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Abstract: Clear aligner therapy (CAT) has become a cornerstone of modern orthodontics, offering aesthetic, comfortable, and
efficient alternatives to conventional braces. Accurate staging of tooth movements is essential for treatment success, yet
traditional manual workflows are prone to errors, inconsistencies, and prolonged treatment duration. The advent of 3D printing,
coupled with Al-assisted digital workflows, has transformed aligner fabrication by enabling both indirect model-based and direct
aligner printing with biocompatible photopolymer resins. These technologies improve precision, reproducibility, and patient-
specific customization while reducing production time and material waste. Treatment planning software with machine learning
optimizes force application and predicts tooth movements, enhancing clinical outcomes. Factors such as printer type, resin
properties, layer thickness, and algorithm sophistication critically influence staging accuracy. Overall, the integration of 3D
printing, advanced materials, and digital planning establishes a new paradigm in orthodontics, enabling faster, more accurate,
and patient-centered aligner therapy with potential for teleorthodontic monitoring and same-day production.
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L. INTRODUCTION

Clear aligner therapy (CAT) has rapidly emerged as a leading trend in modern orthodontics, revolutionizing both clinical practice
and patient experience. A critical factor in the success of aligner therapy is accurate staging of tooth movements.* Each aligner is
designed to produce a small, controlled displacement typically 0.15-0.25 mm per stage ensuring safe biomechanical forces and
predictable treatment progression. Inaccurate staging can compromise tracking, generate unintended forces, and prolong treatment
duration. Therefore, precise digital modeling and biomechanical calibration are essential to maintain fidelity between virtual
treatment plans and clinical outcomes.? Conventional manual fabrication methods, which relied on wax setups and physical
impressions, posed several limitations. Additionally, these techniques were time-consuming and lacked reproducibility, particularly
in complex cases.® The advent of 3D printing technologies, particularly stereolithography (SLA) and digital light processing (DLP),
has transformed aligner fabrication and staging. These innovations provide enhanced precision, reduced production time, improved
customization, and digital storage capabilities, offering a more efficient and sustainable alternative to traditional methods.
Integration of 3D printing with Al-driven staging algorithms further enables orthodontists to design adaptive treatment plans,
simulate occlusal outcomes, and monitor tooth movement in real time.* Advances in materials science, including light-cured resins
with high elasticity, durability, and transparency, ensure that printed aligners maintain structural stability and biocompatibility
throughout the treatment stages.®

1. REVIEW OF LITERATURE

Studies have demonstrated that 3D-printed aligners provide superior dimensional accuracy and fit compared to conventional
methods, contributing to more predictable tooth movements and enhanced patient comfort (Dubey et al., 2025; Shahana et al.,
2025).%" The development of advanced resin materials, such as UDMA-based formulations with shape memory properties, allows
for consistent force application and precise biomechanical control, further optimizing clinical outcomes (Retrouvey, 2025).2 Direct-
printed aligners also reduce fabrication time and material waste, offering sustainable and efficient alternatives to traditional
workflows. However, despite these advancements, challenges remain, including concerns regarding material biocompatibility,
surface roughness, and long-term mechanical stability. Studies on the accuracy of 3D printed orthodontic aligners report promising
clinical outcomes, with tooth movement accuracies ranging between approximately 64% and 72% for different movement types
such as torque, tipping, and rotation, and near 99.6% for transverse dimensions. These results suggest that direct-printed aligners can
achieve clinical efficacy comparable to traditional thermoformed aligners, particularly in mildly crowded cases.’
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The lack of standardized testing protocols and limited clinical trials underscores the need for further research to validate the safety,
durability, and efficacy of 3D-printed aligners in routine practice (Jungbauer et al., 2024; Shahana et al., 2025)."

A. 3D Printing Technologies in Orthodontics

Stereolithography (SLA) utilizes a UV laser to cure photopolymer resin layer by layer, providing high resolution, smooth surface
finishes, and excellent precision, making it the gold standard for producing dental models, surgical guides, and aligners, though it
requires post-processing and has higher material costs.™ Digital Light Processing (DLP) cures entire layers simultaneously using a
projector, delivering faster print times and fine accuracy, which suits high-volume production of orthodontic appliances and aligner
models, balancing speed and detail at moderate cost. Fused Deposition Modeling (FDM) builds objects by extruding thermoplastic
filaments, offering an affordable and accessible option but with lower precision, rougher surface finishes, and limited material
choices, restricting its use primarily to educational models or low-cost prototypes rather than clinical-grade aligners.*
PolyJet/MultiJet printing jets photopolymer layers and cures them instantly, enabling multi-material, variable property, and color
printing with fine detail and dimensional accuracy; while this technology allows highly intricate models and customized appliances,
its high cost and maintenance requirements generally limit clinical use to specialized cases.**

B. Materials for 3D-Printed Orthodontic Models and Aligners

Modern orthodontic workflows increasingly rely on biocompatible photopolymer resins for 3D-printed models and thermoplastic
polymers for aligners, with research now advancing toward directly 3D-printed aligners to enhance precision, efficiency, and
sustainability. Dental models, typically fabricated using SLA or DLP resins, must maintain dimensional accuracy, mechanical
strength, and stability under thermoforming stress, even though they are not worn intraorally.®> Commonly used materials include
Standard Grey Resin, Dental Model Resin, and Draft Resin, while medical-grade formulations such as Dental SG, Dental LT Clear,
and KeyModel Ultra comply with ISO 10993-1 standards for cytotoxicity, genotoxicity, and hypersensitivity. Proper post-curing and
washing are critical, as incomplete polymerization can release residual monomers and increase cytotoxicity; studies show that
optimized UV curing and ethanol washing enhance both mechanical stability and biocompatibility. Thermoplastic aligners,
conventionally vacuum- or thermoformed over printed models, require clarity, elasticity, and deformation resistance under
masticatory forces.™® Common materials include polyurethane (PU) for flexibility and durability, polyethylene terephthalate glycol
(PETG) for optical stability, polycarbonate (PC) and polypropylene (PP) for mechanical strength, and multilayer hybrid polymers
such as Zendura FLX, Duran+, and SmartTrack designed for progressive force delivery and crack resistance. In vitro studies
indicate that thermoplastics generally leach fewer monomers than light-cured resins, supporting safer long-term intraoral use.
Emerging research on directly 3D-printed aligners uses photopolymer resins such as Tera Harz TC-85, offering mechanical strength,
transparency, and ISO 10993-compliant biocompatibility while eliminating the thermoforming step.’” Direct printing improves
accuracy by avoiding vacuum-form distortion, enables rapid same-day production, and supports highly customized staging.*®

C. Digital Workflow in Clear Aligner Staging

The digital workflow has fundamentally transformed clear aligner therapy by integrating precise data acquisition, advanced
treatment planning, and efficient fabrication, significantly improving speed, customization, and accuracy compared to conventional
methods. High-resolution intraoral scanning, often complemented by CBCT imaging, replaces traditional impressions, providing
detailed 3D representations of the dentition and surrounding anatomical structures for enhanced patient comfort and diagnostic
precision. Specialized treatment planning software digitally segments individual teeth and simulates incremental tooth movements,
generating stepwise aligner sequences.'® Many programs leverage Al and machine learning to optimize force application, predict
treatment outcomes, and customize staging while anticipating potential refinements. Sequential digital models are then produced via
3D printing, either for traditional vacuum-formed aligners or for direct fabrication of aligners using flexible photopolymer resins.”
Direct printing reduces intermediate steps, supports same-day production, and enhances material consistency.?* Furthermore, cloud-
based platforms facilitate collaboration among clinicians, laboratories, and patients, allowing remote monitoring, early intervention,
and real-time treatment adjustments.??

D. Factors Affecting Staging Accuracy in Clear Aligner Therapy

The precision of clear aligner staging is influenced by multiple interrelated factors, including printer type, material properties, layer
thickness, and digital planning algorithms. Different 3D printing technologies yield varying levels of accuracy; for instance, DLP
printers with optimal layer heights around 50 pm have been shown to produce highly precise dental models, whereas SLA printers
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achieve improved fidelity with slightly increased layer heights.”® The mechanical and biocompatible characteristics of printing
resins are equally critical; materials such as Tera Harz TC-85DAC demonstrate reliable clinical performance, but accurate curing
protocols are essential to minimize dimensional errors. Layer thickness also plays a pivotal role, as finer layers enhance surface
resolution but may increase cumulative deviations and print times, necessitating an optimal balance to maintain both precision and
efficiency. In addition, the sophistication of treatment planning software including Al-assisted staging and force simulation directly
impacts the predictability of tooth movements and overall treatment outcomes.?* High staging accuracy translates into improved
treatment efficiency by reducing the need for refinements, shortening overall treatment duration, and enhancing patient comfort
through well-fitted aligners that deliver controlled forces. Furthermore, in-office 3D printing enables rapid model or aligner
production, accelerating treatment initiation and adjustments, streamlining clinical workflow, and improving patient satisfaction.?

1. CONCLUSION
3D printing has revolutionized aligner staging by enhancing precision, efficiency, and patient-specific customization. Direct printing
of clear aligners eliminates the need for thermoforming, streamlining production and improving material consistency. ombined with
biocompatible materials and teleorthodontic integration, these advancements support more effective, patient-centered orthodontic
care.
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