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Additive Manufacturing for Occupational Hygiene: A Comprehensive Review of 
Processes, Emissions, & Exposures
A.B. Stefaniaka†, S Du Preezb, and JL Du Plessisb

aRespiratory Health Division, National Institute for Occupational Safety and Health, Morgantown, WV, USA; bNorth-West University, 
Occupational Hygiene and Health Research Initiative, Potchefstroom, South Africa

ABSTRACT
This comprehensive review introduces occupational (industrial) hygienists and toxicologists to the 
seven basic additive manufacturing (AM) process categories. Forty-six articles were identified that 
reported real-world measurements for all AM processes, except sheet lamination. Particles released 
from powder bed fusion (PBF), material jetting (MJ), material extrusion (ME), and directed energy 
deposition (DED) processes exhibited nanoscale to submicron scale; real-time particle number 
(mobility sizers, condensation nuclei counters, miniDiSC, electrical diffusion batteries) and surface 
area monitors (diffusion chargers) were generally sufficient for these processes. Binder jetting (BJ) 
machines released particles up to 8.5 µm; optical particle sizers (number) and laser scattering 
photometers (mass) were sufficient for this process. PBF and DED processes (powdered metallic 
feedstocks) released particles that contained respiratory irritants (chromium, molybdenum), central 
nervous system toxicants (manganese), and carcinogens (nickel). All process categories, except 
those that use metallic feedstocks, released organic gases, including (but not limited to), respiratory 
irritants (toluene, xylenes), asthmagens (methyl methacrylate, styrene), and carcinogens (benzene, 
formaldehyde, acetaldehyde). Real-time photoionization detectors for total volatile organics pro
vided useful information for processes that utilize polymer feedstock materials. More research is 
needed to understand 1) facility-, machine-, and feedstock-related factors that influence emissions 
and exposures, 2) dermal exposure and biological burden, and 3) task-based exposures. 
Harmonized emissions monitoring and exposure assessment approaches are needed to facilitate 
inter-comparison of study results. Improved understanding of AM process emissions and exposures 
is needed for hygienists to ensure appropriate health and safety conditions for workers and for 
toxicologists to design experimental protocols that accurately mimic real-world exposure 
conditions.

ABBREVIATIONS ABS : acrylonitrile butadiene styrene; ACGIH® TLV® : American Conference of 
Governmental Industrial Hygienists Threshold Limit Value; ACH : air change per hour; AM : additive 
manufacturing; ASA : acrylonitrile styrene acrylate; AVP : acetone vapor polishing; BJ : binder jetting; 
CAM-LEM : computer-aided manufacturing of laminated engineering materials; CNF : carbon 
nanofiber; CNT : carbon nanotube; CP : co-polyester; CNC : condensation nuclei counter; CVP : 
chloroform vapor polishing; DED : directed energy deposition; DLP : digital light processing; EBM : 
electron beam melting; EELS : electron energy loss spectrometry; EDB : electrical diffusion batteries; 
EDX : energy dispersive x-ray analyzer; ER : emission rate; FDM™ : fused deposition modeling; FFF : 
fused filament fabrication; IAQ : indoor air quality; LSP : laser scattering photometer; LCD : liquid 
crystal display; LDSA : lung deposited particle surface area; LOD : limit of detection; LOM : laminated 
object manufacturing; LOQ : limit of quantitation; MCE : mixed cellulose ester filter; ME : material 
extrusion; MJ : material jetting; OEL : occupational exposure limit; OPS : optical particle sizer; PBF : 
powder bed fusion; PBZ : personal breathing zone; PC : polycarbonate; PEEK : poly ether ether 
ketone; PET : polyethylene terephthalate; PETG : Polyethylene terephthalate glycol; PID : photo
ionization detector; PLA : polylactic acid; PM1 : particulate matter with aerodynamic diameter less 
than 1 µm; PM2.5 : particulate matter with aerodynamic diameter less than 2.5 µm; PM10 : particulate 
matter with aerodynamic diameter less than 10 µm; PSL : plastic sheet lamination; PVA : polyvinyl 
alcohol; REL : recommended exposure limit; SDL : selective deposition lamination; SDS : safety data 
sheet; SEM : scanning electron microscopy; SL : sheet lamination; SLA : stereolithography; SLM : 
selective laser melting; SMPS : scanning mobility particle sizer; SVOC : semi-volatile organic 
compound; TEM : transmission electron microscopy; TGA : thermal gravimetric analysis; TPU : 
thermo polyurethane; UAM : ultrasonic additive manufacturing; UC : ultrasonic consolidation; 
TVOC : total volatile organic compounds; TWA : time-weighted average; VOC : volatile organic 
compound; VP : vat photopolymerization
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Introduction

Additive manufacturing (AM) is the process of 
joining feedstock materials to make parts from 
a computer file (ISO/ASTM 2015). Parts made by 
AM are usually built using layer-upon-layer addi
tion of feedstock material, which differs from tradi
tional subtractive manufacturing where material is 
selectively removed to make a part or formative 
manufacturing methodologies where material is 
forged or molded to make a part. AM has been 
used for rapid prototyping and manufacturing 
since the early 1990s (Bourell 2016).

In 2004, a case of allergic dermatitis was reported 
in a worker who operated a vat photopolymeriza
tion machine (Chang et al. 2004), which to our 
knowledge was the first report of an adverse health 
effect associated with an AM exposure. When key 
patents on fused deposition modeling (FDM™) 
material extrusion machines expired in 2005, 
there was a surge in availability of low-cost 
machines that utilize fused filament fabrication 
(FFF) technology, what is now commonly referred 
to as 3D printers (Ford 2014). AM is colloquially 
referred to as 3D printing; however, these are tech
nically different. The term 3D printing has gener
ally referred to machines that were low end in price 
and/or capability (ISO/ASTM 2015), most com
monly those based on FFF technology, which is 
one variation of the material extrusion AM process 
category.

The availability of low-cost FFF 3D printers has 
led to a rise in their use for various industrial 
applications as well as in offices, classrooms, 
libraries, homes, and other non-industrial spaces. 
Stephens et al. first reported that FFF 3D printers 
emitted ultrafine particles (diameter < 100 nm) at 
rates that exceeded 10 billion particles/min in an 
office space (Stephens et al. 2013), which brought 
AM to the widespread attention of the occupational 
(industrial) hygiene community and set off 
a cascade of research on the topic. Though AM is 
gaining popularity in many industries (Ford 2014; 
Wu et al. 2020), some occupational (industrial) 
hygienists and toxicologists may not be familiar 
with all types of AM process categories and the 
substances released from these processes. Further, 
approaches to measure substances that are released 
into indoor air need clarification for appropriate 

selection of measurement methods for exposure 
assessments. Identification of appropriate measure
ment methods is also needed for design of toxicol
ogy studies to ensure exposures are based on real- 
world exposure conditions. Hence, the purposes of 
this comprehensive review were to: 1) introduce 
occupational (industrial) hygienists and toxicolo
gists to the seven basic AM process categories, 2) 
summarize available data on substances that are 
released from each of these process categories, 3) 
critically evaluate approaches used to characterize 
releases (emission rates [ERs] and concentrations), 
and 4) identify research needs to more fully under
stand emissions and exposures.

Additive manufacturing process categories

Based on internationally harmonized terminology, 
there are seven basic AM process categories:

● binder jetting (BJ) – a liquid bonding agent is 
selectively deposited to join powder,

● directed energy deposition (DED) – focused 
thermal energy is used to fuse materials via 
melting as they are deposited,

● material extrusion (ME) – material is selec
tively dispensed through a nozzle or orifice,

● material jetting (MJ) – droplets of build mate
rial are selectively deposited,

● powder bed fusion (PBF) – thermal energy 
selectively fuses regions of a powder bed,

● sheet lamination (SL) – sheets of material are 
bonded to form a part, and

● vat photopolymerization (VP) – liquid photo
polymer in a vat is selectively cured by light- 
activated polymerization (ISO/ASTM 2015).

An AM system consists of a machine and asso
ciated equipment needed to manufacture a part. 
Within an AM system, the build chamber is the 
location where the part is made and it is often, but 
not always, enclosed. Historically, the purpose of an 
enclosed build chamber was to maintain necessary 
conditions during a build cycle (e.g., atmospheric 
thermal stability). Some manufacturers now sell 
enclosed AM systems with filters intended for 
exposure mitigation (Katz et al. 2020). Within the 
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build chamber, parts are built on a build platform, 
which depending on the process may be positioned 
in a horizontal or vertical orientation and may or 
may not be heated. For DED, ME, MJ, SL, and VP 
the part is built attached to the build platform 
(directly or via support material) whereas in BJ 
and PBF the part is built in a powder bed and is 
not fixed to the build platform (ISO/ASTM 2015).

All AM parts are built from feedstock, which is 
the building material supplied to an AM process. 
As summarized in Table 1, feedstock may be in the 
form of solid powder, filaments, pellets and sheets 
or liquid resins. Some feedstock materials contain 
wood, metals, clays, carbon or glass fibers, cera
mics, engineered nanomaterials, flame retardants 
or other additives and fillers for functional or 
esthetic purposes (Ivanova, Williams, and 
Campbell 2013; Wu et al. 2020).

Binder jetting

From Figure 1(a), the basic operating principle of 
a binder jetting machine is as follows: 1) a blade 
spreads a thin layer of powder over the build plat
form, 2) a carriage with nozzles selectively deposits 
droplets of a binder in a pattern onto the powder to 
bond the particles together via a chemical reac
tion, 3) the powder bed is lowered incrementally 
and the blade spreads a fresh layer of powder on top 
of the hardened powder, 4) binder is again selec
tively deposited onto the powder bed and hardens 
the next layer of particles, and 5) the process is 
repeated until the final build cycle is built (Afshar- 
Mohajer et al. 2015). The final part is submerged in 
a powder “cake” and is recovered manually. For 

some machines, the feedstock powder and a liquid 
activator are mixed, and the binder is applied to the 
mixture to harden the material, whereas in others 
an activator and binder are mixed then sprayed 
onto the powder to harden the material. For this 
AM process category, pre-printing tasks include 
loading powder in the machine, post-printing 
tasks include opening machine doors and de- 
powdering printed parts, and post-processing 
might include spray coating of printed parts.

Directed energy deposition

In DED, the focused thermal energy source is 
a laser, electron beam, plasma, or electric arc. 
Feedstock materials are either in wire or powder 
form. From Figure 1(b), for wire, the feedstock is 1) 
fed into the path of the thermal energy source, 
where it 2) melts and drips onto the build platform 
in a molten pool and cools and hardens to form 
a shape. For powder, the feedstock is dispensed via 
a nozzle. The outer ring of the nozzle dispenses the 
powder and the inner ring is a laser, which melts 
the powder and sprays it onto the build platform. 
For flammable metal powders such as titanium, an 
inert atmosphere must be maintained in the build 
chamber (e.g., kept under vacuum or purged with 
nitrogen or argon gas or local inert gas shielding at 
the build platform similar to welding) and the AM 
machine must be properly bonded and grounded to 
prevent oxidation and fire (Bau et al. 2020). For 
DED, pre-printing tasks include loading wire or 
powder into the machine, post-printing tasks 
include opening machine doors to retrieving 
printed parts and cutting parts from the build plat
form, and post-processing can include machining 
operations to achieve final part dimensions.

Material extrusion

From Figure 1(c), solid polymer is 1) heated to just 
above its glass transition temperature and dis
pensed on a build platform, 2) layer-upon-layer to 
build a part. Numerous polymers are commercially 
available for ME, and each has unique properties 
such as thermal stability and chemical resistance 
(Wu et al. 2020). Variations of ME include fused 
deposition modeling (FDM™), a technique created 
and trademarked by Stratasys Inc., FFF, and large 

Table 1. Physical and chemical characteristics of AM process 
feedstock materials. Adapted from cit.(ISO/ASTM 2015; Wu 
et al. 2020).

Process Physical state Chemical composition
Binder jetting Solid powder Polymers, metals, ceramics, 

composites
Directed energy 

deposition
Solid wire Metals

Material extrusion Solid filament or 
pellets

Thermopolymersa

Material jetting Liquid resin Photopolymersa

Powder bed fusion Solid powder Polymers, metals, ceramics, 
composites, glasses

Sheet lamination Solid layers Polymers, metals, ceramics, 
composites, papers

Vat photopolymerization
Liquid resin Photopolymersa

aMay contain metals, ceramics, composites, nanomaterials, or other additives

JOURNAL OF TOXICOLOGY & ENVIRONMENTAL HEALTH, PART B 175



format additive manufacturing machines. Though 
FDM™ and FFF are similar, FDM™ generally refers 
to industrial-scale machines with enclosed heated 
build chambers, whereas FFF refers to lower cost 
desktop-scale ME-type 3-D printers (Bourell 2016; 
Ford 2014). FFF 3D printers with modified extru
der nozzles are used for bioprinting with cells to 
create 3D tissue models for pre-clinical medical 
research, pharmaceutical drug discovery, and 

toxicity testing, e.g., screening of chemicals for irri
tancy (Ma et al. 2018; Shahin-Shamsabadi and 
Selvaganapathy 2019; Wei et al. 2020). Pre- 
printing tasks include loading polymer into 
machines as filament or pellets, post-printing 
tasks include opening machine doors to retrieve 
printed parts, and examples of post-processing 
tasks are acetone vapor polishing (AVP) and 

Figure 1. Principles of additive manufacturing processes: (a) binder jetting, (b) directed energy deposition, (c) material extrusion, (d) 
material jetting, (e) powder bed fusion, (f) sheet lamination, and (g) vat photopolymerization. Numbers correspond to process steps 
given in the section on additive manufacturing process categories.
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chloroform vapor polishing (CVP) and sanding 
printed parts.

Material jetting

For MJ, liquid photopolymer resin is 1) dispensed 
onto a build platform via hundreds of micronoz
zles, 2) cured using an ultraviolet laser, and 3) the 
process repeated layer-by-layer to build a part 
(Figure 1(d)). Numerous resins are available com
mercially in a range of colors without and with 
additives that impart specific properties such as 
flexibility, surface appearance, etc. Pre-printing 
tasks include loading resin containers into the 
machine (exposures are expected to be low since 
most machines use a sealed container loading sys
tem), post-printing involves removing printed 
parts from the build platform, and post- 
processing usually includes washing (sometimes 
with ultrasound treatment) by submerging the 
part in water, followed by rinsing in a caustic bath.

Powder bed fusion

As shown in Figure 1(e), there are two main types 
of PBF processes, selective laser melting (SLM) 
that uses as a laser as the energy source and elec
tron beam melting (EBM) that uses an electron 
beam as the energy source (Zhang et al. 2018). 
Historically, PBF was referred to as selective laser 
sintering (SLS), though this term is incorrect 
because the powder feedstock is fully or partially 
melted, not sintered (which involves using a mold 
and heat and/or pressure) (ISO/ASTM 2015). For 
SLM/SLS: 1) a blade spreads a thin layer of powder 
over the build platform, 2) a laser is reflected onto 
the powder using a mirror and it is selectively 
melted, 3) the powder bed is lowered incremen
tally and the blade spreads a fresh layer of powder 
on top of the previously hardened surface, and 4) 
the process is repeated until the final build cycle is 
complete. In EBM, a high-powered electron beam 
selectively melts powder feedstock under near- 
vacuum conditions: 1) a rake pushes a layer of 
powder over the build platform, 2) an electron 
beam is focused using a lens system and selectively 
melts the powder, 3) the powder bed is lowered 
incrementally and the rake pushes a fresh layer of 
powder on top of the previously hardened 

surface, and 4) the process is repeated until the 
final object is built (Wu et al. 2020). Upon com
pletion of the final build cycle, the part is encased 
in powder (referred to as a “cake”) and must be 
recovered manually. An inert atmosphere must 
be maintained in the build chamber and the AM 
machine must be properly bonded and grounded 
to prevent oxidation of feedstock powder. 
Examples of PBF pre-printing tasks include pow
der weighing, mixing, and loading into the 
machine. Examples of post-printing tasks are 
opening the machine to retrieve a printed part, 
de-powdering (e.g., vacuuming) excess powder 
from the build platform, removing the build plat
form with attached printed part from the 
machine, and sieving used powder and refilling 
the machine. Post-processing tasks include cut
ting the printed part from the build platform and 
grinding.

Sheet lamination

In SL, a single 2-dimensional layer of feedstock 
material is placed on a build platform (also called 
a cutting bed for this process) and successive layers 
are added until the final build cycle is complete 
(Figure 1(f)). Feedstock materials include 2-dimen
sional sheets of paper or polymer, ceramic tape, and 
metal in the form of tape, films, or ribbons. 
Variations of SL include computer-aided manufac
turing of laminated engineering materials (CAM- 
LEM), laminated object manufacturing (LOM), 
plastic sheet lamination (PSL), selective deposition 
lamination (SDL), ultrasonic additive manufactur
ing (UAM), and ultrasonic consolidation (UC). 
These techniques differ in how they form and 
bond layers and are generally categorized as “form- 
then-bond” processes where, as shown in Figure 1 
(f), the 1) feedstock is cut to shape (pre-printing 
task), 2) then bonded to the previous layer (printing 
task) to 3) form a part (e.g., CAM-LEM) and 
“bond-then-form” processes where 1) feedstock is 
bonded (printing task), 2) then cut using a laser or 
blade or by milling during the build or after the last 
build cycle (post-processing) to 3) form a part (e.g., 
SDL, UAM, UC). The technique used to bond 
layers of feedstock vary and include adhesives 
(e.g., LOM, SDL, PSL) and ultrasonic weld
ing (UAM).
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Vat photopolymerization

The main components of photopolymer resin for 
VP printers are binders, monomers, and photoini
tiators (Wu et al. 2020). As shown in Figure 1(g), 
variations of VP technology include, but are not 
limited to, stereolithography (SLA), digital light 
processing (DLP), and liquid crystal display 
(LCD) (Wu et al. 2020; Zhang et al. 2018). SLA 
printers 1) scan a laser beam across the print area 
to 2) selectively cure resin on the bottom of a vat as 
series of points and rounded lines to build objects. 
DLP printers 1) use a high-resolution projector to 
flash black and white image slices of each object 
layer across the entire bottom surface of the vat at 
once, the projector is a digital screen that forms 
white areas of the projected image made of square 
pixels that are 2) cured using UV or multi- 
wavelength light from a lamp to build a part (Wu 
et al. 2020). LCD printers are similar to DLP tech
nology, in that they 1) also flash complete layers at 
the resin on the bottom surface of the vat; however, 
the light source is UV light from an array of light- 
emitting diodes shining through a liquid crystal 
display not a projector and 2) a screen is used as 
a mask that reveals only the pixels necessary for the 
current layer to be hardened. VP machines either 
use a “top-down” or “bottom-up” approach to 
build a part, though the former is more common 
(Wu et al. 2020). In “top-down” machines: 1) the 
build platform is lowered into the vat until it almost 
touches the bottom of the reservoir, leaving a thin 
layer of resin between the platform and vat, 2) 
a light source is aimed up at the build platform 
and hardens the resin, 3) the platform is incremen
tally raised to allow a new layer of resin to fill the 
gap between the platform and bottom of the vat, 
and 4) the light source hardens the new layer of 
resin and the process repeated until the last build 
cycle is complete (Wu et al. 2020; Zhang et al. 
2018). In the bottom-up approach: 1) a build plat
form is submerged just below the surface of the 
resin in a vat, 2) a light source is aimed down at 
the build platform and hardens the resin, 3) the 
platform is incrementally lowered and a roller 
pushes a new layer of resin across the previously 
hardened layer, and 4) the light source hardens the 
new layer of resin and the process repeated until the 
last build cycle is complete. Regardless of approach, 

the first solidified layer is attached to the build 
platform not the vat surface. For all variations of 
VP, pre-printing tasks include mixing and dispen
sing resin into vats (can be done outside of the 
machine or inside the machine) and/or loading 
a pre-filled vat into the machine. Post-printing 
tasks include opening the machine to retrieve the 
printed part, UV-curing to harden unreacted 
monomers, and ethanol cleaning to remove resin 
from part surfaces. Post-processing tasks can 
include sanding and drilling of the manufactured 
part.

General occupational hygiene considerations

AM applications and uses are rapidly growing; 
however, to date only a few publications have 
addressed worker safety and health. Deak (1999) 
first expressed the need for safe work practices in 
rapid prototyping laboratories and raised concerns 
over exposure to novel materials (chemicals), 
repeated exposure (sensitivity leading to allergic 
reactions), and potential long-term effects of expo
sures. Later, Short et al. (2015) performed risk 
assessments and hazard identification for three 
AM process categories (ME, BJ, and VP) and iden
tified contact with toxic chemicals (ranging from 
carcinogens to mucous membrane irritants), use of 
flammable and explosive materials (e.g. metal 
dusts), and irradiation of the eyes (UV radiation 
and lasers) as major potential hazards. Ryan and 
Hubbard (2016) reported a preliminary hazard 
assessment for MJ process category. Recently, 
Petretta et al. (2019) constructed a risk evaluation 
system for all AM process categories except SL. All 
AM processes present some form of hazard to 
workers; however, the potential for exposure varies 
among the seven categories (Bours et al. 2017; 
Petretta et al. 2019; Roth et al. 2019), as well as 
within process phases and the operating environ
ment (Roth et al. 2019). Inhalation of particles 
(including ultrafine particles) and semi- and vola
tile organic compound (SVOC, VOC) emissions, 
dermal exposure to binders, powders, resins, and 
solvents and UV radiation are now considered to be 
among the most important health hazards asso
ciated with AM (Petretta et al. 2019; Roth et al. 
2019). In particular, exposures to ultrafine particles 
(diameter < 100 nm) pose a challenge for 
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occupational hygienists who are accustomed to 
mass-based exposure measurements. Ultrafine par
ticles, because of their small size, have little mass 
and thus characterized in terms of number concen
tration. Exposure to ultrafine particles was shown 
to induce adverse cardiovascular effects (e.g., 
hypertension) in humans and experimental ani
mals. Further, because of their small size, these 
particles can penetrate to the deepest portion of 
the lung and translocate to extrapulmonary sites 
where they can induce toxic effects (Elder and 
Oberdörster 2006). At this time, there are no parti
cle number-based occupational exposure limits 
(OELs) so hygienists and toxicologists have no 
standard against which measurements can be com
pared to determine if exposures are acceptable or 
unacceptable. Some investigators characterized FFF 
3D printer particle number-based ERs as low (< 109 

#/min), medium (109 #/min), and high (> 109 

#/min) using criteria developed by He, Morawska, 
and Taplin (2007) for laser printers; however, these 
classifications are not related to health risks. 
Additional hazards of AM include electrical 
shock, thermal burns, mechanical injury (during 
maintenance and malfunction), noise, contact 
with biological agents (e.g., 3D bioprinting), fatigue 
(long shift durations), psychosocial stress, and 
repetitive manual tasks (ergonomics/human fac
tors) (Petretta et al. 2019; Roth et al. 2019).

Exposures need to be controlled via the hierar
chy of controls, which includes, but is not limited to 
proper facility and process design, ventilation and 
dust collection, adequate workspace, and, as a last 
resort, use of personal protective technologies such 
as respirators. Examples of effective controls for 
preventing or reducing exposures were described 
in the literature (Dunn et al. 2020b; Katz et al. 2020; 
Pelley 2018; Petretta et al. 2019; Roth et al. 2019).

Methods

The Scopus and PubMed databases were searched 
in July 2020 using the keywords (additive manufac
turing OR 3-d print* OR 3-dimensional) AND 
(emissions OR exposure), which returned 888 and 
416 citations, respectively. Each abstract was 
reviewed by one author to determine if the citation 
met the eligibility criteria for this review, i.e., avail
able in English language and reported original data 

on substances released from an AM process into 
a workplace or other indoor space that could be 
occupied by a person (all environmental test cham
ber studies were excluded). Based upon these cri
teria, 27 of the 888 citations from Scopus and 12 of 
the 416 citations from PubMed were retained. 
These 39 citations were merged, and 8 duplicates 
were removed, which resulted in 31 candidate arti
cles for detailed review. Next, both databases were 
searched using variations of AM process category 
and machine names. For example, for vat photo
polymerization, the keywords were (vat printing 
OR SLA printing OR DLP printing OR LCD print
ing OR continuous liquid interface production OR 
low force stereolithography) AND (emissions OR 
exposure). These search queries identified an addi
tional five citations that met our eligibility criteria 
and brought the total number of candidate articles 
to 36. All authors obtained these articles and 
reviewed them in detail. During this detailed 
review, an additional 6 articles that met our elig
ibility criteria were identified from citations in the 
articles, which raised the total to 42 articles. From 
the time of the initial literature review to 
December 31, 2020, four relevant articles were pub
lished electronically that were identified using 
a weekly key word search alert of the Scopus data
base, bringing the final total to 46 articles that were 
included in this review. Recently, Leso et al. (2021) 
reviewed 18 articles specific to workplace exposure 
assessments and discussed issues related to risk 
management and exposure mitigation and the 
reader is referred to that publication for more 
information on those topics.

AM process category emissions and associated 
exposures

Since the first publication on particle emissions 
from ME-type FFF 3-D printers in 2013 (Stephens 
et al. 2013), the number of articles related to emis
sions and exposures associated with AM published 
per year has increased and reached a maximum of 
17 in 2019 (Figure 2). With time, studies on the 
various AM process categories have diversified 
beyond just the ME process category, with studies 
of five different AM process categories published in 
the last two years respectively. AM emissions and 
exposure articles included in this review originated 
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from 23 countries, which highlights the global 
impact of this technology and international efforts 
to ensure that proper health and safety precautions 
are implemented during use. The USA was respon
sible or involved in 46% of published articles and 
France, South Africa, Singapore, and Sweden were 
responsible or involved in 7% of published articles 
(Figure 3).

For the purposes of this review, the term emis
sion was defined as any substance that was released 
from an AM process or associated task and the term 
exposures was defined as the amount of a substance 
that was measured in a person’s breathing zone, on 
their skin, or in a biological fluid. Additional details 
on hazards associated with metallic feedstock used 
in AM processes have been published (Chen et al. 

Figure 2. AM workspace emission and exposure articles published from 2013 to 2020 according to process categories and year of 
publication.

Figure 3. AM workspace emission and exposure articles according to countries of origin (drawn on mapchart.net).
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2020; Sousa, Arezes, and Silva 2019) as were addi
tional details on hazards specific to acrylonitrile 
butadiene styrene (ABS) and polylactic acid (PLA) 
filaments used in ME processes (Aluri et al. 2021). 
Literature on particle emissions and exposures are 
summarized in Tables 2 and 3, respectively. Gas- 
phase emissions and exposures are summarized in 
Tables 4 and 5, respectively. Several investigators 
reported comprehensive measurements for metals 
and/or VOCs; however, for brevity, only the top 
five substances by mass concentration from these 
studies were included in the tables. Emissions and 
exposures occur throughout the entire AM process, 
which includes pre-printing tasks (cleaning a build 
chamber, loading feedstock in a machine, etc.), 
printing, post-printing tasks (retrieving a printed 
part, unloading feedstock from a machine, etc.), 
and post-processing tasks (cleaning, polishing, 
machining and other manipulations of printed 
parts, etc.). Data presented herein are useful to 
occupational (industrial) hygienists for under
standing exposure potential and to toxicologists 
for developing experimental protocols based on 
real-world data for in vitro and in vivo studies.

Binder jetting

Two publications focused on BJ process emissions, 
one using gypsum powder as the feedstock material 
and the other using stainless steel powder; each 
printer was housed in university research lab 
(157 m3 room with two air exchanges per hour 
(ACH) and 70 m3 room, ACH not reported, respec
tively). No personal exposure monitoring data were 
reported in the literature for BJ processes. Overall, 
particle number concentrations measured with 
a mobility sizer during printing were 1 × 104 to 
3 × 104 #/cm3 and total volatile organic compound 
(TVOC) concentrations reached 1725 µg/m3 for the 
gypsum process and average particle number con
centration was 7000 #/cm3 for the stainless steel 
process (Afshar-Mohajer et al. 2015; Lewinski, 
Secondo, and Ferri 2019).

Afshar-Mohajer et al. (2015) performed real- 
time monitoring of airborne particles and TVOC 
concentrations for three different periods (before, 
during, and after printing with gypsum) and inves
tigated the effect of opening the machine lid on 
workplace contaminant concentrations. From 

Table 2, during printing, particle number concen
trations peaked at 0.9 to 1.2 × 104 #/cm3 for the 205 
to 255 nm size fraction; however, 54.3 nm sized 
particles were most evident at the beginning of 
printing. The highest number-based particle emis
sion rate (ER) occurred when the top cover of the 
AM machine was opened after printing (approxi
mately 4.4 × 104 #/min for the 305 to 407 nm size 
fraction). Particles with a size of 407 nm displayed 
the highest mass-based ER of approximately 0.9 ng/ 
min. Particle emissions up to 8.5 µm in size were 
measured with an optical particle sizer (OPS) 
(Afshar-Mohajer et al. 2015). Lewinski, Secondo, 
and Ferri (2019) observed little to slight increased 
average particle number concentrations for 0.3 to 
10 µm sized particles during printer setup (3.5 x 104 

#/cm3), printing (3.8 x 104 #/cm3), and during post- 
print powder de-powdering with stainless steel (3.3 
x 104 #/cm3) compared with background (3.3 x 104 

#/cm3). Scanning mobility particle sizer (SMPS) 
data indicated that emission of 60 nm sized parti
cles peaked approximately 30 min after the start of 
the printing process and reached a maximum of 
7000 #/cm3; however, the mean concentrations 
during background, printing, and de-powdering 
were similar (5900 #/cm3). During printing concen
trations total particulate mass collected on filters 
ranged from below the analytical limit of detection 
(LOD) to 80 µg/m3 (corresponding to a particulate 
matter with aerodynamic size less than 2.5 µm 
(PM2.5) concentration of 30 µg/m3) within 
one m of the printer and 20 µg/m3 at more than 
three m from the printer. The measured concentra
tions at 1 m from the printer did not differ from 
background, though the value measured at 
three m exceeded background (Lewinski, Secondo, 
and Ferri 2019).

For the gypsum powder BJ printer, TVOC con
centration increased prior to printing (machine in 
standby mode). When the printer was turned on, 
TVOC concentration rose only slightly but particle 
number concentration increased rapidly (Table 4). 
Hence, the binder solution (cyanoacrylate and 
hydroquinone) in the storage tank of the printer 
emitted VOCs even when the printer was not 
operational. The highest TVOC concentration 
measured was 1725 µg/m3 when the top cover was 
opened to remove the printed part (Afshar- 
Mohajer et al. 2015).
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Directed energy deposition

Only one study has reported emissions from a DED 
process in a manufacturing facility (room volume 
and ACH not reported). In that study, during print
ing, particle number concentration measured using 
a condensation nuclei counter (CNC) was 0.5 × 106 

to 1.5 × 106 #/cm3. Personal breathing zone (PBZ) 
monitoring was performed for metals, though no 
samples were collected for organic chemicals.

Bau et al. characterized airborne particle emis
sions and assessed operator’s exposure to airborne 
particles during DED utilizing 316 L stainless steel 
and Inconel 625 powder feedstocks (Bau et al. 2020). 
The operating procedure composed of 20-minute 
production cycles to evaluate the two materials 
while using two injection nozzles. Sampling took 
place at three locations during the manufacturing 
process and the transient door opening phase; simul
taneously, the operator’s personal exposure to hex
avalent chromium [Cr(VI)] was assessed. Emitted 
particles were often only a few nanometers in dia
meter and more than 90% were smaller than 
250 nm. From Table 2, their compositions corre
sponded with the feedstock powder, i.e., were pre
dominantly iron (Fe), chromium (Cr), manganese 
(Mn), molybdenum (Mo), and nickel (Ni); traces of 
Cr(VI) were quantified on some area samples. The 
operator’s exposure to Cr(VI) was below the analy
tical method limit of quantitation (LOQ) of 98 µg/ 
m3 for both feedstock powders. Personal exposure 
monitoring using a DiSCmini sampler worn by the 
operator indicated an increase in particle number 
concentration after the completion of each produc
tion cycle (5.0 x 106 #/cm3). During the production 
cycles, near field number and mass concentrations 
were ~104 #/cm3 and below 40 µg/m3, although far- 
field number concentrations were also on the order 
of 104 #/cm3. Results from the transient door open
ing task indicated high levels of particles (i.e., > 105 

#/cm3) similar with near field results. High levels of 
particles (> 5 × 105 #/cm3, 300 to 1300 µg/m3 inhal
able particles, and 200 to 6000 µg Cr(VI)/m3) were 
released inside the machine enclosure during the 
different production cycles. Both the material type 
and injection nozzle (10VX and 24VX) had 
a significant effect on particle number concentration. 
The 316 L stainless steel had the lowest particle 
number concentrations when the 24 VX nozzle was 

used, while Inconel 625 had the highest particle 
number concentrations with the 10VX nozzle. 
There are no apparent data on emissions from 
DED using wire feedstock; however, electric arc 
DED is similar to robotic electric arc welding and 
relevant literature was recently reviewed to describe 
AM worker health risks (Nagarajan et al. 2020).

Material extrusion

Twenty-eight publications contributed knowledge 
to current understanding of emission characteris
tics, factors that influence emissions, and factors 
that influence exposures for the ME process cate
gory. These publications reported measurements of 
ME processes at 39 different sites (Table 3), which 
included university labs, offices, school classrooms, 
college dormitories, research and development 
facilities, and manufacturing workplaces. Room 
characteristics ranged from an 8 m3 clean room 
(0.1 ACH) to a 777 m3 office workspace (ACH 
not reported). Among all investigations, particle 
ERs ranged from 1 × 105 #/min to 2.8 × 1012 

#/min, which reflected differences in feedstock 
materials, printer design, printing parameters, 
room characteristics, and sampling instrumenta
tion. From these assessments, average TVOC con
centrations ranged from 0.7 µg/m3 to 9 × 105 µg/m3 

and reported TVOC ERs were 2 to 3300 mg/min 
(Table 4). Personal exposure monitoring was per
formed for metals and organic gases, though all 
levels were below appropriate OELs.

Emission characteristics
Stephens et al. (2013) evaluated emissions from up 
to five desktop-scale FFF 3D printers while extrud
ing ABS and PLA filaments using an SMPS and all 
particle counts had sizes that were smaller than 
150 nm. Zhou et al. (2015) used an OPS to assess 
emissions from desktop-scale FFF 3D printers dur
ing extrusion of ABS filament. The highest number 
concentration was in the smallest size bin of the 
instrument, 250 to 280 nm, with almost no counts 
above 375 nm (Zhou et al. 2015). Multiple investi
gators have since demonstrated that particles 
emitted during desktop-scale FFF 3D printing 
were predominantly in the ultrafine (d < 100 nm) 
size range (Chan et al. 2020; Chýlek et al. 2019; 
Ding, Wan, and Ng 2020; Dunn et al. 2020a; Katz 
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Table 3. Summary of particle-phase personal breathing zone exposures among additive manufacturing workers.

Room (m3) ACH (h−1) Feedstocka Scenariob Samplerc Specifics Analysisd Analytee C (µg/m3) Cit.f

Directed energy deposition AM process category
NR NR 316 L SS End of build miniDiSC Real-time n/a Particles 5.0 x 106 # A

Material extrusion AM process category
66 NR ABS, PLA 

Employee 1
3-DP NRD 10 to 300 nm ICP-MS Al 10 B

40 NR ABS, PLA 
Employee 1

3-DP/AVP NRD 10 to 300 nm ICP-MS Al 20

40 NR ABS, PLA 
Employee 2

3-DP/AVP NRD 10 to 300 nm ICP-MS Fe 10

66 NR ABS, PC FDM™ NRD 10 to 300 nm ICP-MS Al Up to 10 C
NRD 10 to 300 nm ICP-MS Fe Up to 10

40 NR ABS, PLA 3-DP NRD 10 to 300 nm ICP-MS Al 10–20 D
76 NR ABS 3-DP NRD 10 to 300 nm ICP-MS Al 10–20

303 29 PEEK 
CNF/CNT

3-DP OFC (MCE) Total TEM CNF/CNT Present* E

Material jetting AM process category
90 0.22 estimated TangoBlack+, 

VeroClear
Printing NRD 10 to 300 nm ICP-MS Al Up to 10 C

NRD 10 to 300 nm ICP-MS Fe Up to 10

Powder bed fusion AM process category
NR NR Inconel 939 Pre-/printing tasks CFC (MCE) Total ICP-MS Cr 44 F

CFC (MCE) Total ICP-MS Co 38
CFC (MCE) Total ICP-MS Ni 99
CFC (MCE) Total ICP-MS Mn 0.17

NR NR Inconel 718, Ti64 Pre-/post-printing tasks Cyclone (CN) Inhalable GF-AAS Ni 12.5 G
Cyclone (CN) Inhalable GF-AAS Cr 3.5

Cyclone (CN) Inhalable ICP-MS Fe 10
Cyclone (CN) Inhalable GF-AAS Ti 11.5

Cyclone (CN) Inhalable FAAS Al 104
Cyclone (CN) Respirable GF-AAS Ni 0.6
Cyclone (CN) Respirable GF-AAS Ti 1.6

NR NR 304 L SS Printing – Year 1 IOM (MCE) Inhalable ICP-MS Cr 6.8–86.8 H
IOM (MCE) Inhalable ICP-MS Fe 114.7–253.8

IOM (MCE) Inhalable ICP-MS Ni 6.6–268.9
Printing – Year 2 IOM (MCE) Inhalable ICP-MS Cr 3.0–331.0

IOM (MCE) Inhalable ICP-MS Fe 23.9–283.3
IOM (MCE) Inhalable ICP-MS Ni 5.1–715.7

Printing – Year 1 OFC (MCE) Total dust ICP-MS Cr 2.0–59.4
OFC (MCE) Total dust ICP-MS Fe 100.8–253.8
OFC (MCE) Total dust ICP-MS Ni 2.0–256.1

NR NR Ti6Al4V Emptying print chamber miniDiSC Real-time n/a Particles 4.2 x103 I
PRS closed miniDiSC Real-time n/a Particles 0.6 x103

PRS open miniDiSC Real-time n/a Particles 1.5 x103

Baking miniDiSC Real-time n/a Particles 1.0 x103

Grinding miniDiSC Real-time n/a Particles 3.6 x104

aABS = acrylonitrile butadiene styrene, CNF = carbon nanofiber, CNT = carbon nanotube, PC = polycarbonate, PEEK = poly ether ether ketone, PLA = polylactic 
acid, SS = stainless steel 

b3-DP = desktop-scale fused filament fabrication 3-D printer, AVP = acetone vapor polishing post-processing task, FDM™ = industrial-scale fused deposition 
modeling machine, PRS = powder removal system 

cCFC = close-faced cassette, CN = cellulose nitrate filter, MCE = mixed cellulose ester filter, OFC = open-faced cassette, NRD = nanoparticle respiratory deposition 
sampler 

dFAAS = flame atomic absorption spectrometry, GF-AAS = graphite furnace-atomic absorption spectrometry, ICP-MS = inductively coupled plasma-mass 
spectrometry, TEM = transmission electron microscopy 

eAl = aluminum, CNF = carbon nanofiber, CNT = carbon nanotube, Co = cobalt, Cr = chromium, Fe = iron, Mn = manganese, Ni = nickel, Ti = titanium 
fA = Bau et al. (2020), B = Du Preez et al. (2018b), C = Stefaniak, Johnson, du Preez, Hammond, Wells, Ham, LeBouf, Martin, et al. (2019b), D = Stefaniak, Johnson, 

du Preez, Hammond, Wells, Ham, LeBouf, Menchaca, et al. (2019c), E = Dunn, Dunn, et al. (2020), F = Graff et al. (2017), G = Walter et al. (2018), H = Ljunggren 
et al. (2019), I = Jensen et al. (2020) 

# = number concentration (#/cm3) 
* Free CNT and polymer particles that contained CNF/CNT 
NR = not reported
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et al. 2020; Mendes et al. 2017; Stabile et al. 2017; 
Stefaniak et al. 2019c; Vance et al. 2017; Youn et al. 
2019; Zontek et al. 2019, 2017). There is no clear 
relationship between emitted particle size and poly
mer type or extrusion temperature (Chýlek et al. 
2019; Stabile et al. 2017).

The nanoscale size of particles released during 
ME processes can present challenges for character
ization of the physical and chemical properties of 
individual particles (Mendes et al. 2017). Steinle 
(2016) used transmission electron microscopy 
(TEM) to visualize particle morphology and size 
with energy dispersive x-ray (EDX) analysis to 
identify elemental constituents of individual parti
cles that were released from a FFF 3D printer dur
ing extrusion of PLA polymer. Two distinct 
morphology regimes were observed, nanoscale 
semi-spherical-shaped particles and nanoscale clus
ter particles with soot-like appearance that were 
composed of approximately 10 to 20 nm primary 
particles. Some semi-spherical particles contained 
potassium (K) and sulfur (S) and the cluster parti
cles were composed of carbon. Zontek et al. (2017) 
employed TEM-EDX to characterize aerosol 
released from FFF 3D printers during extrusion of 
ABS and PLA polymers and observed similar par
ticle morphology regimes as Steinle (2016); some 
particles contained aluminum (Al), silicon (Si), S, 
and/or titanium (Ti) (Zontek et al. 2017). As ilu
strated in Figure 4, other investigators subsequently 
confirmed the release of soot-like particles from 
FFF 3-D printers during extrusion of ABS and 
PLA polymers that were composed of carbon and 
sometimes Fe, magnesium (Mg), and Si (Katz et al. 
2020; Stefaniak et al. Stefaniak et al. 2019c; Youn 
et al. 2019). Oberbek et al. (2019) evaluated aerosol 
released during FFF 3D printing with a polymer 
that contained nanoscale hydroxyapatite (a calcium 
mineral) and noted release of spherical particles as 
well as particles with soot-like appearance that were 
composed of Al and carbon (but not calcium); the 
mean diameter of the soot-like agglomerates was 
570 nm and the average diameter of the primary 
particles was 22 nm (Oberbek et al. 2019). Mendes 
et al. (2017) characterized particles released during 
extrusion of ABS and PLA polymers in a test cham
ber using a volatility tandem differential mobility 
analyzer, and consistent with the presence of 
organic compounds in printer aerosol emissions, 

observed that the aerosols were composed of low 
and high volatility constituents. Katz et al. (2020) 
utilized TEM with electron energy loss spectrome
try (EELS) to discern the bonding state of elements 
in particulate released from FFF 3-D printers dur
ing extrusion of ABS polymer and identified carbon 
in π* states formed from sp2-hybridized carbon, 
which is the bond state for compounds with aro
matic ring structure.

Some investigators characterized the bulk chem
istry of feedstock materials and aerosol released 
during FFF 3D printing. Zontek et al. (2017) ana
lyzed the liquid phase aerosol released during 
extrusion of ABS polymer using attenuated total 
reflectance Fourier transform infrared spectroscopy 
and reported that it was composed of (tentative 
identification) cyclohexane, n-decane, ethylene- 
propylene-diene terpolymer, 1-decanol, and isocya
nic acid. Katz et al. (2020) characterized the com
position of particles released during extrusion of 
ABS polymer using an aerosol mass spectrometer 
and noted an elevated signal from aromatic derived 
ions (m/z = 77, 91, and 105) characteristic of poly
meric styrene. Importantly, Katz et al. (2020) 
observed that the mass spectral results were pre
served across particle sizes, which indicated that 
particle chemical composition was not size- 
dependent. Chýlek et al. (2019) performed thermo
gravimetric analysis (TGA) of 12 different types of 
polymers, including ABS, PLA, polyvinyl alcohol 
(PVA), co-polyester (CP), polycarbonate (PC), 
acrylonitrile styrene acrylate (ASA), nylon, and 
thermoplastic polyurethane (TPU) filaments and 
a TPU/PLA support material. Chýlek et al. (2019) 
reported that higher the total number of fine parti
cles released, the greater the total weight of these 
particles and postulated that TGA may be suitable 
to estimate particle-phase emissions from polymer 
filaments to produce low-emitting filaments. 
Zisook et al. (2020) characterized aerosol released 
during extrusion of ABS polymer and found that 
particles had spherical shape (no soot-like clusters 
observed) with sizes from less than 100 nm to 
approximately 150 nm; some particles contained 
Ni, S, and chlorine (Cl). Zisook et al. (2020) also 
analyzed bulk samples of the ABS filament and 
reported that consistent with the composition of 
aerosol, the filament contained S at 852 ppm 
(0.0852% by wt.) and Cl at 99 ppm (0.0099% by 
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wt.). Results of these real-world studies are gener
ally supported by observations from environmental 
test chamber evaluations of ME-type FFF 3D prin
ters. Ding et al. (2019) noted that ultrafine particles 
released during printing with ABS and PLA were 
partially composed of VOCs. Gu et al. (2019) found 
that particles released during printing with ABS, 
ASA, high impact polystyrene (HIPS), polyethylene 
terephthalate glycol (PETG), and PC-ABS began to 
evaporate at 150°C and only 25% of particles (on 

a number basis) remained when heated to 300°C, 
which indicated that particles were largely com
posed of semi-volatile organic compounds 
(SVOCs). Wojtyla et al. (2020) characterized speci
fic chemical constituents of bulk ABS and HIPS 
filaments using attenuated total reflectance 
Fourier transform infrared spectroscopy and com
pared these results to gas chromatography analysis 
of organic compounds evolved when pieces of the 

Figure 4. Morphology (a,b), size (c), and elemental composition (d) of soot-like cluster particles released during FFF 3-D printing. 
Reproduced under CC-BY-NC license from open access article by Youn et al. Characteristics of Nanoparticle Formation and Hazardous Air 
Pollutants Emitted by 3D Printer Operations: From Emission to Inhalation. RSC Advances. 9:19606–19612 (2019) – published by The 
Royal Society of Chemistry (Youn et al. 2019).
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same filament were heated to their printing tem
perature. ABS filaments contained methyl metha
crylate, acrylonitrile, styrene, 1,2-butadiene, and 
1,4-butadiene and evolved gases included methyl 
methacrylate, acrylonitrile, and styrene as well as 
several other organic compounds. For HIPS fila
ments, the dominant constituent was styrene, which 
was also quantified in evolved gas from the heated 
material (along with acrylonitrile, methylstyrene, 
cumene, ethylbenzene, toluene, 1-butanol, acetone, 
and/or, acetaldehyde). Vance et al. (2017) performed 
specific analyses of the chemical composition of bulk 
ABS and PLA filaments and aerosol released during 
FFF 3D printing. Interestingly, using Raman spectro
metry, it was determined that the spectra for both the 
ABS filament and its printed part contained peaks for 
styrene and acrylonitrile; however, these peaks were 
absent from spectra of emitted particles, which sug
gested that these particles were not the result of 
volatilization and subsequent nucleation of ABS or 
direct release of ABS aerosols. The PLA filament was 
a copper-infused polymer that contained 21.1 ± 0.3% 
copper, though copper was not detected in particles 
emitted during printing. Yi et al. (2016) quantified 
the elemental composition of ABS and PLA filaments 
and compared these results to the composition of 
aerosol released during filament extrusion using chil
dren’s 3D pen toys. Nine elements (Al, Ca, Co, Fe, 
Mg, Na, Ni, Si, and Zn) were quantified in the bulk 
filaments and in the aerosol; emission yields for ele
ments ranged from 0.03 to 0.005 ng/g filament 
extruded (cobalt) to 127 to 3168 ng/g filament 
extruded (iron).

Factors that influence emissions
The release of particle- (Table 2) and gas-phase 
(Table 4) contaminants from ME-type AM 
machines was influenced by polymer type, number 
of printers in operation, extruder nozzle tempera
ture, print step, filament feed rate, machine config
uration (cover on, cover off), and printer status 
(normal operation, malfunction).

Stephens et al. (2013) first reported polymer- 
dependent differences in particle number-based 
ERs; the value for ABS was higher than for PLA. 
Subsequently, investigators have measured emis
sions from a broader array of polymer types used 
in FFF 3-D printers and reported polymer- 
dependent differences (Chýlek et al. 2019; 

McDonnell et al. 2016; Stabile et al. 2017; 
Stefaniak et al. 2019c). For example, in one study, 
particle number-based ERs ranged from 106 #/min 
(PLA, PVA, TPU/PLA) to 109 #/min (ABS, ASA, 
PC, nylon); corresponding number-based yield 
values were 107 #/g polymer extruded (PLA, 
PVA), 108 #/g printed (support material, TPU/ 
PLA), 109 #/g printed (CP), and 1010 #/g polymer 
extruded (ABS, ASA, PC, nylon) (Chýlek et al. 
2019). A recent environmental test chamber study 
indicated that the presence of metal additives in 
feedstock filament resulted in higher number- 
based emission rates compared with neat filaments 
of the same polymer type without metals (Alberts 
et al. 2021). Mass-based particle ERs from a desktop 
scale-FFF 3D printer using ABS and PLA ranged 
from 2.8 to 7.3 µg/min (Katz et al. 2020). For 
industrial-scale FDM™ machines, particle number- 
based ERs were higher during extrusion of ABS and 
PC (2.2 x 1011 #/min) compared with Ultem® (4.1 
x 1010 #/min) (Stefaniak et al. 2019b). Dunn et al. 
evaluated workplace emissions in a facility that 
extruded poly ether ether ketone (PEEK) filament 
and PEEK filament with carbon nanotube (CNT) or 
carbon nanofiber (CNF) additives using filter-based 
sampling and a thermophoretic precipitator to 
directly capture particles onto a microscopy grid. 
From TEM analysis, polymer particles that con
tained CNFs and CNTs were present in all filter 
samples and free (unbound) CNT, free CNF, and 
polymer particles that contained CNFs and CNTs 
were identified in grid samples (Dunn et al. 2020a). 
The observation of polymer particles that contained 
CNTs is consistent with the results of an environ
mental test chamber evaluation of particle emis
sions from FFF 3-D printers during extrusion of 
ABS, PLA, and PC filaments that contained CNTs 
(Stefaniak et al. 2018).

Gas-phase emissions were also influenced by 
feedstock polymer type. In one study, average and 
peak TVOC concentrations were (from highest to 
lowest): nylon = PC > ABS = PLA (McDonnell et al. 
2016). In another study, the rank order of TVOC 
concentrations was: ABS (391 µg/m3) > PLA 
(255 µg/m3) > polyethylene terephthalate (PET, 
155 µg/m3) (Bravi, Murmura, and Santos 2019). 
For a room with seven printers extruding ABS 
and PLA simultaneously, the TVOC ER was 
3300 mg/min. For a sheer printer (hybrid FFF 
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printer and inkjet printer) that extruded PLA to 
create channels that were filled with silver ink, 
TVOC ERs (16 to 31 mg TVOC/min) were similar 
to desktop-scale FFF 3-D printers using PLA only 
(2 to 44 mg TVOC/min) (Stefaniak et al. 2019c). 
TVOC ERs for industrial-scale FDM™ machines 
ranged from 19 (ABS and PC) to 94 mg TVOC/ 
min (Ultem®), which is similar to desktop-scale FFF 
3-D printers (Stefaniak et al. 2019b). Väisäinen et al 
(2019) reported that levels of formaldehyde and 
acetone were similar for PLA filaments with wood 
additive (EasyWood™) or carbon fiber additive, but 
lower than from ABS with flame retardant additive. 
In that same study, there were measurable concen
trations of 23 individual VOCs released from 
EasyWood™, 20 individual VOCs released from 
PLA with carbon fiber additive, and 38 individual 
VOCs released from ABS with flame retardant 
additive. The five VOCs present at the highest 
average mass concentrations at the midpoint of 
the print jobs are presented in Table 4. In another 
study, the concentrations of individual VOCs 
inside the build chamber of a desktop-scale FFF 
3D printer were measured and concentrations dif
fered by polymer type, e.g., the rank order for 
styrene was ABS (69 µg/m3) > PLA (21 µg/m3) > 
PET (6 µg/m3). The authors suggested it might be 
possible to identify a “fingerprint” of VOC emis
sions for each type of polymer based on the percent 
mass accounted for by the major released sub
stances (Bravi, Murmura, and Santos 2019). For 
industrial-scale FDM™ machines, six different 
VOCs (acetone, benzene, styrene, toluene, m, 
p-xylene, and o-xylene) were measured in work
place air. During extrusion of ABS and PC, the 
concentration of acetone ranged from 5700 to 
3.3 × 104 µg/m3 whereas during extrusion of 
Ultem® it was 400 µg/m3 (Stefaniak et al. 2019b). 
Pinheiro et al. (2021) developed an optoelectronic 
nose and used it to identify VOCs emitted from 
ABS, PLA, and PETG filaments. Paper dye-based 
sensors were fabricated and placed inside the build 
chamber of an FFF 3D printer. Major VOCs iden
tified during printing with ABS were styrene, cycle
hexanone, isobutanol, and ethylbenzene, for PLA 
were isobutanol, methyl methacrylate, acetone, and 
lactide and for PETG were toluene, formaldehyde, 
and acetone (Pinheiro et al. 2021). Finally, it is 
interesting to note that results of an environmental 

test chamber study indicated that CNT additives in 
an ABS filament acted as a trap that lowered the 
total level of organic compound emissions under 
most experimental conditions; however, they ele
vated the emission levels of several hazardous 
VOCs, including α-methylstyrene and benzalde
hyde (Potter et al. 2019).

Particle number concentration in indoor air 
increases as the number of FFF 3D printers in 
operation increases (Bharti and Singh 2017; Youn 
et al. 2019). In addition, inhalable mass concentra
tion in a room rose from 300 to 700 µg/m3 as the 
number of desktop-scale FFF 3D printers in opera
tion increased, though respirable mass concentra
tion was reported to be higher for one printer (800 
µg/m3) compared with three printers (400 µg/m3). 
In that same study, isopropyl alcohol, acetone, 
ethanol, and TVOC concentrations were higher 
when three printers were in operation compared 
with one printer (Chan et al. 2020).

The temperature of the extruder nozzle has 
a major impact on emissions (Deng et al. 2016; 
Mendes et al. 2017; Stabile et al. 2017). As presented 
in Table 2, Stabile et al. (2017) extruded ten differ
ent filaments on a FFF 3D printer and reported that 
particle number-based ERs and alveolar lung 
deposited particle surface area (LDSA) dose rose 
as nozzle temperature increased from 180°C to 240° 
C. These nozzle temperatures spanned the range 
recommended by the filament manufacturer for 
PLA Wood 1, Flex PLA, CP, CP with carbon fiber, 
and nylon but as noted by the authors, some tem
peratures that were tested exceeded the filament 
manufactures recommendations for PLA, PLA 
Wood 2, PLA with copper, PLA with bamboo, 
and Ninja Flex®.

Typically, a rapid “burst” in particle concentration 
is observed at the start of an ME-type print job 
followed by a slower decay through the end of the 
last build cycle. To better understand this observa
tion, using ABS and PLA, Deng et al. evaluated the 
print process in four steps: 1) load a filament into the 
extruder nozzle, 2) heat the extruder nozzle and/or 
build platform to the desired temperature for the 
specific polymer type, 3) print a part, and 4) unload 
any unused filament from the extruder nozzle (Deng 
et al. 2016). For ABS, particle emissions were highest 
during step 2 (see Figure 5). During this step, the 
extruder nozzle reached its set temperature (200°C to 

200 A. STEFANIAK ET AL.



240°C, depending on the test) in a few minutes but 
the build platform required 10 minutes to reach its 
set temperature (110°C for all tests). As a result, the 
filament underwent thermal decomposition in the 
hot extruder nozzle while the build platform heated. 
This effect was not detected for PLA at extruder 
nozzle temperatures of 180°C to 220°C because the 
build platform took approximately one min to reach 
its set temperature of 60°C so the residence time of 
the filament inside the extruder was shorter (Deng 
et al. 2016). Subsequent reports confirmed that the 
rapid increase in particle number concentration at 
the start of printing was related to the prolonged 
filament residence time in the extruder nozzle during 

the heating step, not the print step because during 
printing the filament residence time in the nozzle 
was just a few seconds (Chýlek et al. 2019; Simon, 
Aguilera, and Zhao 2017). Simon, Aguilera, and 
Zhao (2017) in a follow-on to their field study con
ducted experiments in an environmental test cham
ber and reported that particle emissions were highest 
from the start of the print job through the comple
tion of the raft (layers of disposable polymer depos
ited onto the build platform to enhance adherence of 
the part to the platform), decayed to baseline while 
the sides of an object were printed, and increased 
steadily while the infill (repeated structure with 
defined pattern and density that fills the interior 

Figure 5. Increases in particle number concentration during heating step of print process for ABS polymer at nozzle temperatures (T) of 
200, 220, and 240°C and constant filament feed rate (FR) of 60 mm/min (top panel) and at filament FRs of 30, 60, and 90 mm/min and 
constant nozzle T of 220°C (bottom panel). Reproduced with permission from Deng et al. The impact of manufacturing parameters on 
submicron particle emissions from a desktop 3D printer in the perspective of emission reduction. Build Environ. 104:311–319 (2016) – 
published by Elsevier (Deng et al. 2016).
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space of a part) was printed. In another environmen
tal test chamber study, Bernatikova et al. (2021) 
demonstrated that particle number concentration 
rose rapidly during printer extruder nozzle heating 
and peaked during printing for PETG and styrene- 
free CP filaments. Oberbek et al. (2019) assessed 
particle number concentration and LDSA for six 
production events (turning on the 3D printer, back
filling nanocomposite granulate, starting printing, 
workers moving around the room, processing, 
checking devices, and ending the print process) dur
ing FFF 3D printing with a hydroxyapatite compo
site. Inside the partial enclosure surrounding the 
printer, particle number concentration did not 
exceed background for any event; LDSA values ran
ged from 0.26 to 0.64 µm2/cm3. In the room, particle 
number concentration only exceeded background 
during processing events (404 to 495 #/cm3); LDSA 
values were 0.57 to 0.62 µm2/cm3 during these 
events. The respirable mass concentration reported 
was just 0.02 µg/m3 (Oberbek et al. 2019).

Filament feed rate has been shown to influence 
the release of contaminants from desktop-scale FFF 
3D printers to indoor air (Chýlek et al. 2019; Deng 
et al. 2016; Simon, Aguilera, and Zhao 2017). As 
illustrated in Figure 5, for ABS and (to a lesser 
extent) PLA filaments, a feed rate of 60 mm/min 
resulted in higher particle number concentrations 
in a room compared with feed rates of 30 or 
90 mm/min (Deng et al. 2016).

Many FFF 3D printers were designed with loose 
fitting covers, walls, and doors that enclosed the 
build chamber but were not sealed for emissions 
containment. Zontek et al. (2017) measured the 
concentration of particles inside and outside of 
the enclosure of a desktop-scale FFF 3D printer 
and reported a 95% reduction in particle number 
concentration and 99% reduction in particle mass 
concentration during printing. Consistent with this 
observation, results from multiple workplace 
assessments demonstrated that particle concentra
tions in indoor air increased when a printer cover 
was removed and decreased when it was replaced 
(Du Preez et al. 2018b; Stefaniak et al. 2019c; Yi 
et al. 2016). Note that even with a cover in place, 
during operation of desktop-scale FFF 3D printers, 
the particle concentration in many indoor work
spaces is on the order of 104 to 105 #/cm3 (Du 
Preez, de Beer, and Du Plessis 2018b; Yi et al. 2016).

Generally, desktop-scale FFF 3D printers do not 
have a feedback mechanism that turns off the extru
der nozzle when the filament becomes jammed or 
there is a print error. As a result, filament in the 
extruder nozzle continues to be heated though the 
machine is not printing. Particle number concen
tration and LDSA dose, as well as TVOC concen
tration, were found to increase when a FFF 3D 
printer malfunctioned compared with normal 
operation (Mendes et al. 2017; Stefaniak et al. 
2019c; Väisänen et al. 2019).

Factors that influence exposures
No apparent data on exposures incurred during 
ME pre-printing tasks such as loading filament 
into a printer and cleaning printer surfaces were 
identified in the literature. Available data on perso
nal exposures during ME printing, post-printing, 
and post-processing tasks are summarized in Table 
3 and Table 5 for particle- and gas-phase contami
nants, respectively. Du Preez et al. (2018b) mea
sured PBZ exposures of workers that extruded ABS 
and PLA polymers on desktop-scale FFF 
3-D printers and ABS and PC polymers on indus
trial-scale FDM™ machines. The employee using 
FFF 3-D printers had exposures to low levels of Al 
(10 µg/m3 compared to its NIOSH Recommended 
Exposure Limit (REL) of 10,000 µg/m3) and acet
one (300 µg/m3 compared to its NIOSH REL of 
590,000 µg/m3) (NIOSH 2007). The employee 
using industrial-scale FDM™ printers had exposure 
to acetone that ranged from 290 to 7210 µg/m3 (Du 
Preez et al. 2018b). In another study, the same 
research group measured PBZ exposures to VOCs 
for workers that performed FFF 3D printing with 
ABS and PLA polymers (Stefaniak et al. 2019c). 
Employees working with ABS were exposed to up 
to six different VOCs; the highest PBZ exposures 
were to acetone and naphtha (mixture of hydro
carbons), though the latter was not attributed to the 
3D printing process. For employees that printed 
with PLA, up to eight different VOCs were quanti
fied in the PBZ; concentrations ranged from 0.6 µg/ 
m3 for methylene chloride (categorized as 
a carcinogen by NIOSH with no REL) to approxi
mately 9800 µg/m3 for isopropyl alcohol (RELs 
of = 980,000 µg/m3). In a separate study of indus
trial-scale FDM™ machine operators, employees 
that extruded ABS and PC polymers had low level 
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exposures to Al and Fe (NIOSH REL = 5000 µg/m3) 
that did not exceed 10 µg/m3. Employees that 
extruded ABS, PC, and Ultem™ polymers had expo
sure to acetone (40 to 1880 µg/m3), pentane (40 to 
110 µg/m3), cyclohexane (10 to 40 µg/m3), ethanol 
(30 to 80 µg/m3), and naphtha (2000 to 2300 µg/ 
m3), all of which were below their respective 
NIOSH RELs. In addition, low exposures of hexane 
(150 to 190 µg/m3 compared with the NIOSH REL 
of 180,000 µg/m3 and benzene (20 to 30 µg/m3 

compared with the NIOSH REL for this carcinogen 
of 319 µg/m3) were measured in the PBZ during 
extrusion of ABS and Ultem™, but not PC polymer 
(Stefaniak et al. 2019b). Dunn et al. (2020a) evalu
ated PBZ exposures at a facility that extruded PEEK 
polymer and PEEK polymer with CNT or CNF 
additives. TEM analysis of filter samples identified 
polymer particles that contained CNFs and CNTs 
in all samples. Free CNTs (unbound to polymer) 
were observed on one sample (Dunn et al. 2020a).

FDM™ machines have an enclosed build chamber 
to maintain a stable thermal environment during 
polymer extrusion. Once the last build cycle is 
completed, an operator must open the machine 
doors to retrieve the printed parts. Du Preez et al. 
(2018b). positioned a real-time CNC and 
a photoionization detector (PID) in the PBZ of an 
employee when doors to three industrial-scale 
FDM™ machines were opened. Each machine 
extruded a different polymer and builds were com
pleted 16.5 (ABS), 1.75 (PC), and 23.2 (Ultem®) 
hours prior. Upon opening, particle number con
centrations were relatively stable and low but peaks 
in TVOC concentrations of 1.7 x 104, 1600, and 
3600 µg/m3 were observed for ABS, PC and Ultem®, 
respectively (Du Preez et al. 2018b).

It is rare that a finished product can be entirely 
manufactured within a single process, and AM is 
no exception (ISO/ASTM 2015). As such, post- 
processing is often required to achieve a finished 
product. For parts made from ABS polymer, acet
one is used to vapor polish to achieve a smooth 
glossy surface appearance. For parts made from 
PLA polymer, chloroform is used to vapor polish. 
Du Preez et al. (2018b) measured PBZ exposures to 
metals for employees that extruded ABS and PLA 
polymers on desktop-scale FFF 3D printers and 
performed AVP and CVP tasks. During printing 
and AVP, personal exposures to metals were 10 µg/ 

m3 for Fe and 20 µg/m3 for Al. When an employee 
dispensed acetone into the polishing chamber using 
a syringe, the TVOC concentration in the room 
rapidly increased to 9 × 105 µg/m3. Once the cham
ber was sealed, the TVOC concentration in the 
room returned to background levels within 
20 min. When the chamber was opened to retrieve 
the polished part, the TVOC concentration in the 
room again rose steeply to approximately 9 × 105 

µg/m3. For the AVP task, six VOCs were quantified 
on PBZ samples; concentrations of acetone ranged 
from 380 to 6470 µg/m3. CVP was performed out
doors. When the employee poured chloroform 
onto a brush, the TVOC concentration increased 
to 2.4 × 105 µg/m3 and was 1 × 105 to 2 × 105 µg/m3 

while brushing the part. The employee’s PBZ expo
sure to chloroform during this task was 180 µg/m3 

(60-min REL of 978,000 µg/m3). Freiser et al. 
(2018) examined PBZ exposures to dust and 
VOCs during drilling of medical models of tem
poral bones that were printed using ABS or PLA 
polymers. The drill had a suction irrigator at the 
tool-part interface and levels of dust and VOCs 
were below their respective analytical LODs. 
Dunn et al. (2020a) reported that particle concen
trations in a manufacturing area rose to approxi
mately 1.5 × 105 #/cm3 when an employee cut parts 
made of PEEK polymer using a rotary tool.

Room ventilation influences emissions and 
exposures. Steinle (2016) determined emissions 
from a desktop-scale FFF 3D printer during extru
sion of PLA in a 180 m3 room with 2 air changes/hr 
(ACH) of general exhaust ventilation and a 30 m3 

unventilated room. Particle number concentration, 
respirable and inhalable dust concentrations, 
TVOC concentration, and methyl methacrylate 
concentration were all higher in the unventilated 
room compared with ventilated room. Zontek et al. 
(2017) examined emission from a desktop-scale 
FFF 3D printer during extrusion of PLA in 
a 600 m3 lab with 20 ACH and from another FFF 
3D printer during extrusion of ABS in a 162 m3 

room with 1.8 ACH. Particle mapping demon
strated a concentration build up throughout the 
162 m3 room but concentration remained localized 
around the printer in the 600 m3 lab, which indi
cated the potential for higher exposures in the 
room with less general exhaust ventilation 
(Zontek et al. 2017).
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Material jetting

Four studies were identified on the emissions from 
MJ machines (Ryan and Hubbard 2016; Stefaniak 
et al. 2019b; Väisänen et al. 2019; Zisook et al. 
2020). These studies reported measurements from 
five different workplaces, which included an office 
and industrial workplaces. Among workplaces, 
room characteristics ranged from a 48 m3 office 
(ACH not reported) to a 466 m3 research lab (2 
ACH). Particle number-based ERs measured using 
CNCs ranged from 1.5 × 109 #/min to 2.3 × 1010 

#/min, but rates based upon mobility particle sizer 
measurements were up to 2.1 × 1012 #/min. TVOC 
ERs were reported to be 2.5 × 104 mg/min to 
4.5 × 104 mg/min. One study determined PBZ 
monitoring results for metals and another PBZ 
exposures to organic gases.

The first study, by Ryan and Hubbard (2016) 
measured particles and VOCs inside a build cham
ber during printing with liquid (Object 
VeroWhitePlus) feedstock resin. Particle mass con
centration ranged from 3 µg/m3 (particulate matter 
with aerodynamic diameter less than 10 µm (PM10) 
outside the printer) to 30 µg/m3 (particulate matter 
with aerodynamic diameter less than 1 µm (PM1) 
inside the printer), with PM1 decreasing and PM2.5 
rising during printing (Table 2). Acetone, n-buta
none, 2-butanone, 1,4-dioxane, ethanol, isopropyl 
alcohol, and toluene were determined in the room 
(Table 4). 1,4-Dioxane, a potential occupational car
cinogen (NIOSH 2007), was present at the highest 
concentration (100 µg/m3); none of the other six 
VOCs exceeded 14 µg/m3 (Ryan and Hubbard 2016).

Stefaniak et al. (2019b) evaluated emissions at 
two AM facilities, both of which used the same 
model of industrial-scale MJ machine. Both facil
ities used TangoBlack+ and VeroClear resins and 
VeroWhite+ resin was also used at the second facil
ity. Particle number-based ERs (20 to 1000 nm size 
range) were 1.5 × 109 #/min (printer lid closed) to 
2.3 × 1010 #/min (printer lid open). ERs for particles 
in the 5.6 to 560 nm size range were higher, up to 
2.1 × 1012 #/min (lid closed). The higher ERs cal
culated from the particle counting instrument with 
lower size cutoff of 5.6 nm compared with the 
instrument with lower size cutoff of 20 nm, indi
cated that a significant number of particles were 
between 5.6 and 20 nm. ERs of particles in the 0.3 

to >20 µm size range were 8.5 × 103 #/min (lid 
closed) to 1.1 × 105 #/min (lid open). Scanning 
electron microscopy (SEM) analysis showed clus
ters of ultrafine particles and EDX analysis revealed 
that the particles were composed of carbon. TVOC 
ERs were 4.5 × 104 µg TVOC/min (lid closed) to 
2.5 × 104 µg TVOC/min (lid open) and were not 
influenced by the lid position. Among individual 
VOCs quantified, with the exception of acetalde
hyde (14 to 214 µg/m3), none of the compounds 
(acetone, benzene, ethanol, toluene, and m, 
p-xylene, or o-xylene) exceeded 1.4% of their 
respective NIOSH REL. Ethanol was used to clean 
the build platform of the machine prior to opera
tion at one facility and the area monitoring con
centration was 10,600 µg/m3, which indicated that 
non-printing tasks also contributed to room con
taminant levels. MJ machine operators’ PBZ expo
sures to VOCs at one facility included acetone (20 
to 80 µg/m3), ethanol (520 to 2020 µg/m3, 
REL = 1,900,000 µg/m3), isopropyl alcohol (70 to 
520 µg/m3), naphtha (1530 to 1710 µg/m3, 
REL = 400,000 µg/m3), and pentane (10 to 60 µg/ 
m3) (Stefaniak et al. 2019b).

Väisänen et al. (2019) characterized emissions 
and indoor air quality (IAQ) parameters during 
MJ printing and post-processing tasks using 
a transparent/clear liquid photopolymer resin (3D 
systems, VisiJet M2R-CL). Post-processing 
involved ultrasound treatment while submerging 
the manufactured part in a water container. No 
increase in particle number concentrations was 
evident during printing (mean ± SD: 980 ± 90 
#/cm3) compared with background (1050 ± 50 
#/cm3). Dust concentrations measured on filter 
samples never exceeded 30 µg/m3 during printing 
(Table 2). TVOC and individual VOCs levels were 
measured for the printing and post-processing 
tasks (see Table 4). The mean TVOC level during 
printing was 2496 µg/m3 compared with 1809 µg/ 
m3 during post-processing. Thirty-one different 
VOCs were quantified in air during printing, 
including isobornyl acrylate (1325 to 2076 µg/m3), 
2-furanpropanoic acid (127 to 164 µg/m3), aro
matic hydrocarbons, butylated hydroxytoluene, 
xylenes, toluene and ethylbenzene (between 22 to 
113 µg/m3). The same VOCs were prominent dur
ing post-processing as well as styrene (33 µg/m3). 
No short-chained carbonyl compounds were 
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detected during printing. The high TVOC and 
individual VOC concentrations might be attributed 
to aerosolization of the liquid feedstock that is 
jetted through a feeder nozzle at high pressure 
during printing. Carbon monoxide (CO) concen
trations, although very low, increased during print
ing to an average of 0.5 ppm (background 
mean = 0.1 ppm), while carbon dioxide (CO2) 
concentrations averaged 560 ppm (background 
mean = 540 ppm) (Väisänen et al. 2019).

Finally, Zisook et al. (2020) investigated particle 
and VOC emissions during MJ printing (8 hr) and 
post-processing tasks (80 min). The feedstock resin 
contained glycerin and acrylate compounds. Post- 
processing tasks involved transfer of the printed 
parts to a rinsing cabinet for cleaning with soapy 
water followed by rinsing in either a lye bath or 
sink. No particle emission data was reported, and 
the authors only indicated that emissions were 
either not detected or were very low. TVOC con
centrations were not distinguishable from back
ground concentrations during MJ printing nor 
post-processing tasks. Of the 61 VOCs and 9 
other compounds sampled for in this study, only 
toluene was detected in one sample during printing 
at a concentration above background (mean = 27 
µg/m3). Isopropanol (mean = 656 µg/m3) and pro
pylene (15 µg/m3) were detected during printing 
and isopropanol (492 µg/m3) was quantified during 
post-processing; however, concentrations were 
lower than in the background. According to 
Zisook et al. (2020) isopropanol may not represent 
emissions from the MJ machine and were asso
ciated with other products used elsewhere in the 
facility. No marked differences were found between 
levels of VOCs measured inside or outside of the 
machine (Zisook et al. 2020).

Powder bed fusion

Published literature associated with PBF was 
mainly focused on environments that utilize 
metals as feedstock materials. Of the 15 published 
articles related to PBF, 11 focused on metal feed
stocks and 4 on nylon polymers. Numerous stu
dies conducted static area monitoring using 
a variety of direct reading instruments in manu
facturing facilities, government research insti
tutes, and university lab settings. Room volumes 

ranged from 117 m3 (university lab, ACH not 
reported) to 1176 m3 (manufacturing facility, 
ACH not reported). Average particle number con
centrations (CNC data) during PBF and related 
tasks ranged from 1100 #/cm3 to 1.7 × 104 #/cm3; 
one study reported a particle number-based ER of 
2.8 × 1010 #/min. Many investigators used real- 
time instruments to measure particle mass con
centration; mean values measured using a laser 
scattering photometer (LSP) were 39 to 1.5 × 105 

µg/m3. TVOC concentrations during PBF with 
nylon powder were 113 µg/m3 to 1285 µg/m3. 
Four investigations of PBF processes that use 
metal powders included PBZ air monitoring for 
elements. No PBZ measurements for organic gases 
were found in the literature. Microscopic techni
ques have been used to conduct particle character
ization of workplace air; only 6 of 15 studies 
investigated personal exposures.

Static area monitoring
Throughout the investigation of particle number 
concentrations measured during all PBF process 
phases, peak concentrations were predominantly 
observed during manual tasks performed by the 
AM operator (Beisser et al. 2017; Graff et al. 2017; 
Kolb et al. 2017; Ljunggren et al. 2019; Walter et al. 
2018). Graff et al. (2017) found that peak particle 
number concentration in the 10 to 300 nm size 
range was 1.6 × 104 #/cm3 for the task of cleaning 
a PBF machine and concluded that the generation 
of particles smaller than 300 nm was limited in this 
AM workplace. Graff et al. (2017) also measured 
particles in the 300 nm to 10 µm size range and 
notted that peak particle number concentrations at 
the locations where machine opening, vacuuming 
and handling the build platform, sieving, cleaning, 
and filling the machine with powder tasks were 
performed ranged from < 50 #/cm3 to just over 
100 #/cm3. Numerous studies thereafter demon
strated that elevated particle concentrations were 
usually most evident during post-printing tasks 
with metals such as Inconel 781, Ti64, AlSi10Mg, 
and martensitic stainless steel. Post-printing tasks 
included machine opening, cleaning of the AM 
machine, powder refilling, part (build) removal 
and removal of excess powder (Kolb et al. 2017; 
Ljunggren et al. 2019; Philippot et al. 2020; Walter 
et al. 2018). Three studies (Damanhuri et al. 2019a, 
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2019b; Zisook et al. 2020) investigated emissions of 
nylon-12 (PA 2200) during SLM/SLS PBF and one 
study examined emissions from a glass reinforced 
nylon (polyamide) powder feedstock (Väisänen 
et al. 2019). Two of these studies were carried out 
at the same facility but on different occasions, and 
included real-time monitoring of respirable parti
cles, TVOC, and CO2 concentrations (Damanhuri 
et al. 2019a, 2019b). Particle number concentrations 
and CO2 concentrations were the highest during the 
pre-printing phases of both the studies. Powder 
weighing, mixing, and loading into the machine 
had the highest value of respirable particles (as 
PM2.5) at 1450 µg/m3. Formaldehyde was measured 
but no significant differences were detected during 
the different process phases. Overall, for TVOC, the 
highest peak values occurred during the post- 
printing phase and ranged from 1150 to 1600 µg/ 
m3 (Damanhuri et al. 2019b).

Väisänen et al. (2019) reported on PBF and 
multi-jet fusion (MJF) printer emissions while 
using glass reinforced nylon powder. MJF is similar 
to SLM/SLS as it also utilzes powdered feedstock 
polymers; however, rather than using a laser to 
sinter or melt the powder material, MJF uses 
a fusing agent and a detailing agent to bond the 
powders by infrared radiation (Wu et al. 2020). 
During post-printing, dust concentrations ranged 
from 0.1 to 2.57 mg/m3 (measured using 
a DustTrak™ instrument); stationary samples 
reached a peak of 5200 µg/m3 during PBF. Particle 
concentrations (1.5 x 104 to 2.2 × 104 #/cm3) 
exceeded background levels. Although the mea
sured TVOC concentrations were very low during 
PBF, formaldehyde was detected at 40 µg/m3. 
Relatively higher VOC concentrations were 
detected during MJF where a pressurized spray of 
binding chemicals was used; the mean TVOC con
centration of 1114 μg/m3 was almost three-fold 
higher compared with background (Väisänen 
et al. 2019). Evidence indicated that the use of 
binding chemicals during printing reduced the for
mation of airborne particles; however, dust concen
trations measured during MJF was of the same 
magnitude as concentrations from PBF post- 
printing. Zisook et al. (2020) found that mean 
total dust concentrations (measured using 
a DustTrak™ instrument) were 400 µg/m3 during 
the PBF post-print phase. Further, respirable and 

total particle concentrations exceeded background 
during powder handling and parts processing but 
were below applicable American Conference of 
Governmental Industrial Hygienists (ACGIH®) 
Threshold Limit Values (TLVs®); inorganic gases 
were not detected.

Numerous metal powders are commercially 
available for PBF manufacturing that consist 
of a variety of elements such as Al, Cr, cobalt 
(Co), copper (Cu), Fe, Mn, and Ti. Stationary 
air monitoring by Graff et al. (2017) indicated 
the presence of Cr (21 µg/m3 to 50 µg/m3), Ni 
(48 µg/m3 to 110 µg/m3) and Co (13 µg/m3 to 
42 µg/m3). Most investigators reported that 
detectable levels of metals were measured and 
complied with their specified OELs (Beisser 
et al. 2017; Kolb et al. 2017; Ljunggren et al. 
2019). Beisser et al. (2017) measured respirable 
and inhalable dust fractions of individual 
metallic elements for stainless steel and Ni-, 
Al-, Ti-, and Co-based alloys; metal concentra
tions were highest during post-processing 
(grinding, abrasive blasting). Cr(VI) was not 
detected in air when materials containing Cr 
were used. Gomes et al. (2019) employed sta
tionary monitoring at operator workstations 
and noted peak particle number concentrations 
of 1.8 × 104 #/cm3 along with LDSA values of 
457 µm2/cm3. Jensen et al. (2020) examined 
several tasks and found that grinding led to 
the highest rise in particle number concentra
tions of 2.5 × 105 #/cm3 and also led to LSDA 
values of 79.3 µm2/cm3; particle sizes were gen
erally less than 200 nm.

Particle characterization
Metal powder feedstock can be used as virgin (new, 
as provided by the manufacturer) or recycled 
(blend of used and virgin) powder. Several studies 
characterized both new and used metal feedstock 
powders. Mellin et al. (2016) investigated formation 
of nanoscale particle byproducts during PBF SLM/ 
SLS processing using Inconel 939 (Ni, Cr, and Co 
alloy). From SEM images, small spherical particles 
(called “satellites”) were observed in the recycled 
powder. Satellite particles (1.2 μm to 5.8 μm) 
became attached to larger particles (23.4 μm) dur
ing the processing phase and it was hypothesized 
these could detach from larger particles during 
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powder handling. Although personal monitoring of 
AM operators was not performed, it was found that 
small respirable metal particles (~1 μm to 2 μm) 
were generated during processing (Mellin et al. 
2016). Graff et al. (2017) also investigated Inconel 
939 powder but analyzed the feedstock using laser 
diffraction analysis to determine particle volume 
and number percentages. The powder supplier 
indicated that the powder particles were in the 
range of 15 μm to 45 μm; however, observed parti
cle sizes were much smaller (<10 μm). Sutton et al. 
(2020) examined stainless steel 304 L powder and 
confirmed morphological, microstructural, and 
surface chemistry differences between virgin and 
recycled powders used during SLM/SLS processing. 
Recycled powder consisted of a combination of 
laser spatter and condensate, and similar to Mellin 
et al. (2016) aggregates were found in the recycled 
powder indicating that vaporization of all elements 
occurred during SLM/SLS processing. In a study by 
Du Preez, de Beer, and Du Plessis (2018a) three 
different titanium alloy powders (virgin and 
recycled) used in PBF AM, together with their 
relevant safety data sheets (SDSs) were investigated. 
Feedstock powder was analyzed in terms of particle 
size, shape, and elemental composition. The results 
indicated that thoracic (<10 μm) and respirable 
(<4 μm) sized metal-containing particles were pre
sent in the virgin and recycled powders. Consistent 
with Graff et al. (2017) Du Preez, de Beer, and Du 
Plessis (2018a) also noted discrepancies in particle 
size and elemental composition compared with 
what was declared in the SDSs.

Damanhuri et al. (2019a) characterized nylon-12 
(polyamide) powder used during PBF SLM/SLS. 
The powder particles were relatively uniform 
sphere-shaped with size of 60 μm, which enabled 
the uniform spread of powder during SLM/SLS 
printing. Gomes et al. (2019) employed TEM- 
EDX for the analysis of stainless steel 316 L powder 
and specified the presence of nanoparticles, apart 
from some more coarse particles that were ascribed 
to the presence of unmelted powder particles. The 
powder composition was Fe, Si, Mn, S, and phos
phorus (P), which are the main elements present in 
steel (Gomes et al. 2019).

SEM analysis of virgin and used Hastelloy® (Ni, 
Cr, Fe, Mo, and Co) powder revealed particles in 
the size range of 4 to 10 µm; recycling of the 

powder caused fragmentation of particles to 
smaller sizes (Ljunggren et al. 2019). 
Agglomerates were present in recycled powder 
that were composed of ultrafine particles 
(d < 100 nm) attached to larger particles. EDX 
analysis revealed that ultrafine particles in the 
recycled powder contained similar elements as 
the virgin powder. Sodium (Na) and S were 
only found in ultrafine particle agglomerates 
from the recycled alloy powder. Philippot et al. 
(2020) provided a broad overview of several 
investigations that included PBF with different 
metal-based powders, though the authors did 
not specify the specific types of powders in their 
report. All SEM observations were in accordance 
with previous studies, i.e., there were morpholo
gical differences between the virgin and recycled 
powders with the presence of aggregated/agglom
erated nanoscale particle in the recycled powders 
(Du Preez, de Beer, and Du Plessis 2018a; Mellin 
et al. 2016; Sutton et al. 2020).

Personal exposure monitoring
Graff et al. (2017) conducted personal exposure 
monitoring for 45 min during PBF tasks that 
included opening an AM machine, vacuuming the 
build/base plate, handling of the build/base plate, 
sieving metal powder, cleaning an AM machine, 
and filling an AM machine with metal powder 
(Table 3). Personal exposure monitoring of opera
tors to inhalable metals confirmed exposure to dust 
(210 μg/m3), Cr (< 44 μg/m3), Ni (< 99 μg/m3), Co 
(< 38 μg/m3), and Fe (< 100 μg/m3). Graff et al. 
(2017) did not perform time weighted average 
(TWA) calculations, and therefore, could not com
pare exposure to Swedish legislative OELs of the 
individual metals. In another study, AM operator’s 
personal exposure to Inconel 718 and Ti64 powders 
were investigated simultaneously to determine 
their exposures during different AM tasks 
(Ljunggren et al. 2019). The results from the inhal
able and respirable particle fractions from personal 
sampling indicated that AM operators were 
exposed to detectable levels of Ni, Cr, Fe, and Ti, 
though background values were higher compared 
with the inhalable fraction. All personal exposure 
data complied with their respective Swedish OELs, 
except one AM operator’s personal inhalable expo
sure to Co (28.3 µg/m3). Their study compared the 
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AM environment to a welding environment and 
concluded that metal powder components were 
more evident in the AM environments.

Jensen et al. (2020) investigated emissions from 
Ti6Al4V during different AM-related activities, 
which included cleaning and opening/closing an 
SLM/SLS printer and grinding. In this study, the 
respirable mass concentrations of airborne particles 
were 20 µg/m3, which was below the 8-hour TWA 
OEL in Denmark.

Ljunggren et al. (2019) was the first to examine 
biomonitoring of urine and dermal contamination 
of AM operators during the PBF process. Data 
demnstrated that AM operators displayed detect
able dermal exposure to Co (110 ng/cm2), Ni (630 
ng/cm2), and Cr (370 ng/cm2) on the index finger 
of their dominant hand. Participants with the high
est levels of Co on their hands were the same 
individuals with the highest level of Co in urine. 
The biomonitoring results showed a non-signifi
cant increase in the level of Co (4.7 to 7.3 nmol/ 
L), Ni (23.2 to 33.0 nmol/L), and Cr (1.3 to 
1.8 nmol/L) in the urine of the AM operators at 
the end of the work week compared with controls 
(Ljunggren et al. 2019). Väisänen et al. (2019) 
found personal inhalable dust concentrations up 
to 9100 µg/m3 (PBF) and 2400 µg/m3 (MJF) during 
post-processing of glass reinforced nylon-12 
powder.

Sheet lamination

No apparent reports in the peer-reviewed literature 
on emissions or exposures from SL processes were 
identified.

Vat photopolymerization
Four studies reported particle and VOC emissions 
and exposures during VP printing and post- 
processing tasks (Freiser et al. 2018; Väisänen 
et al. 2019; Yang and Li 2018; Zisook et al. 2020). 
Of these studies, only one monitored real-time par
ticle concentrations in a 55 m3 apartment (ACH not 
reported) where the VP printer was operated; aver
age particle number concentration (CNC data) was 
8020 #/cm3 and mean particle mass concentration 
(LSP data) was 50 µg/m3. Organic chemical emis
sions were measured in a medical lab (room volume 
and ACH not reported), apartment (55 m3, ACH 

not reported), university room (155 m3, ACH not 
reported), university research lab (41 m3, ACH not 
reported), and industrial lab (28 m3, ACH = 8.6). 
Various sampling and analytical techniques were 
used to determine TVOC concentrations; values 
ranged from 84 µg/m3 to 1053 µg/m3 during print
ing and from 1774 µg/m3 to approximately 
11,000 µg/m3 during part washing. No PBZ mon
itoring data for elements were reported in the lit
erature and one study reported PBZ monitoring for 
isopropyl alcohol.

Freiser et al. (2018) measured personal expo
sures to particles and VOCs during high-speed 
surgical drilling of temporal bone models man
ufactured from photoacrylic resin (a mixture of 
methacrylic acid esters and photoinitiator). Total 
particle mass concentrations did not exceed the 
LOD of 1.4 µg/m3 and the only VOC detected 
during the 40-min drilling simulation was iso
propyl alcohol (590 µg/m3, NIOSH 
REL = 980,000 µg/m3). In this study, drilling 
was performed within one hr of post- 
processing, where isopropyl alcohol was utilized 
on the printed part, thereby increasing the like
lihood of detection (Freiser et al. 2018).

Yang and Li (2018) established a theoretical 
model of TVOC emissions during vat printing 
(SLA-type) with a methyl methacrylate-based feed
stock resin and during post-processing of printed 
parts. They measured the VOCs emitted when the 
SLA machine was not in operation (reference/back
ground) (10 min), during printing (93 min) and 
post-process UV-curing and ethanol cleaning of 
the manufactured part (10 min). The mean TVOC 
concentrations for the three phases were respec
tively 123 µg/m3, 1053 µg/m3 and 1774 µg/m3, 
with a peak concentration of 6177 µg/m3 during 
post-processing. Higher TVOC emissions were 
detected when printing surface area was increased, 
but that effect was dependent on the type of feed
stock resin (Yang and Li 2018).

Väisänen et al. (2019) characterized emissions 
and IAQ parameters during the printing and post- 
processing phases for two VP machine and feedstock 
material combinations (designated as scenario 1 
and 2). Scenario 1 involved the manufacture of den
tal products using a DLP printer and scenario 2 
involved the manufacture of miscellaneous parts 
using an SLA printer. During post-processing, excess 
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material was removed from the manufactured part 
surface by washing with isopropanol. In scenario 1, 
the mean particle number concentration during 
printing was 8020 ± 1780 #/cm3 (background: 
4420 ± 1620 #/cm3) with a peak of 13,510 #/cm3. 
Dust mass concentrations ranged from below the 
LOD (MCE filter in IOM sampler) to 120 µg/m3 

(MCE filters used with direct reading instrument) 
during post-processing (scenario 1). In scenario 2, 
particle number and mass concentrations were 
equivalent to background. Only one other study 
measured particle emissions during VP printing, 
and that was an environmental test chamber study. 
Consistent with the results of Väisänen et al. (2019) 
this chamber study reported that mean particle 
emissions yields were higher for DLP-type printers 
compared with SLA-type printers, which indicates 
that printer technology is an important factor that 
influences emissions (Stefaniak et al. 2019a).

Gas monitoring by Väisänen et al. (2019) demon
strated that in scenario 1, TVOC concentrations 
increased at the beginning of the printing phase 
(peak = 427 µg/m3) but decreased thereafter to levels 
lower than the background (< 218 µg/m3). Among 
the nine VOCs quantified, methyl methacrylate (27 
to 136 µg/m3), 2-butenoic acid methyl ester (55 to 
63 µg/m3), and 4-methyl-2-pentanone (3 to 76 µg/ 
m3) were the most prominent. In addition, Väisänen 
et al. (2019) quantified formaldehyde (12 µg/m3) and 
acetone (136 µg/m3), both of which are classified by 
NIOSH as potential occupational carcinogens 
(NIOSH 2007). During post-processing, the TVOC 
concentration was 1.1 × 104 µg/m3 and 8 VOCs were 
detected, including 4-methyl-2-pentanone (8139 µg/ 
m3), isopropanol (1658 µg/m3), tetrahydro-2-fura
nylmethyl pivalate (442 µg/m3), and methyl metha
crylate (292 µg/m3). CO concentrations rose during 
the printing phase and averaged 0.2 ± 0.3 ppm 
(range: 0.0 to 1.8 ppm; background mean = 0.0 ± 0.01 
ppm), with no changes in CO2 concentrations. Data 
suggested that CO was from an external source. For 
scenario 2, the TVOC concentration was elevated to 
a maximum of 176 µg/m3 during the printing phase 
(background = 55 µg/m3). The most prominent 
VOCs were methyl methacrylate (35 to 93 µg/m3), 
ethyl methacrylate (14 to 43 µg/m3), and isopropanol 
(8 to 24 µg/m3). Very low concentrations of buta
none (22 µg/m3), acetone (17 µg/m3), and formalde
hyde (3 µg/m3) were also detected. CO was not 

detected, and CO2 levels increased only slightly 
(510 ± 30 ppm) compared with background 
(460 ± 60 ppm). Consistent with their TVOC results, 
an environmental test chamber evaluation of VP 
printer emissions reported that mean TVOC yields 
were significantly higher for DLP-type printers com
pared with SLA-type printers (Stefaniak et al. 2019a).

Zisook et al. (2020) monitored particle and VOC 
emissions during SLA printing (4.5 hr) using 
a liquid photopolymer epoxy mixture containing 
organic compounds and a photoinitiator contain
ing triarylsulfonium salt. No particle emissions data 
were reported; in a well-ventilated room (129 m3, 
ACH = 8.6), emissions were either not detected or 
described as very low. Fluorine was detected in one 
of two samples, while antimony was not. TVOC 
concentrations were not distinguishable from back
ground concentrations during printing. Acetone 
(mean = 582 µg/m3) and isopropanol (1377 µg/ 
m3) were detected during printing at concentra
tions greater than background; however, Zisook 
et al. (2020) attributed both compounds to other 
products used elsewhere in the facility, not from 
AM machine emissions .

Approaches to monitoring AM process releases 
and personal exposures

Numerous sampling approaches were used to char
acterize particle- and gas-phase emissions from AM 
processes and to assess exposures among workers 
(Table 2–5). While there are many approaches 
available, not all samplers are appropriate for all 
AM processes, which leaves the occupational 
(industrial) hygienist to question – what is useful? 
Table 6 summarizes the advantages and limitations 
of the approaches used for emissions and exposure 
assessment from the literature summarized in this 
article. Though this table is focused on workplace 
measurements, the summary is also applicable to 
selecting instruments for characterization of emis
sions for lab toxicology studies. Real-time instru
ments provided time-resolved data that were useful 
for understanding fluctuations in concentrations in 
workplace air; however, most instruments were 
nonspecific, which necessitated inclusion of time- 
integrated sampling approaches to characterize the 
composition of particles and gases using off-line 
analyses.
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Table 6. Advantages and limitations of real-time instruments and time-integrated samplers used to characterize emissions and 
exposures from additive manufacturing processes.

Approacha Details Metric(s) Useb Commentc

Real-time particle monitors

PSM 1 to 3 nm #/cm3, size A + Lowest size cutoff among available instruments; used for ME process category 
− Instrument heavy and delicate which can limit use in workplace studies

F/SMPS 6 to 560 nm #/cm3, size A + Lower size cutoff sufficient for PBF, MJ, ME, DED, and BJ processes 
− Limited portability for field studies; some particles for ME and BJ outside size 
range

miniDiSC 7 to 400 nm #/cm3, size A, P + Lower size cutoff sufficient for PBF, MJ, ME, DED, and BJ processes 
− Slow response time (~ 7 sec) could underestimate exposure for short duration 
tasks

EDB 7 to 400 nm #/cm3, size A + Lower size cutoff sufficient for PBF, MJ, ME, DED, and BJ processes; good accuracy 
− Lower size resolution compared with mobility particle sizers

CNC 10 to 1000 nm #/cm3 A + Hand-held; lower size cutoff sufficient for PBF, MJ, ME, DED, and BJ processes 
− Wick has finite sampling duration; cannot count smallest particles

DC 10 to 300 nm #/cm3, size A + Hand-held; sufficient for PBF, MJ, ME, and DED processes 
− External “envelope” surface area only

LDSA 10 to 487 nm #/cm3, size, 
µm2/m2 lung

A, P + Hand-held; particle collection onto TEM grid; sufficient for PBF, MJ, ME, and DED 
processes 
− modeled value and generally only accurate in the 10 to 400 nm size range

AMS 30 to 1000 nm Size, mass A + Chemically resolved particle size and non-refractory mass distribution; used for 
ME process 
− Uncertainty with collection efficiency and ionization efficiency for organic 
aerosols

LSP 0.1 to 15 µm µg/m3 A + Gives PM1, PM2.5, PM10, and total particle mass concentrations; sufficient for BJ 
processes 
− Small particles emitted from PBF, MJ, ME, and DED processes scatter little light 
(poor signal)

OPS 0.3 to 10 µm #/cm3, size, µg/m3 A + Multiple metrics; particle collection onto TEM grid permits microscopic 
characterization 
− Many particles from PBF, MJ, ME, and DED processes smaller than lower size 
cutoff

Time-integrated particle samplers

Direct-to- 
substrated

Particles Shape, size, 
composition

A + Minimizes artifacts from sample handling; chemical information with appropriate 
detector 
− Time- and cost-intensive; individual particle analysis might not represent bulk 
sample

NRD Particles <300 nm A, P + Selective for nanoscale particles; successfully used for ME and MJ process 
categories 
− Nanoscale particles have little mass; sampler interferences possible (e.g., Ti in 
membranes)

PVC, TF Dust µg/m3 A, P + Simple; inexpensive; multiple sampling heads available for total and size- 
selective fractions 
− Gravimetric analysis nonspecific; insensitive for ME, VP, and MJ process 
categories

PVC, CN Elements µg/m3 A, P + Multiple elements; multiple sampling heads available for total and size-selective 
fractions 
− Incomplete digestions will underestimate mass; sample interferences possible

QFF Cr(VI) µg/m3 A, P + Specific to Cr(VI); multiple sampling heads available for total and size-selective 
fractions 
− Impregnated filter needed to prevent redox reactions of Cr compounds before 
analysis

TEPC Particles Shape, size, 
composition

A, P + Smooth surface for SEM analysis; chemical information with appropriate detector 
− Time- and cost-intensive; individual particle analysis might not represent bulk 
sample

Real-time gas monitors
PID 10.6 eV lamp TVOC A, P + High resolution (1 sec interval) 

− nonspecific; only measures organic compounds with ionization potential 
below eV of lamp

Sensor Various CO, CO2, HCN, NH3,  
NO2

A + Multiple gases from one instrument 
− Sample interferences possible from other gases

Sensor Semiconductor or UV- 
based

Ozone A + Hand-held; short response time; accurate 
− Need to select appropriate sensor a priori; slow response time at high 
concentrations

(Continued)
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Real-time particle monitors

Real-time instruments were used for enumeration 
of airborne particle number, mass, and surface area 
concentrations and/or determination of size distri
bution. As presented in Figure 6, a distinguishing 
feature among these real-time instruments was 
their particle size measurement range. The size 
range values depicted in the figure are typical for 
a type of instrument but might be lower or higher 
depending on the specific manufacturer, model, 
and instrument settings. For example, the typical 
size range of CNC instruments used in most of the 
reviewed studies was 10 to 1000 nm, though some 
investigators reported using instruments with mea
surement ranges of 2.5 to 1000 nm, 4 to 1000 nm, 7 
to 1000 nm, 15 to 1000 nm, and 20 to 1000 nm (see 
Table 2). Figure 6 also shows that sizes of airborne 

particles reported in the literature reviewed in this 
article varied among AM process categories 
because of differences in principles of operation, 
print parameters, and properties of feedstock mate
rials (no particle size data were reported for VP or 
SL machines), which indicates that careful selection 
of particle monitoring instruments is necessary. For 
example, Mendes et al. (2017) determined particle 
number concentration from a desktop-scale FFF 
3-D printer in a room using a miniDiSC monitor 
(10 to 700 nm range), CNC (10 to 1000 nm range), 
SMPS (5 to 350 nm range), and a particle size 
magnifier (PSM, 1 to 3 nm range). Reported parti
cle number concentrations were 2 × 103 to 4 × 103 

#/cm3 (miniDiSC), 1 × 103 to 3 × 103 #/cm3 (CNC), 
2 × 103 to 9 × 103 #/cm3 (SMPS), and 104 to 105 

#/cm3 (PSM). Data demonstrated that a significant 

Table 6. (Continued).

Approacha Details Metric(s) Useb Commentc

Sensor Electrochemical Formaldehyde A + Hand-held; specific 
− Slow response time (8 to 60 sec) could underestimate exposure for short 
duration tasks

Time-integrated gas samplers
Badge Individual VOCs µg/m3 A, P + Multiple compounds from one sample; no air sampling pump or tubing 

− Diffusion coefficient must be known for each sampled substance; generally 
ppm levels

Canister Individual VOCs µg/m3 A, P + Whole air sample; multiple compounds from one sample; sensitive; no air 
sampling pump 
− Bulky; humidity effects for some VOCs; not amenable for reactive VOCs (e.g., 
aldehydes)

DNPH Carbonyls µg/m3 A, P + Multiple compounds from one sample 
− Requires reaction with derivitizing agent and formation of stable product until 
analysis

Impinger Carbonyls µg/m3 A + Multiple compounds from one sample 
− Requires reaction with derivitizing agent and formation of stable product until 
analysis

TD tube Individual VOCs µg/m3 A, P + Many sorbents available to collect a wide range of VOCs; multi-compound 
analysis 
− Humidity and storage effects; adsorbent specific to compound or groups of 
compounds

OE nose Individual VOCs Presence A + Many dyes available for identification of VOCs; potential for personal sampling

− Time-intensive sample preparation; qualitative results
aAMS = aerosol mass spectrometer, CN = cellulose nitrate filters, CNC = condensation nuclei counter (e.g., CPC, P-Trak), DC = diffusion charger (e.g., NanoTracer), 

DNPH = 2,4-Dinitrophenylhydrazine-coated silica gel sorbent tube, EDB = electrometer-based diffusion battery, F/SMPS = fast/scanning mobility particle sizer, 
LDSA = lung deposited surface area (e.g., NSAM), LSP = laser scattering photometer (e.g., DustTrak™, EPAM), NRD = nanoparticle respiratory deposition sampler, 
OE nose = optoelectronic nose, OPS = optical particle sizer (e.g., Lighthouse, GRIMM, TSI 3300), PID = photoionization detector, PSM = particle size magnifier, 
PVC = polyvinyl chloride filter, QFF = quartz fiber filter, TEPC = track-etched polycarbonate filter, TD = thermal desorption tube, TF = Teflon® filter 

bA = area sampling, P = personal breathing zone sampler 
cBJ = binder jetting process category, Cr = chromium, Cr(VI) = hexavalent chromium, DED = directed energy deposition process category, eV = electron volt, 

ME = material extrusion process category, MJ = material jetting process category, PBF = powder bed fusion process category, PMx = particulate matter with 
aerodynamic diameter less than 1 µm, 2.5 µm, or 10 µm, SEM = scanning electron microscopy, TEM = transmission electron microscopy, Ti = titanium, 
VOC = volatile organic compound 

dDirect to substrate = sampling techniques that deposit particles directly onto a substrate for off-line analysis using scanning or transmission microscopy (can 
include energy dispersive x-ray detector, electron energy loss spectrometry detector, or other detector), attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR), or other characterization technique. Examples include critical orifice with TEM grid (Katz et al. 2020), electrostatic precipitator (ESP) 
with TEM grid (Mendes et al. 2017; Steinle 2016), mini particle sampler (MPS) with TEM grid (Bau et al. 2020; Jensen et al. 2020; Oberbek et al. 2019; Youn et al. 
2019), thermophoretic sampler (TPS) with TEM grid (Dunn, Dunn, et al. 2020a; Gu et al. 2019; Zisook et al. 2020; Zontek et al. 2017), nanometer aerosol sampler 
(NAS) with TEM grid (Gomes et al. 2019), and single-stage impactors with glass substrate (Zontek et al. 2017)
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number of 1 to 3 nm particles were detected by the 
PSM, which means that number-based ERs calcu
lated using mobility sizer or CNC data underesti
mated actual emissions (Mendes et al. 2017). In 
another study, it was reported that during FFF 3D 
printing, particle concentration measurements 
using an OPS (range: 0.3 to 10 µm) were negligible 
(i.e., < 0.1%) compared with SMPS measurements 
(Ding, Wan, and Ng 2020). For personal sampling 
of particle number concentration and size, the 
miniDiSC offers the lowest particle-size cutoff. 
Electrical diffusion batteries (EDB) possess similar 
lower size cutoffs to the miniDiSC but are larger 
and relatively heavier, which limits their utility as 
a personal sampler (Fierz et al 2009). Comparison 
of reported particle size measurement data in 
Figure 6 for different AM processes to instrument 
size measurement ranges yielded the following gui
dance for monitoring real-time particle number 
concentration: 1) PSM (1 to 3 nm) was sufficient 
for ME processes, 2) fast and scanning mobility 
particle sizes (6 to 560 nm) were sufficient for all 
five AM process categories with the caveats that 
smaller particles from ME processes and larger 
particles from BJ processes will not be counted; 3) 
miniDiSC (7 to 400 nm), EDB (7 to 400 nm), and 

CNC (10 to 1000 nm) instruments were sufficient 
for all AM process categories (with the same caveats 
as for fast and scanning mobility particle sizer 
instruments); 4) aerosol mass spectrometer (AMS) 
instrument (30 to 1000 nm) was employed for an 
ME process but for MJ and ME processes do not 
count particles smaller than 30 nm, for BJ machines 
do not count larger particles, but only measures 
non-refractory materials such that it is not useful 
for DED and PBF processes using metallic feed
stocks; and, 5) OPS (0.3 to 10 µm) instruments 
were sufficient for BJ, which released particles 
with size > 1 µm but not any other AM process 
category. This guidance has limitations because it 
was based upon results from instruments selected 
by investigators in the reviewed literature but may 
not capture all emissions. For example, PSM data 
was only reported for the ME process category so it 
remains unknown whether 1 to 3 nm particles were 
emitted by other AM process categories.

Real-time determination of particle mass con
centration (PM1, etc.) by LSP instruments (e.g., 
DustTrak™, Environmental Particulate Air 
Monitor) is based on total light scattering volume. 
As shown in Figure 6, many AM process categories 
emitted particles with diameters of 10s of nm; 

Figure 6. Literature reported particle sizes by additive manufacturing processes category (PBF = powder bed fusion, MJ = material 
jetting, ME = material extrusion, DED = directed energy deposition, BJ = binder jetting) as well as real-time particle monitoring 
instrument measurement size ranges. PSM = particle size magnifier (1–3 nm), F/SMPS = fast or scanning mobility particle sizer (6– 
560 nm), miniDiSC = minidisc monitor (7–400 nm), CNC = condensation nuclei counter (10–1000 nm), AMS = aerosol mass 
spectrometer (30–1000 nm), LSP = laser scattering photometer (100 nm – 15 µm), OPS = optical particle sizer (300 nm – 20 µm). 
Dotted lines = range (min-max).
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volume is proportional to diameter cubed so these 
smaller particles will scatter little light. An alterna
tive approach for mass-based measurement of 
emissions is an AMS, which vaporizes and ionizes 
particles then measures mass using a time-of-flight 
mass spectrometer (Katz et al. 2020). This approach 
relies on analysis of ion fragments, so it is more 
sensitive than light scattering photometer instru
ments for nanoscale particles; however, the instru
ment is less amenable to field measurements 
compared with photometers and is limited to non- 
refractory compounds. For monitoring real-time 
particle mass concentration, LSP (0.1 to 15 µm) 
instruments may be useful for BJ as this process 
category emits larger particles but may provide 
little information for processes (i.e., PBF, MJ, ME, 
and DED) where emissions are dominated by UFP 
and/or particles with density near or below 1 g/cm3 

such as many common polymers.
LDSA is a modeled value of particle surface area 

that deposits in the alveolar region of the lung 
(Gomes et al. 2019; Stabile et al. 2017). Instruments 
that report LDSA such as a Nanoparticle Surface 
Area Monitor use the International Committee on 
Radiological Protection lung deposition curves for 
a reference worker and therefore are not representa
tive of a specific individual’s exposure. Diffusion 
chargers (DC) provide an estimate of particle size 
and surface area (that can be used to model LDSA 
based on lung deposition curves). Both LDSA and 
DC instruments are based upon diffusion charging, 
which might deviate from other measures of surface 
area for monodisperse particles with sizes greater 
than approximately a few hundred nanometers 
(Todea et al. 2017). As such, LDSA (10 to 487 nm) 
and DC (10 to 300 nm) instruments might provide 
useful information for PBF, MJ, ME, and DED pro
cess categories (with the caveat that emitted particles 
with size smaller than 10 nm might not be counted) 
but not BJ processes because LDSA estimates will be 
inaccurate for larger particles.

Time-integrated particle samplers

Time-integrated particle sampling approaches can 
provide valuable information on particle morphol
ogy, size, and composition. Filter samplers have 
high versatility because these may be utilized to 
collect total dust, respirable, thoracic, and inhalable 

fractions, and other size-selective fractions (Table 
6). As noted, nanoscale particles have low volume 
and many polymer feedstock materials have density 
of approximately one (e.g., ABS, PLA), which trans
lates to little particle mass. The LOD for mass using 
a microbalance might be in the microgram range 
(Fierz et al 2009), which precluded the utility of 
filter-based gravimetric measurements for the ME, 
VP, and MJ process categories (Väisänen et al. 
2019). Mass spectrometry techniques exhibit 
lower LODs compared with gravimetric measure
ments and provide information on specific ele
ments captured on filters and other substrates 
(Tables 2 and 3). Size-selective sampling down to 
the nanoscale can be coupled with mass spectro
metry analysis to quantify low-levels of elements in 
workplace air or in the PBZ of workers. Mass spec
trometry is a powerful analytical technique because 
it might be calibrated for simultaneous quantifica
tion of multiple elements from the same sample. 
For example, Some investigators used NRD sam
plers and quantified low levels of elements in the 
PBZ of ME and MJ printer operators (Du Preez et 
al. 2018a; 2018b; Stefaniak et al. 2019b). Respirable 
and inhalable samplers were used successfully to 
quantify several metals in emissions and PBZ sam
ples during DED and PBF processes (Bau et al. 
2020; Ljunggren et al. 2019; Walter et al. 2018).

Other samplers included direct-to-substrate 
approaches such as electrostatic and thermophore
tic precipitators that collect particles onto an elec
tron microscopy grid, glass slide, or other substrate 
for off-line analysis by SEM or TEM with little 
sample preparation. For particles that contain vola
tile constituents, such as aerosol from ME pro
cesses, care should be taken that vacuum 
conditions and localized sample heating by the 
electron microscope beam does not volatilize par
ticles or alter particle properties (e.g., size, shape). 
Some investigators noted that filter-based samples 
were difficult to analyze by electron microcopy 
whereas TEM grid samples from a thermophoretic 
precipitator were amenable to morphological and 
chemical characterization (Gu et al. 2019; Zisook 
et al. 2020). Metal particles encountered during 
PBF processes were highly amenable to electron 
microscopy characterization (Du Preez et al. 
2018a; Mellin et al. 2016).

JOURNAL OF TOXICOLOGY & ENVIRONMENTAL HEALTH, PART B 215



Real-time gas monitoring

Numerous real-time instruments are available for 
monitoring gas-phase emissions and exposures. 
The most widely used real-time gas sampler for 
AM processes was a PID to determine TVOC con
centrations (see Tables 4 and 5). PIDs are rugged 
and either hand-held or small enough to be 
attached to a workers clothing; however, they are 
nonspecific and differences in ionization potential 
of lamps used in these instruments (usually 10.6 or 
11.7 eV) might result in differences in concentra
tion measurements. Further, VOC concentrations 
measured using PIDs can differ from concentra
tions measured using GC-MS because PID sensors 
are sensitive to humidity and interferents might 
initiate these sensors to under- or overestimate 
concentrations (Ra et al. 2019). Hence, it is difficult 
to compare TVOC concentrations measured using 
a PID amongst studies unless the materials and 
conditions are identical in workplaces. PIDs are 
useful for documenting changes in TVOC concen
trations relative to background. Alternatively, 
TVOC levels might also be determined by sum
ming the mass concentration of all individual 
VOCs collected on tube samplers (described 
below). As illustrated in Figure 7, a wide range of 
TVOC concentrations were found for 5 AM pro
cess categories, which indicated that this metric was 
broadly applicable for AM emissions assessments. 
In general, within a given AM process category, the 
highest TVOC concentrations were associated with 

post-processing tasks. Given the upper range of 
TVOC concentrations reported in the literature, 
PID instruments are expected to also be useful for 
AM process categories whereas tube samplers may 
be subject to breakthrough for high concentrations 
such as ME and VP post-processing tasks. 
Numerous sensors were used for real-time moni
toring of specific gases, including, but not limited 
to, hydrogen cyanide, formaldehyde, nitric oxides, 
CO, CO2, and ozone. Use of real-time sensors can 
be especially useful for reactive gases such as alde
hydes and ozone which otherwise would need to be 
stabilized during time-integrated sampling (usually 
through derivatization). The choice of specific gas 
sensor must be tailored to the anticipated process 
emissions for a given combination of AM process 
category and feedstock material. For example, 
Davis et al. (2019) observed in an environmental 
test chamber study that ME-type FFF 3-D printing 
with nylon filament released formaldehyde so real- 
time monitoring for this substance may be con
ducted for processes that use nylon feedstock mate
rials such as ME or PBF.

Time-integrated gas samplers

A variety of time-integrated sampling approaches 
were used for gas-phase contaminants, including 
passive badges, evacuated canisters, impingers, an 
optoelectronic nose, and tubes with myriad adsor
bents. The main advantage of most time-integrated 
sampling techniques for gases is that they may be 

Figure 7. Real-time total volatile organic compound (TVOC) concentrations measured using a photoionization detector (10.6 eV lamp) 
by additive manufacturing processes category (VP = vat photopolymerization, PBF = powder bed fusion, MJ = material jetting, 
ME = material extrusion, BJ = binder jetting). Data reported as either concentration, concentration range or peak concentration. Open 
symbols = pre-printing and printing/processing, Filled symbols = post processing.
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used for area air monitoring and personal exposure 
monitoring of specific chemical substances. Each 
time-integrated gas sampling approach given in 
Table 6 has its relative advantages and limitations. 
For example, passive badges do not use a sampling 
pump to draw air across the sampling media, which 
could be advantageous in some workplaces; how
ever, diffusion coefficients in the badge media need 
to be known for each analyte. The choice of sam
pling method is dependent upon the anticipated 
gas-phase contaminants to be released for a given 
combination of AM process category and feedstock 
material. Note that even within an AM process 
category, gas-phase emissions may vary from the 
same machine using different feedstock materials. 
Numerous standard sampling and analytical meth
ods for specific gas-phase contaminants are avail
able from the U.S. Environmental Protection 
Agency (Hazardous Waste Test Methods/SW-846 
| US EPA) (EPA EPA 2021), U.S. Occupational 
Safety and Health Administration (Sampling and 
Analytical Methods | Occupational Safety and 
Health Administration (osha.gov)) (DOL 2021), 
U.S. National Institute for Occupational Safety 
and Health (CDC – NIOSH Publications and 
Products – NIOSH Manual of Analytical Methods 
(2014–151)) (NIOSH NIOSH Manual of Analytical 
Methods (NMAM) 2021), and organizations such 
as ASTM International (Committee D22 on Air 
Quality – Published standards under D22 jurisdic
tion (astm.org)) (ASTM International 2021). The 
correct air sample collection media and analytical 
technique will vary depending upon the analyte of 
interest, expected environmental conditions during 
sampling, and capabilities of the laboratory or 
researcher. Among available analytical techniques, 
GC-MS is a powerful tool because it can be cali
brated for simultaneous quantification of multiple 
compounds from the same sample. Further, stan
dard mass spectra databases exist, which permit 
matching of sample spectra for qualitative identifi
cation of sample constituents. This latter advantage 
is especially useful for identification of byproducts 
formed by thermal degradation of feedstock, which 
might not be known prior to sampling. Further, 
some SDS do not report all possible product con
stituents (LeBouf, Hawley, and Cummings 2019), 
which makes it difficult to design a targeted emis
sion and/or exposure assessment strategy when 

analytes are unknown. Time-integrated sampling 
approaches for organic and inorganic gases are 
useful for assessments of AM process categories 
that utilize polymer feedstock materials (i.e., all 
but DED and PBF with metals).

Research gaps and needs

Available literature has increased our under
standing of workplace emissions and exposures 
from AM processes during the last 8 years 
(Figure 2); however, AM is dynamic and con
stantly evolving. New machine designs and inno
vations and new feedstock materials present 
challenges for occupational (industrial) hygie
nists to ensure appropriate health and safety 
conditions for workers and for toxicologists to 
design studies that accurately mimic exposures 
encountered in real-world conditions. At pre
sent, there is not one instrument capable of 
simultaneous real-time monitoring and charac
terization measurements that is appropriate for 
all AM process categories. Building on the lit
erature reviewed herein, we suggest the follow
ing areas for future research (no prioritization is 
implied by the order of the list) for occupational 
hygienists and toxicologists:

● Improve understanding of factors that influ
ence emissions and exposures in real-world 
settings

● Include all seven AM process categories (cur
rently no data are available for SL processes)

● Evaluate AM facility- or workspace-related 
factors

● Ventilation (general ventilation, HVAC sys
tems, local exhaust ventilation, etc.) and effec
tiveness thereof

● Evaluate AM machine-related factors
● Machine design (sealed, filters, built-in venti

lation, etc.) and operating configurations 
(doors open/closed, etc.)

● Evaluate feedstock-related factors
● Formulations (constituents, especially those 

not declared on SDSs)
● Additives (engineered nanomaterials, color

ants, plasticizers, flame retardants, esthetic, 
and functional materials)
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● Recycled powders and polymers compared 
with virgin feedstocks

● Expand exposure assessments to include the 
dermal exposure pathway and biological mar
kers of exposure, where available

● Develop predictive models for rating emissions 
from bulk characteristics of feedstock materials 
to inform users

● Perform more field assessments to understand 
which tasks contribute most to exposures 
throughout an AM process (pre-printing, 
printing, post-printing, and post-processing)

● Develop internationally harmonized methods 
for workplace assessments of emissions and 
exposures and data reporting that include rele
vant particle metrics (number count and surface 
area for processes such as ME that predomi
nantly emit UFP and mass for processes such 
as BJ that emit micron-scale particles) and vola
tile organic and SVOC compound monitoring 
approaches for all but metal-based processes

● Promote prevention-through-design concepts 
in machine design and operator training to 
reduce emissions and exposures

● Develop real-time instruments that are suffi
ciently sensitive and portable to measure sub
stance-specific mass ERs

● Evaluate emissions and exposures from multi
ple types of AM process categories operating 
simultaneously in the same space for additive 
or synergistic effects.
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