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Abstract

The field of implant dentistry has witnessed significant advancements in recent years, with robotics emerging as a promising
technology to enhance precision, predictability, and patient outcomes. This paper provides a comprehensive overview of the current
status of robotics in implant dentistry, exploring its applications, benefits, and limitations. We delve into the various robotic systems
available, discussing their functionalities, surgical workflows, and clinical integration. The paper examines the advantages of robotic-
assisted implant surgery, including improved accuracy in implant placement, reduced invasiveness, and the potential for enhanced
osseointegration. We also address the challenges associated with the adoption of robotic technology, such as cost, learning curve,
and the need for robust validation studies. Furthermore, this paper explores the future prospects of robotics in implant dentistry,
highlighting potential advancements in areas such as haptic feedback, Al integration, and the development of more versatile and
affordable robotic platforms. We discuss the potential for robotics to personalize implant procedures, optimize treatment planning,
and ultimately improve the standard of care for patients requiring dental implants. The integration of robotics with other cutting-edge
technologies, like Al and virtual reality, is also considered, paving the way for a future where implant surgery becomes increasingly
precise, predictable, and patient-centric.
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Introduction

The restoration of missing teeth through dental implants has
become a cornerstone of modern dentistry, offering patients a
reliable and esthetically pleasing solution for improved oral func-
tion and quality of life. The success of implant therapy hinges on
the accurate placement of the implant, as even minor deviations
from the planned position can compromise osseointegration, af-
fect the emergence profile of the restoration, and lead to complica-
tions such as nerve damage or implant failure. Traditional implant
placement relies heavily on the surgeon’s skill and experience,

often involving freehand techniques guided by two-dimensional

radiographs. While these methods can be effective, they are suscep-
tible to human error and may not always achieve the desired level
[1-7] of precision, particularly in complex cases involving limited
bone availability, proximity to vital anatomical structures, or the

need for precise angulation for optimal prosthetic outcomes.

In recent years, technological advancements have revolution-
ized the field of implant dentistry, offering innovative tools to en-
hance accuracy and predictability. Among these advancements,
computer-aided implant surgery (CAIS) has emerged as a signifi-
cant development, allowing for virtual planning and guided im-

plant placement. CAIS utilizes three-dimensional imaging, typically
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cone-beam computed tomography (CBCT), to create a virtual mod-
el of the patient’s jawbone. This virtual model enables clinicians
to meticulously plan the implant position, angulation, and depth,
taking into account anatomical landmarks, bone density, and pros-
thetic requirements. Surgical guides, fabricated based on the vir-
tual plan, are then used during surgery to guide the implant drills,
ensuring accurate transfer of the planned implant position to the
patient. While CAIS has significantly improved the precision of
implant placement compared to traditional freehand techniques,
it still relies on the surgeon’s manual dexterity to manipulate the

surgical instruments.

The next leap in precision and control in implant dentistry has
come with the introduction of robotics. Robotic systems offer the
potential to further enhance the accuracy and predictability of im-
plant surgery by providing a controlled and automated platform
for implant placement. These systems combine the benefits of vir-
tual planning with the precision of robotic control, minimizing hu-
man error and allowing for more complex and minimally invasive
procedures. Robotic-assisted surgery in other medical fields, such
as orthopedics and neurosurgery, has demonstrated significant
improvements in accuracy and patient outcomes [8-12], paving

the way for its application in dentistry.

Robotic systems for implant dentistry typically consist of a ro-
botic arm, a navigation system, and specialized software. The sur-
gical plan, created using CBCT data and implant planning software,
is uploaded to the robotic system. During surgery, the robotic arm,
guided by the navigation system, positions the surgical instru-
ments with sub-millimeter precision, following the pre-planned
trajectory. This level of accuracy is difficult to achieve with tra-
ditional manual techniques, even with the aid of surgical guides.
Robotic systems also offer the potential for real-time adjustments
during surgery, allowing the surgeon to fine-tune the implant posi-

tion based on intraoperative feedback.

This paper aims to provide a comprehensive overview of the
current status of robotics in implant dentistry, exploring the vari-
ous robotic systems available, their functionalities, and their clini-
cal applications. We will examine the benefits of robotic-assisted
implant surgery, including improved accuracy, reduced invasive-
ness, and potential for enhanced osseointegration. Furthermore,
we will discuss the challenges associated with the adoption of ro-

botic technology in implant dentistry, such as cost, learning curve,
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and the need for robust clinical evidence to validate its effective-
ness. Finally, we will explore the future prospects of robotics in this
field, highlighting potential advancements in areas such as haptic
feedback, artificial intelligence integration, and the development of
more versatile and affordable robotic platforms. By exploring the
current landscape and future directions of robotics in implant den-
tistry, this paper seeks to provide clinicians and researchers with a
comprehensive understanding of this emerging technology and its

potential to transform the field of implantology.

Challenges

While robotics offers significant potential to revolutionize im-
plant dentistry, several challenges remain before its widespread
adoption can be realized. These challenges [13-16] span techno-
logical, economic, practical, and educational domains:

1. Cost and accessibility: Robotic systems for implant surgery
are currently a significant investment, both for the initial
purchase of the equipment and for ongoing maintenance and
software updates. This high cost can be a barrier for many
dental practices, particularly smaller clinics or those in less
affluent areas, limiting the accessibility of this technology
to a select few. The cost of disposables, such as specialized
drills or guide components, can also add to the overall ex-
pense. Making robotic systems more affordable and acces-
sible is crucial for their wider adoption.

2. Learning curve and training: Integrating robotic technol-
ogy into implant workflows requires a substantial learning
curve for clinicians and staff. Dentists need to be trained not
only on the operation of the robotic system itself but also on
the intricacies of the associated software, planning proce-
dures, and potential troubleshooting. Developing standard-
ized training programs and providing adequate support for
clinicians transitioning to robotic-assisted surgery is essen-
tial. Furthermore, dental schools need to incorporate robot-
ics into their curriculum to prepare future generations of
dentists for this evolving technology.

3. Integration with existing workflows: Integrating robotic
systems seamlessly into existing dental practice workflows
can be challenging. The process of patient selection, treat-
ment planning, and surgical execution needs to be adapted to
accommodate the robotic system. This may require changes
in scheduling, staff responsibilities, and the physical layout
of the surgical suite. Streamlining the integration process
and developing standardized protocols are crucial for effi-

cient implementation.
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Technical complexity and reliability: Robotic systems are
complex pieces of machinery, and their reliable operation is
critical for successful surgical outcomes. Technical issues,
such as software glitches, hardware malfunctions, or navi-
gation errors, can potentially disrupt the surgical procedure
and compromise patient safety. Robust quality control mea-
sures, regular maintenance, and readily available technical
support are essential to ensure the reliability of these sys-
tems.

Validation and clinical evidence: While several studies
have demonstrated the accuracy and feasibility of robotic-
assisted implant surgery, more robust clinical evidence is
needed to fully validate its benefits and long-term outcomes.
Large-scale, randomized controlled trials comparing robotic
surgery with traditional techniques are necessary to as-
sess its effectiveness in various clinical scenarios, including
complex cases and patients with comorbidities. Long-term
follow-up studies are also needed to evaluate the impact of
robotic surgery on implant survival rates, osseointegration,
and patient-reported outcomes.

Regulatory and ethical considerations: As with any new
technology, the use of robotics in implant dentistry raises
regulatory and ethical considerations. Clear guidelines and
standards need to be established to ensure patient safety
and data privacy [17-21]. Issues such as liability in case of
technical malfunctions or adverse events also need to be
addressed. Furthermore, the potential impact of robotics
on the dentist-patient relationship and the role of human
oversight in automated surgical procedures require careful
consideration.

Space requirements and infrastructure: Robotic systems
often require dedicated space and infrastructure within the
dental clinic. The robotic arm, navigation system, and asso-
ciated equipment may necessitate modifications to the sur-
gical suite. Clinics considering adopting robotic technology
need to carefully assess their space requirements and make
necessary adjustments.

Patient acceptance and perception: Some patients may
be apprehensive about undergoing robotic-assisted surgery,
due to concerns about the technology’s safety or the level
of human control. Educating patients about the benefits and
safety of robotic implant surgery is crucial to address their

concerns and ensure their acceptance of this technology.
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Advantages

Enhanced accuracy and precision: This is the most sig-
nificant advantage. Robotic systems, guided by detailed 3D
planning, can place implants with sub-millimeter accuracy,
exceeding human capabilities. This precision minimizes the
risk of complications and improves the long-term success of
implants.

Minimally invasive procedures: Robotic assistance often
allows for smaller incisions, reducing trauma to surround-
ing tissues and promoting faster healing. This can lead to less
post-operative discomfort for patients.

Improved predictability: With precise planning and execu-
tion, robotic surgery enhances the predictability of implant
placement, leading to more consistent and favorable out-
comes, especially in complex cases.

Reduced human error: By automating certain aspects of the
surgical procedure, robotic systems minimize the potential
for human error, such as hand tremors or deviations from the
planned trajectory.

Enhanced visualization: Robotic systems often incorporate
advanced imaging and navigation technologies, providing sur-
geons with a clear and magnified view of the surgical field,
facilitating more precise manipulation of instruments.
Potential for improved osseointegration: Accurate implant
placement contributes to optimal osseointegration, the pro-
cess by which the implant integrates with the jawbone. This is
crucial for long-term implant stability and success.
Increased efficiency: While the initial setup may take time,
robotic assistance can streamline certain aspects of the sur-
gery, potentially reducing overall procedure time, especially
for complex cases.

Ergonomic benefits for surgeons: Robotic systems can of-
fer ergonomic advantages for surgeons, reducing fatigue and

improving comfort during lengthy procedures.

Disadvantages

High cost: The initial investment in robotic equipment and
ongoing maintenance can be substantial, making it a barrier
for many dental practices.

Learning curve: Dentists and staff require specialized train-
ing to operate robotic systems effectively, which can be time-

consuming and require a significant investment in education.
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Technical complexity: Robotic systems are complex and re-
quire technical expertise for operation and troubleshooting.
Technical issues can arise, potentially disrupting the surgical
procedure.

Integration challenges: Integrating robotic systems into
existing dental practice workflows may require changes in
scheduling [22-27], staff responsibilities, and the physical
layout of the surgical suite.

Limited clinical evidence: While studies have shown prom-
ise, more robust clinical evidence is needed to fully validate
the long-term benefits and cost-effectiveness of robotic im-
plant surgery.

Patient perception: Some patients may be hesitant about
undergoing robotic surgery due to concerns about the tech-
nology’s safety or the level of human control.

Space requirements: Robotic systems may require dedi-
cated space and infrastructure within the dental clinic, which
can be a limiting factor for some practices.

Dependence on technology: Over-reliance on technology
may potentially diminish the development and refinement of

traditional surgical skills.

Future works

1.

Enhanced Al integration:

Al-driven treatment planning: Integrating Al algorithms to
analyze patient data (CBCT scans, medical history, etc.) to op-
timize implant placement planning, considering factors like
bone density, anatomical variations, and prosthetic needs.
Real-time feedback and adaptation: Developing Al sys-
tems that can analyze intraoperative data and provide real-
time feedback to the surgeon, allowing for adjustments in
implant position or trajectory during the procedure.
Predictive analytics: Using Al to predict potential complica-
tions or risks associated with implant placement, enabling
proactive interventions and personalized treatment strate-
gies.

Improved robotic systems:

Haptic feedback: Incorporating haptic feedback into robotic
systems to provide surgeons with a sense of touch and resis-
tance during surgery, enhancing their control and precision.
Miniaturization and versatility: Developing smaller, more
versatile robotic arms that can be used for a wider range of
implant procedures, including minimally invasive techniques

and complex cases.
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Autonomous capabilities: Exploring the potential for devel-
oping robotic systems with increasing levels of autonomy, al-
lowing them to perform certain aspects of the surgery with
minimal human intervention, while still maintaining surgeon
oversight.

Advanced imaging and navigation:

Improved image guidance: Integrating advanced imaging
modalities, such as cone-beam computed tomography (CBCT)
and intraoperative fluoroscopy, to provide real-time visualiza-
tion of the surgical field and enhance navigation accuracy.
Markerless tracking: Developing markerless tracking sys-
tems that do not require the placement of physical markers
on the patient [28-30], simplifying the surgical workflow and
reducing the potential for errors.

Virtual reality integration: Combining robotic systems with
virtual reality technology to create immersive surgical envi-
ronments, allowing surgeons to practice and plan procedures
in a realistic setting.

Clinical research and validation:

Large-scale clinical trials: Conducting more large-scale, ran-
domized controlled trials to compare the outcomes of robotic-
assisted implant surgery with traditional techniques, assess-
ing factors such as accuracy, complications, and long-term
implant survival rates.

Cost-effectiveness analysis: Performing cost-effectiveness
analyses to evaluate the economic benefits of robotic implant
surgery, considering factors such as equipment costs, training
expenses, and improved patient outcomes.

Patient-reported outcomes: Assessing patient-reported
outcomes, such as pain, discomfort, and satisfaction, to evalu-
ate the impact of robotic surgery on the patient experience.
Education and training:

Standardized training programs: Developing standardized
training programs for dentists and staff on the use of robotic
systems in implant surgery, ensuring competency and safety.
Simulation-based training: Utilizing simulation technology
to provide surgeons with hands-on experience in a virtual
environment before performing robotic surgery on patients.
Continuing education: Offering continuing education cours-
es and workshops to keep clinicians up-to-date with the latest

advancements in robotic implant technology and techniques.
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6. Ethical and regulatory considerations:

e Developing ethical guidelines: Establishing clear ethi-
cal guidelines for the use of robotics in implant dentistry,
addressing issues such as patient autonomy, data privacy,
and the role of human oversight.

e  Regulatory frameworks: Developing appropriate regu-
latory frameworks for the approval and use of robotic
systems in implant surgery, ensuring patient safety and

quality of care.

Conclusion

In conclusion, robotics has emerged as a transformative tech-
nology with the potential to revolutionize the field of implant den-
tistry. While still in its relatively early stages of adoption, robotic-
assisted implant surgery offers significant advantages [31,32],
including enhanced accuracy and precision, minimally invasive
procedures, improved predictability, and reduced human error.
These benefits translate to the potential for better osseointegra-
tion, fewer complications, and ultimately, improved patient out-
comes. The ability to meticulously plan implant placement using
3D imaging and then execute that plan with sub-millimeter preci-
sion via a robotic arm represents a significant leap forward from

traditional freehand techniques.

However, the path to widespread adoption of robotics in im-
plant dentistry is not without its challenges. The high cost of
equipment, the necessary learning curve for clinicians, the com-
plexities of integrating robotic systems into existing workflows,
and the need for more robust long-term clinical evidence are all
factors that must be addressed. Furthermore, issues related to
patient perception, regulatory frameworks, and ethical consider-

ations require careful attention.
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