Clinical applicability of robot-guided contact-free laser osteotomy in
cranio-maxillo-facial surgery: in-vitro simulation and in-vivo surgery in
minipig mandibles. Br J Oral Maxillofac Surg. 2015;53:976-81. https://doi.
0rg/10.1016/j.bjoms.2015.07.019, PMID:26305341

Gui H, Zhang S, Luan N, Lin Y, Shen SGF, Bautista JS. A novel system for
navigation-and robot-assisted craniofacial surgery: establishment of
the principle prototype. J Craniofac Surg. 2015;26:€746-9. https://doi.
0rg/10.1097/5CS.0000000000002180, PMID:26594995

Zhu JH, Deng J, Liu XJ, Wang J, Guo YX, Guo CB. Prospects of robot-assisted
mandibular reconstruction with fibula flap: comparison with a computer-
assisted navigation system and freehand technique. J Reconstr Microsurg.
2016;32:661-9. https://doi.org/10.1055/s-0036-1584805, PMID:27351937
Zhang HY, Wang XT, Liu XJ. Accuracy verification of robot-assisted mandib-
ular reconstruction surgery. Zhongguo Yi Liao Qi Xie Za Zhi. 2019;43:266-9.
(in Chinese). https://doi.org/10.1055/5-0036-1584805

lijima T, Matsunaga T, Shimono T, Ohnishi K, Usuda S, Kawana H. Develop-
ment of a multi DOF haptic robot for dentistry and oral surgery. In: Proceed-
ings of the IEEE/SICE International Symposium on System Integration (SII)
2020;52-7. https://doi.org/10.1109/51146433.2020.9026216.


https://doi.org/10.1097/SLE.0000000000000313
https://doi.org/10.1097/SLE.0000000000000313
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27661201?dopt=Abstract
https://doi.org/10.1002/lary.25724
https://doi.org/10.1002/lary.25724
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26509920?dopt=Abstract
https://doi.org/10.3760/cma.j.issn.1001-2036.2017.04.003
https://doi.org/10.1002/hed.24851
https://doi.org/10.1002/hed.24851
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28661559?dopt=Abstract
https://doi.org/10.13201/j.issn.1001-1781.2018.14.004
https://doi.org/10.1111/odi.13340
https://doi.org/10.1111/odi.13340
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32246560?dopt=Abstract
https://doi.org/10.1002/hed.26724
https://doi.org/10.1002/hed.26724
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33899949?dopt=Abstract
https://doi.org/10.1186/1477-7819-9-78
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21767364?dopt=Abstract
https://doi.org/10.1007/s11701-012-0369-9
https://doi.org/10.1007/s11701-012-0369-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27000899?dopt=Abstract
https://doi.org/10.1089/lap.2012.0468
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23706127?dopt=Abstract
https://doi.org/10.1097/SCS.0000000000004995
https://doi.org/10.1097/SCS.0000000000004995
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30480637?dopt=Abstract
https://doi.org/10.1002/hed.25692
https://doi.org/10.1002/hed.25692
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30896063?dopt=Abstract
https://doi.org/10.21037/gs.2020.02.04
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32420268?dopt=Abstract
https://doi.org/10.1002/lary.21356
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21344429?dopt=Abstract
https://doi.org/10.1016/j.ijom.2019.07.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31337528?dopt=Abstract
https://doi.org/10.1002/hed.21691
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21400628?dopt=Abstract
https://doi.org/10.1177/0194599811434262
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22247514?dopt=Abstract
https://doi.org/10.1007/s00405-016-4269-x
https://doi.org/10.1007/s00405-016-4269-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27568349?dopt=Abstract
https://doi.org/10.1177/0194599820913533
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32204654?dopt=Abstract
https://doi.org/10.1016/j.bjps.2015.08.020
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26409954?dopt=Abstract
https://doi.org/10.1597/14-077
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26120882?dopt=Abstract
https://doi.org/10.1002/hed.24611
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27792258?dopt=Abstract
https://doi.org/10.1002/hed.25375
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30303588?dopt=Abstract
https://doi.org/10.14639/0392-100X-N0688
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33746219?dopt=Abstract
https://doi.org/10.1126/scirobotics.abg5575
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34408096?dopt=Abstract
https://doi.org/10.1016/j.ijom.2013.12.005
https://doi.org/10.1016/j.ijom.2013.12.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24503102?dopt=Abstract
https://doi.org/10.13433/j.cnki.1003-8728.2017.0303
https://doi.org/10.1002/rcs.2133
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32500663?dopt=Abstract
https://doi.org/10.1109/TMECH.2019.2945525
https://doi.org/10.1109/TMECH.2019.2945525
https://doi.org/10.1515/bmte.2002.47.s1a.22
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=NOT_FOUND?dopt=Abstract
https://doi.org/10.1002/rcs.366
https://doi.org/10.1002/rcs.366
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21108494?dopt=Abstract
https://doi.org/10.1016/j.bjoms.2015.07.019
https://doi.org/10.1016/j.bjoms.2015.07.019
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26305341?dopt=Abstract
https://doi.org/10.1097/SCS.0000000000002180
https://doi.org/10.1097/SCS.0000000000002180
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26594995?dopt=Abstract
https://doi