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ABSTRACT:
Clear Aligner Therapy (CAT) has evolved from a limited aesthetic alternative to a mainstream orthodontic modality, largely
driven by symbiotic advancements in material science and computational biomechanics. This review synthesizes
contemporary literature from 2020 to 2025 to delineate the key technological shifts underpinning this transformation.
Material innovations have progressed from single-layer poly-ethylene terephthalate glycol (PET-G) to advanced multilayer
polymer blends and thermoplastic polyurethanes (TPUs), significantly improving elasticity, force retention, and resistance to
stress relaxation in the oral environment. Concurrently, the integration of Computer-Aided Design/Manufacturing
(CAD/CAM) and direct three-dimensional (3D) printing has enhanced appliance accuracy and facilitated the development of
bioactive and antimicrobial aligner and attachment resins. Biomechanically, Finite Element Analysis (FEA) has provided
critical insights into the complex, often non-linear, force systems generated by aligners, confirming that auxiliaries like
attachments and power ridges are crucial for achieving predictable complex tooth movements, particularly those involving
root control (e.g., torquing and bodily translation). Despite considerable progress, residual challenges related to treatment
predictability, long-term material degradation, and sustainability persist, necessitating continued research in areas such as
Shape Memory Polymers (SMPs) and Al-optimized design.
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INTRODUCTION

Orthodontics has witnessed a paradigm shift with the
proliferation of Clear Aligner Therapy (CAT),
offering a discreet and hygienic alternative to
conventional fixed appliances (13). The genesis of
this technology traces back to the 1940s, but its
modern renaissance is intrinsically linked to the
digital revolution of the last two decades (1, 13). The
expanding acceptance and clinical application of

CAT, now accounting for a substantial percentage of
orthodontic cases, are predicated on continuous
refinement across two major frontiers: the material
properties of the aligner itself and the sophisticated
biomechanical understanding of its force delivery (1,
2).

Early iterations of clear aligners were largely confined
to minor malocclusions, hampered by limitations in
predictable force magnitude and duration, primarily
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due to the viscoelastic behaviour and stress relaxation
inherent to initial thermoplastic materials (2, 12).
Contemporary research, often utilizing advanced in
vitro testing and computational modelling, has sought
to overcome these constraints (4, 9). This
comprehensive review aims to critically evaluate the
most significant recent advances (2020-2025) in clear
aligner material science and orthodontic biomechanics
to provide a scholarly foundation for clinicians and
researchers at the postgraduate level.

I. Material Science Advancements

The evolution of clear aligner sheets represents a
transition from simple thermoplastic polymers to
highly engineered composites, directly impacting
clinical efficacy (2, 4, 6).

A. The Evolution of Aligner Materials and
Properties

Initially, aligners were predominantly fabricated from
single-layer  thermoplastics  like  polyethylene
terephthalate glycol (PET-G) (2, 4.1). While offering
acceptable clarity and durability, PET-G demonstrated
less optimal elasticity and a moderate initial force that
rapidly decayed, limiting its suitability for complex
movements (4.1).

The development of thermoplastic polyurethanes
(TPUs) and multilayer polymer blends marked a
significant second and third-generation advancement
(2, 4.3). These multilayered systems typically
incorporate both hard and soft layers: the softer layer
facilitates a snug fit and comfortable elastic
deformation, while the harder layer provides strength
and durability (4.3). Proprietary TPU-based blends,
such as SmartTrack™, are engineered for superior
force retention and flexibility, exhibiting up to 30%
greater force consistency compared to earlier
materials (2).

A critical factor governing clinical performance is the
material’s  viscoelastic response to the oral
environment (4.2). Studies assessing in situ
degradation confirm a significant decrease in
mechanical properties, including elastic modulus,
ultimate tensile stress (UTS), and yield stress, over the
prescribed 14-day wear cycle, emphasizing the effect
of thermoforming and oral aging (7). Furthermore, the
aesthetic durability is compromised by exposure to
common coloring agents like coffee and red wine,
which induce perceivable color changes in certain
materials like polyurethane-based aligners (5).

B. Digital Manufacturing and Emerging Materials

The adoption of CAD/CAM and three-dimensional

(3D) printing technologies has fundamentally

redefined aligner fabrication, offering superior

geometric accuracy and personalization (1, 3).

1. Direct 3D Printing: Techniques like Digital Light
Processing (DLP) and Stereolithography (SLA)
allow for the direct fabrication of aligners without
the intermediate step of thermoforming over

physical models (3). This method bypasses the
material-degrading effects of the thermoforming
process and permits the wuse of novel
photopolymers with potentially more predictable
mechanical properties (3, 4.3).

2. Smart and Bioactive Materials:  Future
generations of aligners are exploring smart
polymers and nanocomposites to address
limitations in compliance and biological risk (2).

3. Shape Memory Polymers (SMPs): These
materials are designed to adapt to intraoral
temperature, offering a "self-adjusting” capability
that could maintain a consistent orthodontic force
profile over time, potentially reducing the need
for mid-course corrections (2).

4. Antimicrobial and Bioactive Composites: The
resin  attachments, necessary for optimal
biomechanics, are plaque-retentive areas that
elevate the risk of white-spot lesions (WSLs) (8).
Research is  focused on incorporating
nanoparticles like nano-amorphous calcium
phosphate (NACP) for remineralization and
dimethylaminododecyl methacrylate
(DMADDM) for potent antibacterial effects into
the composite resin, mitigating this iatrogenic
risk (8).

I1. Biomechanical Principles and Predictability
The mechanism of force delivery with CAT differs
fundamentally from fixed appliances, relying on the
elastic shape recovery of the polymer membrane (9).
A rigorous understanding of this biomechanics,
primarily facilitated by advanced computational
methods, is crucial for predictable outcomes.

A. Force Generation and Stress Relaxation

Clear aligners exert force via a push mechanism,
contrasting with the pull dynamics of arch wires (1.3).
When an aligner is seated over a tooth position it was
designed to move, the material is elastically deformed,
generating forces and moments necessary for tooth
movement (4.2).

However, aligner materials exhibit viscoelasticity and
do not strictly follow Hooke’s Law, meaning the
applied force decreases significantly over time—a
phenomenon termed stress relaxation (4.2, 11).
Studies show a statistically significant decrease in
elastic modulus and stress within the first few days of
wear (7, 11). This temporal force decay necessitates
the frequent exchange of aligners (typically every 1-2
weeks) to reintroduce the requisite force levels, a
critical aspect of CAT protocol (1).

B. Finite Element Analysis (FEA) and Force
Distribution

Finite Element Analysis (FEA) has become the gold
standard computational tool for simulating and
elucidating the complex, non-uniform  stress
distribution within the aligner, the tooth, and the
periodontal ligament (PDL) (9).
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FEA studies consistently reveal that the inherent side
effects of CAT are primarily caused by uneven stress
distribution (9). Specifically:

e Tipping Tendencies: Due to the material's
inherent flexibility, aligners often Favor tipping
movements over desirable bodily translation or
root control (10). FEA provides the necessary
quantitative data to optimize aligner design to
shift the centre of rotation apically.

e Intrusion/Extrusion: Intrusion requires precise
planning to counteract extrusive forces on
anchorage units, often employing bite ramps
(1.3). Extrusion is considered one of the least
predictable movements and requires mandatory
use of attachments to provide an effective surface
for force application (1.3, 12).

C. Role of Auxiliaries in Enhanced Biomechanics

To overcome the intrinsic biomechanical limitations

of the polymer sheet, various auxiliaries are integrated

into CAT (9). These structures are engineered to
modulate and redistribute the forces generated by the

aligner (9).

e Attachments: These composite resin structures,
bonded directly to the enamel, are paramount.
They function to enhance the aligner's grip
(retention), increase the surface area for force
transmission, and provide specific geometrical
interfaces for complex movements such as
rotation correction, bodily movement, and
extrusion (1.3, 8).

e Power Ridges: Incorporated into the aligner,
these features are designed to apply rotational
moments (torques) more effectively by engaging
the tooth surface differently (9).

Understanding the limitations is vital for case

selection. While CAT is highly effective for arch

expansion and molar distalization, predictability
remains lower for complex manoeuvres, including
significant rotations (>20 degrees), root paralleling,

and extraction space closure (12).

111. Challenges and Future Directions

Despite current technical sophistication, several

challenges persist, simultaneously highlighting areas

for future research (2).

1. Standardization and Predictability: A major
challenge is the lack of unified standards for FEA
protocols and data presentation, hindering the
direct comparison of biomechanical studies
across different institutions (9). Furthermore,
discrepancies between predicted and achieved
tooth movement underscore the clinical need for
continued investigation into aligner material
behaviour under dynamic in vivo conditions (3,
12).

2. Sustainability and Cost:
single-use  thermoplastics, contributing to
environmental concerns (2). Future material
science must prioritize the development of eco-

Most aligners are

friendly or biodegradable aligner polymers (2).
The use of advanced materials and complex
digital workflows also increases production costs,

potentially ~ limiting access in  certain
demographics (2).
3. Artificial Intelligence (A and

Personalization: The integration of Al and
Machine Learning (ML) is a key future trajectory
(2). ML algorithms can be utilized to predict ideal
polymer compositions for specific treatment
plans and optimize 4D-printed materials that
modify their shape or stiffness in response to
physiological cues (e.g., pH, temperature) for a
truly customized, patient-specific force system

@).

Direct 3D-Printed Aligners

The advent of direct 3D-printing technologies marks
a significant shift in the fabrication of Clear Aligner
Therapy (CAT) appliances, fundamentally diverging
from the conventional thermoforming method. This
advancement is highlighted in the review, particularly
within the context of improved geometric accuracy
and personalization.

Advantages of Direct Printing

Superior Geometric Accuracy and Fit: Direct
printing allows for the precise reproduction of
complex, highly customized features and the planned
tooth shape, potentially leading to a better initial fit
and more consistent force delivery than a
thermoformed aligner.

Tailored Material Properties: This method opens
the door to using a new class of photopolymers that
can be engineered with more predictable and stable
mechanical properties than off-the-shelf thermoplastic
sheets. Manufacturers can create custom resins
optimized for superior elasticity, reduced stress
relaxation, and targeted force profiles.

Advanced Design Integration: Direct printing
facilitates the seamless integration of intricate
features, such as subtle thickness variations or
complex, non-uniform internal structures, that are
difficult or impossible to achieve with the uniform
thickness of a thermoformed sheet.

Scalability and Efficiency: In the long term, direct
digital manufacturing can improve the scalability and
speed of aligner production by streamlining the
workflow and reducing waste from intermediate
modeling steps.

CONCLUSION

The latest advances in Clear Aligner Technology are a
testament to the synergistic progress in material
science and engineering biomechanics. The transition
to multilayered, high-elasticity polymers, alongside
the development of direct 3D printing and bioactive
attachment resins, has fundamentally improved the
mechanical stability and clinical safety of the
appliances. Concurrently, the rigorous application of
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Finite Element Analysis and the strategic use of
auxiliaries have allowed orthodontists to better control
the complex force systems required for increasingly
intricate  malocclusions.  Continued  innovation,
particularly in smart material functionality and Al-
driven treatment planning, is poised to further
enhance the predictability and accessibility of CAT,
cementing its role as a prominent orthodontic
modality.
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