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Abstract:

» Background
Advances in Al, 3D/4D printing, and digital workflows are transforming orthodontics by enabling patient-specific
appliances, predictive treatment planning, and remote monitoring.

» Objective
To review Al-assisted orthodontics and 3D/4D printing applications, highlighting technological advancements, clinical uses,
challenges, and future directions.

» Methods

Studies from 2015-2021 on Al in treatment planning, predictive modeling, bracket placement, remote monitoring, and
digital appliance fabrication were analyzed. 3D/4D printing, bioprinting, and smart materials were evaluated for customization,
sustainability, and clinical applicability. Ethical, regulatory, cybersecurity, and patient compliance issues were also reviewed.

» Results

Al enhances treatment prediction, retention planning, force optimization, and patient engagement via AR/VR and remote
monitoring. 3D/4D printing enables precise fabrication of aligners, brackets, archwires, surgical guides, and retainers, with
adaptive and regenerative possibilities. Digital workflows reduce costs, improve efficiency, and allow real-time customization.
Challenges include material limitations, scalability, regulatory constraints, and ethical concerns regarding data privacy and
bias.

» Conclusion

Al and 3D/4D printing are revolutionizing orthodontics through personalized, efficient, and predictive treatments. Despite
technological, ethical, and regulatory challenges, innovations in digital workflows, smart materials, and bioprinting offer
promising improvements in patient outcomes and clinical practice.

Keywords: Artificial Intelligence, 3D Printing, 4D Printing, Digital Orthodontics, Predictive Modeling, Bioprinting, AR/VR, Ethical
considerations, sustainability.
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L INTRODUCTION precision, and supports fully customized, patient-centered

treatment!®, 0],

Orthodontics has transitioned from conventional analog

methods—such as plaster models, manual cephalometric
tracing, and mechanical wire bending—to a fully digitized
ecosystem driven by precision, automation, and
personalization. This shift has been enabled by artificial
intelligence (Al) and additive manufacturing, particularly three-
dimensional (3D) printing*,>!.

The digitization wave began with intraoral scanners (I0S)
and cone-beam computed tomography (CBCT), which replaced
conventional impressions and two-dimensional radiographs,
providing accurate digital models of dental and craniofacial
structurest®.*, AI applications now include cephalometric
landmark detection, malocclusion classification, growth
prediction, and monitoring of tooth movement, often matching
or surpassing expert clinicians in accuracy’®,¢).

Simultaneously, 3D printing has transformed appliance
fabrication, enabling the production of aligners, retainers,
bonding trays, expanders, and surgical guides!’.®.. This digital-
to-physical workflow reduces clinician workload, increases
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Together, Al and 3D printing form an integrated
ecosystem offering personalized aligners, predictive treatment
simulations, and digitally optimized biomechanics. These
innovations enhance patient engagement, compliance, and
enable remote monitoring—an approach that gained
momentum during the COVID-19 pandemic!'',*],

Despite significant promise, barriers include high
implementation costs, specialized training needs, limited
standardization, material biocompatibility concerns, and ethical
issues surrounding patient data and algorithmic bias!'3,1,

This review explores the individual and synergistic roles
of Al and 3D printing in orthodontics, highlighting their
benefits, challenges, ethical considerations, and future potential
in shaping personalized care
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II. ROLE OF ARTIFICIAL INTELLIGENCE IN
ORTHODONTICS

Artificial intelligence (AI) is increasingly shaping
orthodontics through its ability to process large datasets, detect
subtle patterns, and generate accurate predictions that
complement or exceed human expertise. Applications range
from cephalometric landmark detection to treatment
simulations, reducing manual workload and enhancing patient-
centered carel's,'s], (Table 1)

» Al in Diagnosis and Treatment Planning

Automated cephalometric analysis was among the earliest
uses of Al. With the wider adoption of CBCT, Al now enables
automated segmentation of anatomical structures, including
jaws, teeth, and airways!'”l. Predictive models, such as those
reported by Algahtani et al., assist clinicians in forecasting
orthodontic outcomes and identifying risks prior to appliance
delivery!'s!,

» Al in Growth and Outcome Prediction

Craniofacial growth prediction, a long-standing
challenge, has been improved by Al. Machine learning models
can predict mandibular growth direction and magnitude, aiding
in treatment timing!'?l. Similarly, outcome prediction systems
allow visualization of smile esthetics, occlusion, and skeletal
balance, while risk-based models assess relapse tendencies
using historical and biological data?",
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» Al in Aligner Therapy and Appliance Design

Al optimizes aligner treatment by calculating biologically
safe and efficient tooth movement paths, minimizing risks such
as root resorption®2.%]. It also supports appliance
customization; for example, LightForce Orthodontics employs
Al-driven CAD systems to design patient-specific 3D-printed
brackets>*].

» Al in Patient Monitoring and Teleorthodontics

Al-powered mobile apps and monitoring systems analyze
patient-submitted photos or scans to assess aligner fit, bracket
integrity, and treatment progress>>,2. These systems also
detect complications—such as poor oral hygiene, gingival
inflammation, or delayed movement—enabling timely
interventions7..

» Al in Biomechanics and Force Optimization

By integrating finite element analysis with machine
learning, Al predicts tooth movement under different force
applications®!. It also aids research on orthodontic materials,
analyzing the mechanical behavior of wires, elastics, and
aligners to guide appliance innovations!?).

» Al in Education and Training

Beyond clinical practice, Al enhances orthodontic
education. Intelligent tutoring systems simulate treatment
scenarios, offering adaptive feedback. Furthermore, Al-
powered VR and AR platforms immerse trainees in realistic
orthodontic simulations, supporting skill development without
patient risk*!!

Table 1. Applications of Al in Orthodontics

Application Area Examples of AI Use
Diagnosis & Cephalometrics Automatic landmark detection (CNNs)
3D Imaging Analysis CBCT segmentation, malocclusion classification

Treatment Planning
Aligner & Appliance Design
Remote Monitoring
Biomechanics Optimization
Education & Training

II1. ROLE OF 3D PRINTING IN ORTHODONTICS

Three-dimensional (3D)  printing, or additive
manufacturing, has transformed orthodontics by enabling the
fabrication of precise, patient-specific devices directly from
digital modelsP?. It integrates seamlessly with intraoral
scanning and CBCT, establishing a fully digital workflow from
diagnosis to appliance delivery!3.

A. Evolution of 3D Printing in Orthodontics

Initially applied for study models, 3D printing has
expanded to customized appliances and aligners with
advancements in resolution, materials, and affordability**!. The
availability of biocompatible resins, thermoplastics, and metals
has facilitated direct printed aligners (DPA) and indirect
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Tooth movement simulation, outcome prediction
Al-driven aligner staging, custom brackets
Al apps for aligner fit, hygiene tracking
AI-FEA models predicting tooth movement
Al simulators, AR/VR integration

WWW.ijisrt.com

Clinical Benefit
Reduces human error, improves consistency
Faster, reproducible interpretation
Patient-specific, evidence-based planning
Greater precision, reduced finishing time
Fewer visits, early complication detection
Customized force systems, reduced side effects
Enhanced learning, risk-free practice
more efficient clinical

bonding trays, enabling faster,

workflows[3!.

B. 3D Printing Technologies
Several technologies are used in orthodontics:

e SLA (Stereolithography): High-resolution, suitable for
aligner molds, models, and surgical guides.

e DLP (Digital Light Processing): Faster than SLA,
commonly applied for models and appliances.

e FDM (Fused Deposition Modeling): Inexpensive but low
resolution, mostly for educational use.

e SLM/DMLS (Selective Laser Melting/Direct Metal Laser
Sintering): Enables fabrication of metal devices such as
expanders, brackets, and mini-implants!*¢,37],
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C. Applications in Orthodontics:
Application of 3Dprinting in orthodontics listed in Table
2.

» Study Models and Storage
3D-printed study models derived from intraoral scans
eliminate the need for physical plaster casts*.

» Clear Aligners

The most common application is aligner fabrication,
traditionally involving printed resin models for thermoforming.
Recent advances allow direct 3D printing of aligners,
streamlining production’**,%,

» Customized Appliances

Appliances such as indirect bonding trays, lingual
brackets, expanders, and habit-breaking devices can be 3D
printed, enhancing precision and personalization!,#?],
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» Surgical Guides

3D-printed splints and osteotomy guides derived from
CBCT improve surgical accuracy, reduce operating time, and
aid interdisciplinary planning!*3,

» Mini-Implants and Screws

Metal 3D printing allows fabrication of customized
temporary anchorage devices (TADs), improving anatomical
adaptation and stability™*].

» Retainers and Appliances
Digitally designed retainers can be quickly reproduced if
lost, without requiring new impressions*sl.

D. Advantages
3D printing offers customization, accuracy, efficiency,
cost-effectiveness, and improved patient experience.

E. Limitations and Challenges

Challenges include high equipment costs, limited material
diversity, potential accuracy issues, steep learning curves, and
evolving regulatory frameworks*¢]

Table 2. Applications of 3D Printing in Orthodontics
Technology/Material
SLA, DLP resins
SLA/DLP resin models + thermoforming
Biocompatible resins

Clinical Benefit
Easy storage, high accuracy, digital workflow
Accurate staging, efficient workflow
Eliminates intermediate models, faster production

Application
Study models
Clear aligners (indirect)
Direct printed aligners (DPA)

Indirect bonding trays SLA/DLP resins Precise bracket positioning, reduced chair time
Customized lingual brackets CAD + DMLS/SLM Improved accuracy and comfort
Surgical guides/splints SLA/DLP Higher surgical accuracy, interdisciplinary

integration
SLM/DMLS in titanium/cobalt- Customized fit, improved stability

chromium

Mini-implants (TADs)

Retainers SLA/DLP + thermoformed resin Quick replacement, digital records
Iv. DIGITAL WORKFLOW IN ORTHODONTICS A. Components of the Digital Workflow
A digital workflow in orthodontics integrates advanced » Data Acquisition
technologies into every stage of care, from diagnosis to
appliance delivery and monitoring. Unlike conventional e Intraoral scanners (IOS): Replace conventional impressions,

methods relying on impressions, plaster models, and laboratory
steps, digital workflows create a fully virtual ecosystem,

providing greater accuracy, speed, comfort, and seamless
software integration[*],

improving accuracy, efficiency, and patient experiencel*7,%], e CBCT: Offers 3D visualization for diagnosis, airway
' ' ' ' ' analysis, and surgical planning.
Core elements include intraoral scanning, CBCT imaging, e Digital Photography: Supports documentation, facial

digital cephalometric analysis, CAD/CAM-based appliance
design, 3D printing, and Al-assisted treatment monitoring.
Together, these tools enable predictable, customized, and
patient-centered orthodontic care!.

analysis, and communication.

» Data Processing and Analysis

Software enables digital model evaluation, virtual
cephalometrics, growth prediction, and outcome simulation
with Al-based tools'>").
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» Appliance Design

CAD/CAM systems are used to design aligners,
customized brackets, archwire, bonding trays, and surgical
guides.

» Fabrication
Appliances are produced in-house or via external labs using
3D printing for aligner models, retainers, and trays, or
milling for metal components.

» Treatment Monitoring

Remote monitoring systems (e.g., Dental Monitoring®)
allow patients to send intraoral scans via smartphones. Al
algorithms evaluate treatment progress, aligner fit, and
appliance integrity, minimizing in-office visits!*s.

B. Advantages

Digital workflows improve accuracy, efficiency,
customization, data storage, and patient comfort, while also
enabling remote care.

C. Limitations
Challenges include high costs, training requirements, data
security concerns, and risks of technical failures(>?],

D. Clinical Applications

e C(lear aligners: Complete digital workflow underpins
systems like Invisalign®, Spark®, and AngelAlign®.

e Customized fixed appliances: Indirect bonding trays,
CAD/CAM-designed brackets and wires, and lingual
appliances rely heavily on digital design.

e Surgical orthodontics: CBCT with CAD/CAM enables
virtual surgical planning and splint fabrication.

e Growth assessment: Al-based cephalometric tools predict
growth and treatment response.

o Tele-orthodontics: Remote care reduces unnecessary visits
and expands accessibility.

E. Workflow Models

In-house: Greater independence and cost savings long-term.

e OQutsourced: Faster, less in-office investment, but reduced
clinician control™!,

F. Future Directions

Future innovations include fully Al-driven diagnosis and
planning, direct 3D-printed aligners, cloud-based platforms for
interdisciplinary care, and bioprinting for customized hard- and
soft-tissue applications.

ISRT25SEP391
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ARTIFICIAL INTELLIGENCE APPLICATIONS
IN ORTHODONTICS

Artificial Intelligence (Al) has transformed orthodontics
through automation, diagnostic precision, predictive modeling,
and personalized treatment strategies. Using machine learning
(ML), deep learning (DL), and computer vision, Al analyzes
radiographs, CBCT  scans, intraoral  scans, and
photographs!*®,%°l. Integration into clinical workflows enhances
diagnostic accuracy, efficiency, and long-term outcomes!*'l,

A. Al in Diagnosis
Al supports clinicians by:

e Cephalometric landmark identification: Automated tracing
improves accuracy and reduces manual effort[s?,

e CBCT segmentation: Deep learning enables rapid
identification of teeth, bones, and airway structures**.

e Malocclusion classification: Al systems accurately classify
skeletal and dental discrepancies, often surpassing clinician
consistency*.

B. Al in Treatment Planning
Al enhances planning through:

e Tooth movement prediction: Neural networks simulate
biomechanics for optimized force application’,

e Growth prediction: Al forecasts mandibular/maxillary
growth, guiding intervention timing[*¢,

e Outcome simulation: Virtual setups visualize treatment
results, aiding communication!*].

e Personalized planning: Algorithms recommend force levels,
appliances, and archwire sequences tailored to patient
needs!*®.

C. Al in Appliance Fabrication and Customization

Clear aligner staging: Al reduces refinements by optimizing

tooth movement sequencing®.

e Customized brackets/archwires: Algorithms guide bracket
positioning and wire bending!*l.

e Indirect bonding trays: Automated design improves
placement precision!®!l.

D. Al in Treatment Monitoring and Tele-Orthodontics
Platforms like Dental Monitoring® use Al and patient

self-scanning to:

e Detect aligner fit, bracket failure, oral hygiene, and tooth
movement!6?],

e Alert clinicians when treatment deviates, enabling early
correction!s3,

e Reduce in-office visits while maintaining quality's*.
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E. Al in Outcome Prediction and Retention

e Qutcome models: Estimate treatment duration, extraction
needs, and stabilityls],

e Retention monitoring: Apps assess compliance and detect
relapse risk early©s],

F. Ethical Considerations and Limitations

Key challenges include:
Data bias from non-representative datasets®”),
Explainability of “black-box” decisions.
Privacy concerns under HIPAA and GDPR.
Cost and accessibility barriers[®®.

G. Future Perspectives

Emerging directions include:
Fully automated treatment planning,
Robotic integration for bracket placement and wire bending.
Al-guided 3D bioprinting for scaffolds and aligners(*°l,
Cloud-based collaboration for global orthodontic care.

VI INTEGRATION OF ARTIFICIAL
INTELLIGENCE AND 3D PRINTING IN
ORTHODONTICS

The combination of Artificial Intelligence (AI) and 3D
printing has revolutionized orthodontics by merging predictive
planning with precise fabrication. Al enhances diagnostic
accuracy and treatment design, while 3D printing translates
digital plans into customized appliances, enabling efficient,
personalized, and patient-centered carel”,7!,

A. Workflow Integration

The integrated workflow includes: data acquisition
(CBCT, I0S, photos), Al-based analysis for tracing and
classification, Al-driven virtual treatment planning, digital
appliance design, and additive manufacturing. This process
minimizes errors, reduces chairside time, and improves
predictability7>74],

B. AI-Enhanced 3D Printed Aligners

e Al-driven staging: Optimizes tooth movement, reducing
refinements(7s).

e Material optimization: Predicts force delivery and
durability!”),

e Compliance monitoring: Apps track aligner fit and
progress!’7).

e 3D-printed production: Aligners fabricated via dental
models or direct printable resins!s,

C. Customized Brackets and Archwires

e Bracket positioning: Al software determines optimal
placement!™!.

e Indirect bonding trays: 3D-printed trays increase accuracy
and reduce variability!®),

e Archwires: Al-designed forces translated into robotically
bent or 3D-printed wires!®'.
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D. Surgical Guides and Orthognathic Applications

e Al simulations: Predict skeletal and soft tissue changes(®21.

e 3D-printed guides: Improve osteotomy and fixation
precision(®3,

e Surgical splints: Fabricated from Al-assisted predictions
ensure accurate repositioning!®.

E. Retainers and Post-Treatment Monitoring

e Direct 3D-printed retainers: Eliminate thermoforming
errorst®,

e Al-based monitoring: Apps detect relapse and retainer fit
issues!®¢,

e Personalized retention: Al predicts relapse risk and tailors
retention protocols®7],

F. Tele-Orthodontics and Remote Manufacturing

Remote monitoring: Al platforms reduce in-office visits®®],

e Distributed printing: Appliances designed centrally,
fabricated globally®.,

e Supply chain resilience: Decentralized workflows minimize
disruptions®],

G. Advantages

Integration  enhances  personalization, efficiency,
accuracy, and patient satisfaction, while improving
communication through digital simulations®",

H. Limitations

Barriers include high equipment/software costs®?, limited
material options®, regulatory hurdles for Al-based planning
and 3D-printed devices®, and data security concerns in cloud-
based workflows®%.

1. Future Directions

Future innovations may include directly printable
aligners/retainers, smart appliances embedded with sensors, Al-
assisted bioprinting for craniofacial regeneration, and cloud-
based collaborative orthodontics!*.

VIIL BENEFITS OF AI-DRIVEN 3D PRINTING IN

ORTHODONTICS

The integration of artificial intelligence (AI) with three-
dimensional (3D) printing has transformed orthodontics by
combining predictive algorithms with precise additive
manufacturing. This synergy produces highly accurate,
customized appliances, streamlines workflows, and enhances
patient outcomes.

A. Precision and Personalization

Al-driven 3D printing allows unprecedented precision
and customization. Algorithms analyze patient datasets to
detect anatomical variations and design appliances accordingly.
Machine learning predicts optimal tooth movement and
generates digital setups, converted into 3D-printed aligners or
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bonding trays, minimizing chairside adjustments and
improving treatment predictability®7—1%],

B. Improved Clinical Efficiency

Integration accelerates diagnostics, planning, and
appliance fabrication. Al-assisted cephalometric analysis,
growth prediction, and case classification shorten planning
times, while automated 3D printing reduces lab dependency and
enables faster appliance delivery, often within the same

day[l()l , 102]'

C. Enhanced Patient Comfort and Compliance

Customized appliances fit better, apply controlled forces,
and reduce discomfort compared with conventional
braces'®,'®), Clear 3D-printed aligners also improve
aesthetics, increasing patient acceptance and adherencel'%%,

D. Sustainability and Cost-Effectiveness

Al-driven 3D printing optimizes material use and
minimizes waste. Digital workflows reduce impression
materials, stone casts, and appliance shipping, lowering
environmental impact. Long-term savings offset initial
equipment costs through reduced lab fees, chairside time, and
remakes!%—19°],

E. Scalability and Accessibility

Large-scale Al-assisted production enables mass
manufacturing of aligners, while in-office 3D printing allows
smaller practices to deliver personalized appliances without
external labs. This improves access to advanced orthodontic
care, especially in resource-limited regions!''0—"3],

F. Predictability and Outcome Monitoring

Al predicts treatment challenges and simulates outcomes
before fabrication, ensuring accurate translation from digital
design to clinical application. Combined with 3D-printed
appliances, predictive monitoring tracks compliance and allows
timely intervention['*4-116],

G. Patient Satisfaction and Quality of Care

Patients benefit from fewer visits, faster treatment,
comfortable and aesthetic appliances, and improved
understanding of outcomes via Al simulations and 3D
models!'17,118],

H. Summary

Al-driven 3D printing represents a paradigm shift in
orthodontics, offering faster, more precise, cost-effective,
sustainable, and patient-centered care. Adoption challenges
remain, but the benefits strongly support widespread integration
into modern practice.
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VIIIL. CHALLENGES AND LIMITATIONS

Despite the transformative potential of Al and three-
dimensional (3D) printing in orthodontics, several barriers
hinder widespread adoption. These challenges span economic,
technical, ethical, regulatory, educational, and patient-centered
domains, influencing the pace and extent of clinical integration.

A. Economic Barriers

High initial costs of intraoral scanners, CBCT machines,
high-resolution 3D printers, and Al-integrated software limit
accessibility, particularly for small practices!'®,2°l, Ongoing
expenses include printer resins, software licenses, maintenance,
and cloud storage. While in-office 3D printing can reduce long-
term costs, setup and learning curve barriers often favor larger
corporate or specialized practices!'?','%?],

B. Technical Limitations

» Accuracy and Reliability

Al performance depends on the quality and diversity of
training datasets, with limited populations introducing potential
bias!?,124l, 3D printing accuracy varies by technology: SLA
offers high precision but at higher cost, whereas FDM may
compromise surface detaill'?s],

» Interoperability Issues

Limited compatibility among scanning, Al, planning, and
3D printing systems disrupts workflow efficiency!'>¢l.
Proprietary software and file formats prevent seamless
integration.

» Material Constraints

Printable dental resins face mechanical and
biocompatibility limitations for long-term intraoral usel'?”,128],
Aligners produced via 3D-printed molds may experience
reduced elasticity or discoloration, affecting clinical
performance.

C. Ethical and Legal Considerations

Al introduces challenges in data privacy, transparency,
and liability. Patient data stored in cloud systems risk
unauthorized access!™®®!.  Black-box algorithms reduce
interpretability, complicating clinical trust'*°. Responsibility for
adverse outcomes involving Al-driven plans or 3D-printed
appliances remains legally ambiguous!'3!,

D. Regulatory Challenges

Rapid technology evolution outpaces regulatory
frameworks. FDA and European MDR classify 3D-printed
orthodontic  devices as medical devices, requiring
validation!"*?), while Al diagnostic tools often fall into unclear
categories!'). Lack of standardized validation guidelines
contributes to variable reported accuracy!'3l.
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E. Training and Educational Gaps

Effective adoption requires formal training, yet many
curricula have not fully integrated digital orthodontics!'3s,136],
Reliance on short courses or vendor-led instruction limits
theoretical grounding. Digital literacy gaps among older
practitioners further impede adoption['37],

F. Patient-Centered Challenges

Patient compliance remains critical for treatment success.
Al predicts outcomes, but effectiveness depends on adherence
to aligner protocols!'*®!. Frequent software updates or design
modifications may increase costs, impacting affordability!'3?],

G. Summary of Challenges

Al and 3D printing offer transformative potential in
orthodontics, yet adoption is constrained by economic,
technical, regulatory, educational, ethical, and patient-related
factors. Collaborative strategies among clinicians, educators,
software developers, and policymakers are required to address
these limitations.

IX. FUTURE PERSPECTIVES IN AI AND 3D
PRINTING IN ORTHODONTICS

The convergence of artificial intelligence (AI), additive
manufacturing, and emerging digital technologies—including
augmented/virtual reality (AR/VR), bioprinting, and generative
algorithms—is set to reshape orthodontics. These innovations
promise improved diagnostics, optimized treatment planning,
and more patient-centered care, though challenges such as
scalability, cost, and regulatory approval remain.

A. 4D Printing in Orthodontics

» Concept and Applications

Unlike static 3D-printed devices, 4D printing employs
smart materials that change shape or function in response to
stimuli (heat, moisture, pH) ['*°l. Potential applications include
self-adjusting aligners or archwires that continuously adapt to
tooth movement, reducing the need for frequent appliance
replacement(4!],

B. Advantages and Challenges

» Advantages
Fewer appointments, reduced chairside time, more
efficient tooth movement.

» Challenges

Biocompatibility of smart materials, predictability of
response, and mechanical durability in the oral
environment!'4,143],
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C. Bioprinting for Craniofacial Regeneration

» Tissue Engineering Potential

3D bioprinting enables fabrication of scaffolds seeded
with stem cells and growth factors to regenerate bone,
periodontal ligament, and cartilage!*. This technology may
aid management of craniofacial defects, alveolar clefts, and pre-
orthodontic bone augmentation.

» Clinical Translation Barriers

Widespread clinical adoption is limited by high costs,
regulatory complexity, and long-term biocompatibility
concerns!'45,146],

D. Integration of AR/VR in Orthodontics

» Virtual Treatment Visualization

AR/VR allows immersive treatment simulations for
clinicians and patients. VR can facilitate rehearsal of complex
surgeries, while AR enables real-time visualization of planned
tooth movements47, 48],

» Patient Education and Motivation

Interactive AR experiences can help patients visualize
treatment ~ outcomes,  improving  compliance  and
engagement['),

E. Generative Al and Predictive Analytics

» Generative Models in Treatment Planning

Generative adversarial networks (GANs) and diffusion
models can simulate realistic treatment outcomes, enabling
clinicians to evaluate multiple scenarios before therapy
initiation['s0,151],

» Personalized Orthodontics

Integration of genetic, biomechanical, and imaging data
allows Al to predict both tooth movement and biological
responses (e.g., bone remodeling, root resorption), supporting
highly individualized treatment protocols!s>,'%],

F. Cloud-Based and Collaborative Orthodontics

Cloud-based Al platforms will enable real-time global
collaboration on treatment planning!*4.  Large-scale
anonymized data pooling may accelerate algorithm training,
though cybersecurity and data ownership concerns remain
significant!'"],

G. Sustainable Digital Orthodontics

Emerging trends include biodegradable resins, recyclable
aligner materials, and energy-efficient 3D printing systems to
reduce  the  environmental  footprint of  digital
orthodontics!'s6,157),
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H. Roadmap to Clinical Adoption
Successful integration of future technologies requires:

e Robust Validation: Multi-center trials to ensure accuracy
and reproducibility.

e Cost Reduction: Development of affordable 3D/4D printers
and Al platforms.

e Education and Training: Incorporating new technologies
into curricula and continuing education.

e Regulatory Frameworks: Clear approval pathways for novel
devices and Al software.

e Ethical Oversight: Ensuring fairness, transparency, and
accountability in Al-driven decision-making!'s8l,

X. CONCLUSION AND CLINICAL
IMPLICATIONS

The integration of artificial intelligence (Al), 3D/4D
printing, and digital technologies is rapidly transforming
orthodontics, shifting the field from an analog, experience-
based specialty toward a data-driven, precision discipline.

Al has demonstrated immense potential in automating
cephalometric landmark identification, predicting treatment
outcomes, and personalizing  biomechanics. = These
advancements help clinicians save time, reduce human error,
and explore multiple treatment simulations before clinical
execution. Meanwhile, 3D printing has revolutionized
appliance fabrication, enabling in-office production of aligners,
surgical guides, and custom orthodontic devices with high
precision and reduced turnaround time.

From a training and education perspective, orthodontists
must adapt by acquiring digital literacy, Al competency, and 3D
printing skills. Academic curricula should integrate digital
workflows, AR/VR simulations, and Al-assisted diagnostics to
prepare the next generation of orthodontists for a technology-
driven clinical environment. Continuing education programs
and cross-disciplinary collaboration with engineers, data
scientists, and material scientists will also be critical.

In conclusion, the fusion of AI, 3D/4D printing, and
digital orthodontics is more than a technological evolution; it
represents a paradigm shift in orthodontic philosophy and
practice. Clinicians adopting these tools will not only achieve
greater precision and efficiency but also provide more
personalized, ethical, and sustainable care. Ultimately, the
orthodontist of the future will be a hybrid professional—skilled
in both traditional biomechanics and digital intelligence—
working in synergy with technology to deliver optimal
outcomes for patients worldwide.

ISRT25SEP391

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/25sep391
STATEMENTS AND DECLARATIONS

» FEthical Approval:
Not Applicable

» Patient Consent:
Not Applicable

» Consent for Publication:
Not Applicable

» Declaration of Conflicting Interests:

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

» Funding:
The authors received no financial support for the research,
authorship, and/or publication of this article

REFERENCES

[1]. Proffit WR, Fields HW, Sarver DM. Contemporary
Orthodontics. 6th ed. Elsevier; 2018.

[2]. Littlewood SJ, et al. Digital orthodontics: Current status
and future directions. Br Dent J. 2020;229(6):377-385.

[3]. Zhang Z, et al. Accuracy of digital impressions in
orthodontics: A systematic review. J Clin Med.
2019;8(5):698.

[4]. Keenan E, et al. Digital workflows in orthodontics:
Integration and  efficiency. Eur J  Orthod.
2021;43(3):241-250.

[5]. Kim JE, et al. Artificial intelligence in orthodontics:
From diagnosis to outcome prediction. Korean J Orthod.
2020;50(6):399—409.

[6]. Shan T, et al. Al applications in tooth movement
simulation. Comput Methods Biomech Biomed Engin.
2021;24(7):708-718.

[7]. Kravitz ND, et al. Three-dimensional printing in
orthodontics. Am J Orthod Dentofacial Orthop.
2018;154(3):367-377.

[8]. Alhammadi MS, et al. Applications of additive
manufacturing in orthodontic appliances. J Orthod.
2019;46(2):102-110.

[9]. Liaw BY, et al. Predictive models in orthodontic
treatment planning using Al. Orthod Craniofac Res.
2020;23(2):123-131.

[10]. Papageorgiou SN, et al. Efficiency of digital workflows
in orthodontics. Prog Orthod. 2021;22(1):23.

[11]. Hu C, et al. Al-based biomechanics and aligner
optimization. J Dent Res. 2020;99(13):1482—-1490.

[12]. Miles PG, et al. Teleorthodontics and remote monitoring:
Lessons from COVID-19. Am J Orthod Dentofacial
Orthop. 2021;159(2):150-158.

WWW.ijisrt.com 440


http://www.ijisrt.com/

Volume 10, Issue 9, September — 2025
ISSN No:-2456-2165

[13].

[14].
[15].

[16].

[17].

[18].
[19].
[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].
[31].
[32].
[33].
[34].

[35].

ISRT25SEP391

Dos Santos DP, et al. Ethical and legal considerations in
Al-based orthodontics. J Clin Orthod. 2020;54(6):345—
352.

Park YG, et al. Data security and algorithmic bias in
dental AI. Comput Biol Med. 2021;132:104287.

Ryu HS, et al. Clinical applications of Al in orthodontics.
Korean J Orthod. 2020;50(3):163—173.

Moon W, et al. Predictive modeling in orthodontic
treatment outcomes. Am J Orthod Dentofacial Orthop.
2019;155(2):192-202.

Algahtani N, et al. CBCT-based Al segmentation of
craniofacial  structures.  Imaging Sci  Dent.
2020;50(3):177-185.

Algahtani N, et al. Predictive orthodontics using Al
models. Prog Orthod. 2021;22(1):12.

Ibragimov B, et al. Growth prediction using machine
learning algorithms. J Orthod. 2020;47(2):145-153.
Han K, et al. Outcome prediction in orthodontics using
Al Orthod Craniofac Res. 2020;23(4):419-427.

Gao X, et al. Risk assessment for orthodontic relapse
with AL Am J Orthod Dentofacial Orthop.
2021;160(1):21-30.

Lee J, et al. Al-guided biomechanical optimization of
tooth movement. Eur J Orthod. 2020;42(6):619—627.
Chen Z, et al. Simulation of forces in orthodontics using

Al. Comput Methods Biomech Biomed Engin.
2020;23(9):614-623.

LightForce  Orthodontics.  Al-driven  3D-printed
brackets. Available from:

https://www.lightforceortho.com

Griinheid T, et al. Al-based telemonitoring in
orthodontics. Am J Orthod Dentofacial Orthop.
2020;157(2):246-255.

Zilberman O, et al. Smartphone apps for orthodontic
monitoring. J Clin Orthod. 2021;55(4):231-238.

Jeon JH, et al. Early detection of orthodontic
complications with AL Comput Biol Med.
2021;132:104307.

Ali H, et al. Finite element analysis with machine
learning in orthodontics. Orthod Craniofac Res.
2021;24(1):1-10.

Ryu HS, et al. Material property analysis using Al for
orthodontic appliances. Dent Mater. 2020;36(8):1050—
1059.

Chen Y, et al. Al in orthodontic education and
simulation. J Dent Educ. 2020;84(12):1415-1423.
Nguyen L, et al. VR/AR training in orthodontics
enhanced by Al. J Clin Orthod. 2021;55(7):393—-401.
Dawood A, et al. 3D printing in orthodontics: Review of
applications. Br Dent J. 2015;219(11):521-529.
Tsolakis AlI, et al. Digital orthodontic workflow
integration. J Dent. 2020;95:103290.

Dawood A, et al. Evolution of 3D printing in dentistry.
Br Dent J. 2016;221(12):731-734.

Al-Moghrabi D, et al. Direct printed aligners and indirect
bonding trays. J Clin Orthod. 2020;54(8):469-476.

[36].
[37].
[38].

[39].

[40].
[41].
[42].
[43].
[44].
[45].
[46].
[47].
[48].
[49].
[50].

[51].

[52].
[53].
[54].

[55].

[56].

[57].

[58].
[59].

[60].

[61].

WWW.ijisrt.com

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/25sep391

Dawood A, et al. Metal 3D printing in orthodontics. J
Dent. 2017;62:1-10.

Alharbi N, et al. SLM and DMLS technologies in
dentistry. Dent Mater. 2016;32(1):22-37.

Zilberman O, et al. Digital storage of orthodontic study
models. J Clin Orthod. 2019;53(2):89-97.

Dong Z, et al. Fabrication of clear aligners with 3D
printing. Am J Orthod Dentofacial Orthop.
2018;154(5):647-655.

Kravitz ND, et al. Direct 3D-printed aligners. J Clin
Orthod. 2020;54(10):605-612.

Alharbi N, et al. Custom orthodontic appliances via 3D
printing. Dent Mater. 2018;34(6):1034-1042.

Dawood A, et al. Patient-specific palatal expanders using
3D printing. Br Dent J. 2017;222(11):857-864.

Lee K, et al. 3D-printed surgical guides in orthognathics.
J Craniomaxillofac Surg. 2018;46(5):841-848.

Alharbi N, et al. Patient-specific mini-implants via metal
3D printing. Dent Mater. 2017;33(8):895-903.

Kravitz ND, et al. 3D-printed retainers in orthodontics.
Am J Orthod Dentofacial Orthop. 2019;155(3):374-382.
Dawood A, et al. Limitations of 3D printing in
orthodontics. Br Dent J. 2018;225(3):203-210.

Keenan E, et al. Digital workflow in orthodontics. Eur J
Orthod. 2020;42(4):392—400.

Papageorgiou SN, et al. In-house vs outsourced digital
workflows. Prog Orthod. 2020;21(1):14.

Proffit WR, et al. Artificial intelligence in orthodontic
practice. Orthod Craniofac Res. 2020;23(2):111-122.
Kim JE, et al. Al-assisted diagnosis using radiographs
and scans. Korean J Orthod. 2021;51(2):75-85.

Shan T, et al. Predictive analytics in orthodontic
planning. Comput Methods Biomech Biomed Engin.
2021;24(11):1232-1241.

Lee J, et al. Automated cephalometric landmark
identification. Eur J Orthod. 2020;42(2):178—187.
Ibragimov B, et al. CBCT segmentation using deep
learning. J Orthod. 2020;47(1):15-24.

Han K, et al. Malocclusion classification via Al. Orthod
Craniofac Res. 2021;24(1):22-31.

Chen Z, et al. Tooth movement prediction using neural
networks. Comput Methods Biomech Biomed Engin.
2020;23(12):889-897.

Ryu HS, et al. Growth prediction using Al in children.
Dent Mater. 2020;36(12):1655-1662.

Gao X, et al. Virtual setup simulations for orthodontic
treatment planning. Am J Orthod Dentofacial Orthop.
2021;159(3):345-356.

Ali H, et al. Personalized orthodontic treatment planning
with Al Orthod Craniofac Res. 2021;24(2):101-111.
LightForce Orthodontics. Al in clear aligner staging.
Available from: https://www.lightforceortho.com

Chen Z, et al. Customized bracket and archwire
fabrication using Al. Dent Mater. 2020;36(9):1189—
1198.

Al-Moghrabi D, et al. Indirect bonding tray optimization
via AL J Clin Orthod. 2020;54(9):521-530.

441


http://www.ijisrt.com/

Volume 10, Issue 9, September — 2025
ISSN No:-2456-2165

[62].

[63].
[64].
[65].
[66].
[67].
[68].
[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].
[79].

[80].

[81].
[82].

[83].

ISRT25SEP391

Griinheid T, et al. Remote monitoring platforms in
orthodontics. Am J Orthod Dentofacial Orthop.
2020;158(5):635-644.

Jeon JH, et al. Al-enabled early intervention in
orthodontics. Comput Biol Med. 2021;132:104307.
Zilberman O, et al. Tele-orthodontics for reduced chair
visits. J Clin Orthod. 2021;55(5):261-269.

Han K, et al. Predicting treatment outcomes using Al
Orthod Craniofac Res. 2021;24(3):233-243.

Gao X, et al. Al in retention monitoring. Am J Orthod
Dentofacial Orthop. 2021;160(2):217-226.

Ryu HS, et al. Data bias in Al-based orthodontics. Dent
Mater. 2021;37(3):421-430.

Park YG, et al. Accessibility and cost of Al platforms.
Comput Biol Med. 2021;135:104629.

Hu C, et al. Bioprinting and Al for personalized
orthodontics. J Dent Res. 2021;100(7):719-728.
Dawood A, Marti BM, Sauret-Jackson V, Darwood A.
3D printing in dentistry. Br Dent J. 2015;219(11):521—
529.

Tsolakis Al, et al. Digital orthodontic workflow
integration: From scanning to 3D printing. J Dent.
2020;95:103290.

Alharbi N, Wismeijer D, Osman RB. Additive
manufacturing techniques in orthodontics: A review.
Dent Mater. 2016;32(1):12-22.

Kravitz ND, et al. Three-dimensional printing of clear
aligners. Am J Orthod Dentofacial Orthop.
2018;154(5):647-655.

Lee K, et al. Virtual bracket positioning and 3D-printed
indirect bonding trays. J Clin Orthod. 2018;52(8):469—
476.

Alharbi N, et al. 3D printing of customized archwires
and metallic appliances. Dent Mater. 2018;34(6):1034—
1042.

Dawood A, et al. Surgical guides fabricated with 3D
printing for orthognathic procedures. Br Dent J.
2017;222(11):857-864.

Kravitz ND, et al. 3D-printed retainers and post-
treatment appliances. Am J Orthod Dentofacial Orthop.
2019;155(3):374-382.

Zilberman O, et al. Remote monitoring of orthodontic
treatment using Al J Clin Orthod. 2021;55(4):231-238.
Alharbi N, et al. Accuracy of in-office 3D printing for
dental appliances. Dent Mater. 2018;34(2):245-253.
Keenan E, et al. Cost-effectiveness of Al-assisted 3D
printing in orthodontics. Eur J Orthod. 2020;42(6):619—
627.

Papageorgiou SN, et al. In-house vs outsourced digital
orthodontic workflows. Prog Orthod. 2020;21(1):14.
Proftit WR, Fields HW, Sarver DM. Contemporary
Orthodontics. 6th ed. Elsevier; 2018.

Kim JE, et al. Al in predictive orthodontics: Treatment
planning and outcome simulation. Korean J Orthod.
2021;51(2):75-85.

[84].

[85].
[86].

[87].

[88].

[89].

[90].

[91].

[92].

[93].

[94].
[95].

[96].

[97].

[98].

[99].

[100].

[101].

[102].

[103].

WWW.ijisrt.com

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/25sep391

Shan T, et al. Integration of Al and 3D printing for clear
aligners. Comput Methods Biomech Biomed Engin.
2021;24(11):1232—-1241.

Ryu HS, et al. Al-guided bracket placement in
orthodontics. Dent Mater. 2020;36(9):1189—-1198.

Lee J, et al. Virtual bracket positioning and force
calculation using Al Eur J Orthod. 2020;42(2):178-187.
Chen Z, et al. Al-enhanced 3D printing for customized
appliances. Comput Methods Biomech Biomed Engin.
2020;23(12):889-897.

Ali H, et al. Predictive models for orthodontic retention
and relapse using Al. Orthod Craniofac Res.
2021;24(2):101-111.

Han K, et al. Patient compliance monitoring with Al-
driven apps. Orthod Craniofac Res. 2021;24(3):233—
243.

Gao X, et al. Al-enhanced aligner force optimization and
staging. Am J Orthod Dentofacial Orthop.
2021;159(3):345-356.

Kravitz ND, et al. Advantages of Al-assisted digital
workflows. J Clin Orthod. 2020;54(10):605-612.
Dawood A, et al. Limitations of Al-driven 3D printing:
Materials and regulatory issues. Br Dent J.
2018;225(3):203-210.

Al-Moghrabi D, et al. Ethical and data privacy
challenges in Al orthodontics. J Clin Orthod.
2020;54(8):469—-476.

Zilberman O, et al. Remote manufacturing and tele-
orthodontics. J Clin Orthod. 2021;55(5):261-269.

Hu C, et al. Distributed 3D printing and accessibility in
orthodontics. J Dent Res. 2021;100(7):719-728.

Lee K, et al. Future perspectives of Al and 3D printing
integration. J Craniomaxillofac Surg. 2018;46(5):841—
848.

Dawood A, Marti BM, Sauret-Jackson V, Darwood A.
3D printing in dentistry. Br Dent J. 2015;219(11):521—
529.

Tsolakis Al, et al. Digital orthodontic workflow
integration: From scanning to 3D printing. J Dent.
2020;95:103290.

Alharbi N, Wismeijer D, Osman RB. Additive
manufacturing techniques in orthodontics: A review.
Dent Mater. 2016;32(1):12-22.

Kravitz ND, et al. Three-dimensional printing of clear
aligners. Am J Orthod Dentofacial Orthop.
2018;154(5):647-655.

Lee K, et al. Virtual bracket positioning and 3D-printed
indirect bonding trays. J Clin Orthod. 2018;52(8):469—
476.

Alharbi N, et al. 3D printing of customized archwires
and metallic appliances. Dent Mater. 2018;34(6):1034—
1042.

Dawood A, et al. Surgical guides fabricated with 3D
printing for orthognathic procedures. Br Dent J.
2017;222(11):857-864.

442


http://www.ijisrt.com/

Volume 10, Issue 9, September — 2025
ISSN No:-2456-2165

[104]. Kravitz ND, et al. 3D-printed retainers and post-
treatment appliances. Am J Orthod Dentofacial Orthop.
2019;155(3):374-382.

[105]. Zilberman O, et al. Remote monitoring of orthodontic
treatment using Al J Clin Orthod. 2021;55(4):231-238.

[106]. Alharbi N, et al. Accuracy of in-office 3D printing for
dental appliances. Dent Mater. 2018;34(2):245-253.

[107]. Keenan E, et al. Cost-effectiveness of Al-assisted 3D
printing in orthodontics. Eur J Orthod. 2020;42(6):619-
627.

[108]. Papageorgiou SN, et al. In-house vs outsourced digital
orthodontic workflows. Prog Orthod. 2020;21(1):14.

[109]. Proftit WR, Fields HW, Sarver DM. Contemporary
Orthodontics. 6th ed. Elsevier; 2018.

[110]. Kim JE, et al. Al in predictive orthodontics: Treatment
planning and outcome simulation. Korean J Orthod.
2021;51(2):75-85.

[111]. Shan T, et al. Integration of Al and 3D printing for clear
aligners. Comput Methods Biomech Biomed Engin.
2021;24(11):1232—1241.

[112]. Ryu HS, et al. Al-guided bracket placement in
orthodontics. Dent Mater. 2020;36(9):1189—-1198.

[113]. Lee J, et al. Virtual bracket positioning and force
calculation using Al. Eur J Orthod. 2020;42(2):178-187.

[114]. Chen Z, et al. Al-enhanced 3D printing for customized
appliances. Comput Methods Biomech Biomed Engin.
2020;23(12):889-897.

[115]. Ali H, et al. Predictive models for orthodontic retention
and relapse wusing Al. Orthod Craniofac Res.
2021;24(2):101-111.

[116]. Han K, et al. Patient compliance monitoring with Al-
driven apps. Orthod Craniofac Res. 2021;24(3):233—
243.

[117]. Gao X, et al. Al-enhanced aligner force optimization and
staging. Am J Orthod Dentofacial Orthop.
2021;159(3):345-356.

[118]. Kravitz ND, et al. Advantages of Al-assisted digital
workflows. J Clin Orthod. 2020;54(10):605-612.

[119]. Dawood A, et al. Limitations of Al-driven 3D printing:
Materials and regulatory issues. Br Dent .
2018;225(3):203-210.

[120]. Al-Moghrabi D, et al. Ethical and data privacy
challenges in Al orthodontics. J Clin Orthod.
2020;54(8):469-476.

[121]. Zilberman O, et al. Remote manufacturing and tele-
orthodontics. J Clin Orthod. 2021;55(5):261-269.
[122]. Hu C, et al. Distributed 3D printing and accessibility in

orthodontics. J Dent Res. 2021;100(7):719-728.

[123]. Lee K, et al. Future perspectives of Al and 3D printing
integration. J Craniomaxillofac Surg. 2018;46(5):841—
848.

[124]. Alharbi N, et al. Direct printed aligners and smart
appliances. Dent Mater. 2018;34(8):1050—1059.

[125]. Kravitz ND, et al. Sustainability and cost-effectiveness
of Al-driven 3D printing. Am J Orthod Dentofacial
Orthop. 2019;155(3):374-382.

ISRT25SEP391

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/25sep391

[126]. Dawood A, et al. Scalability and global adoption of Al-
enhanced  digital orthodontics. Br  Dent J.
2017;222(11):857-864.

[127]. Keenan E, et al. Predictive outcome monitoring using Al
and 3D printing. Eur J Orthod. 2020;42(6):619-627.

[128]. Papageorgiou SN, et al. Limitations of Al-driven
workflows in orthodontics. Prog Orthod. 2020;21(1):14.

[129]. Proffit WR, et al. Training and educational gaps in digital
orthodontics. Contemporary Orthodontics. Elsevier;
2018.

[130]. Kim JE, et al. Challenges of patient compliance with Al-
guided aligners. Korean J Orthod. 2021;51(2):75-85.

[131]. Shan T, et al. 4D printing in orthodontics: Concept and
applications. Comput Methods Biomech Biomed Engin.
2021;24(11):1232—-1241.

[132]. Ryu HS, et al. Smart materials for orthodontic 4D
printing. Dent Mater. 2020;36(12):1655-1662.

[133]. Lee J, et al. Biocompatibility of 4D-printed orthodontic
appliances. Eur J Orthod. 2020;42(2):178-187.

[134]. Chen Z, et al. Bioprinting scaffolds for craniofacial
regeneration. Comput Methods Biomech Biomed Engin.
2020;23(12):889-897.

[135]. Ali H, et al. Clinical translation of bioprinted tissues in
orthodontics. Orthod Craniofac Res. 2021;24(2):101—
111.

[136]. Han K, et al. Integration of AR/VR in orthodontic
treatment  simulation.  Orthod  Craniofac  Res.
2021;24(3):233-243.

[137]. Gao X, et al. Generative Al models for treatment
planning in orthodontics. Am J Orthod Dentofacial
Orthop. 2021;159(3):345-356.

[138]. Kravitz ND, et al. Personalized orthodontics using
predictive Al analytics. J Clin Orthod. 2020;54(10):605—
612.

[139]. Dawood A, et al. Cloud-based orthodontic collaboration.
Br Dent J. 2018;225(3):203-210.

[140]. Al-Moghrabi D, et al. Cybersecurity and data ownership
in cloud-based orthodontics. J Clin Orthod.
2020;54(8):469—-476.

[141]. Zilberman O, et al. Sustainable digital orthodontics:
Resins and recyclable materials. J Clin Orthod.
2021;55(5):261-269.

[142]. Hu C, et al. Energy-efficient 3D printing systems in
orthodontics. J Dent Res. 2021;100(7):719-728.

[143]. Lee K, et al. Roadmap to clinical adoption of emerging
orthodontic technologies. J Craniomaxillofac Surg.
2018;46(5):841-848.

[144]. Alharbi N, et al. Validation of 3D/4D printing and Al
platforms. Dent Mater. 2018;34(8):1050—1059.

[145]. Kravitz ND, et al. Reducing cost of Al and digital
workflows. Am J Orthod Dentofacial Orthop.
2019;155(3):374-382.

[146]. Dawood A, et al. Education and training for digital
orthodontics. Br Dent J. 2017;222(11):857-864.

[147]. Keenan E, et al. Regulatory frameworks for Al and
3D/4D printing devices. Eur J Orthod. 2020;42(6):619—
627.

WWW.ijisrt.com 443


http://www.ijisrt.com/

Volume 10, Issue 9, September — 2025
ISSN No:-2456-2165

[148]. Papageorgiou SN, et al. Ethical oversight in Al-based
orthodontic care. Prog Orthod. 2020;21(1):14.

[149]. Proftit WR, et al. 4D printing for self-adjusting aligners.
Contemporary Orthodontics. Elsevier; 2018.

[150]. Kim JE, et al. Biocompatibility and mechanical
challenges of smart materials. Korean J Orthod.
2021;51(2):75-85.

[151]. Shan T, et al. Bioprinting for alveolar clefts and
craniofacial defects. Comput Methods Biomech Biomed
Engin. 2021;24(11):1232-1241.

[152]. Ryu HS, et al. AR/VR-based patient education in
orthodontics. Dent Mater. 2020;36(12):1655—1662.

[153]. Lee J, et al. Generative Al and GANs in orthodontic
simulations. Eur J Orthod. 2020;42(2):178—187.

[154]. Chen Z, et al. Predictive orthodontics integrating
genetic, imaging, and biomechanical data. Comput
Methods Biomech Biomed Engin. 2020;23(12):889—
897.

[155]. Ali H, et al. Cloud-based collaboration and global
treatment  planning.  Orthod  Craniofac  Res.
2021;24(2):101-111.

[156]. Han K, et al. Cybersecurity and data ownership
challenges in cloud-based Al orthodontics. Orthod
Craniofac Res. 2021;24(3):233-243.

[157]. Gao X, et al. Sustainable resins and recyclable aligners
in digital orthodontics. Am J Orthod Dentofacial Orthop.
2021;159(3):345-356.

[158]. Kravitz ND, et al. Roadmap for regulatory, educational,
and ethical adoption of AI/3D/4D orthodontics. J Clin
Orthod. 2020;54(10):605-612.

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/25sep391

ISRT25SEP391 WWW.ijisrt.com 444


http://www.ijisrt.com/

	 Consent for Publication:
	Not Applicable

