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Abstract

The field of orthodontics is undergoing a paradigm shift with the convergence of materials science,
biomechanics, and digital innovation. The development of “smart” and “biodegradable” archwires
represents a major advancement toward efficient, patient-friendly, and sustainable orthodontic care. Smart
archwires utilize adaptive force systems and sensor-assisted designs to deliver precise, biologically
compatible forces that respond dynamically to the tooth movement process. Meanwhile, biodegradable
metallic systems introduce eco-friendly, biocompatible alternatives that gradually resorb after completing
their mechanical function, minimizing both environmental and clinical intervention concerns.This review
highlights the principles of smart archwire mechanics, the emergence of biodegradable metallic systems,
and their combined potential to enhance treatment precision, patient comfort, and overall clinical
predictability. Furthermore, it discusses the implications of integrating artificial intelligence (AI) and
digital monitoring into these materials, enabling data-driven orthodontic management and real-time
adjustments. Current research trends, material design strategies, challenges in implementation, and future
prospects for merging smart and biodegradable technologies are also analyzed, emphasizing their
transformative potential in next-generation orthodontic biomaterials.
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1.Introduction: From Static Wires to Dynamic Systems

Orthodontic therapy has traditionally relied on mechanical forces generated by fixed appliances to achieve
desired tooth movement. Since the mid-20th century, stainless steel and nickel-titanium (NiT1) alloys have
dominated as the primary materials for orthodontic archwires due to their elasticity and formability’.
However, despite these advances, conventional archwires still present drawbacks such as frequent
adjustments, frictional inefficiencies, and patient discomfort caused by excessive or non-physiologic
forces®
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The modern focus has shifted toward creating biologically efficient and patient-adaptive systems. “ Smart”
archwires-engineered to deliver controlled, site-specific forces-and biodegradable materials that safely
degrade after fulfilling their function are at the forefront of this innovation®. Together, they represent the
next generation of orthodontic biomaterials aimed at maximizing clinical outcomes while enhancing patient
wellbeing* .

2.The Smart Archwire: Precision and Predictability in Force Delivery
Smart orthodontic wires are designed to provide differential, pre-programmed forces along their length.
Unlike uniform NiTi wires, these advanced systems incorporate variable transformation temperatures or
engineered stress patterns to deliver optimized forces to individual teeth® .

Physiologically Optimized Force Systems: The functional basis of smart archwires lies in martensite—
austenite phase transformation, which can be spatially modified using laser or heat-gradient engineering® .
This allows selective control of stiffness and activation temperature at different segments of the wire. For
example, incisorsrequiring lighter forces- receive approximately 50 g, while molars receive 150-200 g,
ensuring uniform biological response” . Such gradient designs minimize lag phases in tooth movement and
reduce periodontal ligament ischemia® .

Streamlined Treatment Efficiency: Smart systems such as SmartArch™ or BioForce® have shown
reductions of up to 40-50% in alignment time compared with conventional multi-wire sequences® . This
simplification also translates into fewer archwire changes, reduced chairside time, and greater predictability
in early alignment phases'® .

Future Integration with Digital Orthodontics: The next leap involves embedding micro-sensors within
smart archwires to continuously monitor parameters such as force levels, pH, and temperature''. This real-
time data could be transmitted to orthodontic software systems, enabling clinicians to adjust treatment
remotely and predict biological responses with unprecedented accuracy'>.

3.The Biodegradable Component: Biocompatibility and Patient Comfort

While smart wires emphasize mechanical intelligence, biodegradable materials focus on biological
harmony. Conventional NiTi wires release small amounts of nickel, potentially triggering allergic or
cytotoxic reactions in sensitive patients'. To overcome this, researchers are exploring biodegradable metal
alloys such as magnesium (Mg), iron (Fe), and zinc (Zn), which naturally dissolve into non-toxic ions after
their mechanical purpose is achieved .

Mechanical and Biological Balance: Biodegradable alloys must maintain strength for the entire orthodontic
duration (typically 18-24 months) before gradually degrading in a predictable, non-inflammatory manner'*
. Magnesium-based alloys, often combined with rare-earth elements, exhibit superior corrosion resistance
and favorable modulus values close to cortical bone, making them ideal for orthodontic use'® .

Patient Comfort and Simplified Clinical Protocols: The resorption of biodegradable wires eliminates the
need for removal procedures, reducing discomfort and clinical chair time'” . Moreover, the gentle,
continuous force delivery of these materials minimizes post-activation pain and periodontal trauma
compared with traditional alloys'® . These features align with patient-centered treatment models
emphasizing comfort and efficiency.

Environmental and Ethical Implications: An often-overlooked benefit of biodegradable orthodontic
materials is environmental sustainability. The elimination of metallic waste and reduced reliance on non-
recyclable alloys contribute to a more eco-friendly dental practice, aligning with global trends in

sustainable healthcare'®.
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4.Challenges and Future Directions

Despite promising laboratory findings, several challenges hinder the immediate clinical adoption of
biodegradable smart archwires. Controlling degradation rate and ensuring consistent mechanical properties
remain the most critical aspects®*® . Additionally, large-scale in vivo trials are required to validate
biocompatibility, corrosion safety, and long-term clinical efficacy?'.

Cost and accessibility also pose hurdles; current fabrication methods for high-grade Mg and Zn alloys are
expensive. Future research must focus on surface coatings, hybrid composites, and scalable manufacturing
techniques to balance cost, strength, and degradation kinetics.

As Al-integrated orthodontic platforms evolve, the combination of smart sensing with bioresorbable
frameworks could enable fully autonomous treatment monitoring. The ultimate goal is a self-adjusting,
patient-adaptive orthodontic system that merges mechanical precision with biological compatibility.

5.Conclusion

The convergence of smart and biodegradable technologies represents a paradigm shift in orthodontics.
Smart archwires provide controlled biomechanics and reduced treatment duration, while biodegradable
systems ensure biocompatibility, comfort, and environmental sustainability. The synergy of these
innovations promises a new generation of orthodontic materials that are intelligent, safe, and patient-
centric.Looking forward, the integration of artificial intelligence, digital monitoring, and nanotechnology
could further elevate the precision and responsiveness of these systems. Al-driven force calibration and
sensor-assisted feedback mechanisms may allow clinicians to visualize real-time tooth movement and
modify treatment parameters remotely, enhancing both predictability and efficiency .Furthermore,
biodegradable smart composites combining shape-memory properties with tailored degradation rates could
overcome current mechanical limitations, allowing the wire to gradually lose stiffness in sync with
treatment progress. This not only aligns with biological healing patterns but also minimizes the need for
repeated clinical interventions.From a sustainability perspective, the adoption of biodegradable orthodontic
materials supports the growing demand for eco-conscious dentistry, reducing metallic waste and reliance
on non-recyclable alloys. The clinical success of these hybrid systems will depend on extensive in vivo
research, optimization of degradation kinetics, and affordability for widespread use.Ultimately, the fusion
of smart and biodegradable technologies embodies the future of orthodontic biomaterials—self-regulating,
patientadaptive, and environmentally responsible—marking a decisive step toward truly intelligent
orthodontic care.
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