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ABSTRACT:
Eco-orthodontics represents a rapidly evolving approach aimed at reducing the environmental footprint of orthodontic care
through sustainable materials, waste-reduction systems, and energy-efficient technologies. Modern orthodontic practice
contributes significantly to healthcare-related emissions due to high plastic consumption, extensive packaging, disposable
impression materials, and energy-intensive digital equipment. Emerging sustainable solutions including biodegradable PLA-
based aligners, recyclable metals, eco-friendly elastomerics, and low-toxicity adhesives support a shift toward greener
clinical materials. Waste-minimization strategies such as digital impressions, reusable instruments, metal recycling, paperless
workflows, and resource-efficient sterilization further reduce landfill burden and chemical discharge. Advancements in
digital orthodontics, 3D printing, and Al-driven clinic operations enhance efficiency while lowering energy and material use.
Future directions emphasize compostable appliances, green resins, carbon-neutral supply chains, and blockchain-enabled
lifecycle tracking.
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INTRODUCTION shift toward eco-orthodontics an  approach

The healthcare sector is a major contributor to global
climate change, responsible for nearly 4.4-5% of
worldwide greenhouse gas emissions an output so
large that, if considered a nation, it would rank as the
fifth-highest emitter. Dentistry adds substantially to
this burden through its heavy reliance on single-use
plastics, hazardous chemical disposal, energy-
intensive equipment, and waste streams involving
materials such as lead foils, mercury-containing
capsules, and disinfectants.! Within this domain,
orthodontics generates significant environmental
impact due to the routine use of disposable impression
materials, plastic packaging, brackets, arch wires, and
digital imaging systems, with up to 97% of its clinical
waste ultimately incinerated. Although digitization
reduces material consumption, it simultaneously
increases energy demand from scanners, computers,
and 3D printers, highlighting the need for renewable
energy adoption and efficient technologies.? This
growing ecological footprint underscores the urgent

emphasizing sustainable, recyclable, or biodegradable
materials;  waste  reduction  through digital
impressions,  reusable instruments, and metal
recycling; and energy-efficient practice models
incorporating LED lighting, water-saving devices, and
clean-energy sourcing.® Sustainability assessments
now span fixed, removable, and digital orthodontics,
advocating for optimized wire use, recyclable
brackets, green adhesives, biodegradable polymers,
and low-waste digital workflows. Complemented by
innovations such as plant-based clear aligners,
recycled-metal alloys, remote monitoring, cloth-based
infection control, self-ligating brackets, and low-
energy manufacturing techniques, eco-orthodontics
integrates responsible resource management with
advanced clinical care. Ultimately, it aims to reduce
the profession’s environmental footprint while
safeguarding  patient  outcomes, positioning
orthodontics as a key driver of green transformation in
modern healthcare.*
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Environmental Impact of Orthodontic Practice

Orthodontic practices form a substantial component of
healthcare’s ecological burden, contributing to carbon
emissions, extensive waste generation, and the need
for adherence to evolving global sustainability
regulations. A significant share of a dental clinic’s
carbon footprint stems from electricity consumption
for lighting, HVAC systems, digital equipment, and
chairside devices collectively accounting for nearly
15-25% of total emissions while sterilisation
processes, procurement of disposables, and packaging
materials further elevate resource usage and
greenhouse gas output.® Procurement alone can
contribute up to 28% of emissions in dental laboratory
settings, with energy use adding another 25%, and
each orthodontic appliance generating approximately
2.9-3.1 kg COze. Waste in orthodontics arises from
multiple sources, including discarded brackets,
archwires, elastomerics, and plastic packaging; single-
use sterilisation pouches and barrier films; non-
recyclable alginate and impression trays; and a variety
of biomedical waste such as gloves, gauze, sharps,
and chemical residues.® Even digital workflows

Sustainable Materials in Modern Orthodontics

introduce additional waste streams through disposable
scanner sleeves and disinfectant materials, though
these typically produce lower material volume
compared to conventional impressions. To address
this impact, international frameworks such as WHO
guidelines and FDI sustainability principles encourage
safer waste management practices, reduced reliance
on single-use plastics, and adoption of recyclable
materials, while 1SO standards (e.g., 1SO 7491, ISO
10993) govern the environmental and
biocompatibility testing of dental materials and
increasingly promote the development of eco-friendly
dental products.” Additionally, national biomedical
waste regulations mandate colour-coded segregation,
proper labeling, and regulated disposal or recycling of
dental waste, reinforcing sustainable practices within
orthodontic clinics. Through a comprehensive
understanding of their carbon footprint and alignment
with global and national sustainability standards,
orthodontic practices can significantly reduce
environmental harm while maintaining high-quality
clinical care.®

Sustainable

Category Material/Technology

Description Environmental Benefit

Biodegradable &

Made from polylactic acid
derived from corn/sugarcane;

Biodegradable; reduces

5:;;??;;330 PLA-based aligners comparqb}e perform_ance to long-term plastic waste.
traditional plastics.

Decompose faster; 30—

Starch-based Clear, flexible biopolymers 45% lower carbon
thermoplastics used for aligners. footprint per treatment

cycle.

Bamboo/plant-fibre Compostable alternatives for Eliminates plastic

toothbrushes orthodontic patients. toothbrush waste.
Eco-friendly Biodegradable Latex-free, bio-derived Reduce petrochemical

Elastomerics* ligatures/modules

elastomerics. plastic use; compostable.

Compostable natural
rubber elastics

Under research; maintain
elasticity and force levels.

Fully biodegradable; lower
toxicity.

Sustainable Bracket
Materials'?

Recyclable stainless
steel/titanium brackets

Can be collected and recycled

Conserves metals; reduces

after debonding. mining emissions.

Recycled ceramic
technologies

Experimental methods to
repurpose alumina ceramics.

Diverts ceramic waste
from landfill.

Reusable stainless-steel

Sterilisation protocols allow

Significant reduction in

brackets safe reuse in selected cases. material consumption.
Green Arch wire Recyclable Nitiarch Specialized processes recover | Minimizes mining waste;
Technologies'? wires nickel and titanium. supports circular economy.

Shape-memory
polymer arch wires

Early-stage high-strength
polymers for mild movements.

Potential for recyclability
or biodegradability.

Adhesives &
Bonding Systems™

BPA-free, low-toxicity
resins

Safer bonding materials with
reduced chemical hazards.

Lower environmental
toxicity during disposal.

Low-waste precision-
dispensing resins

Controlled dispensing reduces
excess adhesive use.

Minimizes chemical and
plastic waste.

Bio-adhesives
(peptide/enzymatic)

Emerging biodegradable

Eliminates persistent resin
residues; eco-safe

bonding systems. degradation,
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Waste
Practice
Reduce-Reuse-Recycle
Orthodontic Practice
Implementing the Reduce—Reuse—Recycle framework
in orthodontics significantly decreases environmental
impact while maintaining high clinical standards.
Reduction strategies focus on minimizing single-use
plastics by adopting biodegradable or recyclable
packaging for aligners, brackets, and consumables,
opting for bulk packaging to eliminate excessive
wrapping, transitioning to reusable instrument trays
and sterilization cassettes, and replacing alginate
impressions with digital scanning, which eliminates
disposable trays and improves accuracy and
comfort.* Paperless systems further cut down
administrative waste through digital records, e-
signatures, and electronic communication. Reuse
initiatives include resterilising stainless steel brackets
and arch wires when clinically appropriate, utilizing
autoclavable metal or high-grade plastic trays and
retractors, and replacing disposable suction tips and
barriers with sterilizable alternatives.® Recycling
efforts encompass the reclamation of nickel-titanium
and stainless-steel components through specialized
metal recovery programs, participation in aligner
recycling systems that repurpose plastics or use
energy recovery methodseven though current global
recycling rates remain low and responsible disposal or
recycling of PPE plastics and packaging via certified
vendors. 6

Reduction Strategies in Orthodontic

Strategies in  Eco-

Digital and Resource-Efficient Strategies in Eco-
Orthodontics

Digital orthodontic technologies and resource-
efficient clinical systems play a pivotal role in
reducing the environmental impact of modern
orthodontic practice. Intraoral scanners significantly
curb waste by eliminating the need for alginate
powder, disposable trays, and remakes associated with
conventional impressions, while enhancing precision
and patient comfort.” The integration of 3D printing
enables on-demand fabrication of aligners and
orthodontic models, cutting material overproduction
and reducing transportation-related carbon emissions
by allowing localized manufacturing. Digital
diagnostic models remove the dependence on plaster
casts, thereby decreasing gypsum use, eliminating
storage requirements, and streamlining long-term
record  management  with  reduced  paper
consumption.’® Advances such as plant-based 3D-
printed aligners further merge digital precision with
biodegradable materials, lowering reliance on
petroleum-based plastics.?® In infection control, eco-
friendly disinfectants, biodegradable cleaning agents,
and self-etching adhesives reduce chemical toxicity,
water usage, and waste discharge, while energy-
efficient autoclaves support greener sterilization.?
Additional sustainability gains come from adopting
LED curing units, low-energy clinic lighting systems,

and water-conserving dental units that limit
unnecessary water flow and incorporate recycling
mechanisms.

Future Directions

Future directions in eco-orthodontics emphasize a
paradigm shift toward fully sustainable materials,
intelligent clinical systems, and transparent supply
chains, aiming to significantly reduce the ecological
footprint of orthodontic care while maintaining
clinical excellence. A major advancement lies in the
development of fully compostable aligners made from
bio-based thermoplastics such as polylactic acid
(PLA) derived from renewable resources like corn
starch and sugarcane; these materials degrade nearly
60% faster than conventional plastics in industrial
composting settings and can reduce carbon emissions
by 30-45% per treatment cycle, all while retaining the
mechanical strength and flexibility required for
effective tooth movement.?? Parallel innovations
involve green 3D printing resins, where researchers
are formulating low-impact, biodegradable, or
recyclable photopolymers that provide the precision
and biocompatibility necessary for direct 3D-printed
aligners, trays, and orthodontic models without the
petrochemical burden of traditional materials.
Sustainability is also advancing through Al-driven,
energy-efficient clinic operations that employ smart
scheduling algorithms, adaptive lighting, climate
control optimization, and predictive maintenance
systems to reduce unnecessary electricity use,
minimize downtime, and enhance overall operational
efficiency.?® Beyond individual practices, industry-
wide decarbonization efforts are steering orthodontic
manufacturers toward carbon-neutral supply chains
powered by renewable energy, low-emission
transportation networks, responsible raw material
sourcing, and carbon offset initiatives that collectively
reduce greenhouse gas output from product creation to
delivery.?* Finally, emerging blockchain technologies
offer a transformative solution for sustainable practice
verification by enabling end-to-end tracking of
orthodontic materialsensuring transparent sourcing,
monitoring manufacturing processes, documenting
usage, and validating that appliances are recycled,
repurposed, or disposed of responsibly according to
circular economy principles.?®

CONCLUSION

Eco-orthodontics offers a transformative pathway for
aligning  high-quality  orthodontic  care  with
environmental ~ responsibility. By  integrating

biodegradable materials, digital workflows, efficient
resource  management, and greener clinical
technologies, orthodontic practices can significantly
reduce their ecological impact without compromising
treatment outcomes. As innovation acceleratesfrom
compostable aligners to carbon-neutral supply
chainsthe profession is well-positioned to lead
sustainability efforts within dentistry. Ultimately,
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widespread adoption
awareness,
collaborative

will depend on greater
stronger regulatory frameworks, and
commitment  across  clinicians,

manufacturers, and policymakers to build a cleaner,
more sustainable future for orthodontic care.
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