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Abstract

:

The popularity of implants is increasing with the aging population requiring oral–dental rehabilitation. There are several critical steps in the implant workflow, including case selection, implant design, surgical procedure, biological tissue responses, and functional restoration. Among these steps, surgical osteotomy procedures are a crucial determinant of clinical success. This brief review was aimed at outlining the current state of the field in automation-assisted implant surgical osteotomy technologies. A broad search of the literature was performed to identify current literature. The results are outlined in three broad categories: semi-automated static (image-guided) or dynamic (navigation-assisted) systems, and fully-automated robotic systems. As well as the current mechanical rotary approaches, the literature supporting the use of lasers in further refinement of these approaches is reviewed. The advantages and limitations of adopting autonomous technologies in practical clinical dental practices are discussed. In summary, advances in clinical technologies enable improved precision and efficacious clinical outcomes with implant dentistry. Hard-tissue lasers offer further advancements in precision, improved biological responses, and favorable clinical outcomes that require further investigation.
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1. Introduction


The increase in human longevity has resulted in a larger aging population with increased demand for dental services. Owing to the rising occurrence of edentulism, a larger age group in the population, in addition to geriatrics, is actively seeking implant treatments [1]. The absence of teeth can result in more than just esthetic and functional limitations, as inadequate nutrition and subsequent declines in overall health have been correlated [2,3,4]. Such negative outcomes increasingly correlate with several systemic diseases. Implants offer an expedient option for prosthetic rehabilitation in edentulous patients. Since Brånemark first described the utility of dental implants, they have undergone significant development, including enhancements to their form, surface quality, procedural techniques, and functional diversifications.



A successful implant placement relies on effective treatment-planning that significantly hinges on the implant osteotomy’s location, design, and technique [5,6,7]. The dental-implant-placement process can be categorized into three phases: the planning phase, the surgical phase, and the rehabilitation or prosthesis phase [8]. Planning for dental implants is intricate and involves considering multiple factors. These factors encompass a range of aspects such as a patient’s age, physiological health, and habits, as well as aesthetic concerns, bone density availability, implant design variations, and ultimate prosthesis placement. Subsequently, a template design is created, and a mock implant-placement procedure is conducted to confirm the selected parameters for use on the actual day of surgery. This rigorous planning phase precedes the surgical stage of implantation. Several of these procedural steps, from imaging, to planning with computer-assisted design (CAD), to 3D additive printing for surgical splints to guide surgery, and even custom-implant fabrications, have been improved with digital workflow [9].



The process of implant surgery requires careful consideration and decision-making at multiple stages. An experienced practitioner must evaluate the situation thoroughly and be prepared to deviate from pre-established protocols if necessary. As the demand for dental implants rises, healthcare providers face the challenge of ensuring optimal treatment planning and delivery while dealing with constraints such as limited time and fatigue, which can affect surgical outcomes. This crisis is aggravated by the scarcity of qualified licensed professionals to perform implant-placement procedures, as well as their restricted geographical reach, limited availability, and higher professional fees. To address these challenges and ensure consistent treatment quality among all patients, automation using robotics for implant placement has gained popularity. The technologies supporting robotic implant placement have evolved over the years, resulting in significant clinical benefits. Initially used only as a guiding mechanism, current technology includes assistive measures, semi-automatic systems, and, most recently, fully automated systems [9].




2. Search Methodology and Summary of Results


This article examines the currently available technologies of dental implant surgery. We carried out a search of Medline, PubMed, Scopus, and Cochrane databases along with a broad internet (Google) search to review the literature using search terms ‘robotics’, ‘lasers’, ‘osteotomy’, ‘automation’, ‘laser osteotomy’, ‘laser-guided implant placement’, and ‘laser implant osteotomy’, restricted to the past 15 years (Figure 1). The initial search resulted in a total of 108 articles of which 36 were found to be duplicates and 9 were in a language other than English and excluded. Full-text articles were downloaded, and after filtering, 42 articles were finally chosen for inclusion in this review. The results in each category are summarized below, with a broad introductory section.




3. Common Features of Robotic or Automated Implant Surgery


Automation for implant surgery involves a conglomeration of technologies that deal with image-processing software, navigation software, and optical-guided tracking systems [10,11,12,13]. First, the digitization for the treatment-planning software outlines the strategic placement of the implant to ensure there is no harm to crucial anatomical structures obstructing its ultimate position (Figure 2A) [14]. These software technologies utilize machine-learning approaches to continuously scrutinize and distinguish the essential components from the radiographs, usually cone-beam computed tomography (CBCT) and intraoral digital imaging [11]. Based on the statistical information fed to the machine-learning algorithm, it can identify imaging errors like shrinkage, magnification, image noise, and distortions to identify the landmarks accurately. The software suggests all the possible implant configurations like implant size, angulation, positioning, and aggressiveness of the threads based on the quality and quantity of bone.



The next step is orientation, involving registration and navigation of the operator or robotic arms by taking inputs from the fiducial markers used in the surgical setup. Fiducial markers are specialized devices that give the system feedback on the positioning of all the mobile surgical heads in the surgical field. They determine the relative distances and boundaries of movements of the robotic arm within the surgical site as per the treatment plan in real time [10,11]. The two major fiducial technologies include electromagnetic and optically-guided tracking systems [15]. Both systems have a few limitations in that the electromagnetic fiducials could be distorted by the presence of ferromagnetic substances in the surgical field. The optically-guided fiducials required a straight line (line-of-sight) between the camera and the fiducial at all times for accuracy. These fiducials need to be calibrated and overlap with the existing CBCT and digital data, so the navigational system can assist with either guided semi-automated or fully automated movements [12,15]. To ensure the precision and accuracy of the surgical process, a trial placement of an artificial implant on 3D-printed models is strongly suggested. In addition to clinical accuracy, this simulation also serves to detect any unexpected movements in the robotic arms and inaccessible sites prior to surgery [11,14].



The navigation software utilizes relative three-axis template systems guided by an optical tracking system (OTS) in real time which can identify the fiducials and bring movements with the help of robotic arms with reference to their relative positions [10,12]. Through meticulous programming, the system’s algorithms are capable of determining and initiating precise robotic-arm movements required for positioning surgical instruments accurately. The tip of the osteotomy instrument will then initiate the drill and sequentially create an osteotomy for the implant starting with a pilot drill and proceeding sequentially to the expected diameter and depth with the specified angulation, as per the approved surgical plan. The degree of freedom and the torque of the robot and the motors, respectively, resonate with the precision of the osteotomy and the planned procedure, so higher specifications will produce better results [12].



The final step in this workflow involves the execution of surgical procedures. Current technologies can be broadly bifurcated into two major categories based on the level of automation and involvement of a clinical operator (Figure 2B). The use of image-guided, navigation-assisted technologies enables the operator to improve their surgical implant outcomes by improving spatial orientation and achieving a heightened level of parallelism, particularly when multiple implants are required within a single jaw [10,12]. These technologies are versatile and compatible with various implant systems available in the market. This technique eliminates the need for surgical guides, maintaining accuracy and reproducibility of outcomes, enabling surgeons to operate in critical areas with limited visibility. There are a few drawbacks like the costs of equipment, accessibility in patients with limited mouth opening, and requiring a drill extender for operating in the posterior regions of the oral cavity. While this procedure can improve the accuracy of placement of the implant, the inherent disadvantages of drills, like osteonecrosis of the adjacent bone due to the heat dissipation of mechanical burs and the micro-cracks induced due to the friction and vibrations, should be assessed [16,17,18,19]. In contrast to this assisted approach, there are recent innovations in fully-automated robotic systems that show striking promise, as evidenced by their accuracy (Figure 2C), that are briefly reviewed in the following sections.




4. Static Approach: Computer-Guided Implant Surgery


The process of computer-assisted implant surgery comprises the creation of a guide or template to facilitate the accurate placement of the digitally planned implant based on the patient’s CBCT data. This involves utilizing CAD-CAM or 3D printing techniques to generate the guide [20,21,22]. Notably, these guides can be either tooth-supported, bone-supported, or mucosa-supported [22,23]. The creation of a customized surgical guide for dental implants involves a dual-pronged approach utilizing advanced technologies (Figure 3). This includes intraoral scanner (IOS)-based 3D modeling technologies and the acquisition of CBCT data, significantly enhancing the precision and efficacy of clinical surgery procedures. The 3D scanning process employs an automated multi-image method to capture patient-specific dimensions, shapes, and the structure of all oral anatomy. Employing a handheld wand-like device, the scanning procedure involves emitting a structured light pattern onto the surfaces within the patient’s mouth. This pattern interacts with oral structures, reflecting to the scanner’s camera, which captures these reflected light patterns. Consequently, a detailed record of the teeth and soft tissues’ exact details and contours within the oral cavity is created. The scanner rapidly captures numerous images as it moves around the mouth, compiling and processing them in real time using specialized software. This process generates an intricately detailed and accurate 3D digital model of the patient’s dentition and oral anatomy. Subsequently, the collected data undergo conversion into a digital file format, allowing for convenient viewing, manipulation, and electronic storage [24,25,26,27]. The fusion of CBCT and 3D modeling images, following virtual planning, yields a standard triangle language (STL) file suitable for stereolithography. This file is then utilized in a 3D printer, where acrylic resin is employed to replicate the precise pathway initially designed via computer-aided design (CAD) [28,29].



The concept of using a sleeve-within-a-sleeve in implant dentistry leads to highly accurate outcomes. This approach employs specific drill sequences that guide the bone’s diameter and orientation, ensuring precision during the surgical procedure (Figure 4). This can lead to a minimally invasive osteotomy, preserving vital structures with accuracy and less operative time. A few limitations of this approach include inherent minor errors of CBCT imaging, mechanical bur-angulation errors, and errors due to the complexity of the clinical procedure. Moreover, intra-operative modifications during surgery are not possible. Meta-regression analysis of the accuracy of this approach noted a mean deviation of 1.07 mm (95% confidence interval, CI: 0.76–1.22 mm) at the entry point and 1.63 mm (95% CI: 1.26–2 mm) at the apex for this protocol. On average, an angular deviation of 3.5° (95% CI: 2.71–3.88) was observed for fully and partially edentulous cases [30].




5. Dynamic Approach: Computer-Navigated Implant Surgery (Active or Passive)


The dynamic approach combines the CBCT data of the patient with the optical bur-tracking navigational software with high accuracy (1 × 1 mm). This includes marking the tissues with the help of fiducials and then identifying the same landmark in the CBCT and overlapping both. The bur-tip orientation can also be captured with the help of a fiducial attached to the handpiece and registered in the system [12,13,31,32,33]. Data about these orientations are fed to the real-time system using a camera or detector to calculate and identify the virtual position of the instruments relative to the CBCT data and the pre-planned implant position (Figure 5A–C) [13,14]. If there are any variations in the bur’s angle or position, a built-in alert system will notify the user. The advantage of this system is that this system bypasses the use of templates or surgical guides by facilitating comfort and ease of operation in patients with limited mouth opening. There are two versions of this system, namely passive and active systems. In the passive form of the system, once the orientation and navigation planning are complete, the system uses this digital roadmap to alert the operator to any deviations of angulation or depth during the procedure. In the active form of the system, unlike the predetermined sleeve-within-a-sleeve model, it utilizes feedback from any patient movements and dynamically adjusts the treatment trajectory to aid the operator in real time (Figure 5D). Meta-regression analysis of the accuracy of this approach noted a mean deviation of 1.04 ± 0.37 at the entry point and 1.56 ± 0.52 mm at the apex for this protocol, and, on average, an angular deviation of 2.74 ± 0.67° was observed for both fully and partially edentulous cases [20,34].




6. Robot-Assisted Implant Surgery (Semi-Automated)


A further iteration of the active dynamic approach has been the utilization of a robotic arm to assist the surgeon in placing implants [10,13,20]. These robotic technologies are leveraging the progress in artificial intelligence and machine learning to further enhance precision [12,35]. The inclusion of haptic feedback in the form of either sound or vibration also alerts the surgeon to deviations from the planned surgical osteotomy. During implant surgeries, this system can also serve as a means of modifying the osseous contour intraoperatively [10]. Meta-regression analysis of the accuracy of this approach noted a mean deviation of 0.83 ± 0.55 mm (p = 0.04) at the entry point and 0.91 ± 0.56 mm at the apex for this protocol, and an angular deviation of 1 ± 0.48° (p < 0.005) for both fully and partially edentulous cases [10,12,13,34].




7. Fully-Automated Robotic Implant Surgery


The most sophisticated technology for implant surgery is seen in the evolution of fully automated autonomous planning and implementation of implant placement. One such system has already been made commercially available (Figure 5E) [13,36]. It should be emphasized that the clinical operation of these units still requires a clinical operator’s approval of the planning and execution of the procedure. The procedural workflow is similar to steps described previously involving imaging, treatment planning, registration, navigation, and execution, but the final step occurs in a fully automated manner [11,13,21,36]. Once the registration process is completed, the robotic arm initiates the sequential osteotomy drills as planned [11,36]. Following osteotomy as per the predetermined specifications, the robotic arm will proceed with implant placement. In preliminary studies, the accuracy of this procedure has been determined to have an entry and apical deviation of 0.69 ± 0.15 mm and 0.72 ± 0.16 mm, respectively, with an angular deviation of 1.21 ± 0.54° [11,13].




8. Utility of Hard-Tissue Lasers


Laser beams are routinely used in the material-processing industry for tough, resilient materials such as cutting metals and diamonds [37]. As noted above, all current technology adapts the routine rotary mechanical burs for the surgical osteotomy procedure. However, there are recent systems that have been exploring the utility of hard-tissue lasers for implant osteotomy [38]. Interestingly, hard-tissue lasers have been increasingly utilized in orthopedic surgery [37]. However, their clinical utility has been noted to be restricted due to the negative response resulting from reported cases of failure. These limitations have been attributed to a lack of thorough research on laser-tissue surgical interaction, poor understanding of laser parameters, inadequate or lack of training, and inappropriate or poor clinical implementation. However, it is prudent to emphasize a thorough understanding of light–tissue interactions and appropriate laser use has shown tremendous benefits for routine use in dermatology and in ophthalmology, perhaps best exemplified by its daily use in the delicate, exquisitely light-sensitive laser-assisted in situ keratomileusis (LASIK) eye surgery. Thus, in-depth knowledge of laser dosimetry and manner of use is critical for proper clinical applications to attain the best results [17,18,37].



Direct comparison of laser versus conventional mechanical osteotomy for implants appears to be lacking. Nonetheless, there is research on the use of hard-tissue lasers on mineralized tooth tissues, namely enamel and dentin, for tooth cavity preparation [18,39]. Laser cavity preparation has gained popularity as it minimizes bacterial contamination, and could contribute to reduced secondary caries after restoration. Additionally, laser-treated tooth surfaces have been noted to have increased calcium-to-phosphorus ratios that decrease susceptibility to acid dissolution and increase resistance to bacterial enzymes, thus, also aiding in reduced caries incidence. Further, laser cavity preparation eliminates smear layers with a consistency similar to that produced by acid etching. Thus, this forms an ideal surface for composite hybrid adaption as compared with conventional bur preparation [38]. In long-term studies, cavities that were prepared using hard-tissue lasers exhibited superior marginal integrity and ledge configurations compared with those created through traditional cavity-preparation methods [40]. Moreover, laser surgery offers improved patient comfort due to the fusion of dentinal tubules during cavity preparation as well as the lack of mechanical vibration evident with burs, promoting reduced anesthesia and post-surgical discomfort and pain.



For bone ablation in implant osteotomy, the laser ablative surgical processes directly transfer laser energy to the water and hydroxyapatite crystals in the mineralized tissues [17,18,41]. This results in direct ablation or vaporization of the tissue with minimal inadvertent adjacent tissue damage [16,17,18,19,39,41,42]. There would be minimal disruption of the Haversian system and collagen framework, improving tissue healing responses for osseointegration. The laser power levels and appropriate air–water coolant are essential during laser-assisted osteotomy to prevent thermal damage in surrounding tissues. Lasers with high absorption coefficients for water and hydroxyapatite such as titanium:sapphire (800 nm), erbium, chromium:yttrium, scandium, gallium, garnet (Er, Cr:YSGG, 2780 nm), erbium:yttrium, aluminum, garnet (Er:YAG, 2940 nm), and carbon dioxide (CO2, 9600 nm) lasers provide optimal precision and depth control [17,32,37,41,42,43,44,45,46]. Further, utilizing the newer femtosecond lasers capable of ultrashort pulses with high incident energy and an optimal transmission period shorter than the thermal tissue relaxation times would achieve ideal surgical outcomes. Additional hemostasis (photocoagulation) and surgical site disinfection, as noted above, would be expected to further improve implant–biological tissue interactions [19,37]. We also identified a few specific limitations of the laser osteotomy procedures, such as increased auditory disruptions (cracking sounds) which may cause discomfort for the patient and practitioner [47]. Other limitations included the high cost of the equipment, the need for additional safety with invisible infrared wavelength lasers, and advanced training requirements that emphasize a thorough understanding of power and parameter modifications.



A prior publication describes a manually operated laser system for bone grafts [48]. It cites several discrete advantages of the laser approach in its ability to avoid osteonecrosis and micro-cracks due to it precise, depth-controlled, atraumatic technique compared with routine mechanical osteotomy. The ability to generate an osteotomy with various shapes is feasible with a laser system but is limited with rotary cutting systems. This study noted that the initial stability and bone–implant contact (BIC) at 90 days post-surgery with the laser osteotomy was similar to mechanical osteotomy [37]. Automation of this procedure could add significant advantages such as precision navigation, ease and convenience of use, active sensing to distinguish between soft and hard tissues to cease laser operation, and improved overall efficacy with minimal human intervention [42,49].




9. Barriers to Automation in Clinical Dentistry


Surgical procedures conducted autonomously hold various benefits, such as offering medical assistance in remote areas with little to no access to transportation, in conflict zones, and during space travel, where access to dentists or surgeons will be limited. It can also serve as a valuable tool in routine high-volume, clinical scenarios to ensure consistent quality care for all. It can also, theoretically, reduce cost and, hence, improve access to care. Despite these advantages, we identified several obstacles to the practical implementation of autonomous surgical robotics. First, patient acceptance poses a significant obstacle that may impede the widespread adoption of fully autonomous surgical robots. As with any new technology, these robotic systems must establish their safety before gaining trust and recognition in the medical field. Second, to ensure patient safety, regulatory agencies have established stringent guidelines prior to their clinical use. These regulatory clearances, along with the high liability in healthcare procedures, add cost and time to practical clinical adoption. From the clinician’s perspective, these regulatory burdens would naturally entail a larger financial barrier to acquiring and operating these devices. Additionally, dentists will need to undergo specialized training on how to properly and safely operate these technologies, with the ability to intervene when necessary. A more existential aspect is the prominence of traditional training and years of clinical practice that hinder the adoption of new technologies, especially for complex operations with reduced or minimal control. It is evident that some unlearning and discomfort are essential components of adopting novel technologies. Ultimately, implementing these innovative technologies must accomplish an improved level of professional practice and patient satisfaction.



There are also several misconceptions and apprehensions of autonomous systems undermining job security that need to be addressed at the societal and policy levels. In order for the technology to be deployed successfully, it is important to acknowledge that these are early phases of development and there may be failures or limitations that could be iteratively improved [50]. Interestingly, a recent survey investigated patients’ propensity to embrace automated surgery for simple procedures that noted men were more predisposed than women in accepting this option [51]. However, both genders had a lower acceptance as the complexity and invasiveness of the surgical procedures increased. Such findings underscore gender differences in attitudes towards novel technological innovations as well as highlight the importance of technical intricacies while introducing new healthcare services [51]. A positive outlook is critical for patients and clinicians in order to increase the pace of adoption of these technologies.



Finally, another critical factor affecting adoption of a new technology is its financial impact. The upfront investment to procure equipment and training as well as the developmental costs of maintaining and successfully utilizing these technologies are significant considerations. It stands to reason that as the user base grows, economies of scale may allow for greater availability and reduced costs. A technologically advanced system that has significantly improved precision and improves clinical outcomes will have better patient acceptance and eventually overcome all the necessary barriers for widespread acceptance.




10. Conclusions and Future Directions


The future of automation using robotics and precision-engineered devices in implant and clinical dentistry appears to be poised to gain from two discrete, major domains of general technological advances, namely, the software and the hardware industries. The advances in massively parallel processing, quantum computers, and laser processing units have enabled phenomenal advances in software with machine learning and artificial intelligence (AI). Digitation of healthcare presents immense opportunities and challenges on the software front. The global data total in 2021 was over 64.2 zettabytes, of which over 30% came from the healthcare industry. This vast amount of data has allowed the biomedical community to apply artificial intelligence (AI) and machine learning (ML) techniques in areas such as predictive analysis, virtual diagnosis, and patient monitoring.



A simple and current application showcasing AI in routine clinical dentistry is the automated image enhancements from cone-beam computed tomography (CBCT) imaging allowing key anatomical structures to be distinguished (Figure 6) [52]. There have been a few studies conducted that have implemented AI and ML models in implantology. One such study conducted by Li et al. developed a model using finite element analysis (FEA) capable of measuring the stress at the implant–bone interface by considering implant length, implant thread length, and thread pitch [53]. FEA uses calculations, models, and simulations to predict and understand the mechanical behavior of objects under various physical conditions. In the case of implant dentistry, the focus of these researchers was on the stress concentration of the implant. Another group used deep learning (DL) as a means to predict implant outcome (success or failure) from peripheral and panoramic films [54]. They divided 248 patients (89 with failed implants and 159 with successful implants) into three categories (implant failure with marginal bone loss, implant failure without marginal bone loss, and implant success). Using 529 peripheral and 551 panoramic images, they trained a convolution neural network (CNN) to extract key features from their data and built a hybrid model that combined the two types of images to predict the outcome of future implants.



Although these techniques have huge potential, it is important to continue research in these areas in order to lay the foundation for effective future clinical integration. There are several factors that were not considered by Li et al.’s model for stress concentration and vice versa with Zhang et al.’s model for implant-outcome prediction. It is important to consider many direct or indirect aspects of the implant procedure. This is because identifying causality can majorly influence the predictive outcome of an implant’s clinical success. In other words, increasing the amount of available training data and identifying the most significant feature influencing the outcome, we can try to uncover the true causal relationship and create a more accurate prediction model. This not only increases precision and quality of care, but also impacts the implant long-term functional success rate rather than simply the success or failure of the immediate implant placement. These multivariate, large dataset analyses directly lend themselves to AI to overcome the shortcomings of traditional clinical dental care, which has been widely criticized.



Another discrete aspect of dental care is the anxiety and fear associated with seeking dental care. In addition to the clinical procedures involving sharp surgical instruments and mechanical vibrations, barriers to care also include accessibility and pricing. Dentists, on the other hand, face a distinct set of difficulties, such as ergonomics, human error, lack of tactile feedback, shifting social norms around the use of lasers rather than traditional drills, and weariness. Over time, therapies have evolved, but problems with treatments, such as poor visibility, inconsistent surface quality, restricted precision, and restricted access, still exist. A flexible technology used effectively in precise industrial micromachining of metals, ceramics, polymers, glass, and biological material for medical usage in eye surgery is ultra-fast femtosecond (1 fs = 10–15 s) laser micromachining [55,56,57]. By combining existing technology with future developments intended to advance dentistry, this field will reach new heights. Automation reduces the physical and emotional strain of the workplace, preventing dentists from becoming physically and mentally burned out while also boosting their output.



In summary, automation in implant osteotomy offers a versatile approach to treating conditions like resorbed bone and for sinus augmentation, zygomatic-implant cases, autogenic and allogenic shell techniques for alveolar ridge augmentation, and bone enhancement procedures. The complexity of these individual clinical scenarios would appear to significantly benefit from the precision, minimal operating time, procedural cost, and patient comfort of using the automation approaches. The impact of automated robotics could be generalized, well beyond simply placing implants, to other routine and sophisticated surgical techniques. Further, although current literature is limited, the utility of lasers for various implant procedures offers significant new avenues for increased precision and refinement of these automated approaches. Overall, these areas hold great promise for the future of clinical dentistry for both routine and low-resource rural settings and for space travel, where it offers a sustainable, precise, and effective approach.
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Figure 1. Workflow outlining the literature search and review performed in this work. Although this workflow simulated a routine systematic review process (PICO), a narrative and scoping review is presented due to a lack of relevant literature available for analysis on this subject. 
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Figure 2. Automated implant osteotomy. (A) Procedural steps in implant osteotomy automation workflow. (B) Broad categorization of various approaches for discrete levels of automation. (C) Performance characteristics of various automated implant osteotomy approaches in the literature. 
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Figure 3. Digital planning (A). Digital planning for dental implants was conducted using 3D modeling imaging on an IOS (iTero®—Align Technology, Inc., San Jose, CA, USA) platform. (B). Computer-aided design (CAD) was utilized to plan a digital surgical guide for the edentulous mandible, incorporating five implants and four mini-implants for anchorage. (C). The surgical guide, printed after the virtual planning phase, is now prepared for use. 
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Figure 4. Procedural steps during the digital treatment-planning stage for implant placement. The use of precise implant lengths, based on the key anatomical landmarks and bone volume, is depicted. 
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Figure 5. (A) Dynamic axial orientation guidance of the head of the handpiece and the bur tip. (B) Coordinate registration of the surgical site with a fiduciary to a non-motile site off the site of surgery. (C) Coordinate registration for the bur tip and the handpiece with fiduciary before initiation of the procedure-planning software with spatial orientation and anatomical landmarks. (D) Visual depiction of the 6-dimensional sensing and rotational degrees of freedom offered by the robotic arms. (E) The fully automated YOMI robot with handpiece. 
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Figure 6. A comparison of conventional radiographs (left) and automated AI-enhanced radiographs (right) discretely outlying the anatomical features that can aid in improved diagnosis, prognosis, and accurate follow-up care. The highlighted area (green circle) show diagnostic enhanced region of interest. 
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