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Abstract: Three-dimensional (3D) printing has introduced a paradigm shift in the manufacturing
world, and it is increasing in popularity. In cases of such rapid and widespread acceptance of novel
technologies, material or process safety issues may be underestimated, due to safety research being
outpaced by the breakthroughs of innovation. However, a definitive approach in studying the various
occupational or environmental risks of new technologies is a vital part of their sustainable application.
In fused filament fabrication (FFF) 3D printing, the practicality and simplicity of the method are
juxtaposed by ultrafine particle (UFP) and volatile organic compound (VOC) emission hazards. In
this work, the decision of selecting the optimal material for the mass production of a microfluidic
device substrate via FFF 3D printing is supported by an emission/exposure assessment. Three
candidate prototype materials are evaluated in terms of their comparative emission potential. The
impact of nozzle temperature settings, as well as the microfluidic device’s structural characteristics
regarding the magnitude of emissions, is evaluated. The projected exposure of the employees
operating the 3D printer is determined. The concept behind this series of experiments is proposed as
a methodology to generate an additional set of decision-support decision-making criteria for FFF 3D
printing production cases.

Keywords: exposure assessment; 3D printing; ultrafine particles; microfluidics; fused filament fabrication

1. Introduction
1.1. Additive Manufacturing

The International Organization for Standardization (ISO) defines additive manufactur-
ing (AM) as “the process of joining materials to make parts based on computer-generated
3D model data, usually layer upon layer, as opposed to subtractive manufacturing and
formative manufacturing methodologies” [1]. Additive manufacturing is considered by
part of the research community to be a revolutionary enabler for the manufacturing sec-
tor, assisting in overcoming many of the barriers posed by conventional manufacturing
techniques [2]. Since the first conception and implementation of additive manufacturing
in 1984 by 3D Systems [3], this technological area has experienced massive breakthroughs.
A multitude of AM techniques have been developed [4] and are projected to be applied
in a wide field of applications, including the automotive industry [5], medicine [6], and
aerospace [7]. In recent years, technological advances in the world of AM have resulted
in fascinating achievements, including the 3D printing of graphene aerogels [8] and the
bio-printing of several types of tissues and organs [9].
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The fundamental operating principles of manufacturing objects based on computer de-
sign files, layer by layer, in an additive conceptual scheme leads to the following advantages,
compared to traditional subtractive methods [10]:

• On-demand part manufacturing, with the potential to remove barriers posed by
remote manufacturing and the delivery of parts, as well as the need to maintain a
large inventory.

• Economical production of small batches.
• Individual customization of print objects and the uncomplicated redesign of parts.
• Small waste generation.
• Straightforward supply chains and a reduced need for tooling.
• The increased involvement of consumers in the manufacturing process, as 3D printing

files can be distributed and will enable printing in non-professional settings.
• Synergistic capabilities with 3D scanning technologies, enabling the cost-effective

replication of scanned objects, a highly beneficial feature for areas such as personalized
medicine [11] and historical building restoration [12].

It is sensible to suggest that safety-related studies of AM should focus on emphasizing
and accentuating these beneficial elements of AM, while also highlighting any safety risks
and defining the best approach to mitigate them, in order to render AM’s full establishment
into the manufacturing world easier to achieve.

1.2. Fused Filament Fabrication

The most common and widely investigated AM technique is fused filament fabrication
(FFF), which is a material extrusion-based technology. This technique involves the heating
of solid thermoplastic filament feedstock close to the applied material’s melting point, with
the subsequent passage through an extrusion nozzle and the programmed extrusion of the
resulting semi-liquid material. The object is formed layer by layer, based on the design
file, through the coordinated deposition and movement of the nozzle and/or the print
bed platform. The platform is heated in most printer devices, as an assistive feature for
layer adhesion [1]. FFF allows the use of a multitude of filament materials, such as the
ordinarily applied polylactide (PLA) and acrylonitrile butadiene styrene (ABS), as well
as nylon, polyethylene terephthalate glycol (PETG), polycarbonate (PC), and high-impact
polystyrene (HIPS). The variety of available feedstock materials, along with the technique’s
low cost and easy application, have contributed to its surging growth [4].

1.2.1. The Emission Potential of the FFF Technique

As demonstrated in the 3D printing emission/exposure assessment literature [13],
fused filament fabrication (FFF) activities can lead to exposure to ultrafine particles (UFP)
and volatile organic compounds (VOCs). Ultrafine particles have been defined as a con-
cerning issue with regard to deteriorating air quality, due to their association with negative
health effects [14].

Nozzle temperature is recognized as the main determinant factor for emission lev-
els, with UFP concentrations often varying by multiple orders of magnitude at different
temperatures. The bed temperature and the nozzle diameter, as well as most printing
parameters, can affect emissions to different degrees. The choice of filament material heav-
ily affects all aspects of particle releases, while its chemical composition determines the
species of the emitted VOCs [13,15]. Many VOCs species that have been detected during 3D
printing activities have hazardous effects; for example, styrene is released when printing
with ABS materials [16]. Interestingly, while 3D printing is not a process that commonly
involves nanomaterials, the fact that the main exposure concerns in these processes are
nanoparticles/ultrafine particles emitted from the polymer’s partial decomposition renders
the process widely compatible with being assessed via the methodologies and techniques
developed in the nanosafety research field.

Early research on the measurement of emissions caused by fused filament fabrication
generally targeted the most widely used FFF materials, PLA, and ABS filaments [17]. In
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general, PLA is considered one of the low-emitting, comparatively safer materials, while
ABS has been demonstrated to possess high emission profiles for both ultrafine particles and
VOCs [13,15]. Other common materials, such as nylon, may display intermediate emission
hazards [18], while specific unconventional materials, such as laywood, may present
high UFP emission potential [19]. In the last two years, the research focus has shifted
considerably to the study of less common materials, while the inclusion of (nano)additives
has been examined as well.

Bernatikova et al. [20] evaluated the UFP and VOC emissions of PETG and co-polyester
(NGEN) filaments, using an enclosed printer. Potentially harmful particle emission rates
were reported, and the presence of VOCs was confirmed, although at a low level. Dunn
et al. [21] investigated the exposure to ultrafine particles caused by printing filaments
that contain carbon nanotubes (CNTs) and carbon nanofibers (CNFs) in concentrations
of up to 25% and 30%, respectively. While concentration increases were observed for all
materials when measuring emissions inside an enclosure, no deviation from the background
was recorded for the workroom, even when using 6 printers simultaneously. This was
attributed to the high ventilation flow rate applied. Zhu et al. [22] examined the particulate
matter (PM) and VOC concentrations resulting from the inclusion of lignocellulose in PLA
filaments, while Alberts et al. [23] studied the impact of copper and tungsten additives in
the emission profiles of filaments inside a chamber, showing increased emissions for the
additivated filaments.

The morphology of emitted particles is a less widely examined field and, when
assessing the connected risks, they are usually evaluated in terms of spherical particles.
However, Kartz et al. [24] found that emissions consist mainly of fractal particles that can
penetrate deeper into the lungs than spheres of equivalent volume, which finding was
established after performing TEM analysis on particles collected during 3D printing.

The mechanism of UFP generation has been discussed previously in the literature. The
formation of semi-volatile compounds (SVCs) leads to the generation of ultrafine particles
released during thermal decomposition [25], which are transferred by the airflow patterns.
As the process progresses, there is further growth of the UFP, either by the emitted SVCs
attracted to the surface of the UFP or by the agglomeration of the particles as a result of
particle-particle interaction. During printing, there is a dynamic balance between particle
generation and removal, due to diffusion, deposition, and particle agglomeration, showing
a decrease in the generated UFP matter during printing conditions [26].

Expanded emission research on the topic of unique, additivated, and prototype fil-
ament materials will most certainly support the application of new materials in the FFF
technique, thus extending its technological value.

1.2.2. Toxicity of the Emitted Particles

A limited number of toxicity studies of fused filament fabrication 3D printer emissions
have been carried out so far, focusing primarily on ABS materials. In terms of in vitro
studies, Farcas et al. [27] evaluated the toxicity of 3D printing emissions with ABS filaments
in an in vitro model, using human small-airway epithelial cells. At 24 h post-exposure,
ABS emissions caused significant dose-dependent cytotoxicity, oxidative stress, apoptosis,
necrosis, and the production of pro-inflammatory cytokines and chemokines in epithelial
cells. Furthermore, Zhang et al. [18] found that ABS emissions from a consumer-level
3D printer caused decreased cell viability, increased oxidative stress, and inflammatory
responses in rat alveolar macrophages and human tumorigenic lung epithelial cells.

In terms of in vivo studies, Farcas et al. [28] examined repeated whole-body inhalation
exposure to FFF 3D printing emissions that were released from ABS filament in commer-
cially available desktop 3D printers. This was tested in rats for 4 h/day for 1, 4, 8, 15,
and 30 days of exposure (4 days/week). The authors observed that 3D printing emissions
caused minimal and transient pulmonary and systemic effects on rats. The study concludes
that the potential of further acute and chronic inflammatory responses is high, especially
regarding the use of multiple printers and printing of prolonged duration.
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Stefaniak et al. [29] investigated the acute toxic effects of ABS emissions on cardiovascu-
lar function via a nose-only inhalation study in rats. Exposure to 1 mg/m3 of ABS emission
for 3 h induced significantly higher mean arterial pressure, along with elevated resting
arteriolar tone and impaired endothelium-dependent arteriolar dilation. These results
indicated that the 3D printer emissions could potentially induce systemic toxic effects.

Gumperlein et al. [30] conducted a randomized, cross-over design study, where healthy
human volunteers were exposed to ABS 3D printer emissions for 1 h. No acute effects on the
inflammatory markers in nasal secretions or urine were found. However, a slight increase
in exhaled nitric oxide was noted, which could be induced by eosinophilic inflammation
from inhaled UFPs. These findings may indicate a connection with the results of Stefaniak
et al. [29], as a correlation between lower concentrations of circulating nitric oxide, high
arterial pressure, and impaired arteriolar dilation is common among many species [31,32].

Moreover, in a health survey, Chan et al. [33] found that about 60% of participants
using 3D printing in commercial prototyping businesses, educational institutions, and
public libraries reported weekly respiratory symptoms. The same study also determined
that working with it for more than 40 h per week was significantly associated with asthma
or allergic rhinitis diagnosis. In addition, House et al. [34], in a case report study, found that
a self-employed businessman with a history of childhood asthma operated ten 3D printers
with ABS filaments in a small work area and after 10 days of working with ABS printing,
he experienced chest tightness, shortness of breath, and coughing.

The research generally points toward the need for additional examinations to further
clarify the expected toxicological effects of 3D printing emissions.

1.2.3. Novel FFF Materials

Using the FFF technique with novel or additivated materials has been explored for
various high-performance [35] or unique property applications [36]. In such cases, the use
of customized prototype filament feedstock materials may be preferred for tailoring the
properties as required. Specialized filaments may be produced by means of the incorpo-
ration of additives with special properties (e.g., nanomaterials, flame-resistant additives,
metal particles) to a commonly used thermoplastic feedstock matrix. Using nanomaterials
containing filaments can offer unique properties, such as electrical conductivity [37]. The
nano-inclusions introduce additional parameters, such as interparticle distance and the
orientation of nanoparticles [38], that may influence printability and end-product proper-
ties. Composite filaments, such as filaments containing short carbon fibers, can be used
for achieving higher strength, stiffness, and dimensional stability [39]. Printing with other
unique filaments, such as foaming filament [40], requires precise control procedures for
crucial print parameters, such as a variable nozzle temperature and extrusion rate. These
unique materials are, unsurprisingly, demanding in terms of printability assessment. Quite
importantly, the introduction of unique additives can also significantly influence occupa-
tional and environmental emissions and exposure potential. It is reasonable to assume
that the emission profile of the prototype materials will not be definitely known; there-
fore, a quick and effective preliminary emission assessment before commencing the mass
production of parts would be vital for process safety optimization.

1.2.4. FFF and Microfluidics

The FFF technique is currently gaining increasing interest in the fabrication of microflu-
idic devices. Glass and silicon—and later, polydimethylsiloxane (PDMS) [41]—have been
the traditional materials by way of manufacturing microfluidic platforms via photolithog-
raphy, soft lithography, and micromachining [42]. However, such techniques require an
in-depth knowledge of operating specialized equipment, as well as the investment needed
for purchasing such devices. FFF is considered an economically viable alternative for the
machining of microfluidic devices using PMMA, PLA, and ABS filaments down to approx.
300 µm channels [41,43], due to the lower cost of the equipment, the ease of direct-printing
the devices, the wider variety of polymer materials, the lower temperature conditions re-
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quired, and the wider accessibility of FFF to research groups of different backgrounds [44].
However, the need for post-processing, such as the removal of the support structures, the
long manufacturing times (especially for larger pieces), the surface roughness, and imper-
fect sealing between the 3D printed layers minimize the applicability of FFF [42]. Another
issue is air entrapment between the printed layers, lowering the visibility of translucent
polymers [41].

In this context, the EU-funded project “M3DLoC” [45] (Grant Agreement 760662,
Horizon 2020) deals with the development of a pilot line for the manufacturing of PLA
microfluidic devices with conductive channels (using nano-enabled conductive inks), im-
plementing FFF, that can be used as lab-on-chip platforms. The pilot line employs FFF
technology for the manufacturing of polymer substrates, followed by additional worksta-
tions for processing the device, and then quality assurance stations. The FFF technique is a
vital element of the M3DLoC pilot line and the production of biomedical microelectrome-
chanical systems (BIOMEMS) for the production of PLA-based substrates with or without
additive nanomaterials in the polymer matrix. Therefore, the exposure assessment work
described herein is an important supportive component to the safe setup and operation of
this innovative pilot line.

1.3. Utility of a Production Goal-Based Assessment

In this study, a production goal-based emission and exposure assessment is presented,
from study conception and setup, to analysis, outputs, and decision support-oriented
conclusions. A number of emission/exposure assessment tests were set up and performed,
using the candidate materials for manufacturing the polymer substrate of the microfluidic
device. The data produced are valuable for future decision support regarding the optimal
material and process configuration. The integrated workflow as a whole is presented
as a suggested approach that can be followed in terms of identifying emission safety
issues and defining the most appropriate material and process alternatives. The proposed
methodology can provide a basis for implementation in cases of similar scope and can
be applied by the relevant stakeholders or safety experts (e.g., safety engineers, exposure
assessors, and safety consultants).

2. Materials and Methods
2.1. Materials

In the framework of a M3DLoC project, PLA-blends and compounds were investigated,
as part of a material development workflow for FFF processability enhancement and bulk
modification with additives targeted toward application-specific properties, e.g., surface
energy adjustment to customize the wetting behavior of water-based inks, heat dissipation,
and insulating properties. Table 1 presents the 3D printing filament feedstock candidate
materials that were used in the emission/exposure assessment experiments, representing an
indicative selection of pure PLA blends (Ingeo 3D850/3052D grades by NatureWorks LLC,
Minneapolis, MN, USA) and PLA compounds with polybutylene adipate terephthalate
(PBAT), inorganic filler (Ingeo 3D850/IS1335 ecovio™, kindly provided by BASF Hellas
SA, Marousi, Greece), and PLA nanocomposite by the incorporation of reduced graphene
oxide filler (rGO) via twin-screw extrusion. The rGO was prepared in a thermochemical
reduction process [46], starting with GO prepared using a modified Hummers’ method [47],
as described in [48]. The rGO showed 43 µm of lateral size, as determined by laser
diffraction; thickness below 1 nm was determined by TEM and AFM, and 1.3 wt % of
oxygen was determined by XPS (49% C=O and 46% C-OH). The rGO showed thermal
stability over 600 ◦C, as determined by TGA.

An important constraint in the present study was caused by the small quantities of the
materials that were allocated, considering that these were prototype materials; it is beneficial
in such approaches to allocating small amounts of material for testing. Thus, the following
experiments were adjusted accordingly. This feature can render the methodology applicable
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even when numerous candidate materials are required to be tested since this process would
not need large volumes of production to be invested in the pre-assessment stage.

Table 1. Filaments used as 3D printer feedstocks during the exposure assessment experiments.

Material Name Composition Type of Material Quantity of Filament

Ingeo 3D850/3052D 4:1 blend (20 wt %) PLA/PLA 8 m

Ingeo 3D850/BASF ecovio IS1335 4:1 blend (20 wt %) PLA/PBAT/inorganic filler 8 m

Ingeo 3D850/reduced graphene
oxide (rGO) 0.05 wt % rGO PLA/reduced graphene oxide 8 m

2.2. Exposure Assessment Methodology

As of the time of conducting this study, there is only one standardized methodology
for performing emission assessment in FFF 3D printing processes, as described in the
ANSI standard, ANSI/CAN/UL 2904 [49]. A similarly themed ISO standard, ISO/ASTM
CD 52932 [50], remains in development. The methodology developed in [49] is focused
on assessing the emission rates of numerous combinations of filament/printer/print pa-
rameter scenarios, using isolated environmental chambers of defined specifications. It was
determined that for the purposes of this study, this approach was not directly applicable.
Additionally, based on the scope of this work being introduced as a suggestion for 3D
printing workspaces, minimal interference or disruption to the normal process setup and
workflow is reasonably expected to be desirable before starting mass production. The
requirements of the material to be used for the emission test prints are also higher in [49],
requiring prints that take at least 1.5 h, which is incompatible with the limited amounts of
prototype materials that were at our disposal.

The customized methodology that was developed for this work (Figure 1) was based
on the Organization for Economic Co-operation and Development (OECD) harmonized
tiered framework for the exposure assessment of nanoparticles [51], aligned to some extent
and in certain elements (such as equipment selection and temporal setup of measure-
ments) with the 3D printing exposure assessment standard [49]. While this methodology
is tailored for engineered nanomaterials, FFF emissions are expected to consist mainly of
ultrafine particles, as the literature confirms, displaying analogous behavior and exhibiting
similar challenges.
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Figure 1. Methodology applied for the release and exposure measurements.

The steps that were implemented can be summarized as follows. Initially, the first set
of data on the process was acquired from the process operators, with the aim of gaining
a deep understanding of the process’ specificities and details. Based on this dataset, the
release/exposure measurements were designed to offer the maximum gained information
in a short time span, and with the use of low material quantities. It has also assisted in
adapting the methodology so as to involve simple object designs, which is compatible with
printability tests.

In parallel to the comparative assessment, based on the work practices already de-
scribed, a set of exposure scenarios were defined that are necessary for transposing the
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release/emission data to conform with potential, realistic exposure occurrences. Cross-
interpretation of the results enabled the identification of high-priority scenarios. These are
very valuable for informing safety-related practices in the workplace being studied.

2.3. Instrument Selection and Characteristics

Airborne particle number concentrations (PNC) were recorded using TSI CPC 3007 [52],
TSI Aerotrak 9306-V2 [53] (TSI Incorporated, Shoreview, MN, USA), and Dylos DC1700 [54]
(Dylos Corporation, Riverside, CA, USA). Total volatile organic compounds (TVOC) were
measured as an isobutylene equivalent in ppb, using the Ionscience Tiger [55] (ION Science
Ltd, Royston, UK) photoionization detector (PID) instrument. This instrument displays
a range of measurement from 0 to 20,000 ppm, with a minimum sensitivity of 1 ppb.
The output of the measurement is given as the concentration of total VOCs (isobutylene
equivalent) or specified VOC species. The reading can be transposed for specific VOC
species, using a library of correction factors contained within the instrument software to
adjust for the different ionization characteristics of the target VOC species [56]. The CPC
(condensation particle counter) and OPC (Optical Particle Counter) are instrument types
that are recommended and commonly used in both the 3D printing emission standard [49]
and the nanosafety exposure assessment methodology [51]. The CPC detects airborne
particles of sizes 10–1000 nm, while the Aerotrak instrument displays the capability of
adjusting the measurement size-range channels. The channels (ch) were adjusted to display
the <1 µm size range in detail, as follows:

• Channel (ch) 1: 300 nm–400 nm
• Channel (ch) 2: 400 nm–500 nm
• Channel (ch) 3: 500 nm–600 nm
• Channel (ch) 4: 600 nm–1 µm
• Channel (ch) 5: 1 µm–2.5 µm
• Channel (ch) 6: 2.5 µm–25 µm

The Dylos is an affordable air quality monitor, the use of which has been validated
and reported to be in satisfactory alignment with measurements from highly specialized
particle-counting equipment [57]. It measures airborne particles in two size ranges (Ch1:
0.5–2.5 µm and Ch2: 2.5–≈20 µm) [54]. It is very important to note that the instruments
do not detect chemical identity, so the instrument outputs refer to total particles within a
given size bin, and to the total VOCs as an isobutylene equivalent. As such, the assessment
of whether the process emits particles/VOCs is performed through temporal comparison,
evaluating the levels of airborne particle and VOC concentrations when the process is
being performed, compared to before and after the process (background measurements).
Measurements are performed for the whole duration of the printing process, and crucial
process phases are time-logged, to be cross-evaluated with concentration fluctuations. In
this way, the source of the release episodes can be pinpointed.

Additionally, size distribution data within the measured particle size channels are not
acquired from this specific instrument setup. Collectively, the instruments provide mea-
surement capabilities for particle sizes of 10 nm–25 µm. Since the literature investigation
has shown that ultrafine particles are the main source of concern for this specific process,
the focus of the assessment will be the output of the CPC instrument, evaluated in parallel
to the first channels of the Aerotrak (0.3–1 µm). In this way, data for the concentrations
of particles of 10–300 nm can be derived. Quite importantly, and as is accepted in aerosol
research [58] as well as instrument manufacturer recommendations [59], the measurements
are number-based, meaning that the CPC instrument output concentrations are expected
to be dominated by particles in the size range of 10–100 nm. Due to their higher number,
fluctuations of ultrafine particles will outweigh even the total number of larger particles
within the 10–1000 nm size bin. In contrast, mass-based measurements favor larger par-
ticles, with releases of small particles having a minimal impact on the readings. Since
particles emitted during the 3D printing process are expected to be on the lower part of the
10–1000 nm size bin, as shown for multiple PLA filaments [17,60], particle number-based
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measurements were considered to be preferable. All instruments were zero-checked before
every experiment and had previously been calibrated by the manufacturer.

2.4. Information-Gathering

The first step in any exposure assessment measurement setup is the collection of basic
information on the process. While FFF 3D printing is a highly automated process and a
step like this may seem redundant, information such as controls that are active, workplace-
specific worker practices, and potential incidental sources of particles are integral to data
interpretation. We suggest documenting a structured list of information as a basis for the
assessment to be performed (Table 2). This should include, but may not be limited to:

• Equipment used;
• Materials used;
• Description of work practices;
• Controls in place;
• Maintenance schedule;
• Potential incidental particle and VOC sources.

Table 2. Information-gathering for the 3D printing workplace being studied.

Basic Exposure-Related Information

Process Fused filament fabrication 3D printing

Release/exposure expected Emission of particles (ultrafine and microscale) and VOCs due to partial decomposition and the thermal
degradation of polymer filament.

Workroom characteristics
Volume: ≈45 m3

Air conditioning in function during the whole workday
Temperature: 24 ◦C–30 ◦C

Relative Humidity: 43–48%

Secondary processes conducted
within the workroom

Office work supportive to the printer (e.g., STL file preparation, print video capture), print post-processing
(e.g., support removal), print test result evaluation.

Materials used
Ingeo 3D850/3052D—8 m of filament

Ingeo 3D850/BASF ecovio IS133—8 m of filament
Ingeo 3D850/reduced Graphene Oxide(rGO)—8 m of filament

Process automation Manual process initiation (print start) and finish (print removal); printing itself requires only progress
monitoring. Manual stop and object removal in the case of critical defects.

Process containment Printer (Raise3D Pro2 Plus 3D [61]) is fully enclosed while operating. Specific process sub-phases require
short-term enclosure disruption.

Process duration Full 8 h workday. Long prints may continue overnight, being monitored remotely.

Employees associated with
the process

2 employees are directly involved (applicable for exposure scenarios 1–5—see Section 3.5) and 2 employees
are indirectly involved (applicable for exposure scenarios 3–5—see Section 3.5).

Work patterns Specific print phases or maintenance, repair, and process optimization activities require employees to work in
close proximity to the printer, and with the main exposure control (printer enclosure) disabled.

Maintenance schedule
Cleaning of the printer bed every day, removal of filament waste after every print, regular hot-end

replacement, regular HEPA (high-efficiency particulate absorbing filter) filter replacement (printer outflow
and air purifier).

Primary particle emission source Main 3D printing process

Incidental particle
emission sources

No other instruments that can lead to particle generation are used within the specific workroom during print
operations. No apparent sources of significant incidental ultrafine particle emissions. General workplace dust
particles may be present. Disturbance of settled/deposited particles on work surfaces may occur (e.g., due to

air conditioning airflow).

Primary VOC emission source Main 3D printing process

Incidental VOC
emission sources Print bed adhesion sprays, print object coloring sprays

Current controls applied General Ventilation, Mechanical ventilation, HEPA filter in printer enclosure exhaust, Air purifier equipped
with HEPA filter, filtering facepiece respirators (FFP3) masks available in the workplace.

2.5. Hazard Identification

The work performed in this study is focused on determining release and exposure
potential from the 3D printing processes applied. However, a crucially important parameter
in assessing the risk present from these emissions is the inherent danger of the particles.
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No directly applicable/derivable results to the ones to be produced in this measurement
campaign can be found in the literature, due to the prototype materials used. Nevertheless,
the presence of cytotoxic potential has been demonstrated for PLA-emitted particles in the
scientific literature [18], leading to the assumption that cytotoxic effects are possible for the
ultrafine particle emissions of the PLA-based materials used within the scope of this study.

Between filament Ingeo 3D850/3052D and filament Ingeo 3D850/BASF ecovio IS133,
any estimate on different levels of threat is unclear since no clear comparison between
the hazardousness of PBAT- and PLA- emitted particles can be performed. Similarly, the
difference in the expected size of the particles emitted within the ultrafine size range
(1–100 nm) is also unclear. The hazard potential of these two materials can reasonably be
assumed to be equal, in view of the absence of data.

However, the presence of rGO in the Ingeo 3D850/reduced Graphene Oxide(rGO)
filament may be an indication of increased risk. Nano-reinforcement particles have been
reported to be emitted from nano-reinforced filaments [62]. This may be the source of
increased risk for this specific filament. It is also unknown if the presence of rGO will
impact the thermal stability of the composite filament as a whole, resulting in a different
pattern or magnitude of general ultrafine particle emission. Additionally, an increased risk
may also be present due to the protrusion of rGO particles from the printed objects, an issue
that has been identified for similar CNT-reinforced 3D printed objects [62]. No significant
dermal exposure is expected since the application (a microfluidic device) is not one that
necessitates lengthy manual interaction (e.g., hand tools); however, precautions against
dermal irritation are applicable. The use of gloves is commonly suggested for handling
graphene-containing filament or printed objects [63]. Quite importantly, mechanical stress
(e.g., post-processing) of the objects printed using this specific filament may lead to the
small-scale release of airborne particles containing rGO. These additional hazards are
absent from the non-nanomaterial-containing filaments. Therefore, from the preliminary
stages, and following a precautionary approach, the rGO-containing filament is indicated
as displaying the potential for higher risk compared to the other two filament types.

In terms of VOC species emitted, the general findings from the literature show that for
PLA, the main VOC species emitted is lactide [13,64]. The emission of methyl methacrylate
and acetaldehyde is also possible, in lower but considerable concentrations [64]. Other,
less hazardous, or negligible quantities of VOC species have been identified in PLA VOC
emissions [13,64], such as decanal [64].

2.6. Measurement Campaign Design
2.6.1. Instrument Placement

The data-gathering process described in the previous section informed the design of
emission and exposure assessment experiments. Based on the objectives of each measure-
ment, two different instrument placement configurations (Figures 2 and 3) were employed
in order to examine both the exposure and emission capabilities of print processes. Setup I
(Figure 2) was targeted at identifying the main emission events and the qualitative compar-
ison of the emissions among the three different filaments. Thus, instruments were placed
with inlets within the printer enclosure. For Setup I measurements, the Dylos instrument
was positioned on a nearby desk to display data for the “far-field” concentrations. Setup II
(Figure 3) was used for the assessment of the occupational exposure for an operator of a 3D
printer during a microfluidic object-relevant print procedure. It involved instruments being
placed within the operator’s “breathing zone” [46] (a hypothetical 30-centimeter sphere
around the potential location of an employee’s head). The placement of an Ionscience
Tiger device followed the aforementioned configuration, although it should be mentioned
that the enclosure’s exhaust control does not filter out VOC emissions, and the air purifier
only possesses HEPA filtration, therefore the output acquired is not impacted by controls,
irrespective of the placement.
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2.6.2. Print Object Shape and Print Settings

For the purposes of these measurements, three types of test objects were printed
(Figure 4). Type A objects were single-wall square towers with no top or bottom solid
layers and 0% infill, which may be used for temperature printability tests. A separate tower
was printed at four different temperatures (205 to 235 ◦C) for each filament. The print
time for these objects is 17–18 min, but this may be influenced by disruptions or failed
prints. The choice of nozzle temperature as the main influential parameter in emission
potential has been selected as this has been reported as a general conclusion in 3D printing
emission studies.

The Type B design was based on a typical microfluidic device configuration but with
the infill percentage adjusted, based on material and time constraints. The Type B design
aimed to demonstrate whether the manufacturing of shapes relevant to microfluidics
would influence the emission profile of the process. Shape complexity, as well as size
and details, may have a high impact on the magnitude of emissions [65,66]. The Type B
design possesses the corresponding lab-on-a-chip (LoC) unique characteristics, such as
small-diameter pathways and small cavities, approximating the lower dimensional limit
range of the FFF technique, which could incite higher emissions. Type B objects were
printed at 215 ◦C using Ingeo 3D850/3052D and Ingeo 3D850/BASF ecovio IS133 filaments.
The Type C object was a square with 15% infill, printed at a single temperature (215 ◦C)
for the purpose of TVOC measurements. Object height was adapted based on the target
print time. By applying a measurement setup to each applicable object type, the following
measurement scheme is generated (Table 3).
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3. Results

The following sections describe the results of the measurements with regard to air-
borne particle emissions and exposures. The TVOC concentrations measured by the
PID instrument (Measurement 4) remained within very low levels; thus, the data are
not discussed.

3.1. Measurements 1 and 2 (Impact of Temperature)

For Type A objects, a typical FFF 3D printing nozzle diameter of 0.4 mm was used.
Nozzle temperatures of 215 and 225 ◦C are considered preferable to 205 and 235 ◦C in
terms of filament properties, with 215 ◦C being the recommended printing temperature, as
reported by the process operators, through information gathered by printability tests that
had previously been conducted. In these tests, additional parameters such as print speed
were also optimized; these are used as print parameters for our work and are constant
for all performed experiments. The print processes were performed for the three filament
types in succession, within one session per measurement.

The general emission profile of the print process seems consistent, involving a high
magnitude peak at the initial print phases, and showing a general decrease afterward.
After print completion, the concentrations reach approximate levels to the background
until the initiation of the next print cycle. Based on this observation, and comparing
similar experiments only, these peaks can be considered as a means for characterizing
the corresponding material/temperature combination in terms of exposure potential. The
progressive decrease in UFP concentration after these high-emitting process phases can be
attributed to the synergistic result of particle removal (mechanical or natural) and collection
by the HEPA filter, particle settling, and agglomeration [26]. At these temperatures, the
rGO-reinforced filament leads to much higher UFP concentrations than the other two
filaments, as measured by the CPC. UFP concentrations reached peak values of 109 and
113 × 103 #/cm3 at 215 and 225 ◦C, respectively, while Ingeo 3D850/BASF ecovio IS133
appears to have the lowest emission impact, displaying a maximum concentration of
15.9 × 103 #/cm3 (Figure 2). A nozzle temperature of 225 ◦C results in the lowest observed
peak values for Ingeo 3D850/3052D and Ingeo 3D850/BASF ecovio IS133. At 235 ◦C,
UFP concentrations exceed 300,000 particles per cm3, regardless of the filament used.
Overall, most UFP concentration peaks appear around the print start, except for the first
two peaks for Ingeo 3D850/rGO at 235 ◦C, which are caused by filament loading and
unloading. Large spikes in UFP number concentrations at the start of the printing process is
an observation that is commonly reported in the literature [25] and is closely connected to
the mechanism of UFP generation. The mechanisms responsible for the decrease in particle
number concentration after print start can be attributed to the condensation of SVOCs
onto newly formed particles (lowering, in this way, the SVOC concentration), as well as to
particle diffusion, deposition, and agglomeration (rather than a decrease in emissions from
the printing procedure) [26,67].

While the rGO filament displays high concentration peaks for print temperatures at
215–235 ◦C, an interesting observation is that this filament has the lowest peak concentration
values of all filaments for a 205 ◦C nozzle temperature. The influence of higher temperatures
on increasing the emission potential is more pronounced on this filament since it is the
only one for which one level of temperature increase (205–215 ◦C) led to such a leap in
emissions; this fact can be attributed to the hydrolysis and oxidative chain scissions of
PLA [68] chains, attributed to the C-OH groups in rGO.

For larger particles (300–400 nm), the emission profiles are quite different, with
the highest peak appearing for Ingeo 3D850/BASF ecovio IS133 at 215 ◦C. At most
temperatures, Ingeo 3D850/rGO results in the lowest peaks, with all of them close to
10 particles per cm3. Dylos DC1700 recordings show one clear increase for particles larger
than 500 nm when printing with Ingeo 3D850/rGO at 235 ◦C. Since the instrument was
placed outside the enclosure, this peak can be attributed to the agglomeration of UFPs
exiting the non-airtight enclosure after the repeated high peaks. It is observed that the
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Dylos instrument concentration readings do not immediately follow the pattern of those
of the Aerotrak. This can also be also attributed to the placement of the Dylos outside the
enclosure, in the "far field" region.

The fluctuations of concentrations for all instruments, filaments, and temperatures
are presented in Figure 5, followed by a summary of the recorded peak concentrations in
Table 4. From this set of results, Ingeo 3D850/rGO seems to be the filament that is most
sensitive to temperature changes, in terms of the impact on emissions. Ingeo 3D850/rGO
displays the highest emission potential in temperatures close to the optimal printability-
wise, while Ingeo 3D850/BASF ecovio IS133 displays the lowest values, diminished by an
order of magnitude compared to the rGO-containing filament. Larger particles seem to
display a completely different emission profile. However, the focus of the study remains
on the UFPs, as these first larger particle channels (300–500 nm) correspond to the lower
priority sizes in terms of decreased respiratory system deposition capability [69], and the
emissions are of much lower magnitude.
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Table 4. Type A Results Summary.

Material Temperature
Max. Peak conc.

Value (UFPs) × 103

#/cm3

Process Phase
(Time)

Max. Peak conc.
Value (300–400 nm)

#/cm3

Process Phase
(Time)

205 47.4 Print Start
(11:58) 33 Print Start

(12:00)

215 58 Preheat
(11:55) 9.8 During printing

(12:17)

225 31.3 Print Start
(12:37) 22.5 Print End

(12:55)

Ingeo
3D850/3052D

235 343 Print Start
(12:43) 23.5 Print End

(12:59)

205 152
Filament
Loading
(13:19)

79.1 Preheat
(13:26)

215 15.9 Print Start
(14:07) 34.7 Print End

(14:25)
Ingeo

3D850/BASF
ecovio IS1335

225 14.3 During printing
(13:35) 11

Filament
Unloading

(13:41)

235 321 Print Start
(14:00) 11.7 Print End

(14:18)

205 15.3 Print Start
(14:41) 6.9 Print Start

(14:41)

215 109 Print Start
(15:07) 11.7 Preheat

(14:38)
Ingeo

3D850/reduced
Graphene Oxide

(rGO) 225 113 Preheat
(15:47) 11.3 Preheat

(15:45)

235 308 Print Start
(15:11) 8.8 Print Start

(15:11)

3.2. Measurement 3, 5 and 6 Results

The Type B experiments were performed with a 0.2 nozzle so that the results would
be more representative of microfluidic-relevant print conditions. The Type B experiments
were conducted with Ingeo 3D850/ 3052D and Ingeo 3D850/ BASF ecovio IS1335 only.
Regarding the Ingeo 3D850/rGO filament, the emission profile that was revealed from the
previous measurements, coupled with its increased hazard potential, led to the exclusion
of the material from the subsequent experiments. Two rounds of measurements were
conducted in order to record and compare the concentrations near the emission source
(measurement 3) and in an operator’s breathing zone (measurements 5 and 6), evaluating
the efficiency of controls (Figures 6 and 7). These measurements were targeted at assessing
the effects of longer-duration prints of objects close to those intended for mass production.
A comparison of the observed peak concentrations inside and outside the enclosure is
presented in Table 5.
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Table 5. Type B Results Summary.

Material Instrument
Placement

Max. Peak conc.
Value (UFPs) × 103

#/cm3
Process Phase

Max. Peak conc.
Value (300–400 nm)

#/cm3
Process Phase

Source 219 Preheat/Print Start 55.7 During PrintingIngeo
3D850/3052D Breathing Zone 7.66 Preheat 28.8 Print Start

Source 106 Print Start 34.5 During PrintingIngeo
3D850/BASF
ecovio IS1335 Breathing Zone 8.56 Print Start 15.3 During Printing

3.2.1. Measurement 3 (Impact of Shape)

In measurement 3, for all size bins under a 500 nm printing, Ingeo 3D850/3052D
generated concentration peaks that were about twice as high as those observed while
printing with Ingeo 3D850/BASF ecovio IS133, reaching values as high as 200 × 103 #/cm3

for UFPs. This higher emission potential of Ingeo 3D850/3052D compared to 3D850/BASF
ecovio IS133 for temperatures close to the optimal is consistent with the results of measure-
ment 1. Concentration peaks appear around the print start, indicating a high number of
initial emissions. The values gradually drop off during the printing time. Faster decreases
occur immediately after each printing ends. Values recorded by Dylos DC1700 show no
significant increases.
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Figure 6. Particle concentrations inside the printer enclosure for all instruments (measurement 3).
Background color denotes the filament used at any time. (a)—CPC 3007 readings (b)—Aerotrak
9306 readings (c)—Dylos DC1700 readings.

3.2.2. Measurements 5 and 6 (Operator Exposure)

Very low fluctuations appear for particles larger than 500 nm outside the enclosure,
while UFP peak concentrations are about fifty times lower than those inside the enclosure
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(Figure 7). It should be noted that the door of the enclosure is briefly opened around each
attempted print start, coinciding with the measured sudden upsurges of the concentrations.
This is performed as a necessary handling activity by the printer operator. As noted
in the first peak of the Ingeo 3D850/BASF ecovio IS133 print cycle, which represents a
print that failed very rapidly, even this quick print termination can lead to a spike of
emissions. Particularly when testing a completely novel filament material, where limited
printability guidelines are applicable, this emission episode can occur quite a few times,
since failed/incomplete prints may require frequent enclosure disruptions.

From this set of experiments, we can conclude that printing objects with microfluidic
design elements leads to significantly higher emission potential. Additionally, the enclosure
is an effective barrier in removing the largest part of the particles emitted. However, the
necessary enclosure disruption in high-emission process phases is directly reflected in the
exposure measurements and can lead to potential high-exposure episodes.
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3.3. Comparison with the Literature

Numerous FFF emission or exposure assessment studies have been described in the
literature [13,15]; however, the ones that have generated results that can be applicable
for comparison with the data produced in this study are those works that involved the
measurement of a printer within a workroom, excluding those measurements performed in
a clean room or an environmental chamber. The comparison-valid results can be compared
with the “breathing zone” particle measurements (measurements 5 and 6). The first study
that investigated 3D printing emissions was performed by Stephens et al. [17]. The measure-
ments were performed in a small office space (45 m3) and several operating configurations
were evaluated. These included 2 printers with PLA material feedstock functioning, as well
as another setup where 2 PLA-material and 3 ABS-printing devices were functioning at the
same time. For a UFP concentration-measuring instrument, they used the TSI Nanoscan
scanning mobility particle sizer (SMPS) 3910, which has a similar operating function as
the CPC used in our study. The objects manufactured were small-sized test objects (ap-
proximately 3 × 3 × 3 cm shapes), although not displaying any LoC characteristics. It
is worth mentioning that the air exchange rate of the workroom in this study was not
monitored; therefore, there is uncertainty about the particle removal capabilities. The
volume of the office space was also approximately 45 m3 and the instrument was similarly
positioned in a location close to the printer. The UFP concentrations were sustained at a
mean 27,800 #/cm3 for the entire course of the PLA filament measurements. It is worth
noting that the concentration increase profile is different from the one observed in our study.
In the measurements taken by Stephens et al., the concentration is progressively increasing
for part of the print process, and reaches a generally steady value, resulting in this relatively
high mean. Concentrations only decreased after the print finished. Conversely, as already
described, in the presently measured case, the peak (7660 and 8560 #/cm3, corresponding
to the two materials tested) is reached for the print start phase, followed by a tendency to
a general concentration decrease afterward. This significant difference can be attributed
to the enclosure and particle-filtering exhaust system of the printer used in this study, as
opposed to [17], where it is not specified if the printers that were used were enclosed. Ad-
ditionally, seeing that the workroom was a commercial office, the general ventilation may
not have been adequate to support sufficient removal, leading to the prolonged sustaining
of higher concentrations in the room.

Zontek et al. [66] evaluated two types of print environments, a “well-ventilated”
workroom accommodating a 3D printer with PLA feedstock material, and a “poorly
ventilated” office space in which a 3D printer with ABS filament material was used. For the
“well-ventilated” room, the concentration at the breathing zone spiked at 3780 #/cm3, at
the print start phase, in accordance with our measurements. For the “poorly ventilated”
workroom, the authors noted a quick concentration increase to 10,000 #/cm3 close to the
printer, which was observed in the surrounding room as well, while the process continued.
The particle concentration mapping showed that particle concentrations were increased
throughout the poorly ventilated room, while they remained locally increased around the
printer for the room with good ventilation. Quite importantly, although both printers used
in the study were equipped with enclosures, there was still a release of particles in the
work environment.

Similar peaks were also observed for the measurements inside the enclosures, between
the findings of [66] and our study. The authors report “print start” peaks higher than
300 × 103 #/cm3 when printing PLA at 230 ◦C, as is similar to our measurements at a
235 ◦C print temperature for all three filaments tested. Printing PLA material at 180 ◦C led
to concentration peaks of 200–250 × 103 #/cm3, which were significantly higher than the
ones observed for our set of “low print temperatures” at 205 ◦C, which ranged from 15.3 to
152 × 103 #/cm3. However, it should be noted that the difference in enclosure sizes and
clearance effectiveness or particle settling potential in enclosure walls is not accounted for.
The printers used in this study are significantly smaller than the one we examined. The
Makerbot Replicator X2 has a volume of 95,468 cm3 (52 × 44 × 41 cm) vs the 404,209 cm3
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(62 × 59 × 110.5 cm) of the Raise3D Pro2Plus. In terms of instrumentation, the instrument
used for the UFP concentrations was a CPC 3007, similar to our study. Finally, the authors
also applied a photoionization detector instrument to assess the VOC emissions inside the
printer enclosures, reporting that no fluctuations were detected for any print scenario, as is
consistent with our findings.

For both of these comparisons, it should be noted that none of the printers examined
in the literature studies were confirmed to be equipped with a HEPA filter. In the Stephens
et al. study [17], the data for the specific commercial device or enclosure has not been
defined, while in the Zontek et al. study [66], the MakerBot Replicator X2 possesses an
enclosure but no HEPA filtration capabilities. This can be considered an additional factor
for the difference in particle clearance effectiveness that was observed between the findings
of the study by Zontek et al. [66] and our findings.

3.4. Comparison with Exposure Limits

The Type B experiments performed through the Setup II (breathing zone), which are
represented by measurements 5 and 6, are the ones that most closely correspond to the
actual operating conditions of tests performed for printing microfluidic-relevant objects,
involving a series of interrupted, failed, and successful prints, over the course of some hours.
Additionally, these are the measurement locations that can most closely reproduce actual
concentrations in the breathing air of employees. As such, these are the measurements that
can be directly compared to exposure thresholds.

As of the time of the composition of this work, no health-based exposure limits have
been established for 3D printing particle emissions. Only one exposure limit related to 3D
printing emissions has been proposed, at 40,000 ultrafine particles/cm3 [70]. The exposure
limit is derived from a general exposure limit proposed for bio-persistent nanoparticles
of a density lower than 6000 kg/m3 that was generated in nanosafety research [71]. As
such, it should be noted that the applicability, as well as the preciseness of this limit
with regard to 3D printing-generated ultrafine particles, is questionable. In terms of a
comparison of the exposure data with this limit, the full array of controls applied in the
studied experimental setup leads to lower exposure levels than the proposed threshold.
However, substantial emission peaks are detected; therefore, it is reasonable to define a
number of exposure scenarios.

3.5. Exposure Scenarios

Based on the process description and the initial information collection activities,
in conjunction with the measurement results a number of exposure scenarios can be
formulated (Table 6). These scenarios describe occurrences that are realistically feasible
in the context of the occupational setting and their connection with exposure. Through
cross-evaluation of the scenarios with the measurement results, guidance on which process
tasks and activities may present the highest priority for safety measures can be developed.

As also expressed in the information-gathering table (Table 2), exposure scenarios
correspond to different employees and different task responsibilities within the workplace.

Table 6. Exposure scenarios.

Scenario
No. Scenario Description Exposure duration

and Pattern Applicable Controls Comments

1

Employee performing
printer and office work

within the printing room
for the whole duration of

the working day.

Employee exposed
to workplace

concentrations for an
8h shift.

Administrative controls,
shift optimization,

minimization of employee
presence during
print operations.

Exposure to both peaks
and sustained workroom

concentration. Can be
easily mitigated through

proper risk awareness and
administrative controls.
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Table 6. Cont.

Scenario
No. Scenario Description Exposure duration

and Pattern Applicable Controls Comments

2

Employee controlling the
printer during crucial

print stages
(print failure removal,

process inspection,
and monitoring)

but not present during the
whole print operation.

Employee potentially
repeatedly exposed to

high concentration
peaks for

short timeframes.

Ventilation, personal
protective equipment,

remote monitoring.

Employee presence and
interference with the
printer is needed for

specific processes and tests,
so many administrative

controls are inapplicable.

3

Employee regularly
checking print status but

not present during the
whole print operation.

If print proceeds
successfully, very short
exposure time. In case

of failure, see
scenario 2.

Ventilation, personal
protective equipment (in
case of peak stage entry).

Can be eliminated as a
need with remote

monitoring.

4 Printer Cleaning
and maintenance.

If performed during an
inappropriate print

phase (e.g., high
emission event), it can
lead to high exposure.

Administrative controls,
ventilation, personal

protective equipment.

Proper scheduling of
cleaning activities can
remove exposure risk.

5

Employee enters
workspace after print
completion (e.g., long
“overnight” prints).

Particle decay and
removal is expected to

lead to negligible
exposure levels,

provided that a level of
ventilation remains

in place.

Additional controls
not needed. -

4. Discussion

In this study, a site-specific series of measurements were performed, including emis-
sion (within the enclosure) and exposure (outside the enclosure) measurements. A number
of goals were attained:

• Lay out a methodology for a basic-level, but highly informative emission/exposure
assessment without the use of instruments, which, although very accurate and pro-
ducing detailed input, may be out of reach for a small-scale 3D printing workspace
(e.g., SMPS, GCMS).

• Enable basic-level emission assessments without the need for additional installations
and controlled chambers, utilizing printer enclosure features.

• Enable the identification of emission issues through the fewest possible experiments,
requiring minimal interference and with normal productivity or process disruption.

• Provide an additional dimension of supporting data on the printability test work-
flow, which is a well-established and widely practiced methodology in most 3D
printing workplaces.

• Minimize the material required, enabling comparative assessment of multiple filament
feedstock samples and reducing time-investment requirements.

• Produce data that can be highly valuable in the setting-up of a safe production capacity
in FFF 3D printing

The output is a series of insights and findings that are generated from the measure-
ments, which could assist in the selection of the optimal alternative between the three ma-
terials, fine-tune the printing parameters, and reveal issues regarding occupational safety.

This integrated methodology leads to the conclusion that the optimal alternative for
mass production of the parts, out of all the options studied, is the Ingeo-ecovio blend, which
displayed the lowest potential for emissions within the optimal temperature range. Nozzle
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temperatures at 235 ◦C or higher should be avoided for the presently studied materials
since they led to higher peak emissions (Figure 2).

In terms of occupational exposure, results showed that although the 3D printing of
microfluidic items can lead to an increase in emission potential compared to simple objects,
the fully enclosed 3D printing process leads to a concentration increase within the work-
place that does not lead to surpassing the proposed exposure limits. However, in view of
the uncertainties and the non-health-based status of the exposure limit, it is suggested that
operators should keep exposures to a minimum. Particularly in the high-emitting phases,
enclosure disruptions can lead to high short-term exposure; therefore, a standard operat-
ing procedure (SOP) using an FFP3 respirator for these events is suggested. As already
defined, this disruption may be needed for print monitoring purposes. Interestingly, the
high-emitting and more hazardous rGO-reinforced filament can be used in a low-emission
process profile, since the use of lower-range nozzle temperatures has been reported to
result in a substantially lower emission potential.

4.1. Suggesting a Methodology

The methodologies developed for the assessment of FFF process sustainability ought
to be aligned with the primary characteristics of the FFF method. In essence, they need to
be fast, uncomplicated, customizable, economical, and low in waste, in order to promote
the equivalent attributes of the FFF approach [4]. This applies if they are to be employed
widely and commonly in 3D printing workplaces.

Based on the objectives and the results of the measurement cycle, we have compiled
the main concepts of our approach into a proposed workflow for pre-assessment, leading
to optimized print processes. The proposed methodology, as implemented in this work, is
summarized in the following step-by-step workflow (Figure 8).

• Perform emission assessment in print objects of low complexity (e.g., hollow cubes) to
assess the different peak emission potential of the various candidate materials, as well
as the impact of different temperatures on emission potential.

• Perform an emission assessment in the objects to be produced, or objects display-
ing similar structural properties, to assess if specific object qualities could lead to
higher emissions.

• Perform cross-evaluation of emission assessment with printability test results, to assess
if there is any agreement or compromise between properties/printability and reduced
emission potential. Conclude with an optimal set of parameters.

• Use the optimal set of parameters to perform exposure assessment for prolonged prints
of the structurally relevant objects, to assess the efficiency of controls, and evaluate
potentially needed adjustments to work practices. Evaluation of the adequacy of
controls and the performance of amendments if this is deemed necessary.

• Compile data generated from the printability assessment, material performance, and
emission/exposure studies, to support the selection of all-around viable options in
terms of material selection, print parameter definition, and work practice refinement.

In scenarios where the candidate materials are numerous, each step can lead to the
exclusion of materials for use in subsequent steps, given that they exceed specific criteria
(e.g., a substantial increase in emission potential for a specific material, as revealed in our
study). Therefore, feedback circuits from the different experiment sets can be maintained,
to minimize the tests needed (e.g., not performing emission assessment in temperatures
that do not produce the required properties).

The conducted printability tests that are performed to arrive at a set of print tempera-
tures/settings for acceptable printability and quality should be cross-evaluated with the
above-produced results, as well as with any experiments related to the performance of the
test parts. This will lead to the definition of a balanced option between print quality, part
effectiveness, and emission safety.
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4.2. Study Limitations and Potential for Refinement

One of the limitations of this work is related to the limited repeatability of the ex-
periments. This is attributable to limited material availability before deciding on mass
production, within the constraints of small-scale research and development (R&D) activities.
However, the comparison of maximum peak concentration emission potential, as defined
by the maximum concentration peaks reached per experiment run for UFP, is proposed
as a means by which to prioritize the materials in terms of their capability of producing
hazardous levels of emissions.

Additionally, our approach is not based on quantifying emission rates, as defined in the
3D printing emission assessment standard [49]. If the performance of such a measurement
campaign is feasible, this would reasonably generate an additional level of useful data,
aside from the set of experiments that we propose. Advanced instruments can also assist
in producing more detailed data. A size distribution within the ultrafine range (e.g.,
obtained by an SMPS) could potentially reveal additional information on which of the
filament alternatives emits the most hazardous particles, as impacted by their size. The
collection of filter-based samples and their characterization using electronic microscopes
(e.g., through a scanning electron microscope) could inform researchers on the potential
of nanomaterial release, or its state upon release in our case, or highlight the structural
characteristics of emitted particles, which may impact their risk potential (e.g., high aspect-
ratio emitted particles).
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CPC and OPC are, however, the absolute minimum, as defined in the 3D printing
emission assessment standard as well [49], and may be quite an effective investment for a 3D
printing workplace. This is not only due to their accessible cost but also because the process
operational cost or the cost for exposure controls may be significantly reduced after the
long-term implementation of an emission assessment and reduction optimization strategy.

Based on the OECD methodology targeting engineered nanomaterials [51], high-tiered
assessments are applied when there are indications of significant emissions during initial
screening assessments. An expansion of the methodology presented in this work could
be an “advanced” level of assessment in cases where the highest-emitting material is
ultimately selected on the grounds that it outperforms every alternative selection in all
other aspects, necessitating further study of its emissions. Alternatively, the expanded
methodology could be applied if a certain threshold of emissions is exceeded, to provide
further data on the nature of the emissions.

One of the sources of uncertainty during 3D printing exposure assessment studies is
related to the shape of the print objects. Emission assessment should include prints of the
final objects; however, assessing the impact of temperature and object type at the same
time is impractical. Our methodology suggests assessing the most basic elements of the
print characteristic setup, such as the temperature and shape. However, this may not be
applicable in different cases, therefore adjustments to the assessment parameters of the
methodology may be required. Furthermore, in the case examined in this study, the results
were moderately conclusive in terms of the most optimal choice. In cases of additional
complexity, significant conflicting results may be generated between the sustainability
elements. This would present an opportunity for refinement of the approach.

The example used in the present study was the printing of a small LoC device. In the
process of performing this methodology for different scenarios and larger/longer prints, it
is reasonable to assume that a significant variation will be observed in the results for the
impact of the shape on emissions. Additionally, the printer that was employed possessed
HEPA filtration capabilities. Adaptations may be needed to the methodology and interpre-
tation of results when studying systems employing other emission control schemes (e.g.,
simple enclosure, HEPA and activated carbon filter, outflow fan only, saturated/clogged
HEPA filter, etc.), which will result in a high impact on the concentration fluctuations.

The position and the flow rate of the air purifier equipped with a HEPA filter were
maintained as constant throughout this study in the different scenarios. Additional expo-
sure experiments varying the position and the inlet velocity of the air purifier would benefit
the optimization of the room layout since changing these parameters greatly influenced the
airflow patterns in the room [72–74].

5. Conclusions

In this work, we performed an exposure assessment in a 3D printing workspace as an
assistive activity to material and process optimization. We identified the optimal materials
and print conditions and suggested safety practices. Based on our findings and lessons
learned from the measurement process, we propose a sequential workflow for assessment
before establishing the materials to be used and print properties to be applied for full-scale
mass production, using basic instrumentation for exposure assessment.

We identified the highest-emitting materials, the impact of the projected printed object
on emissions, and the temperatures to avoid and determined a set of exposure scenarios
through the cross-evaluation of work practices and measurement outputs. The main target
group for applying this methodology is research and development (R&D) 3D printing
workspaces, where the development and use of such novel filament materials would be
one of the key objectives. However, these findings are not limited to research environments;
3D printing workspaces that aim for mass production using conventional materials can
gain benefits from following such an approach as well. The experiments that we describe
can be performed initially on a small scale, informing the researchers about material
selection and printing condition setups for upscaled production. Considering there are
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quite a few filament material types that have been minimally or not studied at all, and
producing emission data for all commercially available filaments is a highly complicated
task, this can be informative for a quick selection between safer commercial materials even
if no specialized property or unique filaments are used. The exclusive use of low-emitting
materials can also reduce the need for the installation and maintenance of costly engineering
controls for emission removal, supporting a more cost-effective production setup.

Given that effective feedback channels between 3D printing operators, exposure
assessment engineers, and filament producers are established, extensive emission studies
on different filament formulations can lead to directions for developing low-emitting, safer-
by-design filament materials. Structured occupational exposure studies are invaluable in
defining the appropriate controls for emission clearance and safe 3D printing processes,
and are a crucial enabler for safe innovations in 3D printing materials.
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