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ABSTRACT

Resin-based 3D printing has become a pivotal technology in digital dentistry,
enabling the production of highly customised dental models, prostheses,
and orthodontic devices. Despite its advantages, the adoption of this
technology raises significant occupational and environmental concerns
due to the emission of volatile organic compounds and particulate matter,
which can negatively impact indoor air quality and the health of dental
professionals. This literature review synthesises findings from existing research
to assess the airborne hazards associated with resin-based 3D printing in
dental clinics. It identifies the types and concentrations of emissions, explores
their health implications, and evaluates strategies to mitigate associated
risks. Recommendations include the implementation of enhanced ventilation
systems, advanced air filtration technologies, and best practices for material
handling and disposal. The review also highlights the need for safer printing
materials and improved emission monitoring systems to further safeguard
dental professionals and their work environments as the field evolves.
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1. Introduction

The adoption of 3D printing technology in dentistry
has revolutionised clinical workflows, offering
unprecedented precision and efficiency in the
creation of dental restorations, surgical templates,
and orthodontic appliances. Its advantages include
enhanced customisation, reduced production times,
cost efficiency, and improved patient outcomes
facilitated by computer-aided design systems'?.
Among the various 3D printing technologies available,
resin-based methods, including stereolithography
and digital light processing, are widely employed
in dental clinics due to their superior precision and

material adaptability®>.

Despite its transformative potential, resin-based
3D printing introduces significant occupational and
environmental health risks. During the printing
process, harmful emissions such as volatile organic
compounds and ultrafine particles are released, which
can degrade indoor air quality and pose serious
health risks to dental professionals®’. These emissions
have been linked to respiratory issues, skin irritation,
and other health concerns, making them a critical

focus for improving workplace safety in dental clinics.

Although the clinical benefits of 3D printing are
well-documented in the literature8-10, the health
risks associated with these emissions remain
underexplored. This literature review aims to address
this gap by evaluating the types and concentrations
of emissions, their impact on indoor air quality, and
their associated health implications. Furthermore,
the review identifies effective mitigation strategies,
including advanced ventilation systems, air filtration
technologies, and safe material handling practices,
to provide practical recommendations for minimising

these risks.

By focusing on the dual themes of airborne chemical
emissions and mitigation strategies, this review
seeks to guide dental professionals towards safer
and more sustainable adoption of resin-based 3D
printing, ensuring the health and safety of both
practitioners and patients as digital dentistry

continues to evolve.

2. Airborne Chemical Emissions in the

Course of Resin-Based 3D Printing

2.1 VOLATILE ORGANIC COMPOUNDS (VOCs)
One of the significant concems associated with resin-
based 3D printing is the emission of volatile organic
compounds (VOCs). These emissions occur during
the photopolymerisation process when liquid resin
is exposed to ultraviolet (UV) light. Common VOCs
released from dental resins include methacrylate,
styrene, and isocyanates, which are known to cause
respiratory irritation, skin sensitisation, and, with
prolonged exposure, may have carcinogenic
effects”'?. A study noted' that many dental
practitioners in Saudi Arabia lack awareness of the
VOC emissions associated with 3D printing, indicating
a knowledge and safety practice deficit.

The levels of VOC emissions are influenced by various
factors, including the type of resin and printer, the
duration of the printing process, and environmental
conditions™™. Additionally, research has shown
that the colour and translucency of dental materials
used in 3D printing can impact VOC emissions, with
certain materials releasing higher levels of VOCs
when exposed to UV light for extended periods.
Viitanen et al.” demonstrated that the emission
profiles of lattices used in tissue engineering can
vary depending on the density and design of the
printed object.

2.2 PARTICULATE MATTER (PM) AND ULTRA-
FINE PARTICLES (UFPs)

Another critical issue involves the release of particulate
matter (PM) and ultrafine particles (UFPs) during
resin-based 3D printing. These particles, typically
less than 100 nanometres in size, can penetrate
deep into the respiratory system, potentially leading
to severe health implications'®". Research indicates
that environments utilising resin-based 3D printers
exhibit higher concentrations of UFPs compared to
other indoor environments, particularly when acrylate-

based resins are used'®?.

Several studies have assessed the emissions from

different 3D printing processes, noting that the
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levels of particulate emissions vary depending on
the workflow. Adjusting print settings and selecting
appropriate resins have been shown to reduce
emissions'®'%%_ |n their analysis of metal 3D printing
for dental prostheses, Kangas et al.?' observed that

On-line assessment of
VOCs emission from SLA
3D-printed objects

different printing technologies produce varying
levels of UFPs. They recommended the use of resin
formulations with lower particle release, particularly
in healthcare settings where both workers and
patients are directly exposed to the emissions.
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Figure 1. The exposure of patients to volatile organic compounds (VOCs) emitted from cured resins represents

an element of concern in 3D Printing applications’

3. Effects on the Quality of Indoor
Air and Health Risk Assessment

Volatile organic compounds (VOCs) and ultrafine
particles (UFPs) can accumulate in dental clinics,
significantly affecting indoor air quality. Prolonged
exposure to these emissions can lead to long-term
respiratory and cardiovascular illnesses among dental
professionals and patients?**. Jeong et al.** compared
the reliability of dental models produced through
different techniques, including CAD/CAM milling
and 3D printing, and noted that environments using
3D printing displayed elevated concentrations of
airborne pollutants, posing potential health risks.

The health impacts associated with exposure to these
emissions have been explored in multiple studies*?,
which highlight the need for safer materials in 3D
printing. Specifically, reviews on 3D-printable materials
for intraoral orthodontic applications emphasise the
importance of selecting materials with lower emission
levels. Furthermore, Voet et al.? reviewed the use
of 3D printing in oral soft tissue engineering and

stressed the importance of addressing the
environmental consequences of 3D printing processes

to protect both patients and the broader environment.

4. Measures which have been put in
place in order to minimise the risks
that are associated with the identified

hazards.

4.1 ENHANCED VENTILATION SYSTEMS

The concentration of airborne contaminants, such
as volatile organic compounds and ultrafine particles,
in indoor environments can be effectively managed
through improved ventilation. Research highlights
that well-designed ventilation systems can significantly
reduce the levels of these pollutants in dental
clinics”. Chylek et al.?® demonstrated that the
integration of high-efficiency particulate air (HEPA)
filtration within ventilation systems is a particularly
effective method for minimising emissions in clinics

utilising resin-based 3D printers.
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Furthermore, Rogers et al?? emphasised the
importance of adhering to established guidelines
for room air exchange rates and recommended the
installation of local exhaust ventilation (LEV) systems
to capture emissions at their source. The incorporation
of real-time monitoring sensors into ventilation
systems could further enhance safety by providing
staff with immediate feedback on elevated pollutant

concentrations, allowing for timely interventions.

4.2 AIR FILTRATION TECHNOLOGIES

The use of air filtration technologies, such as HEPA
filters and activated carbon filters, has been identified
as an effective means of reducing both volatile organic
compounds and ultrafine particles in dental facilities.
Chiu and Chen30 highlighted that these filters, when
used in air purifiers, can help maintain safer indoor
air quality, ensuring a healthier working environment

for dental professionals.

4.3 SAFETY MEASURES IN HANDLING AND
DISPOSING OFF THE CHEMICALS

Proper handling and disposal of 3D printing materials
play a crucial role in mitigating emissions of volatile
organic compounds and ultrafine particles. Jeong

et al.® advocated for comprehensive training for
dental personnel on the safe handling of resins, the
necessity of personal protective equipment (PPE),
and the appropriate conditions for storing these
materials. Compliance with local and international
guidelines for the disposal of hazardous materials
can further reduce environmental pollution and

minimise occupational exposure risks.

4.4 MATERIAL SELECTION AND PROCESS
OPTIMISATION.

Choosing low-emission resins and optimising the
printing process are critical strategies for reducing
emissions. The use of biocompatible, low-odour
photopolymers has been shown to release fewer
hazardous volatile substances®'. Spagnuolo et al.*
stressed that selecting the right materials for dental
applications can significantly decrease both volatile
organic compound and particulate emissions.
Additionally, Shinkai et al.* demonstrated that
improvements in resin composition and adjustments
to printing parameters, such as curing time and
temperature, can lead to safer and more efficient

solutions.
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Figure 2 - Tinuvin 292 induces abnormal meiotic phenotypes
in vitro. [29]

and oocyte degeneration in a dose-responsive manner

© 2024 European Society of Medicine 4



5. Future research and development

required

Advancements in 3D printing technology have
significantly enhanced creativity, customisation, and
precision in dental practice. However, the associated
health impacts, such as airborne particle emissions,
reproductive  toxicity from leachates, and
environmental concerns, necessitate the development
of safer and more sustainable practices. Future
research and development efforts should focus on

the following areas:

5.1 DEVELOPMENT OF ENVIRONMENTALLY
SENSITIVE AND LOW VOLATILE ORGANIC
EMISSION RESINS

Addressing the toxicological risks posed by existing
dental resins, including their emissions of volatile
organic compounds and potential for reproductive
toxicity, requires the creation of safer formulations.
Realising the full potential of resin-based 3D printing
in dentistry depends on the development of materials
that emit fewer volatile organic compounds while
maintaining essential mechanical properties and
precision. Future materials should utilise less harmful
additives, such as reduced quantities of photoinitiators
and the exclusion of reproductive toxicants like
Tinuvin 29234.

Innovative approaches could include biopolymer-
based resins or nano-composites reinforced with
natural or synthetic elements to improve safety and
environmental compatibility. Biocompatible solutions,
such as resins with zirconia or glass silica micro-fillers,

have shown promise in minimising risks associated

1

with conventional resin-based materials'. Realising
these advancements requires interdisciplinary
collaboration among materials scientists, toxicologists,
and dental researchers to ensure performance and

compliance with environmental standards.

5.2 IMPROVING VENTILATION AND AIR
FILTRATION SYSTEMS.

Improving indoor air quality in dental clinics remains
crucial to reducing emissions from resin-based 3D
printing. Current ventilation and filtration systems in
healthcare settings may be inadequate for controlling
volatile organic compounds and particulate matter’.
Future efforts should focus on designing highly
efficient HVAC systems tailored to the unique
chemical outputs of dental 3D printing.

Activated carbon filters and HEPA filters should be
optimised to capture volatile organic compounds
and nano-sized particles effectively. Furthermore,
integrating ultraviolet sterilisation and photocatalytic
oxidation systems may enhance air purification,
removing airborne chemicals and pathogens and

reducing exposure risks for dental personnel’.

5.3 DIGITAL MONITORING TOOLS FOR REAL-
TIME EMISSION TRACKING

Digital tools and automated systems for real-time
monitoring of emissions are vital for maintaining
safe indoor air quality in dental clinics. Sensors capable
of detecting volatile organic compounds, particulate
matter, and other pollutants can provide immediate
feedback on air quality. This data could be used to
dynamically control ventilation and filtration systems,

ensuring optimal air quality throughout the clinic.
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Figure 3 - Prevalent progression of the process of particles volume growth during the 3D printing an enclosed

chamber.28
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Integrating these systems with the Internet of
Things (loT) would enable smart environments that
initiate air purification processes when emission
thresholds are exceeded. Additionally, machine
learning algorithms could predict high-emission
events, allowing clinics to take preemptive measures

to safeguard dental professionals’.

5.4 THE USE OF SUSTAINABLE 3D PRINTING
PRACTICES

Sustainability in 3D printing workflows is increasingly
important as digital dentistry grows. Strategies such
as closed-loop recycling systems, which capture and
reuse waste resin materials, can reduce environmental
impact. Similarly, energy-efficient printers and
optimised printing workflows that minimise production
time while maintaining precision can significantly

lower the carbon footprint of digital dentistry? %,

Collaboration among dentists, researchers, and
industry stakeholders is necessary to establish
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guidelines for sustainable practices in 3D printing,
encompassing manufacturing, application, disposal,
and recycling. These efforts would promote
environmentally responsible digital workflows in
dentistry.

5.5 MORE GENERAL CONSEQUENCES FOR
OCCUPATIONAL SAFETY IN DIGITAL DENTISTRY
In addition to addressing emissions and material
safety, future research should consider the broader
occupational hazards associated with digital dentistry.
These include the ergonomic challenges posed by
prolonged use of 3D printing technologies and the
human-machine interface. Examining the effects of
low-level emissions and the impact of working in
digitally enhanced environments can provide a more
comprehensive understanding of occupational risks
in modern dental practice?.
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Figure 4 - Dental fabrication process of temporary restorations by DLP 3D printing and Self-curing method

cytocompatibility of the fibroblast cell?*

In addition to addressing emissions and material
safety, future research should consider the broader
occupational hazards associated with digital dentistry.
These include the ergonomic challenges posed by
prolonged use of 3D printing technologies and the
human-machine interface. Examining the effects of
low-level emissions and the impact of working in
digitally enhanced environments can provide a more

comprehensive understanding of occupational

risks in modern dental practice?’.

5.6 LIFELONG LEARNING IN DENTAL
PROFESSIONALS

Ongoing education and training are critical for
ensuring safety in digital dentistry. Encouraging
dental professionals to adopt preventive measures
will empower them to make informed decisions
about handling 3D printing materials, using
appropriate personal protective equipment, and
understanding the risks of chemical exposure.
Training programmes focused on best practices for

operating and maintaining 3D printing equipment,

© 2024 European Society of Medicine 6



as well as enhancing indoor air quality, will improve

safety standards in the profession.!'3%

6. Conclusion

Resin-based 3D printing has revolutionised digital
dentistry, offering numerous benefits such as
precision, customisation, and efficiency. However,
its adoption is not without challenges, particularly
in terms of emissions of volatile organic compounds
and ultra-fine particles, which pose risks to both

workers and the environment.

This review underscores the importance of recognising
these risks and implementing measures to mitigate
them. Key strategies include improving ventilation,
employing high-efficiency filtration systems, and
adhering to safe practices for handling and disposing
of materials. By adopting these measures, dental
clinics can create safer, healthier, and more
environmentally sustainable workplaces, ensuring
that the digital transformation of the dental industry

progresses responsibly and ethically.
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