
Dental Robotics: A Disruptive Technology
Subjects: Robotics

Contributor: Mohammad Alam

Robotics is a disruptive technology that will change diagnostics and treatment protocols in dental medicine. Robots can

perform repeated workflows for an indefinite length of time while enhancing the overall quality and quantity of patient care.

Early robots required a human operator, but robotic systems have advanced significantly over the past decade, and the

latest medical robots can perform patient intervention or remote monitoring autonomously. However, little research data

on the therapeutic reliability and precision of autonomous robots are available. The present paper reviews the promise

and practice of robots in dentistry by evaluating published work on commercial robot systems in dental implantology, oral

and maxillofacial surgery, prosthetic and restorative dentistry, endodontics, orthodontics, oral radiology as well as dental

education. 
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1. Introduction

Robots are machines that perform automatic manual tasks programmed by a computer. Technological advancements in

robotics and artificial intelligence have automated more and more tasks, in particular laborious and tedious jobs. Robots

can clean floors, trim grass, greatly assist in industrial production, and are becoming an integral part of our daily and

professional lives . Robots deliver consistently high-performance, economic relevancy and increasingly serve as smart

assistants and co-workers in many public areas .

There is a high demand for improving healthcare efficiency and quantity while standardizing current methods. Dentistry

offers multiple opportunities for robotic automation and assistive technology to enhance the quality of dental care. Robots

may relieve human resources for more important tasks, such as interacting with patients or other functionalities requiring

high cognitive skills . Although dental robots may help improve treatment precision and outcome, robotic transformation

is still facing diverse types of challenges .

The use of robots in dental clinics, especially in the tasks of dental assistants, may constitute one of the most important

arguments for robotic dentistry . A study at Oxford University found the tasks of dental hygienists and dental assistants

were more likely to be computerized than the tasks of dentists . Jenkins perceived in 1967 as a robotic dental secretary,

and several robot applications in dentistry have since become a reality . Dental professionals may experience physical

and mental exhaustion after hours of demanding procedures in ergonomically challenging positions, potentially leading to

mistakes in the oral examination, disease diagnosis, and treatment planning. There is also a risk of general carelessness

surrounding daily routine works, such as cleaning of instruments and surfaces in the dental clinic. Digital

medicine/dentistry compatible with robotics can help to minimize errors and enhance the overall quality and quantity of

patient care .

Apart from serving as dental assistants, robots in conjunction with 3D navigation can be used for invasive dental

procedures, including tooth preparation and autonomous dental implant placement . Robotic systems can also

play a role in education. Training dental students with the aid of full-body robotics, haptic interface technology, and

advanced simulation can teach basic learning needs before interaction with real patients .

2. History of Robotics

The pioneering work conducted at the National Aeronautics and Space Administration (NASA) marks the origin of robot-

assisted surgery. In the mid-1980s, a remotely controlled robotic system was developed by NASA for surgically operating

soldiers on the battlefield as well as astronauts in space. In 2000, the USA Food and Drug Administration (FDA) approved

the first robotic system for performing laparoscopic surgery in a doctor-robot setup. In 2001, the validation of the doctor-

robot concept was performed via a transcontinental live robotic cholecystectomy. It was the first instance that a team of

surgeons operated on a patient elsewhere (telepresence) . Since then, robots have been employed in surgical
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specialties such as general surgery, gynecology, and urology. Robot-assisted surgery has also prompted progress in

minimally invasive surgery by providing equipment with high accuracy and freedom of movement, elimination of the

negative effect of instrumental and hand tremors, and real-time stereoscopic vision of the surgical area. Robots offer

surgeons easier operational access and flexible working settings . The medical robotic industry has lately been shifting

its focus to autonomous robotic technology, this is robots capable of performing a procedure themselves without the

constant control or active monitoring by a natural person. Also, remote-control injectable medical microrobots have been

envisioned for the delivery of cytotoxic agents to cancer cells.

3. Robots in Dentistry

Robots are not used as extensively in dentistry as in medicine. Dentistry employs a few manual robotic systems that are

managed manually via the control interface of the computer. Manual robots can provide safer and more accurate drilling

than traditional dentistry . Progress is being made towards autonomous robots in implant dentistry , but the few

promising robotic systems are not yet available to dentists . High acquisition cost and innate intricacy of the robotic

hardware and methods must be overcome before robots will become commonplace in dental practice.

3.1. Dental Implantology

The outcome of dental implant treatment is heavily dependent on the precision of implant placement. To reduce errors of

implant positioning, dentists use surgical template guidance and navigation systems. However, the site of a missing tooth

and limitations in mouth opening may create awkward working positions, potentially causing operator fatigue and human

errors. Robot-assisted implant surgery allows for increased flexibility, stability, and accuracy of implant placement .

The formation of computer-assisted dental implantology established on a merging of prosthodontics and dental

implantology the idea of CT-scan analysis and prosthetic-driven implant dentistry has been investigated. Robotic implant

systems usually require surgical tracking in real-time for accurate implant placement .

In 2002, Boesecke et al.  presented the first robot-guided placement of dental implants. The robot system, having a

working region scope of 70 cm, executed the implant drilling guide to help the surgeon during implant osteotomy, where

48 dental implants were placed within 1–2 mm of the apical border .

In 2012, an autonomous robotic system that has 6 degrees of freedom (DOF) used a volume-decomposition-based

system to place a root-shaped dental implant . Subsequently, a 3-DOF robotic system with a stereo camera was

developed that could detect and modulate the dental handpiece to ensure implant placement according to the

preoperative protocol . The planned surgical procedure was applied automatically by the computer to ensure the

correct cutting site and properly applied force .

In 2017, YOMI  (Neocis, Miami, FL, USA) became the world’s first computerized navigation robotic system approved by

the FDA to augment the clinical accuracy of dental implant surgery . YOMI provided physical guidance of the drill’s

depth, orientation, and position, thereby avoiding custom fabrication of surgical guide and hand deviation of the operator.

The navigation system delivers high predictability and precision while preparing dental implant osteotomy employing

vibrational feedback. However, the YOMI system is relatively expensive and operates under supervision .

In 2017, Zhao introduced the world’s first autonomous implant placement system . Surgical procedures were

executable without any intervention by a dentist, and surgical tasks can be modified automatically with a high degree of

autonomy . However, validation data are few regarding the feasibility and reliability of the implant positioning, and the

robot’s intelligence decisions.

The Fourth Military Medical University Hospital (Xi’an, China) and Beijing University also developed an autonomous

dental implant robot in 2017. The robot system aimed at preventing surgical errors and addressing a shortage of highly

competent dentists in China . The system included a mechanical robot, DentalNavi software, an implantation

foundation, and an image-guided foundation. The robot, the operation foundation, and the coordinates of patients, to

calibrate with the image-guided system, used four kinds of teeth defect models as spatial mapping tools. After placement

of implants into the dentition defect models, the precision was assessed by comparing postoperative cone-beam

computerized tomography with the planned preoperative trajectory. The outcome was excellent with a mean entry

deviation of 0.705 mm ± 0.145 mm, a mean apical deviation of 0.998 mm ± 0.232 mm, and a mean axial deviation of

2.077 mm ± 0.455 mm .
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Another autonomous surgical robotic system studied in vitro insertion of 5-cm long zygomatic implants in edentulous

maxillae and recorded an elevated level of precision in the implant placement . Another study found that a 6-axis

robotic arm could enhance the precision of the surgery in zygomatic dental implant placement . The authors suggested

that force feedback application utilizing a haptic tool might improve the robotic system .

Robotic implantology has also been used successfully in complicated implant cases with significantly decreased alveolar

bone . Other studies used industrial robots in phantom experiments of robot-assisted placement of dental implants 

. The industrial robots, possessing 6-DOF, showed an insertion variation of 1.42 ± 0.70 mm and a reproducible implant

positioning within ±0.02 mm .

3.2. Oral & Maxillofacial Surgery

Malignant lesions of the oropharynx are not always readily accessible, and conventional treatment must often resort to

radiotherapy and/or chemotherapy. Salvage surgery is usually conducted through mandibulotomy with mandibular

displacement and lip split. However, robotic oral and maxillofacial surgery has become an attractive possibility, especially

in the treatment of oropharyngeal carcinoma . In 2009, the US-FDA approved the da Vinci system for transoral

treatment of selected malignant diseases and all non-malignant lesions of the oropharynx, even when located at the base

of the larynx and the tongue. Computer-assisted dental implant surgery is used more and more often by clinicians. The

system uses the cone-beam computed tomography (CBCT) analysis but also the standardization of bi-dimensional

radiographs . Robotic surgery is also carried out in the upper aerodigestive tract reachable via the oral cavity .

Transoral robotic surgery, having a stereoscopic vision, multi-articulated instruments, and robotic arms, permits

intervention of the oropharynx with minimal invasiveness. Robot-assisted surgery can also provide excellent local control

in the treatment of low-risk oral squamous cell carcinoma .

In addition to the treatment of pathological conditions, transoral robotic surgery has extensively been utilized for the

surgical treatment of obstructive sleep apnea. Based on the apnea-hypopnea index, obstructive sleep apnea is

categorized into mild, moderate, and severe. When the apnea-hypopnea index is >15, obstructive sleep apnea is linked

with high morbidity and mortality. The standard of care for obstructive sleep apnea is continuous positive airway pressure.

However, poor patient compliance and intolerance are considerable issues with continuous positive airway pressure

treatment. Several surgical options are available for treating obstructive sleep apnea including bariatric surgery and

weight control in morbidly obese individuals, maxillomandibular osteotomy, hyoid bone suspension, resection of tongue

base employing radiofrequency or CO  laser, uvulopalatopharyngoplasty, and so forth. The results of these surgical

modalities are not consistent since, in such patients, multiple levels of airway obstruction are normally found. According to

two meta-analyses, a high success rate of 86–100% could be obtained by maxillomandibular advancement. Despite the

efficacy of maxillomandibular advancement, several patients might benefit directly from tongue base reduction .

In 2010, Vicini et al.  first proposed transoral robotic surgery for treating obstructive sleep apnea. Their study involved a

total of 10 human participants and examined the effectiveness of tongue base reduction with transoral robotic surgery.

They reported that robot-assisted surgery resulted in minimal morbidity and was well-tolerated by the patients. Moreover,

the apnea-hypopnea index was significantly improved in all 10 participants .

The safety and precision in oral and maxillofacial surgery are influenced by human-associated factors including decreased

vision, distraction, trembling, or decreased concentration. A report suggested an autonomous robotic system aimed to

perform maxillofacial surgery under the supervision of the surgeon . A robot and a navigation module were

uninterruptedly incorporated into the system and a drilling test was performed on five 3D printed human jaw models to

analyze the position detecting capacity and assess the operational performance. The robot was able to successfully finish

the surgery irrespective of the jaw’s position .

A 6-DOF robotic arm was proposed as a surgeon aid during orthognathic surgery. Established on 3D information obtained

from a CT, positioning must be performed by the surgeon before surgery . Real-time tracking was performed by the

robot by registering the patient’s movements during the surgery. A jawbone skull phantom was used to perform preliminary

experiments for the orthognathic surgery. According to Woo and colleagues , the available software needs to be

upgraded and hardware safety improved before automated orthognathic surgery being investigated in human trials.

3.3. Prosthetic & Restorative Dentistry

As per the American Dental Association (ADA), around 113 million adult population of America is missing a minimum of 1

tooth, and 19 million do not have any teeth at all . After losing natural teeth, the masticatory and vocal functions are

severely affected due to alterations in craniofacial morphology. Prosthodontics is required promptly for recovering the

craniofacial morphology as well as the normal functioning of edentulous patients and protecting the temporomandibular
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joint . Robots in prosthetic dentistry could manufacture partial or complete dentures. Rich technique and experience

between the skilled dental technician and experienced dentist are incorporated into the software of prosthetic dentistry

expert model. Then, robots in prosthetic dentistry realize the fabrication of partial or complete dentures. The research on

robots in prosthetic dentistry would be a breakthrough, as well as technical and theoretical innovation. Its successful

operation would not only accomplish the quantification of the partial or complete denture, however, also contribute to the

progress of prosthetic dentistry .

3.3.1. Tooth-Arrangement Robot

For the fabrication of a complete denture, Canadian scientists developed a single-manipulator robotic system utilizing a 6-

DOF CRS robot . A single-manipulator robotic system for tooth arrangement of complete dentures is composed of

the following parts: (a) light-sensitive glue; (b) light source device; (c) denture base; (d) control and motion planning; (e)

robot modulation software for arranging tooth and a core control system having tooth-arrangement; (f) computer; (g)

electromagnetic gripper; and (h) 6-DOF CRS robot . A virtual 3D tooth-arrangement software is programmed

established on OpenGL and VC++. This virtual 3D tooth-arrangement software carries out the following functions: (a)

create or select file related to the medical history of the patient, formulate dental arch curves and a jaw arch by the

experience of an expert as per the patient’s jaw arch measures; (b) view 3D virtual teeth on the screen and modify the

position of each tooth. The repeatability precision of this robot system is ±0.05 mm, with a maximum line velocity of 4.35

m/s, and a maximum load of 3 kg .

The successful system of tooth-arrangement multi-finger hand (TAMFH) is devised based on the MOTOMAN UP6 robot.

The workplace analysis, grasping simulation and theory, and structure of TAMFH were investigated. The TAMFH has 3

fingers, with each finger having 3-DOF. The theoretical requirements of tooth-arrangement are met by this multi-finger

hand based on the analysis of motion and workplace simulation. However, it was very difficult for the multi-finger hand to

grasp and manipulate the artificial teeth precisely as these teeth have a very complex morphology .

A 50-DOF multi-manipulator tooth-arrangement robotic system contains a slipway mechanism, a dental arch generator,

and fourteen independent manipulators. Its mechanism of action is easy to regulate, dexterous and simple. The

associated studies regarding the kinematic planning and analysis, high accuracy modulation of such robotic system based

on software time, and coordinated regulation of dental arch generator are being performed . Utilizing

this robotic system, it only takes half an hour to finish the fabrication of the complete denture. The precision of the robotic

system is recorded. The repetitive positioning precision for a single multi-manipulator is ±0.07 mm and ±0.10 mm for the

entire robotic system .

Aiming at the issue of conventional fabrication procedures of the complete denture, an idea of miniature and professional

Cartesian type robot system for tooth-arrangement is introduced established on TRIZ theory. ADAMS is used to perform

the kinematic analysis and simulation .

3.3.2. Tooth Preparation

For clinicians, tooth preparation for crown and bridge is routine work, but it is still challenging even after years of clinical

experience. The primary challenge is to decrease the tooth sufficiently to make space while applying the least possible

harm to healthy tooth substance. For clinicians, the concept of a robotic system utilized for tooth preparation appears

sensible and tempting. An in vitro testing of a mechatronic system has been conducted to aid the clinician in tooth drilling.

The report demonstrated good outcomes, however, its validation has not been performed so far in the clinical setup. With

a mechatronic system, the accuracy of the clinician’s position was 53% more efficient than without it .

A tooth preparation robotic system was presented by Yuan and colleagues , which consisted of the following hardware

parts: (a) a tooth fixture that connects the target tooth with the robotic tool and safeguards the adjoining tooth from laser-

cutting; (b) a 6-DOF robotic arm; (c) an efficient low-heat laser appropriate for the preparation of hard tissue; (d) a

CAD/CAM software to generate a 3D motion path of the laser and to design the target shape for tooth preparation; and (e)

an intraoral 3D scanning machine for obtaining the 3D information of the subject’s teeth fixture, opposing teeth, adjoining

teeth, and the target tooth .

A system having micro-robots, modulating a picosecond laser device demonstrated a tooth preparation precision that met

clinical requirements, had an error of approximately 0.089 ± 0.026 mm . A comparison of another tooth preparation

robotic system designed for dental veneers having a rotating diamond tool installed on a robot arm was performed with

crown preparation carried out by a human clinician . The results demonstrated better outcomes in comparison with the

crown preparation performed by the clinician with an average repetition ability of the robotic system of around 40 µm 
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3.4. Orthodontics

Malocclusion is a commonly occurring oral condition that influences appearance as well as oral function and health.

Moreover, reduced masticatory function leads to several gastrointestinal disorders, such as dyspepsia. The current

prevalence rate of malocclusion in China is around 68%. Fixed orthodontic therapy is the most effective and common

method to treat malocclusion, and the bending of orthodontic arch-wire (OAW) constitutes the most vital step of this

therapeutic technique. Conventional orthodontics is primarily based on manual operation and visual examination. It is not

easy to realize the bending of OAW due to the hyper-elasticity of OAW, the ambiguity of manual operation, and the

complex morphology of the formed OAW. This has led to a high degree of randomness and several limitations on clinical

orthodontics .

Robotic System for Bending Orthodontic Arch-Wire

SureSmile OAW bending robot consists of a robot installed on to table or base support surface . The OAW or other

medical instruments are held by a first gripping tool, and are either integrated into a mobile arm or might be fixed in

regards to the base. The second gripping tool is installed to the periphery of the mobile 6-DOF robotic arm with a proximal

part also installed to the base as well as to a distal end that could rotate according to the immobile gripping tool about 3

rotational and 3 translational axes. The force sensors, incorporated into the gripping tools, are utilized to identify

overbends required to obtain the ultimate morphology of the OAW and might also possess a heating system through

which electricity runs via the wire. SureSmile utilizes contemporary 3D computer and imaging techniques to diagnose and

plan treatment and employs the robotic system to personalize fixed orthodontic appliances. Detailed treatment planning

can be done by simulating the treatment in anticipation. The principal goal of utilizing CAD/CAM is to improve the quality,

efficiency, and reproducibility of orthodontic therapy .

Gilbert introduced LAMDA (lingual arch-wire manufacturing and design aid) for rapid and accurate bending of OAW. Only

the motion in the XY plane can be realized by this system, hence it is unable to bend the OAW having closed-loop .

Another robot system for bending the OAW is based on MOTOMAN UP6 and consists of the arch-wire bending actuator,

computer, and MOTOMAN UP6. The actuator is connected with the periphery of the MOTOMAN robot. The clamping and

bending of the arch-wire are done by the arch-wire bending actuator, which is attached with the MOTOMAN robot end 

. The bending characteristics of the arch-wire, the kinematics of the robot, angle optimization, and bending point’s

position of the arch-wire are examined and simulated .

The experiment of bending OAW is carried out utilizing a Cartesian type OAW bending robotic system. This robotic

system consists of the arch-wire bending system, bending die, supporting structure of the OAW, feed, the rotary, and the

base . Solidworks software is employed to design the structure of the OAW bending robot. Precision control having a

3rd order pure S acc/dec of OAW bending robot is developed .

3.5. Endodontics

Root canal therapy is a technique that demands high precision and accuracy. Generally, a clinician who specializes in

endodontic works utilizing magnification for ensuring sufficient vision of the root canal system. Nelson and colleagues

suggested a concept of a robot system to assist while performing root canal therapy. The primary function of the “vending

machine”, as proposed by the authors, was to provide the clinician with the required root canal therapy instruments during

the procedure . A recently published report suggested the utilization of micro-robots having catalytic-capability to

disrupt oral biofilms present inside the root canal and analyzed the robotic system in the laboratory. Moreover, the

researchers explained the employment of these robotic systems for other applications including the prevention of peri-

implant infection or dental caries .

3.6. Oral Radiology

It is usually perceived that the oral radiologist can penetrate the oral cavity in almost every aspect of the tooth in a

minimally invasive manner. Hence, why are robots required? Several benefits of employing robots exist; (a) by the

application of robotics, the oral radiologist can be remote to the area where the radiographic procedure is being performed

and hence is not predisposed to any radiation exposure; (b) the robotic systems have been developed with many DOF in

navigation which makes their dexterity much better as compared to humans. Therefore, in teeth with complex morphology

and anatomy, navigation of the radiographic tools would be safer, simpler, and easier . The positioning of the X-ray

source and sensor/film was suggested to be performed by a 6-DOF robot arm and no side effect was reported. The

outcomes demonstrated that the mechanical alignment technique of the robotic system was superior owing to its

remarkable repeatability and accuracy . Burdea et al.  devised a robotic system for dental subtraction radiography
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which employed a 6-DOF position sensor, and a robot arm with an X-ray source was proposed. To identify the effect of

sensor and robot errors, an error analysis was carried out. A series of experiments to identify sensor noise and accuracy

were explained. According to the findings, there was no adverse effect reported because of the presence of metalwork in

the patient’s oral cavity . Another study described the application of a robot having a fully-equipped skull for examining

the impact of head motion to the precision of 3D imaging .

3.7. Dental Hygiene Applications

The removal of plaque by powered or manual toothbrushing is the most efficacious preventive method for controlling oral

diseases . Robotic systems might be used to test the effectiveness of toothbrushes along with their abrasion ability

towards dental enamel with the highest comparability and repeatability. According to a laboratory study that compared the

efficacy of an in vitro robotic brushing with clinical hand brushing, robotic brushing is a comparable technique with clinical

hand brushing for the removal of dental plaque and might even replace manual clinical hand brushing . Driesen et al.

 conducted an in vitro robot study by developing the Braun Oral-B Ultra Plaque Remover (EB5 brush head and D7

handle) which simulates normal clinical toothbrush use. A hybrid new brush head (EB9) having longer bristle tufts

developed to enhance interdental penetration, and a higher frequency of bristle motion (63 Hz, 3800 strokes/minute-D9

handle) was associated with a considerably higher removal of artificial plaque . In another study, Gaengler et al. 

developed a clinically validated robot toothbrushing program for reproducible and fast in vitro testing of tooth cleaning.

The authors concluded that robot testing toothbrushing utilizing powered or manual or any brushing method, combined

with the computer-assisted planimetrical plaque evaluation is a recommended research tool to develop newer prototypes

and comparisons with reference toothbrushes . Similarly, Ernst et al.  developed a robot system that simulated 3D

brushing movements as a function of time. The in vitro results revealed the capability of the robotic system to exhibit

reproducible significant differences in the cleaning efficacies of powered toothbrushes .

3.8. Dental Education

The concept of a dental training robot was first presented in 1969 . In 2017, the experiment of utilizing a humanoid in

dental education was performed. A humanoid (i.e., a complete-body subject simulation robotic system [SIMROID]) was

analyzed in a report among dentistry students to examine if a robotic subject (patient) was more realistic compared to the

normally utilized dummies for the dental students to get accustomed to real patients . The SIMROID, “Hanako” is 165

cm tall and its skin comes with a vinyl-chloride-based gum pattern with a metal skeleton. “Hanako” is a valuable

contribution to dental education as it is emulating a human in its expressions and actions. It can carry out movements of

wrist, elbow, tongue, and jaw, shake its head during pain, blink, roll its eyes, and verbally express its discomfort.

Moreover, it could also simulate functions for inducing salivary flow and bleeding, and simulate a vomiting reflex using a

uvula sensor . Tanzawa and colleagues presented a robot for a medical emergency that aimed to aid dentistry students

to get accustomed to emergency conditions .

ROBOTUTOR is another dental education robotic system explained in the literature . This robot was an alternative

system to a dentist for showing tooth-cleaning procedures (i.e., tooth brushing) to patients. According to a study , the

patients reported the ROBOTUTOR as the most attractive technique for dental education than other techniques (i.e.,

audio-video tutorial or dentist). However, the ROBOTUTOR was found to be less efficient as compared to the dentist .

According to a study, virtual reality training combined with human instructor verbal feedback and haptic feedback could be

the most effective way of learning the fundamental motor skills for dental students . Other reports examined the

utilization of haptic devices and virtual reality for the training of oral anesthesia or placement of dental implant . In

dental education, virtual reality laboratories having haptic devices are gaining much popularity and are becoming an

essential part of the regular dental curricula for improving the learning effect and efficiency of the students .

Moreover, a report examined pre-clinical dentistry students’ learning experience utilizing 3D printed human teeth devised

with realistic dental pulp cavities and mimicked dental caries . According to the findings of this study, the dental

students could develop an entire idea for prosthodontic teeth therapy on simulated 3D printed teeth as these simulated

teeth had several characteristics to aid the training of dentistry students .

3.9. Dental Assistance and Dental Materials

The robotics finds application to standardize simple endoral radiographs to analyze the CBCT and compare the bone

volumes to match the bone pre-and post- augmentation procedure . A study examined the probability of active robot

assistance during dental procedures by exchanging instruments through a multi-nodal communication model designed for

clinicians as consumers. It consists of visual gestures, speech input, touch display input, bilateral physical robot-human
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communication. In this study, the researchers utilized a state-of-the-art sensitive, collaborative, and safe 7-DOF robotic

system and performed a user study to investigate the possibility of varying robot-human communication dental procedures

.

Robotic mastication or dental wear simulators are suggested to analyze dental implant materials  or tooth filling

materials . A 6-DOF robot drove one of the systems . Another report described the testing of dental impression

material utilizing a robotic arm .
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