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Abstract

Additive manufacturing (AM) refers to several types of processes that join materials to build 

objects, often layer-by-layer, from a computer-aided design file. Many AM processes release 

potentially hazardous particles and gases during printing and associated tasks. There is limited 

understanding of the efficacy of controls including elimination, substitution, administrative, 

and personal protective technologies to reduce or remove emissions, which is an impediment 

to implementation of risk mitigation strategies. The Medline, Embase, Environmental Science 

Collection, CINAHL, Scopus, and Web of Science databases and other resources were used to 

identify 42 articles that met the inclusion criteria for this review. Key findings were as follows: 1) 

engineering controls for material extrusion-type fused filament fabrication (FFF) 3-D printers and 

material jetting printers that included local exhaust ventilation generally exhibited higher efficacy 

to decrease particle and gas levels compared with isolation alone, and 2) engineering controls for 

particle emissions from FFF 3-D printers displayed higher efficacy for ultrafine particles compared 

with fine particles and in test chambers compared with real-world settings. Critical knowledge 

gaps identified included a need for data: 1) on efficacy of controls for all AM process types, 2) 

better understanding approaches to control particles over a range of sizes and gas-phase emissions, 

3) obtained using a standardized collection approach to facilitate inter-comparison of study results, 

4) approaches that go beyond the inhalation exposure pathway to include controls to minimize 

dermal exposures, and 5) to evaluate not just the engineering tier, but also the prevention-through-

design and other tiers of the hierarchy of controls.
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Introduction

Additive manufacturing (AM) is a broad term for several types of processes that join 

materials to build objects from a computer-aided design file, often using layer-by-layer 

methodology. Based upon harmonized terminology, there are seven basic AM process 

categories: binder jetting (BJ), directed energy deposition (DED), material extrusion 

(ME), material jetting (MJ), powder bed fusion (PBF), sheet lamination (SL), and vat 

photopolymerization (VP) (ISO/ASTM 2015). Details on the principles of operation and/or 

feedstock materials used in each process category are described in recent reviews (Chen et 

al. 2020; Stefaniak, Du Preez, and Du Plessis 2021a; Zhang et al. 2018). With the exception 

of SL, for which there are no apparent monitoring data available, it is well established that 

potentially hazardous particles and gases are emitted throughout AM processes including 

pre-printing, printing, post-printing, and/or post-processing tasks, which may result in 

occupational exposures (Aluri et al. 2021; Chan et al. 2020; Leso et al. 2021; Stefaniak, 

Du Preez, and Du Plessis 2021a).

For AM, the primary exposure pathways are the dermal and inhalation routes. The relative 

risk for each route varies with the process category and feedstock material. Allergic contact 

dermatitis was observed among VP and MJ process workers who had skin contact with 

liquid photopolymer resin feedstocks (Chan et al. 2018; Chang et al. 2004; Creytens et al. 

2017). A case of work-related asthma was attributed to the inhalation of emissions from 

several ME-type fused filament fabrication (FFF) 3-D printers operating simultaneously 

with acrylonitrile butadiene styrene (ABS) feedstock (House, Rajaram, and Tarlo 2017). In 

a questionnaire survey of AM workers, 27/46 (59%) of participants responded that they 

experienced respiratory symptoms at least once per week in the past year and individuals 

who worked for >40 hr/week with AM machines were significantly more likely to report 

a previous respiratory-related diagnosis including asthma or allergic rhinitis (Chan et al. 

2018). In contrast to these observations, Gumperlein et al. (2018) detected no significant 

changes in spirometry or nasal and urinary inflammatory biomarkers, though there was a 

significant difference in the time course of exhaled nitric oxide, when healthy adults in a 

single-blinded, randomized, crossover design were exposed to emissions from a ME-type 

FFF 3-D printer using ABS or polylactic acid (PLA) feedstocks for one hr.

Multiple lab toxicology studies evaluated the toxicity of emissions from ME-type 

FFF 3-D printers. Rats that inhaled emissions during printing with ABS feedstock 

for one hr developed acute hypertension and microvascular dysfunction (Stefaniak et 

al. 2017a). Emissions from ABS and polycarbonate feedstock induced concentration-

dependent significant cytotoxicity, oxidative stress, apoptosis, necrosis, and production of 

pro-inflammatory cytokines and chemokines in human small airway epithelial cells in vitro 
(Farcas et al. 2019). In a follow-on study using the same ABS feedstock, rats exposed via 

inhalation to printing emissions developed transient pulmonary and systemic toxicity (Farcas 

et al. 2020). Emissions from printing with PLA feedstock significantly reduced the viability 

of human tumorigenic bronchial epithelial cells (A549) and rat alveolar macrophages 

(NR8383) cells in vitro, and emissions from printing with PLA and ABS feedstocks 

produced a significant inflammatory response in mice (Zhang et al. 2019). In a study of 3-D 

pens, which are handheld extruders that operate similar to FFF 3-D printers, the toxicity of 
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emissions from PLA filament with or without copper, steel, and carbon nanotube additives 

were tested using A549 cell in vitro; only the PLA-copper filament induced adverse effects, 

which included higher changes in stress, cell death, and metabolic perturbations (Singh et 

al. 2021). In the only study of the toxicity of BJ emissions, A549 cells and BEAS-2B 

bronchial epithelial cells were directly exposed to particles from printing with stainless steel 

powder feedstock; no significant alterations in cell viability and in intracellular reactive 

oxygen species (ROS) were reported for both cell types (Lewinski, Secondo, and Ferri 

2019). Condensate/spatter particles formed during a PBF process with five different metal 

alloy powders, including steel, nickel alloys, and a titanium alloy, induced low cytotoxicity, 

genotoxicity, and induction of inflammatory responses in human bronchial epithelial cells in 
vitro (Vallabani et al. 2022).

Several toxicology studies demonstrated that objects built using AM processes might induce 

adverse effects. Popov et al. (2004) reported that VP printed implants induced significant 

inflammation at implantation sites in rats. Ecotoxicology studies demonstrated that AM 

printed objects initiated various adverse effects in zebrafish (De Almeida et al. 2018; 

Macdonald et al. 2016; Oskui et al. 2016).

Collectively, existing exposure and toxicology data support the potential for risk during 

work with some AM processes and feedstocks. Risk assessment approaches account for the 

probability of an adverse effect occurring (exposure) and the severity of an adverse health 

effect (hazard) (Dugheri et al. 2022; Petretta et al. 2019). When conducting risk assessments, 

factors related to exposure include, but are not limited to, particle size (where the particle 

might be deposited in the respiratory tract) and frequency of events (amount of material 

used for a task and number of times exposure occurs). Factors related to hazard include 

toxicity including carcinogenicity or reproductive effects and type of response such as acute, 

chronic, reversible, or irreversible. As such, risk-based selection of control technologies is 

necessary to ensure greater risk control for certain tasks such as handling toxic metal powder 

feedstock for PBF processes compared with handling solid polymer feedstock for ME 

processes. When implementing controls, health and safety professionals often rely on the 

“hierarchy of controls” One representation of the hierarchy depicts elimination, substitution, 

engineering controls, administrative controls, and personal protective equipment (PPE) 

as an inverted triangle, with the most effective control options listed at the top and 

the least effective options listed at the bottom (NIOSH 2015). Prevention-through-design 

(PtD), sometimes termed safe-by-design, is a complementary health and safety management 

methodology that aims to anticipate and design out hazards at the early stages of facility, 

work operations, process, equipment, tools, and product development (Karayannis et al. 

2019). PtD effectively transcends all control types, and thus for purposes of this review, 

as illustrated in Figure 1, in our version of the hierarchy, it is the most effective option 

depicted.

Since the first report of particle emissions from ME-type FFF 3-D printers by Stephens 

et al. (2013), there have been numerous recommendations for implementation of controls; 

however, investigations of the efficacy of controls are scarce. Further, published studies 

utilized a range of instruments and metrics to evaluate emissions from AM processes as 

summarized herein, which in turn, limited the availability of directly comparable data for 
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a given instrument and metric on efficacy of controls. An in-depth discussion of particle 

measurement instrumentation and metrics is beyond the scope of this review; however, for 

context, a brief overview of these topics is provided in the Supplemental File.

A critical knowledge gap is to understand which controls are effective in capturing emissions 

from each AM process category as a prerequisite for risk assessment and mitigation. The 

purposes of this review were to (1) identify literature on tested controls for AM process 

emissions and (2) critically evaluate their effectiveness with the goal of summarizing the 

current state of knowledge for health and safety professionals.

Methods

For the purposes of this review, criteria for inclusion were as follows: 1) peer-reviewed 

journal article or Government report in the English language, 2) control that was specific 

for an AM process, 3) control that was quantitatively evaluated, 4) tests were performed in 

a workplace, room (including offices, closets, or labs), or test chamber (a box surrounding 

a printer to isolate the machine from its environment) setting, and 5) the report included 

a measure (or data) to quantify effectiveness. Exclusion criteria were as follows: 1) non-

peer reviewed magazine articles, book chapters, conference abstracts, and dissertations, 2) 

controls not specific to AM processes, 3) recommended controls that were not tested, 4) no 

description of the test environment, and 5) qualitative outcomes including statements such as 

“appeared” or “seemed” to lower emissions.

Information sources

Identification of potentially relevant literature began with inspection of AM-related articles 

that the authors had on file. Keywords from these articles were compiled to develop a list 

of terms for database searching. These terms were grouped into three strings that were 

combined using the Boolean operator AND for database searches. The first string was 

synonyms and variations of “additive manufacturing” the second string was terms related to 

emissions and exposures, and the third string was terms related to control technologies. The 

combined search string is given in the supplemental file. Supplemental Figure S1 gives the 

disposition of published articles identified by the database searches. A total of 42 published 

papers were identified that met our inclusion criteria for this review.

Data analysis

Multiple types of instruments were used in the included papers to monitor particle 

emissions. These instruments generally detect particles in different size ranges, which 

limited our ability to make direct comparisons of concentration values. As such, we 

calculated efficacy as a percentage, which gives a unitless number that can be compared 

across instruments and studies. Efficacy of a control was calculated (if not already presented 

in an article) using the general formula E = (X − Y )
X ∗ 100. For example, in studies of the 

efficacy of a ventilation control, X = concentration in a space with ventilation off and 

Y = concentration in the space with ventilation on; in investigations of the efficacy of a 

machine cover isolation control, X = concentration in the space with the cover off and 

Y = concentration in the space with the cover on; in investigations of distance as an 
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administrative control, X = concentration near an AM machine and Y = concentration 

further from the machine.

Efficacy values for particle- and gas-phase emissions and contextual information extracted 

from published papers (Table 1) were imported into JMP statistical software (v13.2.0, SAS 

Institute Inc., Cary, NC) to calculate median efficacy values for descriptive comparisons. No 

attempt was made to perform statistical tests of the efficacy data. Preprinting, post-printing, 

and post-processing task data were excluded from summarization because there were few 

data points for these tasks and the nature of these tasks might necessitate different work 

configurations and control designs than for printers. For particle emissions during printing, 

148 values on efficacy of controls were extracted from published papers (ME = 139, MJ = 

6, PBF = 2, and BJ = 1). Approximately 94% (139/148) of these efficacy values were for 

the ME process category. More specifically, 92% (128/139) of data were specific to FFF 3-D 

printers, so detailed inspection of efficacy of controls for particles were limited to this single 

type of machine. To further reduce variability, 15 mass- and 9 surface-area-based efficacy 

values were excluded, which left 104 number-based efficacy values (any instrument) to 

calculate medians. Multiple studies in Table 1 demonstrated that, under the specific room 

conditions evaluated, general exhaust ventilation (GEV) was ineffective to control particle 

emissions from ME-type FFF 3-D printers (Secondo et al. 2020; Viitanen et al. 2021). After 

the exclusion of 10 GEV data points for FFF 3-D printers, there were 94 number-based 

efficacy values (any instrument) available for summary inspection. For gas-phase emissions 

during printing, 68 values on efficacy of controls were extracted from published papers (ME 

= 41, MJ = 23, and VP = 4). Given the small numbers of efficacy values available for VP 

printers (n = 4) and ME-type large-format printers (n = 4), both were excluded from more 

detailed analyses. In addition, two efficacy values reported for MJ printers were summations 

of carbonyl compounds, which were neither a measure of individual VOC concentration nor 

TVOC concentration, and these were excluded from analyses. The net result was 58 values 

on the efficacy of controls for gas-phase emissions (37 for ME-type FFF 3-D printers and 21 

values for MJ printers).

Results

Figure 1 summarizes the number of articles included in this review and are organized by 

our version of the hierarchy of controls. No literature was identified on the use of controls 

for the SL process category. Table 1 provides details of the literature on controls for the 

remaining 6 AM process categories and is organized by our version of the hierarchy.

Prevention-through-design

The PtD principles are a set of strategies aimed at eliminating exposures and 

minimizing risks prior to application of materials or products is implemented (i.e., in the 

conceptualization and design stages). MacCuspie et al. (2021) reported that computational 

fluid dynamics (CFD) modeling in conjunction with measurement of particle emission rates 

contributed to the proactive design of workspaces. CFD modeling was used to characterize 

the dispersion of particles in a space. The experimental procedure consisted of measuring 

particle emissions from an ME-type FFF 3-D printer with an open-frame design inside a test 
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chamber that was positioned inside a Class 1000 clean room. The test chamber was outfitted 

with an air exchange intake, air exchange vent, and three ports fitted with a scanning 

mobility particle sizer (SMPS), optical particle sizer (OPS), and a cyclone connected to a 

sampling pump, respectively. The particle emission rate profile of the FFF 3-D printer in 

the test chamber was used as input data for CFD modeling. Next, the Class 1000 clean 

room (without test chamber) was utilized as a simulated printing environment. Eight selected 

locations within the clean room were used to measure particle emissions from the FFF 

3-D printer and compared to the CFD modeled results. The CFD prediction met all criteria 

point for airborne dispersion modeling, which indicated that experimental findings that 

were obtained aligned with the CFD model predictions. SMPS monitoring data indicated a 

maximum particle concentration of 1 × 104 #/cm3 and calculated an average emission rate 

of 4.85 × 1010 #/min during the printing phase. Based upon their results, MacCuspie et 

al. (2021) concluded that forced clean airflows in a space might lower particle levels. An 

advantage of combining CFD modeling with experimental data was that it provided a better 

understanding of particle levels in areas utilizing FFF 3-D printers. Further, modeling may 

be employed as a cost-effective approach without having to replicate physical experiments 

and contribute to the preemptive design of controls specific to workplace conditions.

Elimination controls

No data were identified in the literature on the use of elimination controls for any AM 

process category.

Substitution controls

This control category occupies the third tier in our version of the hierarchy of controls 

(Figure 1). Two studies evaluated emissions from ME-type FFF 3-D printers using filaments 

made from recycled and virgin plastics. The first studymonitored particle- and gas-phase 

emissions while printing with PLA and ABS filaments at two temperatures (Stefaniak 

et al. 2021b). For PLA, two recycled filaments made from waste 3-D prints were used, 

one had green color, the other was gray. From fast mobility particle sizer (FMPS) 

measurements, it was found that under the “hot” print condition, relative to virgin PLA 

filament, the recycled green and gray PLA filaments emitted more particles (−89.2 and 

−39.3% effectiveness, respectively). Under “normal” and “hot” print conditions, relative to 

virgin ABS filament, the recycled ABS filament emitted less particles (15.9% and 56.7% 

effectiveness, respectively). Compared with their respective virgin filaments, all recycled 

filaments emitted lower total volatile organic compound (TVOC) concentrations (range: 

24.6% to 55.5%). Väisänen et al. (2021) evaluated virgin and recycled PLA filaments and 

virgin polypropylene (PP) filament that were purchased from commercial vendors and a 

recycled PP filament they made from water bottle caps. These investigators printed three 

tensile test specimens with each filament, shredded any unused filament, extruded it into 

filament, and printed three more test specimens; this process was repeated up to 5 times 

(termed “thermal cycles” (TC)). Emissions were monitored using a condensation nuclei 

counter (CNC). For PLA, relative to virgin plastic, over 5 TCs, the recycled filament 

generally emitted 1.2% to 45.0% fewer particles. For PP, relative to virgin plastic, over 

three TCs, the recycled filament emitted more particles (i.e., effectiveness was −129.3% at 

baseline and −775.3% after the third TC).
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Engineering controls

This category occupies the fourth tier in our version of the hierarchy of controls and was the 

tier for which the majority of evaluations focused to reduce AM process emissions (Figure 

1). For purposes of this review, engineering controls were classified as (1) ventilation, 

e.g., local exhaust ventilation (LEV) or dilution/GEV; (2) isolation, e.g., non-ventilated 

enclosures; and (3) ventilated enclosures, e.g., enclosure with LEV. In some cases, an 

engineering control was incorporated into the AM machine design by the manufacturer, and 

in other cases, it was retrofit to the machine.

Ventilation

No report of ventilation controls for BJ, VP, PBF, or DED machines was identified by the 

literature search. Väisänen et al. (2022) noted a LEV control for an MJ machine and 6 

articles evaluated ventilation controls for ME-type FFF 3-D printers. Of these six articles, 

three evaluated LEV at or near to the extruder nozzle (Dunn et al. 2020; Kwon et al. 2017; 

Viitanen et al. 2021), one evaluated the efficacy of a room LEV system (Zontek, Scotto, 

and Hollenbeck 2021), one evaluated the efficacy of an air purifier equipped with different 

particulate and gas combination filters positioned near a printer (Gu et al. 2019), and one 

evaluated room GEV (Secondo et al. 2020).

Väisänen et al. (2022) measured particles, VOCs, and carbonyls emitted from an MJ printer. 

The printer had a built-in LEV duct, and samples were collected from the lab room air and 

from the printer exhaust ventilation duct (operating at 7 ACH) when using different resins. 

Most noteworthy was the distinction made between emissions from a VeroBlackPlus ink-like 

resin (henceforth, black) and other resins (a combination of clear, white, magenta, cyan, and 

yellow, henceforth, multi). Compared with room levels during printing, the LEV system was 

efficient in removing 62.1% (multi) to 68.6% (black) of particles measured using a CNC, 

97.6% (multi) to 96.8% (black) of TVOC, and 44.2% (multi) to 57.9% (black) of carbonyls. 

Individual VOCs were removed with an efficacy of up to 98.9% (isobornyl alcohol, black). 

The removal of individual carbonyls ranged from 35.3% (formaldehyde, black) to 75.0% 

(acetone and propionaldehyde, black; 2-butanone, multi).

Kwon et al. (2017) studied multiple retrofit control options to reduce ultrafine particle 

(UFP; d < 100 nm) emissions from a ME-type FFF 3-D printer. Among the options was 

a suction fan (speed of 6000 revolutions per min, flow rate of 2.7 × 10−4 m3/s, and face 

velocity of 0.2 m/s) with activated carbon filter placed horizontally in front of the extruder. 

Background-corrected SMPS measurements indicated that, relative to the printer operating 

with no controls, this ventilation suction fan control measure was ineffective and led to 

an increase in UFPs in the test chamber (efficacy of −38.9%). The ineffectiveness was 

attributed to the suction fan placement only to the front rather than surrounding the extruder 

nozzle, which created turbulent flow around the extruder nozzle, with a low flow rate of 

suction. Several other control options from the study by Kwon et al. (2017) are described 

in the ventilated enclosure section below. In a study by Dunn et al. (2020) the detachable 

Smart Extruder of a MakerBot Replicator+ (ME-type FFF 3-D printer) was removed and 

the existing plastic cover that supplied cooling air to the extruder from three directions 

and replaced with a NIOSH-designed ventilated extruder head capture hood that supplied 
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cooling air in only one direction and captured emissions in a high efficiency particulate air 

(HEPA) filter through an exhaust port (1.6 L/s). In a test chamber study with one printer, 

the number of UFPs measured using an SMPS was reported by Dunn et al. (2020) to be 

reduced by 98.0% and within a simulated MakerSpace equipped with 20 printers each fitted 

with an extruder head capture hood, the number of UFPs was reduced to below background 

levels. Viitanen et al. (2021) investigated the effectiveness of a retrofitted LEV system that 

consisted of a HEPA filter and a canopy hood (capture velocity of 30 L/s, ACH = 3.6) 

positioned above a ME-type FFF 3-D printer. Compared to room levels with GEV (2.9 

ACH) in operation, this system only reduced UFPs by 30% on a particle number basis 

(SMPS data) and 49% on a particle surface area basis (diffusion charger (DC) data). The 

distance of the canopy hood relative to the 3-D printer nozzle (minimum 12 cm to 15 cm 

away) contributed to the low effectivity achieved. The warm extruder nozzle also created an 

emission plume that rose and might have fluctuated, and was, therefore, not captured by the 

hood.

Gu et al. (2019) measured particle and VOC concentrations during operation of an FFF 

3-D printer (side walls but open top) with an air purifier placed 50 cm from the printer 

inside a test chamber (30 m3). The air purifier was used as a ventilation control with either 

a combination HEPA-activated carbon filter (ACF) or a combination HEPA-high-efficiency 

multi-oxidation pottery and porcelain granule (HIMOP) filter at medium (approximately 170 

m3/hr) and high (approximately 300 m3/hr) flow rates. Based upon FMPS measurements, 

the air purifier reduced the number of UFPs (compared with the scenario of no air purifier) 

by 74% (HEPA-HIMOP, medium flow rate) to 90% (HEPA-HIMOP, maximum flow rate) 

and the surface area concentrations (calculated from size data) were reduced by 79% 

(HEPA-HIMOP filter, medium flow rate) to 92% (HEPA-HIMOP, maximum flow rate). 

Filters used in the air purifiers showed varying effectiveness in removing VOCs. Total 

VOCs [calculated as Σ(VOCs)] were decreased by 69% to 71% when the air purifier was 

equipped with the HEPA-ACF but increased when the air purifier was equipped with the 

HEPA-HIMOP filter (up to −736%). The ACF-HEPA removed 100% of ethylbenzene and 

70% of styrene, while use of the HEPA-HIMOP filter led to elevated concentrations of 

ethylbenzene (up to −33%) and styrene (up to −200%) (Gu et al. 2019).

Zontek, Scotto, and Hollenbeck (2021) assessed the effectiveness of LEV in a university 

fabrication lab room with an open floor plan design in which 8 ME-type (FFF) printers were 

housed. The unspecified make and model printers were open in the front and PLA filament 

was used while all eight printers operated simultaneously. The LEV system consisted of four 

inlet openings and ducts positioned in between, but not directly above the printers that had a 

design velocity of 15.24 m/s (3000 fpm). The LEV reduced particle number concentrations 

measured using a CNC (0.01 μm to >1 μm) by 13.6% and particle mass concentration (0.3 

μm to 10 μm) by 42.3% (Zontek, Scotto, and Hollenbeck 2021).

Secondo et al. (2020) examined ME-type FFF 3-D printer UFP emissions using an SMPS 

and OPS at three university MakerSpaces: a library MakerSpace (≤4 printers) with typical 

office GEV (3.1 ACH), a lab MakerSpace with 29 printers inside cabinets that had openings 

to permit airflow and lab room-type GEV (8.7 ACH), and a center MakerSpace (≤4 printers) 

with almost no GEV (0.2 ACH). The number of particles rose in the Center MakerSpace 
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and the GEV exhibited almost no efficacy in reducing the number of particles when using 

one or up to four printers (−411.0 to −4826.1%, respectively). The investigators tested a 

portable ACF-HEPA system that was positioned approximately 27 cm from the Upbox+ 

(using ABS) exhaust (not directly connected to the printer), while it and three Replicator 

5th generation printers (using PLA) were operated simultaneously. During this test with 

the ACF-HEPA system, particle concentration in the Center MakerSpace increased relative 

to background, which suggested the ventilation was ineffective (−1752.5%). The exact 

reason why particle number concentration increased while the ACF-HEPA system was 

in use is not known but could be from fluctuations in background particle concentration 

(Secondo et al. 2020). Although particle number concentration in the Center MakerSpace 

increased during the test with the ACF-HEPA system, levels were still lower compared with 

a test when the same printers were operated with the ventilation system off. In the library 

MakerSpace, office GEV was not efficient in lowering particle emissions during printing 

with PLA filament (−1.1 to −627.9%, depending upon the printer), with the exception of 

the Lulzbot TAZ 5 printer, where particle emission was reduced by 59.1%. Similarly, office 

GEV was not sufficient in reducing particle emissions during printing with ABS filament. 

However, Secondo et al. (2020) noted that in the library MakerSpace there were other 

particle emission sources influencing the background particle concentration and resultant 

efficacy calculation. In a lab room MakerSpace, the simultaneous use of 29 printers inside 

enclosures, but with the enclosure doors kept open, and room GEV of 8.7 ACH led to 

an increase in particle number concentration (−64.9%). Furthermore, Viitanen et al. (2021) 

stated that with regular or long-term use of ME-type FFF desktop 3-D printers, GEV (2.9 

ACH), was not sufficient to control particles <50 nm (measured using an SMPS) in size. 

Collectively, these studies indicated that, under the specific room conditions evaluated, GEV 

was inefficient as an engineering control for particle emissions from ME-type FFF 3-D 

printers. Note that GEV is not considered to be as satisfactory for contaminant control for 

health protection as LEV because some AM process emissions can possess appreciable 

toxicity.

Isolation—No reports of isolation controls for BJ or DED machines were identified in the 

literature search. Eighteen citations reported one or more isolation controls for MJ, VP, PBF, 

and ME processes.

For the MJ process category, particle levels in a workroom decreased from 76.1% to 93.5% 

(CNC data) and from 90.0% to 92.3% (OPS data) when a machine was operated with 

its cover closed (non-airtight) compared with when it was operated with its cover open. 

In contrast, when the MJ printer cover was closed, TVOC levels rose in the work room 

(effectiveness of −60.7%) or decreased by just 10.7% compared with when the cover was in 

the open position (Stefaniak et al. 2019a).

For VP machines, two articles evaluated the efficacy of isolation controls (Han, Zhao, 

and Li 2021; Yang and Li 2018). Han, Zhao, and Li (2021) described a manufacturing 

paradigm termed 4-D printing, whereby an AM machine was used to create a 3-D object that 

possessed stimuli-responsive properties (e.g., shape changes) over time. In this study, a fully 

enclosed VP printer (non-airtight) was retrofit to include activated carbon adsorbent beds 

that were positioned inside the printer build chamber. When the VP printer was operated 
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with activated carbon adsorbent beds, TVOC levels were reduced by 58.9% compared to 

printing without the beds (Han, Zhao, and Li 2021). Yang and Li (2018) evaluated the 

efficacy of activated carbon adsorbent as well as a titanium dioxide (TiO2) photocatalytic 

oxidation (PCO) method to control TVOC emissions from a VP printer that had a fully 

enclosed design with a hinged non-airtight cover. For the PCO method, TiO2 was used as 

a catalyst to oxidize gaseous organic compounds and for the activated carbon approach, 

gaseous compounds were adsorbed to the carbon material. Details of the experimental 

setup were not clear, though it was deduced that the PCO or activated carbon material 

was placed inside the printer build chamber. During printing, TVOC concentrations were 

−4.6% (increased), 53.8% (reduced), and 72.2% (reduced) for the enclosure, enclosure with 

PCO material, and enclosure with activated carbon adsorbent, respectively. The printed parts 

were subjected to post-processing by rinsing in ethanol and further curing. Details of how 

these tasks were performed were not provided, but it was reported that TVOC concentration 

was elevated (−21% effectiveness) for the enclosure only, increased (−4.8% effectiveness) 

for the enclosure with PCO material, and reduced by 63% when using the enclosure with 

activated carbon adsorbent. Overall, considering both the printing and post-processing steps, 

TVOC concentrations were enhanced (−6.1% effectiveness), lowered by 44%, and reduced 

by 71% for the enclosure, enclosure with PCO material, and enclosure with activated 

carbon adsorbent, respectively. Based upon total emissions associated with the AM process 

(expressed as mass in units of μg), activated carbon had the highest efficacy (69% decrease), 

followed by the PCO material (63% reduction) and the machine enclosure (−17%).

PBF machines are designed with an enclosed and sealed build chamber, and when using 

metallic powder feedstock, this build chamber is kept under vacuum or purged with nitrogen 

or argon gas or uses local inert gas shielding (and the AM machine is bonded and grounded) 

to prevent oxidation and fire (Chen et al. 2020; Stefaniak, Du Preez, and Du Plessis 2021a). 

Azzougagh et al. (2021) simultaneously monitored particle concentrations inside the sealed 

and enclosed build chamber of a PBF machine via a port and in a workroom using a CNC; 

during printing with metallic powder, this machine enclosure reduced particle concentration 

in the workroom by up to 90.0%.

ME-type FFF 3-D printers with manufacturers’ designed isolation control were evaluated 

in five articles. Enclosures (usually non-airtight) designed for many early model FFF 3-D 

printers were likely intended to maintain thermal stability in the build chamber to prevent 

part warping, rather than contaminant control. Yi et al. (2016) tested an FFF 3-D printer 

with sidewalls and a plastic cover provided by the manufacturer that rested on the top 

of the machine to form a full non-airtight enclosure; reduction of particle number levels 

ranged from 45% (OPS data) to 68% (electrical low-pressure impactor (ELPI) data) in a 

test chamber and 74% (SMPS data) in an office room. In a follow-on study using the 

same printer and chamber setup, Stefaniak et al. (2017b) reported that the loose-fitting 

cover increased overall background-corrected TVOC emissions (effectiveness of −3.6%) in 

a test chamber, though background-corrected concentrations of some individual VOCs were 

reduced: isopropyl alcohol (70%), ethylbenzene (76%), and styrene (37%). Azimi et al. 

(2016) found that for the same model printer as used in the Yi et al. (2016) and Stefaniak 

et al. (2017b) studies, the loose-fitting cover reduced particle number in a test chamber by 

35% (CNC data) relative to printing without the cover, and affirmed that when the cover was 
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in place, it was largely ineffective in lowering concentrations of VOCs (Azimi et al. 2016). 

Du Preez et al. (2018) observed that for one model of fully enclosed FFF 3-D printer (side 

walls and non-airtight cover), particle number concentrations measured using a CNC in an 

office were reduced by 6–90% (compared to with the cover off), which varied with filament 

type and color. Zontek et al. (2017) demonstrated that a fully enclosed FFF 3-D printer with 

a hinged front door (non-airtight), based on SMPS measurements inside and outside the 

enclosure, reduced UFP concentration in a room by 94.7% on a number basis and 99.9% on 

a mass basis (calculated from SMPS size data).

ME-type FFF 3-D printers with retrofit isolation controls were examined and efficacy 

noted in eight studies. Wilkins, Traum, and Wilkins-Earley (2020), as part of a 

school learning curriculum, stacked two plastic tables one atop the other and attached 

poly(methylmethacrylate) (PMMA) panels on all four sides to create an enclosure. An 

FFF 3-D printer was placed on the surface of the bottom table and under the top table. 

During operation of the FFF 3-D printer inside this enclosure, particulate matter (PM) with 

aerodynamic diameter less than 10 μm (PM10) was monitored using an OPS. Compared 

with the scenario of an unenclosed printer, PM10 levels in the classroom increased when 

operating the printer inside the enclosure for PLA (−77.1% effectiveness) and polyethylene 

terephthalate-glycol modified (PETG) (−53.4% effectiveness) filaments but were decreased 

by 24.3% for ABS; similar trends were noted for PM with aerodynamic diameter less than 

2.5 μm (PM2.5) levels.

Several investigators designed their own isolation controls from commercially available 

parts and evaluated performance. Wojtyła, Śpiewak, and Baran (2020) assessed the efficacy 

of graphitic carbon nitride as a PCO approach to degrade VOCs emitted from an FFF 

3-D printer using a high impact polystyrene filament. To improve photocatalytic activity, 

graphitic carbon nitride was doped with iron, bismuth, manganese, or antimony. Each doped 

photocatalytic material was placed inside a test chamber with the printer; compared to 

the scenario of non-photocatalytic material, use of antimony-doped graphitic carbon nitride 

performed best, with observed reductions in styrene, ethylbenzene, and cumene emissions 

of 87%, 73%, and 86%, respectively. In a study of emissions during compounding to 

make nano-filled polymer and FFF 3-D printing with the polymer, for all tasks conducted 

in a retrofit half-enclosure, the average particle surface area and number concentration in 

workplace air measured using a diffusion charger were increased (compared to printing 

without the enclosure) as documented by −34.7% and −100.9% effectiveness, respectively 

(Oberbek et al. 2019). In another study involving nanofillers, emissions were evaluated for 

an open-frame prototype hybrid FFF 3-D printer/plasma jetting machine that was isolated 

inside a PMMA box (López De Ipiña et al. 2021). The box had an LEV system, though it 

was turned off during testing. For FFF 3-D printing with the base polymer and nano-filled 

polymers, the unventilated box had limited efficacy to contain particles on a number basis 

(inside box compared with room air), i.e., −11.3% (increase in the room) to 48.2% decrease 

(CNC data) and −18.4% (increase in the room) to 82.1% decrease (OPS data). Microscopy 

samples of particles released by the machine did not identify any free or polymer-bound 

nanofillers (López De Ipiña et al. 2021). Viitanen et al. (2021) reported that an unventilated 

plastic enclosure (material not specified) that was placed over an FFF 3-D printer with a 

back wall but no side walls or top reduced particle levels by 97% (SMPS data) and 89% 
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(DC data) for number and surface area, respectively, compared to no enclosure with 2.9 

ACH of GEV in the room. As shown in Table 1, the efficacy of this enclosure was higher 

compared with a retrofit LEV canopy hood placed over the same model printer (30% and 

49%, by number and surface area, respectively). Cao et al. (2019) placed a custom-made 

poly-acrylonitrile nanofiber filter in a PMMA box that housed an open frame FFF 3-D 

printer. Using a haze detector, it was determined that during 3-D printing, the filter material 

reduced PM2.5 concentration by 81% compared with outside the box (Cao et al. 2019).

The previously described studies of retrofit enclosures were for a single ME-type FFF 3-D 

printer. Data on efficacy of isolation as a control for multiple FFF 3-D printers operating 

simultaneously are scarce. Runstrom Eden et al. (2022) evaluated emissions from three 

ME-type FFF 3-D printers (two had side walls but no top or front and one had side walls 

and split front doors but no top) placed in a hood enclosure (no other details given); during 

printing with various filaments, particle number concentration (CNC data) was 98% lower 

in the workroom compared with inside the enclosure. In a study with 29 FFF 3-D printers 

in a lab room MakerSpace (n = 27 with side walls and no top and n = 2 with side walls but 

no top or front) that were housed in 5 unventilated cabinets with non-airtight doors, Secondo 

et al. (2020) found that particle number concentration (SMPS and OPS data) in the room 

increased during printing with PLA filament, i.e., effectiveness was −9.8 to −70.1%.

For large format AM machines, a type of ME process that involves extruding kilogram 

quantities of feedstock per hr, investigators examined loose-fitting custom-built canopies 

placed over two different models of machines to enclose the build chambers while printing 

with several different polymers (Stefaniak et al. 2021c). Among all polymers tested, the 

canopies were ineffective; on average, particle concentrations in the room measured using a 

CNC were elevated compared with inside the enclosure (−27.4% effectiveness) with range 

−313.6% (increased) to 77.8% (decreased) and average TVOC concentrations in the room 

were −281% (elevated) with range −925% (increased) to 58.8% (reduced).

Ventilated enclosures—Publications from several research groups mentioned reductions 

in emissions by ventilated enclosures for MJ, VP, PBF, and/or DED processes (Ding and Ng 

2021; Hayes et al. 2021; Runstrom Eden et al. 2022); however, there were insufficient data 

in these reports to calculate efficacy. Twelve articles provided data that met the inclusion 

criteria for this review (Table 1). One paper evaluated a ventilated enclosure for a DED 

process, and 11 articles assessed ventilated enclosures for ME-type FFF 3-D printers.

Among investigations that mentioned decreases in emissions but efficacy was not quantified, 

particle number concentration in workrooms with MJ printers was noted to not change 

for different models of machines that were designed with sealed and ventilated enclosures, 

which suggested full containment (Ding and Ng 2021; Runstrom Eden et al. 2022). For 

a desktop-scale VP printer designed with a hinged cover that closed to form a ventilated 

enclosure, Runstrom Eden et al. (2022) demonstrated that there was no change in particle 

number (20 to 1000 nm measured using a CNC) concentration compared with background 

in a workroom during printing; however, TVOC levels in the room were found to have 

increased more than twofold above background during printing. For an industrial-scale VP 

printer designed with a ventilated build chamber, Hayes et al. (2021) noted that there was no 
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change in particle (11.5–365 nm measured using an SMPS and 0.52–20 μm measuring an 

aerodynamic particle sizer (APS)) or TVOC levels during printing (Hayes et al. 2021). 

Ding and Ng (2021) noted that there was no change in the number concentration of 

UFP and submicron size particles above background in workrooms during operation of 

a PBF machine (sealed enclosure with recirculating filtration) using metallic feedstock 

or a PBF machine (sealed enclosure with LEV) employing polymer powder feedstock, 

which indicated complete isolation of the processes. When doors of the PBF machines 

were opened, it was found that there was no alteration in particle number concentration 

above background levels in the workroom (Ding and Ng 2021). With regard to gas-phase 

emissions, TVOC concentrations in a workroom were detected to have remained similar to 

background or elevated more than twofold during operation of a fully sealed and ventilated 

PBF machine while printing with polyamide polymer feedstock (Runstrom Eden et al. 

2022).

Oddone et al. (2021) measured the inhalable fraction of several metals inside of a 64 m3 

ventilated enclosure (material not specified) that was retrofit to surround a robotic arm DED 

process and outside the enclosure at the machine operator’s desk. Comparison of metal 

concentrations inside the enclosure to at the operator’s desk indicated that the efficacy 

of the enclosure ranged from 16.7% (iron) to 70.8% (cobalt). Furthermore, Ding and Ng 

(2021) found that there was no marked change in particle number concentration above 

background in a workroom during operation of a DED machine (sealed machine with LEV) 

using metallic feedstock, which suggested complete isolation, though efficacy could not be 

quantified from the reported data.

Five articles reported on the efficacy of ventilated enclosures incorporated into ME-type 

AM machine designs. The same model of fully enclosed FFF 3-D printer with internal 

recirculating HEPA and ACFs was examined in two different studies using a CNC; efficacy 

in reducing particle levels ranged from 42% (Du Preez et al. 2018) to 79% (Stefaniak 

et al. 2019b). A different model of a fully enclosed FFF 3-D printer with an internal 

recirculating HEPA filter lowered average particle number levels in an office by 94.7% 

(SMPS data) and average particle mass levels by 91% (aerosol mass spectrometer data) 

compared with the scenario when air was not circulated through the HEPA filter (Katz et al. 

2020). Davis et al. (2019) reported that, contrary to expectation, an FFF 3-D printer designed 

with a full enclosure and internal recirculating HEPA filter increased TVOC concentration 

in a test chamber study (−18% effectiveness) compared with the scenario of printing 

without the filter in place. Additionally, release rates were elevated for styrene, dodecane, 

decane, tetradecane, xylenes, and benzaldehyde, although % changes in their levels were not 

provided. Cao and Pui (2020) employed an SMPS to monitor particle number concentration 

and calculate particle surface area as metrics of containment for a ME-type fused deposition 

modeling (FDM™) machine with sealed design and internal recirculating HEPA filter; based 

upon measurements inside and outside the machine enclosure, particle surface area and 

number concentration were reduced by approximately 100%. Ding and Ng (2021) found that 

assessment of an FDM™ machine with a sealed enclosure revealed there was no significant 

change in particle concentration in a workroom during operation, which indicated complete 

containment; however, data were not provided to permit quantification of efficacy. The 

sealed build chambers of FDM™ machines might fully contain particles during operation; 
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however, Du Preez et al. (2018) found that when doors to FDM™ machines were opened 

after printing, TVOC levels rose above background to nearly 18 mg/m3, which indicated an 

acute gas-phase exposure risk for the post-printing task of retrieving built objects.

Several investigators evaluated ventilated enclosures that were retrofit to ME-type FFF 

3-D printers, and one article evaluated a retrofit-ventilated enclosure for a plasma-jetting 

post-printing task. In the study by Wilkins, Traum, and Wilkins-Earley (2020), when a 

suction fan was used to provide LEV to the enclosure made from stacked tables and 

PMMA panels, PM10 mass levels measured using an OPS in the classroom were either 

slightly decreased (ABS filament) or similar (PLA and PETG filaments) compared with the 

unventilated enclosure. Viitanen et al. (2021) noted that when a plastic enclosure (material 

not specified) that was placed over an FFF 3-D printer (back wall, but no side walls or top) 

was ventilated, particle reductions were 99% and 96%, for particle number (SMPS) and 

surface area (calculated from SMPS size data), respectively (compared with 97% and 89% 

for number and surface area, respectively, in the unventilated enclosure with room ACH of 

2.9). Both the ventilated and unventilated enclosures performed better than a canopy hood 

with HEPA filtration positioned over the printer (30% and 49% for number and surface 

area, respectively) (Viitanen et al. 2021). Investigators at the Health and Safety Executive 

(HSE 2019) placed a PMMA a box over an open frame FFF 3-D printer. The box was 

fitted with an exhaust fan and HEPA filter with activated carbon coating on the inner 

surface. This isolation control was tested in two modes “exhausting” where spacers were 

placed under the box to create a gap that allowed air to be pulled from the base of the 

box past the printer to the fan and HEPA-ACF on the top of the box and exhausted into 

the room and “recirculating” where the box rested on a surface to form a seal and air 

was recirculated through the HEPA-ACF inside the box. The reduction in particle number 

concentration in a room (relative to printing without the box), as determined using a DC, 

was 97% (exhausting) to 99.4% (recirculating) (HSE 2019). In a study of multiple retrofit 

control options, Kwon et al. (2017) placed an FFF 3-D printer (side walls only) in a box 

(unspecified material) and determined the efficacy of the box with LEV and the box with 

LEV coupled to various filters to reduce particle number concentration (monitored using an 

SMPS). For the enclosure with LEV, compared to printing with no enclosure, background-

corrected particle number concentration was lowered by 74.4%. When the enclosure with 

LEV (suction nozzle) was modified to include an ACF that was positioned at the extruder 

nozzle, compared to printing with no enclosure, background-corrected particle number 

concentration was decreased by 90.7%. Finally, Kwon et al. (2017) evaluated the enclosure 

with LEV and various filters; compared to printing with no enclosure, background-corrected 

efficacy ranged from 76% (combination electret/antibacterial filter) to 99.95% (HEPA filter). 

One study (Stefaniak et al. 2019b) reported the efficacy of an enclosure for multiple printers. 

Stefaniak et al. (2019b) attached PMMA panels around shelving that housed 10 FFF 3-D 

printers (all with side walls and non-airtight covers) to form a non-airtight enclosure and 

ventilated it using a fan with HEPA filter and ACF; particle number (SMPS and CNC data) 

and TVOC concentrations in the room (no ventilation) were decreased by 99.7% and 53.2%, 

respectively.

Among published papers that evaluated ventilated enclosures that were retrofit to ME-type 

FFF 3-D printers, only Gu et al. (2019) assessed a control that was specifically designed 
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by an FFF 3-D printer manufacturer for its brand of machines. Gu et al. (2019) measured 

particle and VOC concentrations during operation of an FFF 3-D printer (side walls but 

open top) with an after-market filter cover designed to seal the machine and form a full 

enclosure; the cover had an exhaust fan and HEPA-ACF unit. This after-market design 

lowered both particle number (FMPS data) and surface area (calculated from FMPS size 

data) concentrations in a test chamber by 93 (compared to printing without the cover). 

The efficacy of this after-market cover to contain particles was similar or slightly better 

compared with the same printer retrofit to position air purifiers with various filters near 

the machine (Table 1). The efficacy of the after-market filter cover for gas-phase emissions 

was inconsistent. The concentration of ethylbenzene was reduced by 100% and styrene was 

decreased by 15% but TVOCs (calculated as the sum of individual VOCs) was increased 

(−16% effectiveness) in the test chamber (Gu et al. 2019). Interestingly, new VOCs were 

detected during the use of the filter covers that were not present when printing without the 

control in place. Specifically, use of the filter cover released isopentane, dichloromethane, 

tetradecane, hexadecane, octadecane, and other iso/cycloalkanes.

Much attention has been given to isolation controls for the printing step in ME-type FFF 3-D 

printing processes; however, exposures might also occur during pre-printing, post-printing, 

and post-processing tasks. López De Ipiña et al. (2021) reported that a prototype hybrid FFF 

3-D printer/plasma jetting machine housed in a PMMA box enclosure with LEV was used 

to print bone scaffolds and then surfaces were plasma treated. During the plasma jetting 

post-printing task, particle number concentrations in a lab room were reduced by greater 

than 97% (CNC data) and up to 95.7% (OPS data) (López De Ipiña et al. 2021).

Administrative controls

Administrative controls occupy the fifth tier in our version of the hierarchy of controls 

(Figure 1). Of the published papers related to administrative controls, three provided 

information on controls related to area/workplace specifications, three focused on the 

influence of print parameters, and seven reported information aimed at evaluating the printer 

setup/criteria.

Area/workplace specifications—Three studies monitored concentrations in the near 

field (NF) and far field (FF) in areas/workplaces adjacent to an AM process, to assess 

the influence of different sampling distances on contaminant concentrations. Zhou et al. 

(2015) demonstrated that particle number concentrations were elevated from near an open 

frame FFF 3-D printer (NF) compared with 1.8 m from the printer (FF), i.e., −50% 

effectiveness, and rose from near the printer compared with 4 m from the printer (FF), 

i.e., −83% effectiveness. The particle number concentration increased even higher from 

near two open-frame FFF 3-D printers (NF) compared with 1.8 m from the printers 

(FF), i.e., −419% effectiveness. This study was carried out in a clean room using an 

OPS instrument to measure number concentration while printing with different color ABS 

feedstocks. Based upon these data, Zhou et al. (2015) concluded that particle concentrations 

were higher as distance increased from the printer. In another study, Lewinski, Secondo, 

and Ferri (2019) demonstrated that stationary particle measurement results presented as 

background-corrected total particle mass (gravimetric analysis of filter samples) were 0 

du Plessis et al. Page 15

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to 0.08 mg/m3 within 1 m (NF) of a BJ machine and 0.02 mg/m3 at a distance of 3 

m (FF) from the machine when stainless steel powder feedstock was used for a 75% 

reduction in mass concentration with distance. Stefaniak et al. (2022) monitored particle 

number (APS, OPS, and CNC data) and TVOC releases in the NF and FF during (1) 

granulation of waste ABS and PLA plastics, (2) extrusion of granulated waste materials into 

filament, (3) extrusion of virgin polymer pellets into filament, and (4) FFF 3-D printing with 

recycled and virgin plastic filaments. The effect of distance was highly variable, with some 

background-corrected particle number and TVOC concentrations rising with distance and 

others decreasing with distance; most particle number and TVOC concentrations were not 

markedly different between NF and FF locations (Stefaniak et al. 2022).

Print parameters—Three studies specifically aimed at identifying the influence of ME-

type FFF 3-D printer manufacturing parameters as possible control measures to reduce 

particle emissions. Deng et al. (2016) investigated both ABS and PLA filaments along 

with two print parameter combinations (nozzle temperature and filament feed rate). Nozzle 

temperatures and feed rates were changed according to the baseline settings specific to each 

filament material. The influence of printing with different nozzle temperatures indicated that 

particle emissions from PLA printing were orders of magnitude lower than ABS printing. 

The different filament feed rates displayed less of an effect on particle emissions. Deng 

et al. (2016) noted that the main contributor to particle emissions was pre-heating the 

extruder nozzle with filament present. From their emissions monitoring using a CNC, it was 

recommended to preheat the extruder nozzle and build a platform before ABS filament is 

loaded into the nozzle to reduce particle number by up to 75% (Deng et al. 2016). Simon 

et al. (2018) reported that increasing the print speed from 25% of the default setting to 

150% of the default setting increased UFP number concentration as measured using an 

SMPS (−280% effectiveness) in a clean room. The authors observed that if the filament 

was retracted from the extruder nozzle during the nozzle heating step, there was still a 

spike in UFP number concentration (up to 475,000 #/cm3). This observation indicated that 

filament residue in the extruder nozzle might contribute to emissions. When the extruder 

nozzle was cleaned, the peak UFP number concentration was reduced to 150 #/cm3, which 

indicated a 100% reduction compared with the nozzle that contained filament residue. The 

authors concluded that during pre-heating of the extruder nozzle, if the filament is “wet” 

(dripping in the nozzle during heating) it can emit semi-volatile organic compounds, which 

may condense, and form particles in air. In addition, even if the filament is retracted from 

the extruder nozzle during heating, there might be filament residue in the nozzle from prior 

printing, which initiates a spike in particle emissions when the printing step commences. 

Finally, Simon et al. (2018) demonstrated that changing the material flow and distance 

between the extruder nozzle and build platform did not markedly affect particle emissions. 

Khaki et al. (2021) also observed that particle emissions increased rapidly during extruder 

nozzle pre-heating. Cheng et al. (2018) experimented with different infill settings (heights, 

densities, patterns) and filament feed rate during printing of the first top layer to determine 

their influence on peak particle emissions. The infill of an object refers to the inner portion 

of the object that is surrounded by the outer shell. Infill density ranged from 0% to 100%. 

Infill patterns include linear (i.e., grid pattern), honeycomb (i.e., hexagonal pattern), and 

others. Particles were monitored using an OPS (0.3 to 2.5 μm) during all printing tests. 
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Filament feed rate reduction was only investigated for the first top layer printing while for 

other printer layers the feed rate was held constant. Based upon their experiments, Cheng et 

al. (2018) concluded that optimal settings were less infill height, higher infill density, and 

printing at a slower feed rate (at least for the first top part), which resulted in a 96% decrease 

(compared with the peak level from each tested setting) in particle emissions. In support of 

this observation, Khaki et al. (2021) also noted that with increasing infill density, PM with 

size <0.3 μm emission levels (OPS data) fell.

Printer setup/criteria—The printer setup/criteria describe administrative controls related 

to user-adjustable AM process settings. Two studies applied warning sensors as 

administrative controls while investigating ME-type FFF 3-D printer emissions. Wojnowski 

et al. (2020) examined a 3-D printer in an enclosure while printing with different ABS 

filaments and monitored changes in benzene, toluene, ethylbenzene, xylenes (BTEX), 

and styrene concentrations. Concentration changes inside the enclosure were monitored 

in parallel using realtime Proton Transfer Reaction Mass Spectrometry and a prototype 

electronic “nose” fitted with seven electrochemical sensors. Data indicated that the threshold 

limit value for the concentration of BTEX exceeded the 0.96 classification accuracy within 

a 5-min time-frame based upon the reaction time of the chemical sensors. In another study, 

PM2.5 emissions were monitored using an OPS in an indoor home setting while printing 

with ABS and PLA filaments (Khaki et al. 2021). Simultaneously, PM2.5 emissions were 

monitored before, during and after printing with a low-cost indoor air quality sensor (Cair 

sensor, NuWave, Ireland). Both instruments were placed 1 m from the printer nozzle. The 

impact of different print parameters such as print speed, filament diameter, bed temperature, 

filament color, fan speed, infill density, and extruder temperature were also investigated. 

For comparison between the OPS and Cair sensor, Khaki et al. (2021) presented sensor 

responses instead of sensor behavior data to highlight precision over a range of print 

conditions. Both sensors indicated consistent PM2.5 profiles with similar onset times in 

PM2.5 elevations for each print. The maximum PM2.5 emission for both sensors was similar 

in magnitude for most emission profiles; however, following the maximum PM2.5 emission, 

the decay profiles differed between sensors for certain prints. Khaki et al. (2021) concluded 

that both sensors exhibited the ability to indicate at what time point a significant rise in 

PM2.5 occurs, thereby enabling a user to become aware of the influence of specific print 

parameters on indoor air quality and take corrective actions.

Four studies reported on the time delay required to reduce emissions concentrations inside 

enclosures to background levels prior to retrieving printed objects from various types of 

AM machines. The earliest investigation was from Zhou et al. (2015) who conducted 

two experimental setups, both with ME-type FFF 3-D printers in fixed positions while 

determining the distribution of fine particles in three different locations. Zhou et al. (2015) 

operated the ventilation system prior to printing for removal of background contaminants 

from the clean room. Thereafter, the ventilation system (90 ACH) was switched off during 

printing and switched on again after printing for removal of any particles from printers. 

Data showed a significant decline in particle concentrations that took 10 min for particles 

to reach background levels for one printer and 40 min to reach background for two printers 

(Zhou et al. 2015). As noted in the section on Isolation controls, investigators at the HSE 
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(2019) placed a PMMA box over an open frame FFF 3-D printer and measured the control 

in “exhausting” mode and “recirculating” mode; for both modes, it took 20 min for particle 

concentrations inside the PMMA box to return to background levels. Stefaniak et al. (2019b) 

assessed emissions at a facility with 10 freestanding desktop FFF 3-D printers on shelving 

in a room that did not have LEV or general exhaust ventilation. These investigators built 

a custom-designed ventilation enclosure that consisted of hinged PMMA panels attached 

to the shelves. The enclosure was ventilated with a portable floor fan attached to HEPA 

and activated carbon filters in series. Particle number concentrations were measured with 

a CNC and TVOCs inside the enclosure; within 30 min, particle number concentration 

decreased 98.4% (to near background) and TVOC concentration fell 69.5% (Stefaniak et 

al. 2019b). Bau et al. (2020) determined particle emissions during a DED process for two 

powder materials (Stainless steel 316 L and Inconel 625) and two injection nozzle settings. 

The DED machine had a sealed and ventilated enclosure. For a transient door opening 

step, particle number concentration was measured inside the machine and in the NF to 

approximate the operators normal work location. The transient door opening step resulted 

in peak particle number concentrations that exceeded 105 #/cm3 in the NF. To address 

this exposure risk, two additional machining cycles were run but after the completion 

of each cycle, the machine door was kept closed with a time delay of 8 min, which 

lowered concentration inside the ventilated enclosure by a factor of 10 (but not as low as 

background) and eliminated the peak exposure risk, as documented using a particle counter 

that was positioned in the operator’s breathing zone. Bau et al. (2020) concluded that a 

time delay before allowing the machine doors to be opened would reduce operator exposure 

during this task.

Han, Zhao, and Li (2021) measured the effectiveness of several administrative controls to 

lower organic gas emissions during a 4-D printing process, which involved printing with a 

commercial desktop VP-type laser stereolithography printer in a lab room followed by tasks 

to induce shape changes in the printed object. During a material preparation pre-printing 

task, two different stirring speeds were applied to mix ingredients; reducing the stirring 

speed from 500 rpm to 250 rpm lowered TVOC concentrations by 9.5% (Han, Zhao, and 

Li 2021). The final two stages were post-processing tasks that involved shape programming 

and shape recovery. During shape programing, use of a water bath instead of a hot plate 

decreased TVOC levels by 88% and lowering the water bath temperature from 62°C to 

52°C reduced TVOC levels by 39%. Similarly, for shape recovery, lowering the water bath 

temperature from 62°C to 52°C reduced TVOC levels by 39% (Han, Zhao, and Li 2021).

Personal protective equipment—The last tier in our version of the hierarchy of 

controls is the PPE category (Figure 1). Graff et al. (2017) investigated a PBF process 

using Inconel 939 powder feedstock that included (1) powder characterization, (2) static area 

monitoring of the workplace environment (including emissions and metal concentrations 

in the workplace area), and (3) personal exposure monitoring of AM operators (including 

task-based monitoring). The results from the AM operator’s personal exposure to inhalable 

metals confirmed the presence of chromium (44 μg/m3), nickel (99 μg/m3), and cobalt (38 

μg/m3). As most AM tasks are performed manually by the AM operator, different tasks 

were monitored to determine the airborne metal particle emissions in the range of 0.3 to 

du Plessis et al. Page 18

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10 μm; peak number concentration in the 0.3 μm size fraction during machine opening, 

sieving, and vacuuming and cleaning ranged from 5.0 × 107 #/m3 to more than 1 × 108 #/m3. 

AM operators were provided with powered air purifying respirators (Sundström SR 500, 

TH3, protection factor 250, fitted with an integrated P3 filter and prefilter). The respirator 

was designed for the protection against hazardous particles, vapors, and gases and was 

equipped with two SR 510 P3 particle filters (99.95% removal rating) with a SR 221 

particle prefilter. Graff et al. (2017) investigated the efficacy of the PPE by performing OPS 

measurements (0.3 to 10 μm) inside and outside the respirator. Outside, particle mass peaked 

at approximately 150,000 μg/m3 while inside almost no particle mass was detected, which 

confirmed that the PPE removed greater than 99% of particles and complied with their 

safety criteria. The facility also implemented protective clothing for AM operators, designed 

for nanoscale particle exposure.

Descriptive summary of available emissions data

Particles—A crude summary of all 148 particle control efficacy values in Table 1 revealed 

median efficacy values of 99% (PPE), 72.0% (administrative), 47.2% (engineering), and 

−4.2% (substitution) for these tiers of the hierarchy of controls (Figure 2). Note that the 

PPE tier has only one efficacy data point, and thus is not a true median. For the remaining 

tiers, medians were based upon all AM process types and all particle data, regardless of 

measurement strategy (e.g., type and positioning of instruments) or metric (i.e., number, 

mass, or surface area).

As illustrated in Figure 3, for FFF 3-D printers only, from the 94 available number-based 

efficacy values (all instruments), the median efficacy values for control of particles were 

68.9% (administrative), 60.0% (engineering), and −4.2% (substitution). There were no data 

available on the efficacy of PPE for FFF 3-D printers

Approximately 69% (65/94) of available efficacy values for FFF 3-D printers were for 

the engineering tier of the hierarchy of controls (there were only 11 efficacy values for 

administrative controls and 18 for substitution controls, and hence these tiers were not 

evaluated further because of small sample numbers). As presented in Figure 4a, based upon 

calculated medians, the efficacy of engineering controls by type for particle number-based 

measures of emissions from FFF 3-D printers were (n = 65 values) as follows: ventilated 

enclosures (95.0%), ventilation (80.9%), and isolation (41.4%). Note that because GEV 

data were excluded from these analyses, for FFF 3-D printers, the ventilation grouping is 

equivalent to LEV. After excluding the three values reported as combined OPS/SMPS data 

in a published paper, the remaining 62 efficacy values were further stratified into two size 

fractions: fine particles (OPS, CNC, and diffusion charger data) and UFP (ELPI, FMPS, and 

SMPS data). From Figure 4c, median efficacy values by engineering control type for fine 

particles emitted by FFF 3-D printers were (n = 38 values) as follows: ventilated enclosures 

(88%), ventilation (13.6%), and isolation (37.1%). As given in Figure 4d, median efficacy 

values for UFP emitted by FFF 3-D printers were (n = 24 values) as follows: ventilated 

enclosures (95%), ventilation (88%), and isolation (84%). These data indicate a potential 

particle-size dependent effect in the efficacy of engineering controls for FFF 3-D printers.
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The 65 particle number-based efficacy values for engineering controls were further stratified 

by implementation (i.e., retrofit or by design). As shown in Figure 5a, for ventilated 

enclosures, this type of control exhibited a median efficacy of 97.0% when retrofit to 

a printer compared with 52.6% when implemented as part of a manufacturer’s machine 

design. For isolation, this type of control displayed a median efficacy of 45.1% when it 

was part of a manufacturer’s machine design compared with 33.4% when it was retrofit. 

No comparison could be made for ventilation because all available number-based particle 

data were for retrofit ventilation controls. In addition, the engineering control data were 

stratified by study setting (i.e., test chamber or real-world). As summarized in Figure 5b, 

based upon median values, efficacy of all types of engineering controls was similar or 

higher in test chamber settings compared with real-world settings. Specifically, for ventilated 

enclosures, the efficacy in test chamber settings was 95% (compared with 89% in real-world 

settings), for ventilation the efficacy in test chamber settings was 86.8% (compared with 

30% in real-world settings), and for isolation, the efficacy in test chamber settings was 

52.7% (compared with 37.1% in real-world settings). Further stratification of controls by 

implementation or study setting and particle size (UFP or fine particles) was not feasible 

as there were often fewer than three efficacy values available in each grouping to calculate 

medians.

Gases—From the 68 values on efficacy of controls for gas-phase contaminants in Table 

1, the calculated medians were 73.5% (administrative), 53.9% (engineering), and 47.2% 

(substitution) for these tiers of the hierarchy of controls (Figure 2). Note that the medians 

were calculated from just three efficacy values for the administrative tier and four for the 

substitution tier. Furthermore, caution is warranted because these medians were based upon 

all AM process types regardless of measurement strategy (e.g., positioning of instruments 

or samplers), metric (i.e., individual VOCs or TVOC), and collection method (evacuated 

canisters, sorbent tubes, or PIDs).

As summarized in Figure 3, based on 58 efficacy values for just ME-type FFF 3-D printers 

and MJ printers, the calculated medians were 73.5% (administrative), 55.6% (engineering), 

and 47.2% (substitution) for these tiers of the hierarchy of controls. An attempt to stratify 

data between TVOC and individual VOC measurements was undertaken to assess their 

relative influence on these tiers of the hierarchy; however, except for the engineering tier, 

all combinations of sample type (individual VOC or TVOC) and hierarchy tier exhibited 

fewer than five efficacy values to calculate a reliable median, which precluded our ability to 

gain insights on the influence of these factors on reported control strategies. As illustrated 

in Figure 4b, within the engineering tier, medians by type of control for gases were 

69.4% (ventilation), 34.1% (ventilated enclosures), and 3.6% (isolation). Note that none 

of the ventilation data were for GEV, thus the ventilation grouping was equivalent to LEV. 

There were too few data points to permit further stratification of engineering controls by 

implementation (retrofit versus by design) or study setting (test chamber versus real-world).

For ME-type FFF 3-D printers only, the calculated medians were 73.5% (administrative), 

47.2% (substitution), and 23.9% (engineering) for tiers of the hierarchy of controls. Note 

that medians were calculated based upon only three data points for the administrative tier 

and four for the substitution tier. Interestingly, for the combined FFF 3-D printer and MJ 
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data, the median efficacy for the engineering tier was 55.6%, whereas for FFF 3-D printers 

only, the median efficacy value for the engineering tier was 23.9%. Over 80% (30/37) of 

efficacy values for ME-type FFF 3-D printers were for the engineering tier. Based upon 

median, the efficacy of engineering controls by type for gas-phase emissions from FFF 3-D 

printers were 34.1% (ventilated enclosure), 28.2% (ventilation), and 14.6% (isolation). Note 

that for the combined FFF 3-D printer and MJ data, the median efficacy for ventilation was 

69.4%, whereas for FFF 3-D printers only, the median efficacy value for ventilation was just 

28.2%.

For MJ printers, all 21 efficacy values obtained from the literature were for the engineering 

tier (median of 66.7%) of the hierarchy of controls. Within this tier, there were no apparent 

data available for ventilated enclosures. For the remaining control types, the median 

efficacies were 71.4% (ventilation) and −25% (isolation).

Discussion

Our version of the hierarchy of controls contained six tiers (Figure 1). No relevant literature 

was identified for the second tier, elimination controls (Table 1). In some cases, AM 

processes are considered superior to traditional manufacturing processes because these 

construct previously impossible geometries (Ford 2014). Hence, the absence of data 

for elimination controls might reflect the unique attributes of AM processes relative to 

traditional formative (e.g., injection molding) and removal (e.g., machining) techniques. For 

all other tiers in our version of the hierarchy, at least one control solution was identified in 

the literature.

Knowledge of the efficacy of controls for AM processes is critical for their incorporation 

into risk assessment frameworks to mitigate health hazards from emissions (Dugheri et al. 

2022; Petretta et al. 2019). One study applied a control banding approach to evaluate risk 

specifically for AM processes that utilized metallic feedstocks (Dugheri et al. 2022). Based 

upon a severity score (properties related to the exposure material such as carcinogenicity 

or reproductive toxicity) and a probability score (factors related to work such as the 

amount of material used), the authors assigned risk levels to various tasks. Recommended 

controls included use of GEV (risk level 1), use of fume hoods or LEV (risk level 2), 

use of enclosures (risk level 3), and consultation with a specialist (risk level 4). Petretta 

et al. (2019) presented a detailed risk assessment that identified exposure to VOCs and 

particles as relevant hazards for 5 types of AM processes (DED was not considered to 

be a source of emissions and SL was not included in their risk assessment). For VP 

and BJ processes, these investigators recommended a combination of engineering controls 

(enclosures, ventilation, and filtration), administrative controls (access restrictions, exposure 

monitoring, housekeeping, and training), and PPE (to be selected for the specific process), 

which reduced exposure risk from their “very high” risk category to their “acceptable” 

or “medium” risk categories. For MJ, ME, and PBF processes, Petretta et al. (2019) 

recommended all the same controls, except PPE. As documented in Table 1, the efficacy 

of some of these control solutions identified by Petretta et al. (2019) including enclosures, 

GEV, LEV, filtration, and PPE have been evaluated; however, others have not, such as access 

restrictions and training. It is worth noting that multiple studies demonstrated that, under the 
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specific room conditions evaluated, GEV was insufficient to control particle emissions from 

ME-type FFF 3-D printers (Secondo et al. 2020; Viitanen et al. 2021); however, GEV is 

usually not recommended as the primary approach to control hazardous chemicals. Further, 

based upon calculated median values from available data for particle emissions from FFF 

3-D printers and MJ printers, among types of engineering controls, isolation was generally 

less effective than ventilation or ventilated enclosures. Hence, it is prudent to verify the 

efficacy of engineering controls that are implemented for AM processes.

Measurements of UFP exposures in various industries (such as asphalt work, machining, 

welding, and so on) and the ambient atmosphere are heterogeneous and require 

harmonization of measurement strategies to improve comparability of data (Kumar et 

al. 2010; Viitanen et al. 2017). As summarized in Table 1, studies of AM emissions 

are similarly limited by the lack of standardized measurement approaches. In addition, 

the use of multiple particle metrics to characterize particle releases from AM processes 

such as number (UFP), mass (PM2.5 or PM10), and surface area reflects the state of 

existing literature and points to the need for standardization. The use of multiple sampling 

instruments and particle metrics limited our ability to directly inter-compare published data 

because there were few values on the efficacy of controls for any given instrument and 

metric. This limitation was especially evident when attempting to stratify particle efficacy 

values for engineering controls for FFF 3-D printers by UFP and fine particle size. Median 

efficacy values indicated a potential size-dependent effect for engineering controls, with 

better reductions in particle levels for UFP compared with fine particles. Note that there 

are a few limitations to this finding. Firstly, for purposes of calculating median efficacy 

values, all CNC data were included in the fine particle size fraction. Depending on the model 

and working fluid, CNCs can detect particles with size of approximately 10 nm (in the 

ultrafine range) up to a few micrometers. Since this type of instrument is not size-specific, 

it was unknown if the CNC values represented UFP, fine particles, or both. Secondly, the 

finding of different efficacies based upon particle size fraction was in consideration of 

small numbers of values. Future studies are needed to further evaluate the influence of 

particle size on the efficacy of engineering controls. In addition, no further stratification to 

account for particle size and implementation (retrofit compared with by design) or study 

setting (test chamber compared with real-world) was feasible because of small numbers of 

data. For more information on measurement approaches used to quantify AM emissions for 

monitoring and testing of controls, readers are referred to the Supplemental File and recent 

review articles (Chen et al. 2020; Stefaniak, Du Preez, and Du Plessis 2021a).

Prevention-through-design

MacCuspie et al. (2021) demonstrated that CFD modeling may be used for proactive design 

of workspaces and validated their modeling approach by monitoring and mapping particle 

concentrations in a Class 1000 clean room. Data demonstrated that forced clean airflows 

in a space might lower exposures and that CFD modeling may be used without having to 

replicate physical experiments to better design workspaces. The results indicated a novel 

paradigm for the design of AM workspaces and lab rooms that may be used for proactive 

exposure mitigation.
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Available literature indicates that more opportunities might exist for incorporation of 

PtD concepts into AM processes. Jiang et al. (2021) reported that objects printed on a 

ME-type FFF 3-D printer using cellulose/PLA filament that was surface modified with 

3-aminopropyltriethoxysilane were better able to remove formaldehyde from room air 

compared with activated carbon. The purpose of that study was to build objects for 

passive removal of formaldehyde from indoor air; however, PLA feedstock is known to 

emit formaldehyde during FFF 3-D printing (Stefaniak, Du Preez, and Du Plessis 2021a). 

As such, this modified filament might be a means to develop feedstock materials that self-

reduce or -eliminate formaldehyde emissions during FFF 3-D printing. Potter et al. (2019) 

noted that the presence of carbon nanotubes in the ABS feedstock lowered TVOC emissions 

during ME-type FFF 3-D printing, though levels of specific VOCs such as α-methylstyrene 

and benzaldehyde were increased. Additional research is needed to explore the efficacy and 

safety of filament modification as a PtD control solution.

Opportunities might also exist to apply PtD concepts to post-printing tasks. One example 

is retrieval of printed objects. For PBF machines, retrieval requires that the operator 

brushes away excess powder and manually remove the object. For FDM™-type ME process 

machines, retrieval involves the operator opening a sealed door to access a printed object 

(Du Preez et al. 2018). Efforts are underway to design end-to-end automation of printing 

and post-printing tasks for improved productivity (Lim and Pham 2021). Such automation to 

improve productivity might also help to reduce or eliminate exposures during high exposure 

tasks by limiting human-machine interactions. Research is needed to assess the efficacy of 

automated part retrieval systems to minimize operator exposure for AM processes.

Substitution controls

Preliminary data from two studies indicated that the influence of polymer recycling on 

emissions was highly variable (Table 1). Numerous reasons might explain this variability, 

including the (1) source of waste plastics as noted by Väisänen et al. (2021), (2) types of 

additives used in plastics for food packaging may differ from 3-D-printing-grade plastics, 

(3) presence of product residues on recycled plastics (Mylläri et al. 2016), and (4) filament 

making and 3-D printing conditions. In the study by Stefaniak et al. (2021b), relative 

to virgin filaments, all recycled filaments emitted lower TVOC concentrations. Thermal 

reprocessing of polymers might lower VOC emissions because the most volatile constituents 

are released from a polymer during initial extrusion (heating), and progressively less 

volatile constituents are released with each additional extrusion cycle (Väisänen et al. 2021). 

Finally, an important aspect of the study by Väisänen et al. (2021) was that after each TC, 

these investigators also examined the mechanical properties of PLA and PP plastics. Data 

demonstrated that recycled plastic filaments possessed acceptable mechanical performance 

that made them a plausible alternative for FFF 3-D printing feedstock. Given the promising 

outlook for recycled plastic feedstocks for FFF 3-D printing, more research on emissions 

might aid in assessing the efficacy of these materials as substitution controls.

Engineering controls

Multiple studies evaluated the efficacy of engineering controls to reduce or eliminate 

emissions from MJ, ME, VP, PBF, and DED processes (Table 1). The majority of available 
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data for the control of particles were limited to ME-type FFF 3-D printers. Available data for 

control of gas-phase emissions were mostly for ME-type FFF 3-D printers, and to a lesser 

extent, MJ printers.

Particles—Under the specific room conditions evaluated in multiple studies, GEV was 

ineffective in controlling particle emissions from ME-type FFF 3-D printers (Secondo et al. 

2020; Viitanen et al. 2021). Based upon the 65-particle number-based efficacy values for 

FFF 3-D printers, available data indicated that any type of engineering control that included 

LEV, i.e., ventilated enclosure (95% efficacy) or standalone LEV (81% efficacy) performed 

better than isolation alone (41% efficacy). This observation indicated that future research on 

engineering controls for particle emissions for FFF 3-D printers might increase efficacy by 

inclusion of LEV as part of the strategy. There were little data available to provide guidance 

on the positioning, distance, and capture velocity of LEV relative to an FFF 3-D printer. 

Zontek, Scotto, and Hollenbeck (2021) reported that an LEV system that consisted of 4 inlet 

openings and ducts positioned in between, but not directly above FFF 3-D printers, with 

a design velocity of 15.24 m/s (3000 fpm) generally exhibited poor efficacy in reducing 

particle number and mass concentrations. Viitanen et al. (2021) suggested that LEV efficacy 

might be higher in FFF 3-D printers that are designed with a fixed nozzle position and 

moveable printing bed, since the LEV hood can be positioned closer to the print nozzle; 

however, high airflow from LEVs may cool the filament too fast, which might affect print 

quality. This research gap on positioning, distance, and capture velocity of LEV extends 

beyond FFF 3-D printers to all types of AM processes.

Ventilated enclosures that were retrofit to an FFF 3-D printer (Figure 5) had median 

efficacy of 97% and better controlled particle emissions compared with ventilated enclosures 

designed by the printer manufacturer (median efficacy of 52.6%). The precise reason(s) for 

the higher performance of retrofit ventilated enclosures was not clear from the literature. 

One possible explanation was that retrofit controls were likely implemented for the sole 

purpose of lowering emissions, whereas a manufacturer’s design might reflect a balance of 

multiple considerations (e.g., thermal stability of the build chamber atmosphere to produce 

a high-quality part, complexity of manufacturing a printer, and reduction of emissions). 

Isolation as an engineering control strategy generally displayed poor performance, but it 

was higher when designed by a manufacturer (median efficacy of 45%) compared with 

when it was retrofit (median efficacy of 33.4%) to an FFF 3-D printer. This observation 

was somewhat surprising given that earlier studies indicated that the efficacy of loose-fitting 

printer covers designed to maintain thermal stability of the build chamber atmosphere 

showed poor efficacy in controlling particle emissions (Azimi et al. 2016; Yi et al. 2016). 

The better performance of isolation controls designed by manufacturers might reflect the 

evolution in printer designs over time that now go beyond maintaining the build chamber 

temperature to containing contaminants; Runstrom Eden et al. (2022) and Viitanen et al. 

(2021) reported efficacies of modern printer enclosures exceeded 95%. The efficacy of 

ventilated enclosures, LEV, and isolation for particle emissions from FFF 3-D printers 

were similar or higher when assessed in test chamber settings compared with real-world 

settings (Figure 5). This finding suggested that test chambers were a reliable first step 

in the evaluation of engineering controls, but positive results in chamber studies need to 
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be verified by studies in real-world settings (the same verification should apply to all 

types of AM processes). Finally, it is worth noting that many ventilation control strategies 

included filtration media such as HEPA, poly-acrylonitrile nanofiber, electret/antibacterial, 

polyethylene, and nanomembrane filters to capture particles (Cao et al. 2019; Cao and Pui 

2020; Dunn et al. 2020; Du Preez et al. 2018; Gu et al. 2019; HSE 2019; Katz et al. 

2020; Kwon et al. 2017; Secondo et al. 2020; Stefaniak et al. 2019b; Viitanen et al. 2021); 

however, limited available data does not permit conclusion as to which type of filter provides 

the best capture performance for particles. The collection efficiency of a given type of filter 

depends on many factors, including the construction of the filter itself and characteristics 

of the particle such as size and electrostatic charge. Multiple published papers reported 

different capture efficiencies of filters for particles. Among these papers, only Kwon et al. 

(2017) systematically evaluated several types of filter media using the same experimental 

setup, but even then, collection efficiencies for particles ranged from 76.6% to 99.9%, which 

indicated that the characteristics of the particles and/or filter were important factors when 

designing controls.

Gases—When data from FFF 3-D and MJ printers were combined, the calculated median 

efficacy value for the engineering tier of the hierarchy of controls was 55.6%, but when 

data were parsed between printer types, the median efficacy value decreased to 23.9% for 

FFF 3-D printers and increased to 66.7% for MJ printers. Hence, the efficacy of engineering 

controls for gases emitted by FFF 3-D printers was poorer than initially concluded based 

upon combined data.

Within the engineering tier of the hierarchy, for FFF 3-D printers and MJ printers combined, 

the median efficacy of ventilation (LEV) to reduce gas-phase emissions was 69.4%. When 

data were parsed between printer types, the median efficacy decreased to 28.2% for FFF 

3-D printers but remained similar at 71.4% for MJ printers. Hence, ventilation alone appears 

promising as an engineering control for gas-phase emissions from MJ printers, but more 

research is needed to improve the efficacy of this approach for FFF 3-D printers. Note 

that while ventilation alone had poor efficacy in controlling gas-phase emissions from FFF 

3-D printers, similar to that for particles, isolation exhibited even less efficacy (median of 

14.6%) compared with any type of ventilated control (LEV or ventilated enclosure). Several 

of the ventilation-based controls (LEV or ventilated enclosures) assessed in the literature for 

FFF 3-D printers also incorporated filter media into the design. Some examples of media 

were graphitic carbon nitride doped with metals (Wojtyła, Śpiewak, and Baran 2020), HEPA 

filters (Davis et al. 2019), and HEPA-HIMOP or HEPA-ACF combinations (Gu et al. 2019; 

Stefaniak et al. 2019b). One possible explanation for the relatively poor performance of 

ventilation-based controls to lower gas-phase emissions might be related to the findings of 

Gu et al. (2019) and Davis et al. (2019). Both research groups documented an increase 

in TVOC levels and levels of specific VOCs as well as the presence of new gas-phase 

emissions that were not present during printing without a filtered ventilation control in 

place. Davis et al. (2019) indicated that the source of these VOCs might have been the 

filter material itself. Gu et al. (2019) demonstrated that concentrations of VOCs decreased 

after the filter in the cover was conditioned and operated for a few days, which supported 

the premise that the HEPA filter contributed to gas-phase emissions. Future research on the 
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efficacy of filter-based controls for gas-phase emissions needs to consider the contribution of 

the media itself to contaminant levels. Available data were too sparse to permit conclusion 

as to whether any one type of filter provided the best capture performance for gases. 

There were no apparent data available to base guidance on the positioning, distance, and 

capture velocity of LEV relative to the printer (or extruder nozzle) for control of gas-phase 

emissions. Finally, data on the efficacy of engineering controls for gas-phase emissions were 

too sparse to permit comparison of results between test chamber and real-world settings; in 

the absence of more data, it seems prudent that promising results in test chambers need to be 

verified by studies in real-world settings.

Administrative controls

Administrative controls serve as changes in work practices. On their own, administrative 

controls may sometimes be difficult to implement and maintain, such that they are often 

used in conjunction with engineering controls and PPE to effectively control or eliminate a 

hazard. These controls are sometimes viewed as a short-term solution that is implemented 

while a hazard is removed or reduced using other control technologies. Findings from the 

investigations of administrative controls provided useful information that might easily be 

applied to the workplace, AM machine print parameters, and the AM machine setup.

Results of emissions monitoring in NF and FF locations for AM processes varied among 

three studies (Lewinski, Secondo, and Ferri 2019; Stefaniak et al. 2022; Zhou et al. 2015). 

Given the conflicting observations among these studies, when investigating NF and FF 

contaminant concentrations, factors such as the type of contaminant and the airflow patterns 

in the workplace area need to be taken into consideration using particle mapping and a 

CNC, visualizing airflow patterns using smoke tubes, or by other means. Both machine 

operators and bystanders need to be aware of potential for contaminant release in a space 

when undertaking specific tasks associated with an AM process and the printing step itself 

and that distance from an AM machine does not always confer a reduction in exposure.

Changes to print parameters might be an effective administrative control, which indicated 

that operating procedures, printer model, and feedstock material type need to be taken into 

consideration when conducting work (Cheng et al. 2018; Deng et al. 2016; Simon et al. 

2018). AM operators are usually skilled engineers who also act as part designer and printer 

technician, and therefore with knowledge of the influence of certain print parameters on 

emissions, these individuals could proactively adjust print designs and printer settings to 

lower exposures. Furthermore, Simon et al. (2018) recommended that the extruder nozzle be 

properly cleaned after each run and that the filament needs to be retracted out of the extruder 

nozzle during the pre-heating step.

Both Wojnowski et al. (2020) and Khaki et al. (2021) concluded that the use of sensors 

might alert an AM machine operator of high emissions concentrations and the need 

to implement exposure mitigation steps. Another opportunity to incorporate sensors as 

administrative controls might be to monitor build quality during FFF 3-D printing. Minetola 

et al. (2022) applied an in situ monitoring system to detect possible print defects during 

the build cycle by comparing images of each build layer to the computer code for the 

print job. Although this monitoring system is intended to improve part quality, print 
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defects lead to a printer malfunction, which often results in higher particle emissions 

(Mendes et al. 2017; Stefaniak et al. 2019b; Yi et al. 2016), monitors could also serve 

as an administrative warning to not immediately approach a printer and thereby reduce 

exposures. Another example is the application of machine learning techniques to monitor 

3-D printer performance to distinguish among various printing conditions (e.g., use of a 

clogged nozzle) to support quality assurance in AM (Westphal and Seitz 2021). In this study, 

investigators used an environmental monitoring sensor including air pressure, humidity, 

temperature, and VOCs during FFF 3-D printing. Air pressure was identified as the most 

influential environmental monitoring parameter and VOC levels were the least influential 

for input to the machine learning model (Westphal and Seitz 2021). Despite limited utility 

of VOC monitoring in this research as input to a machine learning model, if relationships 

between VOC levels and 3-D printer performance parameters (e.g., acoustic signals) can be 

identified, machine performance monitoring might be a useful administrative control.

Each AM process category is based upon a different principle of operation and therefore 

will have different process phases. Recognizing which controls are most relevant to a given 

AM process might assist in identifying and reducing occupational exposures beforehand 

(Bau et al. 2020; Dugheri et al. 2022; Han, Zhao, and Li 2021; Petretta et al. 2019). Some 

administrative controls might be viewed as short-term solutions (e.g., establishing zone 

control) but many might be effective in the long term if these are affordable and tailored 

to a specific AM process and workplace setup (e.g., adjusting print parameters to lower 

exposures and negate the need for zone control). When setting up administrative controls in 

a workplace, the following order of preference might be useful: area/setting (parameters) > 

filament (parameters) > machine (parameters) > workplace task specifics.

Personal protective equipment

Graff et al. (2017) found that the Sundström SR 500 as respiratory protective equipment 

was sufficient in removing particles when worn during PBF. However, their study only 

investigated respiratory protection against particles and not gases, nor were other forms 

of PPE evaluated such as protective clothing. Although Graff et al. (2017) was the only 

published paper identified by the literature search that evaluated respiratory protection from 

particles in an AM workplace, PPE has been extensively studied for gas- and particle-phase 

emissions from many other processes. Even though PPE occupies the lowest tier in our 

version of the hierarchy of controls, it might provide protection when coupled with existing 

facility-specific control measures that are tailored to the specific AM work environment. 

Therefore, there is still a need to establish the efficacy of the different types of PPE in 

reducing exposures to AM process emissions.

Summary

A search of the available literature identified 42 articles that met the inclusion criteria for 

this review. Data were available that quantified the efficacy of at least one control for all 

but the SL process category. More data were available on controls for particle emissions 

from AM processes compared with gas-phase emissions. The majority of available data 

on controls were for ME-type FFF 3-D printers, and to a lesser degree, MJ printers. In 
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the context of the hierarchy of controls, the paucity of available data precluded drawing 

firm conclusions on the efficacy of PtD, elimination, substitution, administrative, and PPE 

controls. Available data indicated that engineering controls for ME-type FFF 3-D printers 

that included LEV generally displayed higher efficacy in reducing particle and gas levels 

compared with isolation alone. Furthermore, efficacies of engineering controls for particle 

emissions from FFF 3-D printers appeared to be higher when evaluated in test chamber 

settings compared with real-world settings. As such, it seems prudent that positive results 

in test chambers need to be confirmed by studies in real-world settings. From this literature 

review, the following research gaps were identified:

• Data are needed on the efficacy of controls for emissions from all AM process 

categories, not just ME-type FFF 3-D printers and MJ printers.

• More data are needed to understand potential particle size-dependent effects on 

the efficacy of engineering controls.

• More data are needed to understand the efficacy of controls for gas-phase 

emissions, including control solutions that do not contribute to gaseous 

emissions as documented for some filter media.

• Future data collection for AM process emissions (particles and gases) should be 

conducted in a more standardized manner (type of instrument, metrics, etc.) to 

facilitate inter-comparison of results among studies.

• Existing studies on controls have focused exclusively on the inhalation exposure 

pathway, and there is currently no research on minimizing dermal exposures to 

resin and powder feedstocks.

• Within the context of our version of the hierarchy of controls:

– Application of PtD concepts to AM processes is relatively nascent 

but shows promise for application of CFD modeling to the design of 

workplaces and opportunities exist to expand PtD to other areas such as 

feedstocks that control their own emissions.

– More studies are needed to assess whether substitution of polymer 

feedstocks can provide opportunities to lower emissions compared with 

virgin polymers.

– Improved understanding of engineering controls is needed, including 

which type of filter provides the best capture performance for aerosols 

and gases and the impact of positioning, distance, and capture velocity 

of LEV relative to a printer.

– More studies are necessary to assess the efficacy of administrative 

controls, especially for task-based activities throughout AM processes.

– PPE might be needed, but it is the least-preferred method. PPE should 

be used in combination with other control measures. However, more 

studies are needed to investigate the use of PPE in different AM 
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environments in terms of correct type of PPE selected, its correct use, 

maintenance/replacement, and storage.

Finally, it is important to note that for all control types, there is a need for regular 

maintenance and verification of their efficiency to ensure proper effectiveness.
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Figure 1. 
Tested controls organized according to our version of the hierarchy of controls and additive 

manufacturing (AM) process category. The number of published articles for each tier is 

indicated in parentheses. Sub-classification of the engineering and administrative control 

tiers is also indicated. Note that the total number of articles given in Figure 1 (45) was 

greater than the total number of citations that met the inclusion criteria of this review (42) 

because some citations included results for more than one control type. ME = material 

extrusion, DED = directed energy deposition, MJ = material jetting, PBF = powder bed 

fusion, VP = vat photopolymerization, and BJ = binder jetting.
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Figure 2. 
Median % efficacies of controls for particle (n = 148 values) and gas emissions (n = 68 

values) for all AM process categories by hierarchy tier.
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Figure 3. 
Median % efficacies of controls for particle number-based data only (n = 94 values) and gas 

emissions (n = 58 values) for select AM processes by hierarchy tier. ME = FFF 3-D printers, 

MJ = material jetting.
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Figure 4. 
Median % efficacies of controls for particle and gas emissions for select AM processes by 

type of engineering control: (a) medians for particles calculated from number-based data 

only (n = 65 values), (b) medians for gases calculated from all sample data (n = 51), (c) 

medians for particles calculated for fine size fraction only (n = 38 values), and (d) medians 

for particles calculated for ultrafine size fraction only (n = 24 values). ME = material 

extrusion (FFF 3-D printers only), MJ = material jetting.
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Figure 5. 
Median % efficacies of engineering controls for particle number-based data only (n = 65 

values) from material extrusion-type FFF 3-D printers by: (a) implemented by-design or 

retrofit, and (b) studied in a test chamber or real-world setting.

du Plessis et al. Page 39

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 40

Ta
b

le
 1

.

E
ff

ic
ac

y 
of

 c
on

tr
ol

 te
ch

no
lo

gi
es

 f
or

 a
dd

iti
ve

 m
an

uf
ac

tu
ri

ng
 p

ro
ce

ss
es

 o
rg

an
iz

ed
 b

y 
hi

er
ar

ch
y 

ca
te

go
ry

 (
ef

fi
ca

cy
 v

al
ue

s 
in

 it
al

ic
 f

on
t w

er
e 

ca
lc

ul
at

ed
 b

y 

au
th

or
s 

of
 th

is
 r

ev
ie

w
 f

ro
m

 d
at

a 
gi

ve
n 

in
 th

e 
ci

te
d 

pa
pe

r. 
V

al
ue

s 
in

 p
la

in
 f

on
t w

er
e 

as
 g

iv
en

 in
 th

e 
ci

te
d 

pa
pe

r)
.

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

P
re

ve
nt

io
n-

th
ro

ug
h-

de
si

gn

M
ac

C
us

pi
e 

et
 a

l. 
(2

02
1)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r/

C
le

an
 

ro
om

•
TA

Z
 6

 (
L

ul
zb

ot
)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
C

FD
 m

od
el

in
g 

fo
r 

pr
oa

ct
iv

e 
de

si
gn

 o
f 

w
or

ks
pa

ce
s

SM
PS

 (
#)

[1
0–

42
0 

nm
] 

O
PS

 (
#)

[0
.3

–
25

 μ
m

] 
C

yc
lo

ne
 

(m
)[

D
50

 =
 4

 μ
m

]

V
al

id
at

ed
 

C
FD

 m
od

el

E
lim

in
at

io
n

n/
a

n/
a

n/
a

•
n/

a
•

n/
a

n/
a

n/
a

Su
bs

ti
tu

ti
on

St
ef

an
ia

k 
et

 a
l. 

(2
02

1b
)

M
E

 (
FF

F)
Te

ac
hi

ng
 la

b 
ro

om
•

U
ns

pe
ci

fi
ed

 m
od

el
/m

an
uf

ac
tu

re
r

•
O

pe
n 

fr
am

e

•
PL

A
 f

ila
m

en
ts

•
Su

bs
tit

ut
io

n 
of

 v
ir

gi
n 

PL
A

 w
ith

 r
ec

yc
le

d 
PL

A
 

fi
la

m
en

t (
gr

ee
n)

 –
 “

ho
t”

 
pr

in
tin

g

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
−8

9.
2

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

8.
6

PI
D

 (
T

V
O

C
)

40
.8

M
E

 (
FF

F)
Te

ac
hi

ng
 la

b 
ro

om
•

U
ns

pe
ci

fi
ed

 m
od

el
/m

an
uf

ac
tu

re
r

•
O

pe
n 

fr
am

e

•
PL

A
 f

ila
m

en
ts

•
Su

bs
tit

ut
io

n 
of

 v
ir

gi
n 

PL
A

 w
ith

 r
ec

yc
le

d 
PL

A
 

fi
la

m
en

t (
gr

ay
) 

– 
“h

ot
” 

pr
in

tin
g

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]C
N

−3
9.

3

C
 (

#)
[2

0–
10

00
 n

m
]

−1
10

.5

PI
D

 (
T

V
O

C
)

24
.6

M
E

 (
FF

F)
Te

ac
hi

ng
 la

b 
ro

om
•

U
ns

pe
ci

fi
ed

 m
od

el
/m

an
uf

ac
tu

re
r

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

ts

•
Su

bs
tit

ut
io

n 
of

 v
ir

gi
n 

A
B

S 
w

ith
 r

ec
yc

le
d 

A
B

S 
fi

la
m

en
t –

 “
no

rm
al

” 
pr

in
tin

g

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
15

.9

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

−1
86

.0

PI
D

 (
T

V
O

C
)

55
.5

M
E

 (
FF

F)
Te

ac
hi

ng
 la

b 
ro

om
•

U
ns

pe
ci

fi
ed

 m
od

el
/m

an
uf

ac
tu

re
r

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

ts

•
Su

bs
tit

ut
io

n 
of

 v
ir

gi
n 

A
B

S 
w

ith
 r

ec
yc

le
d 

A
B

S 
fi

la
m

en
t –

 “
ho

t”
 p

ri
nt

in
g

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
56

.7

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

77
.7

PI
D

 (
T

V
O

C
)

53
.5

V
äi

sä
ne

n 
et

 a
l. 

(2
02

1)
M

E
 (

FF
F)

L
ab

 r
oo

m
•

Z
m

or
ph

 2
.0

 S
X

 (
Z

m
or

ph
 S

.A
.)

•
Fu

lly
 e

nc
lo

se
d

•
Su

bs
tit

ut
io

n 
of

 v
ir

gi
n 

PL
A

 w
ith

 r
ec

yc
le

d 
PL

A
 

fi
la

m
en

t

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

B
as

el
in

e
15

.7

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 41

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
PL

A
 f

ila
m

en
ts

T
C

 1
1.

2

T
C

 2
26

.3

T
C

 3
45

.0

T
C

 4
−9

.5

T
C

 5
25

.0

M
E

 (
FF

F)
L

ab
 r

oo
m

•
Z

M
or

ph
 2

.0
 S

X
 (

Z
M

or
ph

 S
.A

.)

•
Fu

lly
 e

nc
lo

se
d

•
PP

 f
ila

m
en

ts

•
Su

bs
tit

ut
io

n 
of

 v
ir

gi
n 

PP
 

w
ith

 r
ec

yc
le

d 
PP

 f
ila

m
en

t
C

N
C

 (
#)

 [
20

–1
00

0 
nm

]

B
as

el
in

e
−1

29
.3

T
C

 1
−2

64
.4

T
C

 2
−4

97
.9

T
C

 3
−7

75
.3

E
ng

in
ee

ri
ng

O
dd

on
e 

et
 a

l. 
(2

02
1)

D
E

D
W

or
kp

la
ce

•
Si

x-
ax

is
 r

ob
ot

ic
 a

rm
 (

un
sp

ec
if

ie
d 

m
od

el
/

m
an

uf
ac

tu
re

r)

•
Fr

ee
ly

 m
ov

in
g

•
St

ai
nl

es
s 

st
ee

l 3
16

 a
nd

 I
nc

on
el

 7
18

 
po

w
de

rs

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

In
ha

la
bl

e 
(m

):
[D

50
 

=
 1

00
 μ

m
]

C
hr

om
iu

m
28

.6

C
ob

al
t

70
.8

N
ic

ke
l

34
.0

Ir
on

16
.7

R
un

st
ro

m
 E

de
n 

et
 a

l. 
(2

02
2)

M
E

 (
FF

F)
W

or
kp

la
ce

•
T

hr
ee

 p
ri

nt
er

s 
(n

 =
 2

 U
lti

m
ak

er
 3

; n
 

=
 1

 U
lti

m
ak

er
 5

) 
en

cl
os

ed
 w

ith
 h

oo
ds

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
U

lti
m

ak
er

 3

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p 

or
 f

ro
nt

•
T

PU
, t

ou
gh

 P
L

A
, P

E
T-

C
F,

 P
C

, A
B

S 
fi

la
m

en
ts

•
U

lti
m

ak
er

 5

•
Si

de
 w

al
ls

 a
nd

 s
pl

it 
fr

on
t d

oo
rs

 b
ut

 n
o 

to
p

•
T

PU
, t

ou
gh

 P
L

A
, P

E
T-

C
F,

 P
C

, A
B

S 
fi

la
m

en
ts

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

98
 ‡,
∩

,[B
]

V
äi

sä
ne

n 
et

 a
l. 

(2
02

2)
M

J
L

ab
 r

oo
m

•
M

od
el

 J
73

5 
(S

tr
at

as
ys

)

•
Fu

lly
 e

nc
lo

se
d 

w
ith

 h
in

ge
d 

co
ve

r

•
V

en
til

at
io

n 
(b

y 
de

si
gn

) 
– 

bu
ilt

-i
n 

L
E

V
 (

7 
A

C
H

)
C

N
C

 (
#)

 [
7–

30
00

 
nm

]
62

.1

T
D

 tu
be

 (
m

):
 I

so
b.

 
ac

ry
la

te
98

.1

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 42

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
V

er
oC

ya
n-

V
, V

er
oM

ag
en

ta
-V

, 
V

er
oY

el
lo

w
-V

, V
er

oP
ur

eW
hi

te
, a

nd
 

V
er

oC
le

ar
 in

k-
lik

e 
re

si
ns

IP
A

95
.7

Σ(
V

O
C

s)
97

.6

D
N

PH
 (

m
):

 
A

ce
ta

ld
.

57
.1

A
ce

to
ne

36
.4

B
en

za
ld

.
37

.5

2-
B

ut
an

on
e

75
.0

B
ut

yr
al

d.
50

.0

Fo
rm

al
d.

40
.0

H
ex

al
d.

42
.9

Pr
op

io
na

ld
.

66
.7

Σ(
C

ar
bo

ny
ls

)
44

.2

M
J

L
ab

 r
oo

m
•

M
od

el
 J

73
5 

(S
tr

at
as

ys
)

•
Fu

lly
 e

nc
lo

se
d 

w
ith

 h
in

ge
d 

co
ve

r

•
V

er
oB

la
ck

 P
lu

s 
re

si
n

•
V

en
til

at
io

n 
(b

y 
de

si
gn

) 
– 

bu
ilt

-i
n 

L
E

V
 (

7 
A

C
H

)
C

N
C

 (
#)

 [
7–

30
00

 
nm

]
68

.6

T
D

 tu
be

 (
m

):
Is

ob
. 

ac
ry

la
te

98
.9

Pr
op

. g
ly

co
l

96
.7

Σ(
V

O
C

s)
96

.8

D
N

PH
 (

m
):

 
A

ce
ta

ld
.

71
.4

A
ce

to
ne

75
.0

B
ut

yr
al

d.
57

.1

Fo
rm

al
d.

35
.3

H
ex

al
d.

55
.6

Pr
op

io
na

ld
.

75
.0

Σ(
C

ar
bo

ny
ls

)
57

.9

A
zz

ou
ga

gh
 e

t a
l. 

(2
02

1)
PB

F 
(S

FM
)

W
or

kp
la

ce
•

Pr
oX

20
0 

(3
D

 S
ys

te
m

s)

•
Se

al
ed

 m
ac

hi
ne

 d
oo

rs

•
A

lu
m

in
um

 a
llo

y 
po

w
de

r

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

C
N

C
 (

#)
[1

0–
10

00
 

nm
]

90
.0

H
an

, Z
ha

o,
 a

nd
 

L
i (

20
21

)
V

P 
(S

L
A

)
L

ab
 r

oo
m

•
M

oa
i 1

30
 (

Pe
op

ol
y)

•
Fu

lly
 e

nc
lo

se
d 

(n
on

-a
ir

tig
ht

)

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 

– 
ac

tiv
at

ed
 c

ar
bo

n 
ab

so
rb

en
t b

ed
 p

la
ce

d 
in

si
de

 e
nc

lo
su

re

PI
D

 (
T

V
O

C
)

58
.9

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 43

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
M

et
ha

cr
yl

at
e-

ba
se

d 
re

si
n

L
óp

ez
 D

e 
Ip

iñ
a 

et
 a

l. 
(2

02
1)

M
E

 (
FF

F)
L

ab
 r

oo
m

•
FA

ST
 p

ro
to

ty
pe

 p
ri

nt
er

/p
la

sm
a 

je
tti

ng
 

m
ac

hi
ne

•
M

ac
hi

ne
 (

op
en

 f
ra

m
e)

 e
nc

lo
se

d 
in

 
PM

M
A

 b
ox

 (
ai

r-
ai

rt
ig

ht
ne

ss
 n

ot
 

sp
ec

if
ie

d)

•
PE

O
T

/P
B

T
 p

ol
ym

er

•
PE

O
T

/P
B

T
 w

/r
G

O

•
PE

O
T

/P
B

T
 w

/H
A

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 

en
cl

os
ur

e!!
C

N
C

 (
#)

[1
0–

10
00

 
nm

]
13

.2
 to

 3
2.

5 
−1

1.
3 

to
 3

4.
5 

34
.2

 to
 4

8.
2

M
E

 (
FF

F)
L

ab
 r

oo
m

•
FA

ST
 p

ro
to

ty
pe

 p
ri

nt
er

/p
la

sm
a 

je
tti

ng
 

m
ac

hi
ne

•
M

ac
hi

ne
 (

op
en

 f
ra

m
e)

 e
nc

lo
se

d 
in

 
PM

M
A

 b
ox

 (
ai

r-
ai

rt
ig

ht
ne

ss
 n

ot
 

sp
ec

if
ie

d)

•
PE

O
T

/P
B

T

•
PE

O
T

/P
B

T
 w

/r
G

O

•
PE

O
T

/P
B

T
 w

/H
A

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 

en
cl

os
ur

e!!
O

PS
 (

#)
[0

.3
–1

0 
μm

]
7.

1 
to

 6
4.

7 
60

.0
 to

 8
2.

1 
−1

8.
4 

to
 2

0.
0

M
E

 (
FF

F)
 –

 
pl

as
m

a 
je

tti
ng

 p
os

t-
pr

in
tin

g 
ta

sk

L
ab

 r
oo

m
•

FA
ST

 p
ro

to
ty

pe
 p

ri
nt

er
/p

la
sm

a 
je

tti
ng

 
m

ac
hi

ne

•
M

ac
hi

ne
 (

op
en

 f
ra

m
e)

 e
nc

lo
se

d 
in

 
PM

M
A

 b
ox

 (
ai

r-
ai

rt
ig

ht
ne

ss
 n

ot
 

sp
ec

if
ie

d)

•
PE

O
T

/P
B

T

•
PE

O
T

/P
B

T
 w

/r
G

O

•
PE

O
T

/P
B

T
 w

/H
A

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

C
N

C
 (

#)
[1

0–
10

00
 

nm
]

98
.2

 to
 9

8.
6 

97
.8

 to
 9

8.
6 

97
.1

 to
 9

8.
6

M
E

 (
FF

F)
 –

 
pl

as
m

a 
je

tti
ng

 p
os

t-
pr

in
tin

g 
ta

sk

L
ab

 r
oo

m
•

FA
ST

 p
ro

to
ty

pe
 p

ri
nt

er
/p

la
sm

a 
je

tti
ng

 
m

ac
hi

ne

•
M

ac
hi

ne
 (

op
en

 f
ra

m
e)

 e
nc

lo
se

d 
in

 
PM

M
A

 b
ox

 (
ai

r-
ai

rt
ig

ht
ne

ss
 n

ot
 

sp
ec

if
ie

d)

•
PE

O
T

/P
B

T

•
PE

O
T

/P
B

T
 w

/r
G

O

•
PE

O
T

/P
B

T
 w

/H
A

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

O
PS

 (
#)

[0
.3

–1
0 

μm
]

71
.4

 to
 8

4.
9 

91
.9

 to
 9

5.
7 

53
.5

 to
 6

3.
0

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 44

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

St
ef

an
ia

k 
et

 a
l. 

(2
02

1c
)

M
E

 
(L

FA
M

)
W

or
kp

la
ce

•
M

od
el

s 
60

3 
an

d 
60

6 
(C

in
ci

nn
at

i I
nc

.)

•
M

ac
hi

ne
s 

(s
id

e 
w

al
ls

 b
ut

 o
pe

n 
to

ps
) 

en
cl

os
ed

 u
si

ng
 c

us
to

m
-b

ui
lt 

ca
no

pi
es

•
A

B
S,

 P
C

, U
lte

m
®

, P
PS

, P
SU

 p
el

le
ts

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

−3
13

.6
 to

 
77

.8

PI
D

 (
T

V
O

C
)

−9
25

.0
 to

 
58

.8

V
iit

an
en

 e
t a

l. 
(2

02
1)

M
E

 (
FF

F)
O

ff
ic

e
•

M
od

el
 3

 E
du

ca
tio

n 
E

di
tio

n 
(m

in
iF

ac
to

ry
)

•
B

ac
k 

w
al

l b
ut

 n
o 

si
de

 w
al

ls
 o

r 
to

p

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 

L
E

V
 c

an
op

y 
ho

od
 w

/
H

E
PA

 f
ilt

er
 p

os
iti

on
ed

 
ov

er
 p

ri
nt

er
 n

oz
zl

e

SM
PS

 (
#)

[2
–6

4 
nm

]
30

D
C

 (
sa

)[
10

–1
00

0 
nm

]
49

M
E

 (
FF

F)
O

ff
ic

e
•

M
od

el
 3

 E
du

ca
tio

n 
E

di
tio

n 
(m

in
iF

ac
to

ry
)

•
Pr

in
te

r 
(b

ac
k 

w
al

l b
ut

 n
o 

si
de

 w
al

ls
 o

r 
to

p)
 e

nc
lo

se
d 

in
 p

la
st

ic
 (

un
sp

ec
if

ie
d 

ty
pe

) 
bo

x 
w

ith
 n

on
-a

ir
tig

ht
 d

oo
r

•
A

B
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e

SM
PS

 (
#)

[2
–6

4 
nm

]
97

D
C

 (
sa

)[
10

–1
00

0 
nm

]
89

M
E

 (
FF

F)
O

ff
ic

e
•

M
od

el
 3

 E
du

ca
tio

n 
E

di
tio

n 
(m

in
iF

ac
to

ry
)

•
Pr

in
te

r 
(b

ac
k 

w
al

l b
ut

 n
o 

si
de

 w
al

ls
 o

r 
to

p)
 e

nc
lo

se
d 

in
 p

la
st

ic
 (

un
sp

ec
if

ie
d 

ty
pe

) 
bo

x 
w

ith
 n

on
-a

ir
tig

ht
 d

oo
r

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

SM
PS

 (
#)

[2
–6

4 
nm

]
99

D
C

 (
sa

)[
10

–1
00

0 
nm

]
96

Z
on

te
k,

 S
co

tto
, 

an
d 

H
ol

le
nb

ec
k 

(2
02

1)

M
E

 (
FF

F)
Fa

b 
L

ab
 r

oo
m

•
U

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r 
(n

 =
 8

)

•
O

pe
n 

fr
on

t

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 

L
E

V
 d

uc
ts

 p
os

iti
on

ed
 

ne
ar

 p
ri

nt
er

s

C
N

C
 (

#)
[1

0–
10

00
 

nm
]

13
.6

 [B
] 

O
PS

 (
m

)[
0.

3–
10

 
μm

]
42

.3
 [B

] 

C
ao

 a
nd

 P
ui

 
(2

02
0)

M
E

 
(F

D
M

™
)

U
ni

ve
rs

ity
 r

oo
m

•
D

im
en

si
on

 1
20

0e
s 

(S
tr

at
as

ys
)

•
Se

al
ed

 m
ac

hi
ne

 d
oo

rs

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 (

by
 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

 w
/r

ec
ir

cu
la

tin
g 

H
E

PA
 f

ilt
er

SM
PS

 (
sa

)

[−
]*

SM
PS

 (
m

)
99

 ‡,
[B

]

[−
]*

99
.9

 ‡,
[B

]

D
un

n 
et

 a
l. 

(2
02

0)
M

E
 (

FF
F)

O
ff

ic
e

•
R

ep
lic

at
or

+
 (

M
ak

er
B

ot
)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
To

ug
h 

PL
A

 f
ila

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 

L
E

V
 n

oz
zl

e 
ho

od
 w

/
H

E
PA

 f
ilt

er
 (

1 
pr

in
te

r)

SM
PS

 (
#)

[1
0–

42
0 

nm
]

98
.0

[B
]

K
at

z 
et

 a
l. 

(2
02

0)
M

E
 (

FF
F)

O
ff

ic
e

•
H

-8
00

 (
A

fi
ni

a)

•
H

in
ge

d 
co

ve
r 

(n
on

-a
ir

tig
ht

)

•
V

en
til

at
ed

 e
nc

lo
su

re
 (

by
 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

SM
PS

 (
#)

[1
5–

68
5 

nm
]

94
.7

m
-A

M
S 

(m
)[

30
–

10
00

 n
m

]
91

.1

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 45

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
A

B
S 

fi
la

m
en

t
m

ac
hi

ne
 w

/r
ec

ir
cu

la
tin

g 
H

E
PA

 f
ilt

er

Se
co

nd
o 

et
 a

l. 
(2

02
0)

M
E

 (
FF

F)
L

ib
ra

ry
 M

ak
er

Sp
ac

e
•

R
ep

lic
at

or
 5

th
 G

en
. (

M
ak

er
B

ot
)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
io

n 
– 

G
E

V
 (

3.
1 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
1.

1[B
]

M
E

 (
FF

F)
L

ib
ra

ry
 M

ak
er

Sp
ac

e
•

U
lti

m
ak

er
 2

 (
U

lti
m

ak
er

)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p 

or
 f

ro
nt

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
io

n 
– 

G
E

V
 (

3.
1 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
62

7.
9[B

]

M
E

 (
FF

F)
L

ib
ra

ry
 M

ak
er

Sp
ac

e
•

TA
Z

 5
 (

L
ul

zb
ot

)

•
O

pe
n 

fr
am

e

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
io

n 
– 

G
E

V
 (

3.
1 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

59
.1

[B
]

M
E

 (
FF

F)
L

ib
ra

ry
 M

ak
er

Sp
ac

e
•

TA
Z

 5
 (

L
ul

zb
ot

)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
– 

G
E

V
 (

3.
1 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
5.

4[B
]

M
E

 (
FF

F)
L

ib
ra

ry
 M

ak
er

Sp
ac

e
•

TA
Z

 5
 (

L
ul

zb
ot

)

•
O

pe
n 

fr
am

e

•
H

IP
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
– 

G
E

V
 (

3.
1 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
31

.6
[B

]

M
E

 (
FF

F)
L

ib
ra

ry
 M

ak
er

Sp
ac

e
•

R
ep

lic
at

or
 5

th
 G

en
., 

U
lti

m
ak

er
 2

, T
A

Z
5 

(L
ul

zb
ot

) 
an

d 
la

se
r 

cu
tte

r 
(w

/f
um

e 
ex

tr
ac

to
r)

 o
pe

ra
tin

g 
si

m
ul

ta
ne

ou
sl

y

•
PL

A
 f

ila
m

en
ts

•
V

en
til

at
io

n 
– 

G
E

V
 (

3.
1 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
32

6.
0[B

]

M
E

 (
FF

F)
L

ab
 M

ak
er

Sp
ac

e 
ro

om
•

29
 p

ri
nt

er
s 

(n
 =

 2
6 

R
ep

lic
at

or
 5

th
 G

en
.; 

n 
=

 1
 R

ep
lic

at
or

+
; n

 =
 2

 U
lti

m
ak

er
 3

 
E

xt
en

de
d)

 e
nc

lo
se

d 
in

 c
ab

in
et

s 
w

ith
 n

on
-

ai
rt

ig
ht

 d
oo

rs

•
R

ep
lic

at
or

 5
th

 G
en

. (
M

ak
er

B
ot

)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
PL

A
 f

ila
m

en
t

•
R

ep
lic

at
or

+
 (

M
ak

er
B

ot
)

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e 

us
in

g 
ca

bi
ne

ts
SM

PS
 (

#)
[1

0–
42

0 
nm

]/
O

PS
 (

#)
 [

0.
3–

10
 μ

m
]

−
9.

8 
to

 

−
70

.1
[B

]

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 46

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
PL

A
 f

ila
m

en
t

•
U

lti
m

ak
er

 3
 E

xt
en

de
d 

(U
lti

m
ak

er
)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p 

or
 f

ro
nt

•
PL

A
 f

ila
m

en
t

M
E

 (
FF

F)
L

ab
 M

ak
er

Sp
ac

e 
ro

om
•

29
 p

ri
nt

er
s 

(n
 =

 2
6 

R
ep

lic
at

or
 5

th
 G

en
.; 

n 
=

 1
 R

ep
lic

at
or

+
; n

 =
 2

 U
lti

m
ak

er
 3

 
E

xt
en

de
d)

 e
nc

lo
se

d 
in

 c
ab

in
et

s 
w

ith
 n

on
-

ai
rt

ig
ht

 d
oo

rs

•
R

ep
lic

at
or

 5
th

 G
en

. (
M

ak
er

B
ot

)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
PL

A
 f

ila
m

en
t

•
R

ep
lic

at
or

+
 (

M
ak

er
B

ot
)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
PL

A
 f

ila
m

en
t

•
U

lti
m

ak
er

 3
 E

xt
en

de
d 

(U
lti

m
ak

er
)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p 

or
 f

ro
nt

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
io

n 
– 

G
E

V
 (

8.
7 

A
C

H
) 

– 
ca

bi
ne

t e
nc

lo
su

re
 

do
or

s 
op

en

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
64

.9
[B

]

M
E

 (
FF

F)
C

en
te

rM
ak

er
Sp

ac
e

•
R

ep
lic

at
or

 5
th

 G
en

. (
M

ak
er

B
ot

)

•
Si

de
 w

al
ls

 b
ut

 n
o 

to
p

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
io

n 
– 

G
E

V
 (

0.
2 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

–1
37

8.
2[B

]

M
E

 (
FF

F)
C

en
te

rM
ak

er
Sp

ac
e

•
U

pB
ox

+
 (

B
ei

jin
g 

T
ie

rt
im

e)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
– 

G
E

V
 (

0.
2 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
41

1.
0[B

]

M
E

 (
FF

F)
C

en
te

rM
ak

er
Sp

ac
e

•
R

ep
lic

at
or

 5
th

 G
en

. (
n 

=
 3

) 
w

ith
 P

E
A

 
fi

la
m

en
t a

nd
 U

pB
ox

+
 (

n 
=

 1
) 

w
ith

 A
B

S 
fi

la
m

en
t o

pe
ra

tin
g 

si
m

ul
ta

ne
ou

sl
y

•
V

en
til

at
io

n 
– 

G
E

V
 (

0.
2 

A
C

H
)

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
48

26
.1

[B
]

M
E

 (
FF

F)
C

en
te

rM
ak

er
Sp

ac
e

•
R

ep
lic

at
or

 5
th

 G
en

. (
n 

=
 3

) 
w

ith
 P

L
A

 
fi

la
m

en
t a

nd
 U

pB
ox

+
 (

n 
=

 1
) 

w
ith

 A
B

S 
fi

la
m

en
t o

pe
ra

tin
g 

si
m

ul
ta

ne
ou

sl
y

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 

po
rt

ab
le

 H
E

PA
-A

C
F 

SM
PS

 (
#)

[1
0–

42
0 

nm
]/

O
PS

 (
#)

 [
0.

3–
10

 μ
m

]

−
17

52
.5

[B
]

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 47

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

po
si

tio
ne

d 
at

 p
ri

nt
er

 
ex

ha
us

t

W
ilk

in
s,

 T
ra

um
, 

an
d 

W
ilk

in
s-

E
ar

le
y 

(2
02

0)

M
E

 (
FF

F)
C

la
ss

ro
om

•
i3

 M
K

3S
 (

Pr
us

a 
R

es
ea

rc
h)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x 

w
ith

 d
oo

rs
 (

no
n-

ai
rt

ig
ht

)

•
A

B
S 

fi
la

m
en

t

•
PL

A
 f

ila
m

en
t

•
PE

T
G

 f
ila

m
en

t

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e

O
PS

 [
PM

10
] 

(m
) 

[0
.3

–1
0 

μm
]

24
.3

–7
7.

1

−5
3.

4

M
E

 (
FF

F)
C

la
ss

ro
om

•
i3

 M
K

3S
 (

Pr
us

a 
R

es
ea

rc
h)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x 

w
ith

 d
oo

rs
 (

no
n-

ai
rt

ig
ht

)

•
A

B
S 

fi
la

m
en

t

•
PL

A
 f

ila
m

en
t

•
PE

T
G

 f
ila

m
en

t

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e

O
PS

 [
PM

2.
5]

 (
m

) 
[0

.3
–2

.5
 μ

m
]

21
.0

−7
5.

3

−4
6.

9

M
E

 (
FF

F)
C

la
ss

ro
om

•
i3

 M
K

3S
 (

Pr
us

a 
R

es
ea

rc
h)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x 

w
ith

 d
oo

rs
 (

no
n-

ai
rt

ig
ht

)

•
A

B
S 

fi
la

m
en

t

•
PL

A
 f

ila
m

en
t

•
PE

T
G

 f
ila

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

O
PS

 [
PM

10
] 

(m
) 

[0
.3

–1
0 

μm
]

17
.7

−7
6.

6

−4
5.

1

M
E

 (
FF

F)
C

la
ss

ro
om

•
i3

 M
K

3S
 (

Pr
us

a 
R

es
ea

rc
h)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x 

w
ith

 d
oo

rs
 (

no
n-

ai
rt

ig
ht

)

•
A

B
S 

fi
la

m
en

t

•
PL

A
 f

ila
m

en
t

•
PE

T
G

 f
ila

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

O
PS

 [
PM

2.
5]

 (
m

) 
[0

.3
–2

.5
 μ

m
]

27
.4

−6
2.

7

−2
1.

8

W
oj

ty
ła

, 
Śp

ie
w

ak
, a

nd
 

B
ar

an
 (

20
20

)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
A

cc
ur

a 
G

en
iu

s 
3D

 (
3D

K
re

at
or

U
SA

)

•
Pr

in
te

r 
(f

ul
ly

 e
nc

lo
se

d,
 n

on
-a

ir
tig

ht
) 

in
 

gl
as

s 
bo

x

•
H

IP
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 
gr

ap
hi

tic
 c

ar
bo

n 
ni

tr
id

e-
an

tim
on

y 
do

pe
d 

PC
O

 
fi

lte
r 

pl
ac

ed
 in

si
de

 g
la

ss
 

bo
x

G
C

 (
m

)

St
yr

en
e

87
 ‡ 

E
th

yl
be

nz
.

73
 ‡ 

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 48

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

C
um

en
e

86
 ‡ 

C
ao

 e
t a

l. 
(2

01
9)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
U

p+
2 

(B
ei

jin
g 

T
ie

rt
im

e)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 p

la
ce

d 
in

 P
M

M
A

 
bo

x 
(a

ir
tig

ht
ne

ss
 n

ot
 s

pe
ci

fi
ed

)

•
A

B
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 
fu

ll 
en

cl
os

ur
e 

w
ith

 p
ol

y-
ac

ry
lo

ni
tr

ile
 n

an
of

ib
er

 
fi

lte
r

H
az

e 
D

et
ec

to
r[

PM
2.

5]
 

(m
)[

−
]*

81
.2

D
av

is
 e

t a
l. 

(2
01

9)
M

E
 (

FF
F)

Te
st

 c
ha

m
be

r
•

U
ns

pe
ci

fi
ed

 m
od

el
/m

an
uf

ac
tu

re
r

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 h
in

ge
d 

co
ve

r

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 (

by
 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

 w
/r

ec
ir

cu
la

tin
g 

H
E

PA
 f

ilt
er

T
D

 tu
be

 
(m

):
T

V
O

C
−

18
.0

G
u 

et
 a

l. 
(2

01
9)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
M

20
0 

(Z
or

tr
ax

)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
 b

ut
 o

pe
n 

to
p)

 w
ith

 
af

te
r-

m
ar

ke
t f

ilt
er

 c
ov

er
 d

es
ig

ne
d 

to
 

se
al

 M
20

0 
(a

ir
tig

ht
ne

ss
 n

ot
 s

pe
ci

fi
ed

) 
m

ac
hi

ne

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 H
E

PA
-A

C
F

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
93

FM
PS

 (
sa

)[
5.

6–
56

0 
nm

]
93

T
D

 tu
be

 (
m

):
 

Σ(
V

O
C

s)
&

−
16

E
th

yl
be

nz
.

10
0

St
yr

en
e

15

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
M

20
0 

(Z
or

tr
ax

)

•
Si

de
 w

al
ls

 b
ut

 o
pe

n 
to

p

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 a

ir
 

pu
ri

fi
er

 w
/“

A
nt

iS
M

O
K

E
 

fi
lte

r”
 (

H
E

PA
-A

C
F)

 a
t 

m
ed

iu
m

 f
lo

w
 r

at
e 

po
si

tio
ne

d 
ne

ar
 p

ri
nt

er

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
89

FM
PS

 (
sa

)[
5.

6–
56

0 
nm

]
92

T
D

 tu
be

 

(m
):
Σ(

V
O

C
s)

&
71

E
th

yl
be

nz
.

10
0

St
yr

en
e

70

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
M

20
0 

(Z
or

tr
ax

)

•
Si

de
 w

al
ls

 b
ut

 o
pe

n 
to

p

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 a

ir
 

pu
ri

fi
er

 w
/“

A
nt

iS
M

O
K

E
 

fi
lte

r”
 (

H
E

PA
-A

C
F)

 a
t 

m
ax

im
um

 f
lo

w
 r

at
e 

po
si

tio
ne

d 
ne

ar
 p

ri
nt

er

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
87

FM
PS

 (
sa

)[
5.

6–
56

0 
nm

]
91

T
D

 tu
be

 

(m
):
Σ(

V
O

C
s)

&
69

E
th

yl
be

nz
.

10
0

St
yr

en
e

70

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 49

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
M

20
0 

(Z
or

tr
ax

)

•
Si

de
 w

al
ls

 b
ut

 o
pe

n 
to

p

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 a

ir
 

pu
ri

fi
er

 w
/H

E
PA

-H
IM

O
P 

at
 m

ed
iu

m
 f

lo
w

 r
at

e 
po

si
tio

ne
d 

ne
ar

 p
ri

nt
er

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
74

FM
PS

 (
sa

)[
5.

6–
56

0 
nm

]
79

T
D

 tu
be

 

(m
):
Σ(

V
O

C
s)

&
−

73
6

E
th

yl
be

nz
.

−
13

‡

St
yr

en
e

−
90

‡

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
M

20
0 

(Z
or

tr
ax

)

•
Si

de
 w

al
ls

 b
ut

 o
pe

n 
to

p

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 a

ir
 

pu
ri

fi
er

 w
/H

E
PA

-H
IM

O
P 

at
 m

ax
im

um
 f

lo
w

ra
te

 
po

si
tio

ne
d 

ne
ar

 p
ri

nt
er

FM
PS

 (
#)

[5
.6

–5
60

 
nm

]
90

FM
PS

 (
sa

)[
5.

6–
56

0 
nm

]
92

T
D

 tu
be

 

(m
):
Σ(

V
O

C
s)

&
−

47
9

E
th

yl
be

nz
.

−
33

‡

St
yr

en
e

−
20

0‡

H
SE

 (
20

19
)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
K

or
a 

M
id

i (
K

or
a)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 H
E

PA
-A

C
F

D
C

 (
#)

[1
0–

30
0 

nm
]

97
.0

M
E

 (
FF

F)
te

st
 c

ha
m

be
r

•
K

or
a 

M
id

i (
K

or
a)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x 

(a
ir

-t
ig

ht
)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 r
ec

ir
cu

la
tin

g 
H

E
PA

-A
C

F

D
C

 (
#)

[1
0–

30
0 

nm
]

99
.4

O
be

rb
ek

 e
t a

l. 
(2

01
9)

M
E

 (
FF

F)
L

ab
 r

oo
m

•
U

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r

•
Pr

in
te

r 
pl

ac
ed

 in
 h

al
f-

en
cl

os
ed

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
Po

ly
m

er
 (

un
sp

ec
if

ie
d)

 w
/H

A

•
Is

ol
at

io
n 

(r
et

ro
fi

t)
 –

 
pa

rt
ia

l e
nc

lo
su

re
D

C
 (

sa
) 

[1
0–

30
0 

nm
]

−3
4.

7

D
C

 (
#)

 [
10

–3
00

 
nm

]
−1

00
.9

St
ef

an
ia

k 
et

 a
l. 

(2
01

9a
)

M
J

W
or

kp
la

ce
•

O
bj

et
 3

50
 (

St
ra

ta
sy

s)

•
H

in
ge

d 
co

ve
r 

(n
on

-a
ir

tig
ht

)

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

C
N

C
 (

#)
 [

10
–1

00
0 

nm
]

76
.1

 to
 9

3.
5

O
PS

 (
#)

 [
0.

3–
20

 
μm

]
90

.0
 to

 9
2.

3

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 50

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
Su

pp
or

t 7
05

, T
an

go
B

la
ck

+
, V

er
oC

le
ar

 
re

si
ns

PI
D

 (
T

V
O

C
)

−6
0.

7 
to

 1
0.

7

St
ef

an
ia

k 
et

 a
l. 

(2
01

9b
)

M
E

 (
FF

F)
O

ff
ic

e
•

U
pB

ox
+

 (
B

ei
jin

g 
T

ie
rt

im
e)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 (

by
 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

 w
/r

ec
ir

cu
la

tin
g 

H
E

PA
-A

C
F

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

79
.0

M
E

 (
FF

F)
W

or
kp

la
ce

•
X

-o
ne

 (
R

ui
an

 Q
id

i T
ec

hn
ol

og
y 

C
o.

)

•
10

 p
ri

nt
er

s 
(s

id
e 

w
al

ls
 a

nd
 n

on
-a

ir
tig

ht
 

co
ve

r)
 o

n 
sh

el
vi

ng
 e

nc
lo

se
d 

us
in

g 
PM

M
A

 p
an

el
s

•
PL

A
 f

ila
m

en
t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 H
E

PA
-A

C
F

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

99
.7

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
99

.7

PI
D

 (
T

V
O

C
)

53
.2

D
u 

Pr
ee

z 
et

 a
l. 

(2
01

8)
M

E
 (

FF
F)

O
ff

ic
e/

W
or

kp
la

ce
•

U
pM

in
i (

B
ei

jin
g 

T
ie

rt
im

e)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S 

fi
la

m
en

t –
 b

la
ck

•
PL

A
 f

ila
m

en
t –

 g
re

en

•
A

B
S 

fi
la

m
en

t –
 b

lu
e

•
PL

A
 f

ila
m

en
t –

 li
gh

t b
lu

e

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

C
N

C
 (

#)
 [

7–
10

00
 

nm
]

88
.3

 to
 9

0.
1

C
N

C
 (

#)
 [

7–
10

00
 

nm
]

6.
0 

to
 3

4.
1

C
N

C
 (

#)
 [

7–
10

00
 

nm
]

32
.9

 to
 3

9.
0

C
N

C
 (

#)
 [

7–
10

00
 

nm
]

12
.0

 to
 2

3.
1

M
E

 (
FF

F)
O

ff
ic

e/
W

or
kp

la
ce

•
U

pB
ox

+
 (

B
ei

jin
g 

T
ie

rt
im

e)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
PL

A
 f

ila
m

en
t –

 r
ed

•
V

en
til

at
ed

 e
nc

lo
su

re
 (

by
 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

 w
/r

ec
ir

cu
la

tin
g 

H
E

PA
-A

C
F

C
N

C
 (

#)
 [

7–
10

00
 

nm
]

42
.1

 to
 5

2.
6

Y
an

g 
an

d 
L

i 
(2

01
8)

V
P 

(S
L

A
)

L
ab

 r
oo

m
•

Pe
rf

ac
to

ry
 M

ic
ro

 E
D

U
 (

E
nv

is
io

nT
ec

)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 h
in

ge
d 

co
ve

r

•
e-

sh
el

l 6
00

, L
S 

60
0 

M
 r

es
in

s

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

PI
D

 (
T

V
O

C
)

−
4.

6[B
]

V
P 

(S
L

A
)

L
ab

 r
oo

m
•

Pe
rf

ac
to

ry
 M

ic
ro

 E
D

U
 (

E
nv

is
io

nT
ec

)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 h
in

ge
d 

co
ve

r

•
e-

sh
el

l 6
00

, L
S 

60
0 

M
 r

es
in

s

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

 
w

/T
iO

2 
PC

O
 in

 b
ui

ld
 

ch
am

be
r

PI
D

 (
T

V
O

C
)

53
.8

[B
]

V
P 

(S
L

A
)

L
ab

 r
oo

m
•

Pe
rf

ac
to

ry
 M

ic
ro

 E
D

U
 (

E
nv

is
io

nT
ec

)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 h
in

ge
d 

co
ve

r

•
e-

sh
el

l 6
00

, L
S 

60
0 

M
 r

es
in

s

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

su
re

 
m

ac
hi

ne
 w

/a
ct

iv
at

ed
 

PI
D

 (
T

V
O

C
)

72
.2

[B
]

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 51

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

ca
rb

on
 a

ds
or

be
nt

 in
 b

ui
ld

 
ch

am
be

r

A
zi

m
i e

t a
l. 

(2
01

6)
M

E
 (

FF
F)

Te
st

 c
ha

m
be

r
•

R
ep

lic
at

or
 2

x 
(M

ak
er

B
ot

)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

C
N

C
 (

#)
 [

10
–1

00
0 

nm
]

35

T
D

 tu
be

 (
m

):
 

St
yr

en
e

−5
1.

8

A
ce

to
ph

.
−3

9.
0

I.
 p

al
m

ita
te

32
.7

E
th

yl
be

nz
.

−5
2.

2

H
T

Sx
−5

4.
4

N
-P

B
E

−4
8.

6

K
w

on
 e

t a
l. 

(2
01

7)
M

E
 (

FF
F)

Te
st

 c
ha

m
be

r
•

3D
IS

O
N

 m
ul

ti 
2 

(R
ok

it)

•
Si

de
 w

al
ls

†

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
io

n 
(r

et
ro

fi
t)

 –
 

ex
tr

ud
er

 n
oz

zl
e 

su
ct

io
n 

fa
n 

w
/A

C
F

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
−

38
.9

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
74

.4

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 A
C

F 
w

/
no

zz
le

 s
uc

tio
n 

fa
n

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
90

.7

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 A
C

F

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
94

.3

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 c
om

bi
na

tio
n 

el
ec

tr
et

 a
nd

 a
nt

ib
ac

te
ri

al
 

fi
lte

r

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
76

.0

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 52

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 p
ol

ye
th

yl
en

e 
fi

lte
r

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
92

.9

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l 
en

cl
os

ur
e 

w
/L

E
V

 a
nd

 
na

no
m

em
br

an
e 

fi
lte

r

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
95

.7

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
A

B
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 H
E

PA
 f

ilt
er

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
99

.9

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
3D

IS
O

N
 m

ul
ti 

2 
(R

ok
it)

•
Pr

in
te

r 
(s

id
e 

w
al

ls
†)

 e
nc

lo
se

d 
in

 b
ox

 
(u

ns
pe

ci
fi

ed
 m

at
er

ia
l)

•
H

IP
S 

fi
la

m
en

t

•
V

en
til

at
ed

 e
nc

lo
su

re
 

(r
et

ro
fi

t)
 –

 f
ul

l e
nc

lo
su

re
 

w
/L

E
V

 a
nd

 H
E

PA
 f

ilt
er

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
99

.9

St
ef

an
ia

k 
et

 a
l. 

(2
01

7b
)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
R

ep
lic

at
or

 2
x 

(M
ak

er
B

ot
)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S,

 P
L

A
 f

ila
m

en
ts

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

PI
D

 (
T

V
O

C
)

−3
.6

 [B
] 

C
an

is
te

r 
(m

):
 I

PA
70

.7
 [B

] 

E
th

yl
be

nz
.

76
.2

 [B
] 

St
yr

en
e

36
.9

 [B
] 

Z
on

te
k 

et
 a

l. 
(2

01
7)

M
E

 (
FF

F)
L

ab
 r

oo
m

•
da

 V
in

ci
 1

.0
3D

 (
X

Y
Z

pr
in

tin
g)

•
Si

de
 w

al
ls

, t
op

, a
nd

 h
in

ge
d 

no
n-

ai
rt

ig
ht

 
do

or

•
A

B
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

SM
PS

 (
#)

 [
2–

30
0 

nm
]

94
.7

SM
PS

 (
m

) 
[2

–3
00

 
nm

]
99

.9

Y
i e

t a
l. 

(2
01

6)
M

E
 (

FF
F)

Te
st

 c
ha

m
be

r
•

R
ep

lic
at

or
 2

x 
(M

ak
er

B
ot

)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

SM
PS

 (
#)

 [
15

–6
60

 
nm

]
47

.2
 [B

] 

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

58
.2

 [B
] 

E
L

PI
 (

#)
 [

24
–9

38
0 

nm
]

67
.9

 [B
] 

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 53

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

O
PS

 (
#)

 [
0.

3–
20

 
μm

]
45

.1
 [B

] 

M
E

 (
FF

F)
O

ff
ic

e
•

R
ep

lic
at

or
 2

x 
(M

ak
er

B
ot

)

•
Si

de
 w

al
ls

 a
nd

 n
on

-a
ir

tig
ht

 c
ov

er

•
A

B
S 

fi
la

m
en

t

•
Is

ol
at

io
n 

(b
y 

de
si

gn
) 

– 
fu

lly
 e

nc
lo

se
d 

m
ac

hi
ne

SM
PS

 (
#)

 [
10

–3
60

 
nm

]
73

.7
 [B

] 

A
dm

in
is

tr
at

iv
e

St
ef

an
ia

k 
et

 a
l. 

(2
02

2)
M

E
 (

FF
F)

 –
 

gr
an

ul
at

in
g 

w
as

te
 

pl
as

tic
 ta

sk

L
ab

 r
oo

m
•

C
om

m
er

ci
al

 s
hr

ed
de

r

•
W

as
te

 P
L

A
 p

ri
nt

s

•
D

is
ta

nc
e 

(1
.8

 m
 f

ro
m

 
sh

re
dd

er
)

A
PS

 (
#)

 [
0.

5–
20

 
μm

]
79

.8
 [B

] 

O
PS

 (
#)

 [
0.

3–
10

 
μm

]
27

.3
 [B

] 

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

68
.9

 [B
] 

PI
D

 (
T

V
O

C
)

65
.2

 [B
] 

M
E

 (
FF

F)
 –

 
gr

an
ul

at
in

g 
w

as
te

 
pl

as
tic

 ta
sk

L
ab

 r
oo

m
•

C
om

m
er

ci
al

 s
hr

ed
de

r

•
W

as
te

 A
B

S 
pr

in
ts

•
D

is
ta

nc
e 

(1
.8

 m
 f

ro
m

 
sh

re
dd

er
)

A
PS

 (
#)

 [
0.

5–
20

 
μm

]
−2

50
.7

 [B
] 

O
PS

 (
#)

 [
0.

3–
10

 
μm

]
−1

66
.7

 [B
] 

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

−6
2.

4 
[B

] 

PI
D

 (
T

V
O

C
)

−1
1,

70
0.

0 
[B

] 

M
E

 (
FF

F)
 –

 
fi

la
m

en
t 

m
ak

in
g 

ta
sk

L
ab

 r
oo

m
•

C
om

m
er

ci
al

 f
ila

m
en

t e
xt

ru
de

r

•
R

ou
gh

 a
nd

 f
in

al
 e

xt
ru

si
on

s

•
W

as
te

 P
L

A
 g

ra
nu

le
s

•
D

is
ta

nc
e 

(1
.2

 m
 f

ro
m

 
ex

tr
ud

er
)

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

−3
2.

8 
to

 7
0.

7 
[B

] 

PI
D

 (
T

V
O

C
)

76
.1

 to
 8

1.
1 

[B
] 

M
E

 (
FF

F)
 –

 
fi

la
m

en
t 

m
ak

in
g 

ta
sk

L
ab

 r
oo

m
•

C
om

m
er

ci
al

 f
ila

m
en

t e
xt

ru
de

r

•
R

ou
gh

 a
nd

 f
in

al
 e

xt
ru

si
on

s

•
W

as
te

 A
B

S 
gr

an
ul

es

•
D

is
ta

nc
e 

(1
.2

 m
 f

ro
m

 
ex

tr
ud

er
)

C
N

C
 (

#)
 [

20
–1

00
0 

nm
]

−2
33

.5
 to

 

43
.3

 [B
] 

PI
D

 (
T

V
O

C
)

80
.5

 to
 9

3.
5 

[B
] 

M
E

 (
FF

F)
 –

 
fi

la
m

en
t 

m
ak

in
g 

ta
sk

L
ab

 r
oo

m
•

C
om

m
er

ci
al

 f
ila

m
en

t e
xt

ru
de

r

•
Fi

na
l e

xt
ru

si
on

•
V

ir
gi

n 
PL

A
, A

B
S,

 H
D

PE
, L

D
PE

, H
IP

S,
 

or
 P

P 
pe

lle
ts

•
D

is
ta

nc
e 

(1
.2

 m
 f

ro
m

 
ex

tr
ud

er
)

PI
D

 (
T

V
O

C
)

−3
24

.1
 to

 

84
.8

 [B
] 

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 54

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

M
E

 (
FF

F)
 –

 
fi

la
m

en
t 

m
ak

in
g 

ta
sk

L
ab

 r
oo

m
•

C
om

m
er

ci
al

 f
ila

m
en

t e
xt

ru
de

r

•
Fi

na
l e

xt
ru

si
on

•
V

ir
gi

n 
A

B
S,

 H
D

PE
, L

D
PE

, o
r 

H
IP

S 
pe

lle
ts

•
D

is
ta

nc
e 

(1
.2

 m
 f

ro
m

 
ex

tr
ud

er
)

A
PS

 (
#)

 [
0.

5–
20

 
μm

]
87

.2
 to

 9
7.

3 
[B

] 

M
E

 (
FF

F)
L

ab
 r

oo
m

•
U

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r

•
O

pe
n 

fr
am

e

•
R

ec
yc

le
d 

PL
A

, r
ec

yc
le

d 
A

B
S,

 o
r 

vi
rg

in
 

A
B

S 
fi

la
m

en
ts

•
D

is
ta

nc
e 

(2
.4

 m
 f

ro
m

 
pr

in
te

r)
PI

D
 (

T
V

O
C

)
63

.8
 to

 8
8.

5 
[B

] 

M
E

 (
FF

F)
L

ab
 r

oo
m

•
U

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r

•
O

pe
n 

fr
am

e

•
R

ec
yc

le
d 

PL
A

, v
ir

gi
n 

A
B

S,
 v

ir
gi

n 
H

D
PE

, v
ir

gi
n 

L
D

PE
, o

r 
vi

rg
in

 H
IP

S 
fi

la
m

en
ts

•
D

is
ta

nc
e 

(2
.4

 m
 f

ro
m

 
pr

in
te

r)
A

PS
 (

#)
 [

0.
5–

20
 

μm
]

−1
31

.4
 to

 

99
.9

 [B
] 

H
an

, Z
ha

o,
 a

nd
 

L
i (

20
21

)
V

P 
(S

L
A

) 
– 

re
si

n 
m

ix
in

g 
pr

e-
pr

in
tin

g 
ta

sk

L
ab

 r
oo

m
•

M
ix

ed
 r

es
in

 in
gr

ed
ie

nt
s 

at
 tw

o 
di

ff
er

en
t 

sp
ee

ds
•

R
ed

uc
ed

 s
tir

ri
ng

 s
pe

ed
 

fr
om

 5
00

 r
pm

 to
 2

50
 r

pm
PI

D
 (

T
V

O
C

)
9.

5

Sh
ap

e 
pr

og
ra

m
m

i
ng

 p
os

t-
pr

oc
es

si
ng

 
ta

sk

L
ab

 r
oo

m
•

T
he

rm
al

ly
 s

tim
ul

at
ed

 s
ha

pe
 p

ro
gr

am
m

in
g 

us
in

g 
tw

o 
ap

pr
oa

ch
es

•
U

se
d 

w
at

er
 b

at
h 

ra
th

er
 

th
an

 h
ot

pl
at

e
PI

D
 (

T
V

O
C

)
88

 ‡ 

Sh
ap

e 
pr

og
ra

m
m

i
ng

 p
os

t-
pr

oc
es

si
ng

 
ta

sk

L
ab

 r
oo

m
•

T
he

rm
al

ly
 s

tim
ul

at
ed

 s
ha

pe
 p

ro
gr

am
m

in
g 

us
in

g 
tw

o 
te

m
pe

ra
tu

re
s

•
D

ec
re

as
ed

 w
at

er
 b

at
h 

fr
om

 6
2 

C
 to

 5
2 

C
PI

D
 (

T
V

O
C

)
39

 ‡ 

Sh
ap

e 
re

co
ve

ry
 

po
st

-
pr

oc
es

si
ng

 
ta

sk

L
ab

 r
oo

m
•

T
he

rm
al

ly
 s

tim
ul

at
ed

 s
ha

pe
 r

ec
ov

er
y 

us
in

g 
tw

o 
te

m
pe

ra
tu

re
s

•
D

ec
re

as
ed

 w
at

er
 b

at
h 

fr
om

 6
2 

C
 to

 5
2 

C
PI

D
 (

T
V

O
C

)
39

 ‡ 

K
ha

ki
 e

t a
l. 

(2
02

1)
M

E
 (

FF
F)

Pr
iv

at
e 

ho
m

e
•

E
nd

er
 3

 (
C

re
al

ity
)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
W

ar
ni

ng
 s

en
so

r 
fo

r 
pa

rt
ic

le
s 

ba
se

d 
on

 lo
w

-
co

st
 in

do
or

 a
ir

 q
ua

lit
y 

m
on

ito
r

O
PS

 (
#)

 [
0.

3–
10

 
μm

]
Pr

ec
is

ef

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 55

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

W
oj

no
w

sk
i e

t a
l. 

(2
02

0)
M

E
 (

FF
F)

Te
st

 c
ha

m
be

r
•

Pr
us

a 
i3

 M
K

2S
 (

Pr
us

a 
R

es
ea

rc
h)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
W

ar
ni

ng
 s

en
so

r 
fo

r 
B

T
E

X
 b

as
ed

 o
n 

lo
w

-c
os

t 
el

ec
tr

oc
he

m
ic

al
 s

en
so

rs

E
C

 s
en

so
r

A
cc

ur
at

eg

B
au

 e
t a

l. 
(2

02
0)

D
E

D
W

or
kp

la
ce

•
M

ag
ic

80
0 

(B
eA

M
)

•
Se

al
ed

 m
ac

hi
ne

 d
oo

rs

•
St

ai
nl

es
s-

st
ee

l 3
16

 a
nd

 I
nc

on
el

 6
25

 
po

w
de

rs

•
T

im
e-

de
la

y 
to

 o
pe

n 
se

al
ed

 m
ac

hi
ne

 w
/L

E
V

T
im

e
8 

m
in

H
SE

 (
20

19
)

M
E

 (
FF

F)
Te

st
 c

ha
m

be
r

•
K

or
a 

M
id

i (
K

or
a)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x

•
A

B
S 

fi
la

m
en

t

•
T

im
e-

de
la

y 
to

 o
pe

n 
re

tr
of

it 
fu

ll 
en

cl
os

ur
e 

w
/L

E
V

 a
nd

 H
E

PA
 f

ilt
er

T
im

e
20

 m
in

[B
]

M
E

 (
FF

F)
te

st
 c

ha
m

be
r

•
K

or
a 

M
id

i (
K

or
a)

•
Pr

in
te

r 
(o

pe
n 

fr
am

e)
 e

nc
lo

se
d 

in
 P

M
M

A
 

bo
x 

(a
ir

-t
ig

ht
)

•
A

B
S 

fi
la

m
en

t

•
T

im
e-

de
la

y 
to

 o
pe

n 
re

tr
of

it 
fu

ll 
en

cl
os

ur
e 

w
/L

E
V

 a
nd

 r
ec

ir
cu

la
tin

g 
H

E
PA

 f
ilt

er

T
im

e
20

 m
in

[B
]

L
ew

in
sk

i, 
Se

co
nd

o,
 a

nd
 

Fe
rr

i (
20

19
)

B
J

L
ab

 r
oo

m
•

R
1 

(E
xO

ne
)

•
Fu

lly
 e

nc
lo

se
d 

(n
on

-a
ir

tig
ht

)

•
St

ai
nl

es
s-

st
ee

l p
ow

de
r

•
D

is
ta

nc
e 

(3
 m

 f
ro

m
 

pr
in

te
r)

C
FC

 (
m

)
75

.0
 [B

] 

St
ef

an
ia

k 
et

 a
l. 

(2
01

9b
)

M
E

 (
FF

F)
W

or
kp

la
ce

•
X

-o
ne

 (
R

ui
an

 Q
id

i T
ec

hn
ol

og
y 

C
o.

)

•
10

 p
ri

nt
er

s 
(s

id
e 

w
al

ls
 a

nd
 n

on
-a

ir
tig

ht
 

co
ve

r)
 o

n 
sh

el
vi

ng
 e

nc
lo

se
d 

us
in

g 
PM

M
A

 p
an

el
s

•
PL

A
 f

ila
m

en
t

•
T

im
e-

de
la

y 
to

 o
pe

n 
re

tr
of

it 
fu

ll 
en

cl
os

ur
e 

w
/L

E
V

 a
nd

 H
E

PA
-A

C
F

T
im

e
30

 m
in

C
he

ng
 e

t a
l. 

(2
01

8)
M

E
 (

FF
F)

Te
st

 c
ha

m
be

r
•

C
re

at
or

 3
 (

Fl
as

hf
or

ge
)

•
Fu

lly
 e

nc
lo

se
d 

(n
on

-a
ir

tig
ht

)

•
A

B
S 

fi
la

m
en

t

•
V

ar
ie

d 
in

fi
ll 

he
ig

ht
s,

 
de

ns
iti

es
, a

nd
 p

at
te

rn
s;

 
fi

la
m

en
t f

ee
d 

ra
te

 o
f 

th
e 

fi
rs

t t
op

 la
ye

r

O
PS

 (
#)

 [
0.

3–
25

 
μm

]
96

Si
m

on
 e

t a
l. 

(2
01

8)
M

E
 (

FF
F)

C
le

an
 r

oo
m

•
U

lti
m

at
e 

3D
 P

ri
nt

er
 (

M
on

op
ri

ce
)

•
O

pe
n 

fr
am

e∥

•
In

cr
ea

se
d 

pr
in

t s
pe

ed
 

fr
om

 2
5%

 to
 1

50
%

 o
f 

de
fa

ul
t

SM
PS

 (
#)

 [
10

–4
20

 
nm

]
−2

80
.0

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 56

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

•
A

B
S 

fi
la

m
en

t

M
E

 (
FF

F)
C

le
an

 r
oo

m
•

U
lti

m
at

e 
3D

 P
ri

nt
er

 (
M

on
op

ri
ce

)

•
O

pe
n 

fr
am

e∥

•
A

B
S 

fi
la

m
en

t

•
Pr

e-
cl

ea
ne

d 
ex

tr
ud

er
 

no
zz

le
SM

PS
 (

#)
 [

10
–4

20
 

nm
]

10
0.

0

D
en

g 
et

 a
l. 

(2
01

6)
M

E
 (

FF
F)

C
le

an
 r

oo
m

•
C

re
at

or
 3

 (
Fl

as
hf

or
ge

)

•
Fu

lly
 e

nc
lo

se
d 

(n
on

-a
ir

tig
ht

)

•
A

B
S 

fi
la

m
en

t

•
R

et
ra

ct
 f

ila
m

en
t f

ro
m

 
ex

tr
ud

er
 n

oz
zl

e 
du

ri
ng

 
pr

e-
he

at
in

g

C
N

C
 (

#)
 [

2.
5–

30
00

 
nm

]
75

Z
ho

u 
et

 a
l. 

(2
01

5)
M

E
 (

FF
F)

C
le

an
 r

oo
m

•
M

ea
su

re
d 

em
is

si
on

s 
in

 N
F 

an
d 

FF
 

(u
ns

pe
ci

fi
ed

 m
od

el
/m

an
uf

ac
tu

re
r)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
D

is
ta

nc
e 

(1
.8

 m
 f

ro
m

 o
ne

 
pr

in
te

r)
O

PS
 (

#)
 [

0.
25

–3
2 

μm
]

−5
0 

‡ 

M
E

 (
FF

F)
C

le
an

 r
oo

m
•

M
ea

su
re

d 
em

is
si

on
s 

in
 N

F 
an

d 
FF

 
(u

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
D

is
ta

nc
e 

(4
 m

 f
ro

m
 o

ne
 

pr
in

te
r)

O
PS

 (
#)

 [
0.

25
–3

2 
μm

]
−8

3 
‡ 

M
E

 (
FF

F)
C

le
an

 r
oo

m
•

M
ea

su
re

d 
em

is
si

on
s 

in
 N

F 
an

d 
FF

 
(u

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
D

is
ta

nc
e 

(1
.8

 m
 f

ro
m

 tw
o 

pr
in

te
rs

)
O

PS
 (

#)
 [

0.
25

–3
2 

μm
]

−4
19

 ‡ 

M
E

 (
FF

F)
C

le
an

 r
oo

m
•

M
ea

su
re

d 
em

is
si

on
s 

in
 N

F 
an

d 
FF

 
(u

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
T

im
e-

de
la

y 
to

 o
pe

n 
cl

ea
n 

ro
om

 w
/L

E
V

 (
90

 
A

C
H

) 
af

te
r 

op
er

at
in

g 
on

e 
pr

in
te

r

T
im

e
10

 m
in

[B
]

M
E

 (
FF

F)
C

le
an

 r
oo

m
•

M
ea

su
re

d 
em

is
si

on
s 

in
 N

F 
an

d 
FF

 
(u

ns
pe

ci
fi

ed
 m

od
el

/m
an

uf
ac

tu
re

r)

•
O

pe
n 

fr
am

e

•
A

B
S 

fi
la

m
en

t

•
T

im
e-

de
la

y 
to

 o
pe

n 
cl

ea
n 

ro
om

 w
/L

E
V

 (
90

 
A

C
H

) 
af

te
r 

op
er

at
in

g 
tw

o 
pr

in
te

rs

T
im

e
40

 m
in

[B
]

P
er

so
na

l p
ro

te
ct

iv
e 

eq
ui

pm
en

t

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

du Plessis et al. Page 57

C
it

at
io

n
P

ro
ce

ss
a

Se
tt

in
g

D
et

ai
ls

b
C

on
tr

ol
c

M
et

ri
cd

E
ff

ic
ac

y

(%
)e

G
ra

ff
 e

t a
l. 

(2
01

7)
PB

F 
(S

L
M

)
W

or
kp

la
ce

•
M

od
el

 S
R

50
0 

re
sp

ir
at

or
y 

pr
ot

ec
tio

n 
(S

un
ds

tr
öm

)
•

Po
w

er
ed

 a
ir

-p
ur

if
yi

ng
 

re
sp

ir
at

or
O

PS
 (

m
) 

[0
.3

–1
0 

μm
]

>
99

‡

a B
J 

=
 b

in
de

r 
je

tti
ng

, D
E

D
 =

 d
ir

ec
te

d 
en

er
gy

 d
ep

os
iti

on
, F

D
M

™
 =

 f
us

ed
 d

ep
os

iti
on

 m
od

el
in

g,
 F

FF
 =

 f
us

ed
 f

ila
m

en
t f

ab
ri

ca
tio

n,
 L

FA
M

 =
 la

rg
e 

fo
rm

at
 a

dd
iti

ve
 m

an
uf

ac
tu

ri
ng

, M
E

 =
 m

at
er

ia
l e

xt
ru

si
on

, M
J 

=
 m

at
er

ia
l j

et
tin

g,
 P

B
F 

=
 p

ow
de

r 
be

d 
fu

si
on

, S
L

A
 =

 s
te

re
ol

ith
og

ra
ph

y,
 S

L
M

 =
 s

el
ec

tiv
e 

la
se

r 
m

el
tin

g,
 V

P 
=

 v
at

 p
ho

to
po

ly
m

er
iz

at
io

n

b A
B

S 
=

 a
cr

yl
on

itr
ile

 b
ut

ad
ie

ne
 s

ty
re

ne
, H

A
 =

 h
yd

ro
xy

ap
at

ite
, H

D
PE

 =
 h

ig
h 

de
ns

ity
 p

ol
ye

th
yl

en
e,

 H
IP

S 
=

 h
ig

h 
im

pa
ct

 p
ol

ys
ty

re
ne

, L
D

PE
 =

 lo
w

 d
en

si
ty

 p
ol

ye
th

yl
en

e,
 P

C
 =

 p
ol

yc
ar

bo
na

te
, P

E
O

T
/P

B
T

 =
 

po
ly

(e
th

yl
en

e 
ox

id
e)

 te
re

ph
th

al
at

e/
po

ly
(b

ut
yl

en
e 

te
re

ph
th

al
at

e)
, P

E
T-

C
F 

=
 p

ol
ye

th
yl

en
e 

te
re

ph
th

al
at

e-
ca

rb
on

 f
ib

er
 r

ei
nf

or
ce

d,
 P

E
T

G
 =

 P
E

T
 (

gl
yc

ol
-m

od
if

ie
d)

, P
L

A
 =

 p
ol

yl
ac

tic
 a

ci
d,

 P
M

M
A

 =
 p

ol
y(

m
et

hy
l 

m
et

ha
cr

yl
at

e)
, P

P 
=

 p
ol

yp
ro

py
le

ne
, P

PS
 =

 p
ol

yp
he

ny
le

ne
 s

ul
fi

de
, P

SU
 =

 p
ol

ys
ul

fo
ne

, r
G

O
 =

 r
ed

uc
ed

 g
ra

ph
en

e 
ox

id
e,

 T
PU

 =
 th

er
m

op
la

st
ic

 p
ol

yu
re

th
an

e

c A
C

F 
=

 a
ct

iv
at

ed
 c

ha
rc

oa
l f

ilt
er

, A
C

H
 =

 a
ir

 c
ha

ng
e 

pe
r 

ho
ur

, B
T

E
X

 =
 b

en
ze

ne
, t

ol
ue

ne
, e

th
yl

be
nz

en
e,

 a
nd

 x
yl

en
es

, C
FD

 =
 c

om
pu

ta
tio

na
l f

lu
id

 d
yn

am
ic

s,
 G

E
V

 =
 g

en
er

al
 e

xh
au

st
 v

en
til

at
io

n,
 H

E
PA

 =
 

hi
gh

-e
ff

ic
ie

nc
y 

pa
rt

ic
ul

at
e 

ai
r, 

H
IM

O
P 

=
 h

ig
h-

ef
fi

ci
en

cy
 m

ul
ti-

ox
id

at
io

n 
po

tte
ry

 a
nd

 p
or

ce
la

in
 g

ra
nu

le
, L

E
V

 =
 lo

ca
l e

xh
au

st
 v

en
til

at
io

n,
 P

C
O

 =
 p

ho
to

 c
at

al
yt

ic
 o

xi
da

tio
n,

 r
pm

 =
 r

ot
at

io
ns

 p
er

 m
in

ut
e,

 T
iO

2 
=

 ti
ta

ni
um

 d
io

xi
de

d A
ce

ta
ld

. =
 a

ce
ta

ld
eh

yd
e,

 A
ce

to
ph

en
. =

 a
ce

to
ph

en
on

e,
 B

en
za

ld
. =

 b
en

za
ld

eh
yd

e,
 B

ut
yr

al
d.

 =
 b

ut
yr

al
de

hy
de

, C
FC

 =
 c

lo
se

-f
ac

ed
 3

7-
m

m
 c

as
se

tte
, C

N
C

 =
 c

on
de

ns
at

io
n 

nu
cl

ei
 c

ou
nt

er
, D

C
 =

 d
if

fu
si

on
 

ch
ar

ge
r, 

E
C

 =
 e

le
ct

ro
ch

em
ic

al
, E

L
PI

 =
 e

le
ct

ri
ca

l l
ow

-p
re

ss
ur

e 
im

pa
ct

or
, E

th
yl

be
nz

. =
 e

th
yl

be
nz

en
e,

 F
M

PS
 =

 f
as

t m
ob

ili
ty

 p
ar

tic
le

 s
iz

er
, F

or
m

al
d.

 =
 f

or
m

al
de

hy
de

, G
C

 =
 g

as
 c

hr
om

at
og

ra
ph

y,
 H

ex
al

d.
 =

 
he

xa
ld

eh
yd

e,
 H

T
Sx

. =
 h

ex
am

et
hy

l c
yc

lo
tr

is
ilo

xa
ne

, I
PA

 =
 is

op
ro

py
l a

lc
oh

ol
, I

. p
al

m
ita

te
 =

 is
op

ro
py

l p
al

m
ita

te
, I

so
b.

 a
cr

yl
at

e 
=

 is
ob

or
ny

l a
cr

yl
at

e,
 m

 =
 m

as
s-

ba
se

d 
pa

rt
ic

le
 o

r 
ga

s 
m

ea
su

re
m

en
t, 

m
-A

M
S 

=
 

m
in

i-
ae

ro
so

l m
as

s 
sp

ec
tr

om
et

er
, N

-P
B

E
 =

 N
-[

(p
en

ta
fl

) 
be

nz
en

e 
et

ha
na

m
in

e,
 O

PS
 =

 o
pt

ic
al

 p
ar

tic
le

 s
iz

er
, P

ID
 =

 p
ho

to
io

ni
za

tio
n 

de
te

ct
or

, P
M

x 
=

 p
ar

tic
ul

at
e 

m
at

te
r 

w
ith

 a
er

od
yn

am
ic

 d
ia

m
et

er
 le

ss
 th

an
 2

.5
 

or
 1

0 
μm

, P
ro

pi
on

al
d.

 =
 p

ro
pi

on
al

de
hy

de
, P

ro
p.

 g
ly

co
l =

 p
ro

py
le

ne
 g

ly
co

l, 
sa

 =
 s

ur
fa

ce
 a

re
a-

ba
se

d 
pa

rt
ic

le
 m

ea
su

re
m

en
t, 

SM
PS

 =
 s

ca
nn

in
g 

m
ob

ili
ty

 p
ar

tic
le

 s
iz

er
, T

C
 =

 th
er

m
al

 c
yc

le
, T

D
 tu

be
 =

 th
er

m
al

 
de

so
rp

tio
n 

tu
be

, T
V

O
C

 =
 to

ta
l v

ol
at

ile
 o

rg
an

ic
 c

om
po

un
ds

, #
 =

 n
um

be
r-

ba
se

d 
pa

rt
ic

le
 m

ea
su

re
m

en
t

e ne
ga

tiv
e 

si
gn

 (
−

) 
=

 c
on

ta
m

in
an

t l
ev

el
 in

cr
ea

se
d 

in
 a

ir
 w

he
n 

co
nt

ro
l w

as
 in

 p
la

ce
; t

im
e-

de
la

y 
ad

m
in

is
tr

at
iv

e 
co

nt
ro

ls
, u

ni
t i

s 
m

in
ut

es
 (

m
in

) 
fo

r 
em

is
si

on
 le

ve
ls

 to
 r

et
ur

n 
to

 b
ac

kg
ro

un
d 

co
nc

en
tr

at
io

n

f Pr
ec

is
e 

=
 lo

w
-c

os
t i

nd
oo

r 
ai

r 
qu

al
ity

 s
en

so
r 

re
co

rd
ed

 c
on

si
st

en
t p

ar
tic

ul
at

e 
m

at
te

r 
pr

of
ile

s 
w

ith
 r

es
ea

rc
h-

gr
ad

e 
ae

ro
so

l m
on

ito
r 

fo
r 

ea
ch

 p
ri

nt
 te

st

g A
cc

ur
at

e 
=

 a
rr

ay
 o

f 
lo

w
-c

os
t e

le
ct

ro
ch

em
ic

al
 s

en
so

rs
 h

ad
 0

.9
6 

cl
as

si
fi

ca
tio

n 
ac

cu
ra

cy
 to

 c
or

re
ct

ly
 d

et
er

m
in

e 
th

at
 a

 p
re

de
te

rm
in

ed
 th

re
sh

ol
d 

co
nc

en
tr

at
io

n 
fo

r 
B

T
E

X
 c

om
po

un
ds

 w
as

 e
xc

ee
de

d 
as

 c
om

pa
re

d 
w

ith
 p

ro
to

n 
tr

an
sf

er
 r

ea
ct

io
n 

m
as

s 
sp

ec
tr

om
et

ry
; n

/a
 =

 n
ot

 a
pp

lic
ab

le

‡ V
al

ue
 e

st
im

at
ed

 f
ro

m
 p

lo
ts

 o
f 

da
ta

∩
Sp

ec
if

ic
 f

ila
m

en
t(

s)
 th

at
 c

or
re

sp
on

d 
to

 r
ed

uc
tio

n 
va

lu
e 

w
er

e 
no

t s
pe

ci
fi

ed

[B
] =

 e
ff

ic
ac

y 
ca

lc
ul

at
ed

 a
s 

ch
an

ge
 r

el
at

iv
e 

to
 b

ac
kg

ro
un

d 
co

nt
am

in
an

t l
ev

el

!!
Fu

ll 
ve

nt
ila

te
d 

en
cl

os
ur

e 
bu

t L
E

V
 o

ff
 f

or
 te

st
in

g

* In
st

ru
m

en
t s

iz
e 

ra
ng

e 
no

t r
ep

or
te

d

&
ΣV

O
C

s 
=

 id
en

tif
ie

d 
an

d 
un

id
en

tif
ie

d 
su

bs
ta

nc
es

 e
lu

tin
g 

be
tw

ee
n 

(a
nd

 in
cl

ud
in

g)
 n

-h
ex

an
e 

an
d 

n-
he

xa
de

ca
ne

† N
on

-a
ir

tig
ht

 f
ul

l e
nc

lo
su

re
 d

es
ig

n 
by

 m
an

uf
ac

tu
re

r 
bu

t f
ro

nt
 d

oo
r 

an
d 

co
ve

r 
re

m
ov

ed
 f

or
 te

st
in

g

∥ O
pe

n 
fr

am
e 

de
si

gn
 b

y 
m

an
uf

ac
tu

re
r 

bu
t a

ll 
si

de
s 

co
ve

re
d 

w
ith

 p
ol

yc
ar

bo
na

te
 p

an
el

s 
fo

r 
te

st
in

g 
(a

ir
tig

ht
ne

ss
 n

ot
 s

pe
ci

fi
ed

)

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2023 July 04.


	Abstract
	Introduction
	Methods
	Information sources
	Data analysis

	Results
	Prevention-through-design
	Elimination controls
	Substitution controls
	Engineering controls
	Ventilation
	Isolation
	Ventilated enclosures

	Administrative controls
	Area/workplace specifications
	Print parameters
	Printer setup/criteria
	Personal protective equipment

	Descriptive summary of available emissions data
	Particles
	Gases


	Discussion
	Prevention-through-design
	Substitution controls
	Engineering controls
	Particles
	Gases

	Administrative controls
	Personal protective equipment

	Summary
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

