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Abstract Recent studies have shown that high concen-
trations of ultrafine particles can be emitted during the
3D printing process. This study characterized the emis-
sions from different filaments using common fused
deposition modeling printers. It also assessed the effec-
tiveness of a novel engineering control designed to
capture emissions directly at the extruder head. Airborne
particle and volatile organic compound concentrations
were measured, and particle emission rates were calcu-
lated for several different 3D printer and filament com-
binations. Each printer and filament combination was
tested inside a test chamber to measure overall emis-
sions using the same print design for approximately 2 h.
Emission rates ranged from 0.71 × 107 to 1400 × 107

particles/min, with particle geometric mean diameters
ranging from 45.6 to 62.3 nm. To assess the effective-
ness of a custom-designed engineering control, a 1-h
print program using a MakerBot Replicator+ with Slate
Gray Tough polylactic acid filament was employed.
Emission rates and particle counts were evaluated both
with and without the extruder head emission control
installed. Use of the control showed a 98% reduction
in ultrafine particle concentrations from an individual
3D printer evaluated in a test chamber. An assessment of
the control in a simulated makerspace with 20 printers
operating showed particle counts approached or
exceeded 20,000 particles/cm3 without the engineering

controls but remained at or below background levels (<
1000 particles/cm3) with the engineering controls in
place. This study showed that a low-cost control could
be added to existing 3D printers to significantly reduce
emissions to the work environment.

Keywords 3D printing . Air sampling . Printer
emissions . Engineering controls . Exposure assessment .

Occupational health effects

Introduction

The use of desktop 3D printers continues to increase
rapidly with 500,000 units sold worldwide in 2017 and
an estimated growth in sales of up to 1–1.5 million units
by 2020 (Adams 2018). Questions have been raised
about potential health effects from exposure to emis-
sions due to the increased use of fused deposition
modeling (FDM) three-dimensional (3D) printers in
many different settings. Typical settings may include
hobby shops, research and development labs, office
environments, public makerspaces at libraries or at
school learning centers, and in “print farms” that include
cells of multiple 3D printers. These varied-use environ-
ments allow for a wide range of potential personal
exposure scenarios with differences in use rate, facility
ventilation design, and underlying user health status.

Published studies have characterized the rates and
composition of the particles emitted during FDM 3D
printing, which can include ultrafine particle and vola-
tile organic compound (VOC) emissions (Vance et al.
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2017; Zontek et al. 2017; Stefaniak et al. 2018a). Other
studies have measured or predicted potential emission
rates in office environments (Zhang et al. 2017;
Stefaniak et al. 2018b). A recent meta-analysis of 3D
printer emission studies concluded the following: FDM
printers used with acrylonitrile butadiene styrene (ABS)
and polylactic acid (PLA) materials would likely result
in respirable particle exposure; ABS had greater overall
emissions than PLA filaments; and lower nozzle tem-
peratures reduced emission rates (Byrley et al. 2019).

Additional studies of particle emissions from laser
printers showed that particle emission rates are printer
type–specific and could be divided into categories such
as non-emitters, and low, medium, and high emitters
(He et al. 2007; Byeon and Kim 2012; Scungio et al.
2017). Other studies compared the emission rates of 3D
printers with those of laser printers and found certain
filaments used in 3D printers resulted in particle emis-
sion rates similar to the higher emitting laser printers
(Stefaniak et al. 2017). A health survey of the employees
of seventeen 3D printing companies showed strong
associations between working 40-h per week with 3D
printers and a respiratory-related diagnosis such as asth-
ma or allergic rhinitis; although, it was noted that prac-
tices varied significantly by location (Chan et al. 2010).
Another study of 26 healthy adults measured cytokines
and eosinophil cationic protein in nasal secretions, ex-
haled nitric oxide, and urinary 8-isoprostaglandin before
and after 3D printer emission exposure. These re-
searchers found that the acute effects of exposure to
FDM emissions from ABS and PLA filaments were
not significant under the tested conditions (Gümperlein
et al. 2018).

Concerns about ultrafine particle and chemical expo-
sures to users of 3D printers in environments such as
offices, schools, and libraries and other workplace set-
tings have been expressed many times in recent years.
Although multiple studies have evaluated emissions
from desktop 3D printers, previous studies have not
evaluated a retrofit engineering control solution de-
signed to reduce emissions at the source of particle
generation in collaboration with a 3D printer manufac-
turer. Our study took place at the MakerBot Industries,
LLC, a facility in Brooklyn, NY. About 200 employees
worked at the 31,000 square foot facility, developing
printer technologies, design projects, and printing dem-
onstration models for the MakerBot brand. The study
objectives were to assess the emissions of several printer
and filament combinations and to evaluate the

effectiveness of a custom-designed, low-cost engineer-
ing control used for capturing emissions directly at the
extruder head.

Methods

Emissions test chamber description

The emissions test chamber (Fig. 1) (referred to as
“chamber” for the remainder of this paper) was placed
over each 3D printer and filament combination to eval-
uate particulate and VOC emissions. The design of the
chamber allowed for assembly in multiple configura-
tions to accommodate printers of different sizes. A 0.22-
m3 (8 ft3) chamber was placed over each 3D printer and
filament combination during the initial 2-h printer/
filament emissions tests. A 0.45 m3 (16 ft3) chamber
configuration with dimensions 0.6 m (2 ft) deep by
0.6 m (2 ft) wide by 1.2 m (4 ft) high was used for the
larger Replicator Z18 3D printer. The 0.22 m3 configu-
ration was also used to test emissions with and without
the engineering control using the Replicator+ with Slate
Gray Tough PLA filament and a 1-h print program. Air
sampling was conducted by placing the sampling equip-
ment through the outlet of the chamber.

A portable fume extractor (Model SS-300-PYT, Sen-
try Air Systems Inc., Cypress, TX) equipped with a
high-efficiency particulate air (HEPA) filter and a 4-
pound carbon filtration bed (to remove volatile emis-
sions) was connected to the inlet of the chamber using a
20-cm (8 in) diameter flexible hose (Model D3890,
Woodstock International Inc., Bellingham,WA) to clean
the inlet air. Volumetric airflow through the chamber
was measured by placing an airflow hood (Model
EBT731, TSI, Inc., Shoreview, MN) over the 20-cm
(8-in) diameter outlet duct. An airflow of 71 m3/h
(42 ft3/min [cfm]) was measured from the chamber
during all tests.

Simulated makerspace (conference room) description

Twenty MakerBot Replicator+ 3D printers were placed
in a conference room to simulate a makerspace where
multiple printers would be collocated (Fig. 2). The
conference room was 12.5 m (41 ft) long by 4.7 m
(15.5 ft) wide, with a ceiling height of 2.6 m (8.7 ft).
Supply air was delivered to the conference room
through six slot diffusers in the ceiling. Each slot
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diffuser was 1.2 m (4 ft) long by 3.1 cm (1.25 in) wide.
Doors to the conference room were kept closed during
print tests. Room supply air measurements were taken
using an airflow hood (Model EBT731, TSI, Inc.). The
airflow hood was configured with a 0.3 by 1.2 m (1 by
4 ft) skirt to measure airflow through each slot diffuser.
Two or more airflow measurements were taken during
each test, showing that the overall airflow was stable
throughout testing. The supply airflow in the conference
room ranged from 2166 to 2435 m3/h (1275 to 1433 ft3/
min) during the eight tests.

VOC and particle measurement methods

Concentrations of 20 VOCs were evaluated using an
evacuated canister method for emissions in the chamber.
Air samples were collected to quantify specific VOCs
using 450 mL Silonite® coated evacuated canister sam-
plers (Entech Instruments). A single canister was used to
sample each run throughout the entire print time, up to
2 h. These air samples were analyzed at NIOSH using a
pre-concentrator/gas chromatograph/mass spectrometer
system described by LeBouf et al. (2012) but modified
to use a Model 7200 (Entech Instruments, Inc.) pre-
concentrator.

The TSI NanoScan scanning mobility particle sizer
(SMPS) (Model 3910, TSI Inc., Shoreview, MN) direct-
ly measured ultrafine particle numbers and sizes (rang-
ing from 10 to 420 nm in diameter) in 13 size channels
using electrical mobility with a 0.75 L/min sample flow
rate. The lower and upper particle concentration mea-
surement limits range from 100 to 1,000,000 particles/
cm3. During all tests, the NanoScan SMPS logged the

total number concentration and size distribution each
minute.

Emission tests in the chamber

Different 3D printer/filament combinations were tested
inside the chamber as shown in Fig. 1. Each test
consisted of printing the same roughly 2-h print job on
each printer. These printers and filaments are commonly
used and were selected based on availability and de-
pendability for producing the sustained print during
testing. Particle and VOC emissions were measured
during the following 3D printer and filament
combinations:

& Replicator 2X printer using True Yellow acryloni-
trile butadiene styrene (ABS) filament

& Replicator+ printer using True Orange polylactic
acid (PLA) filament

& Replicator+ printer using Slate Gray impact-
resistant PLA (IMPLA) filament

& Replicator Z18 printer using Slate Gray IMPLA
filament

& Replicator+with Slate Gray Tough PLA filament, 1-
h print job with and without LEV control

The NanoScan SMPS was configured to sample
through a 0.5-m (1.6 ft) long conductive tube placed
into the chamber through the exhaust outlet duct.

Particulate emission rate calculations

Emission rates were calculated from the 3D printer in
the chamber using the method published by Mendes

Fig. 1 Printer emission test chamber showing dimensions and sampling equipment. Schematic by NIOSH
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et al. (2017). The method assumes that the high airflow
rate through the chamber results in turbulent well-mixed
air and that measured particle concentrations correspond
to fresh emissions. When the airflow rate through the
chamber is known, the particle emission rate, E, can be
calculated using Eq. 1:

E ¼ NQ ð1Þ

where N is the particle number concentration and Q is
the air flow rate at the outlet of the chamber. The particle
concentrations were adjusted for diffusion losses in the
sampling line using the methods outlined by Kulkarni
et al. (2011). Diffusion losses in the 0.5-m (1.6 ft) long
sampling tube were less than 9% at the smallest size bin
(corresponding to the highest loss of any particle size by
percentage). Geometric mean particle size and geomet-
ric standard deviations were computed using the
NanoScan software program (NanoScan manager soft-
ware version 1.0.0).

Engineering control evaluation

Prior to this study, engineers at the National Institute for
Occupational Safety and Health (NIOSH) designed a
low-cost engineering control to fit the MakerBot
Replicator+ printers. To accomplish this, the detachable

Smart Extruder was removed from a MakerBot
Replicator+3D printer and the existing plastic cover that
supplied cooling air to the extruder from three directions
was replaced with a NIOSH-designed extruder head
capture hood that supplied cooling air in only one di-
rection and captured emissions through an exhaust port
(see Fig. 3). This design allows the emissions to be
captured directly at the source, providing local control
with the least amount of airflow required. A commer-
cially available computer-aided design software pack-
age was used to design the NIOSH extruder head cap-
ture hood. In addition, a hose connection and an ex-
panded slot for air suction were added to the capture
hood (see Fig. 3).

The remaining parts of the NIOSH-designed ventila-
tion control included the following:

& High-efficiency particulate air (HEPA) vacuum fil-
ter (Model 923480-01 Dyson Inc., Chicago, IL);

& 12-V radial blower (Model JT-FS-0002-1232-12,
UTUO, Shenzhen, China);

& Lightweight, smooth bore tubing (CPAP Hose,
Model B01MU5XLUC, RespLabs Medical Inc.,
Ferndale, WA); and

& 3D-printed housing to assemble a low-cost air clean-
er to connect to the modified extruder cover for the
engineering control (see Fig. 4).

Fig. 2 Twenty MakerBot Replicator+3D printers with LEVengineering controls in a simulated makerspace (aka conference room). Photo
by NIOSH

  112 Page 4 of 11 J Nanopart Res          (2020) 22:112 



An exhaust airflow rate of 3.4 cfm was measured
through the assembled control by connecting the con-
tinuous positive airway pressure (CPAP) hose to a 2-in
diameter pipe fitted with a mass flow meter (Model
620S-RFQ-4710, Sierra Instruments, Monterey, CA).

The control was evaluated in two phases, which
included measuring ultrafine particle emissions with
and without the control installed in the chamber and
then with and without controls on the 20 MakerBot
Replicator+ printers in the simulated makerspace (con-
ference room). These tests were performed using a
uniform 1-h print job for all conditions. A set of at least
three replicates were completed with and without con-
trols in place.

Results

Printer/filament emissions—chamber tests

The canister analyses from chamber samples identified
the following predominant VOCs: acetone, ethanol, and
isopropyl alcohol (see Table 1). Concentrations of all 20
VOCs targeted were below 50 ppb for all canister air
samples collected in the chamber tests, as shown in
Table 1. The highest VOC concentration that we mea-
sured in the test chamber was 40.3 ppb for ethanol

during a 2-h build using ABS, and the next highest
concentration was for acetone, which was measured at
38.9 ppb using IMPLA.

During the chamber tests, the highest peak ultrafine
particle concentration measured by the NanoScan
SMPS was 90,000 particles/cm3 involving a
Replicator+3D printer using IMPLA filament. These
concentrations decreased to less than 10,000 particles/
cm3 after 15 min of printing (see Fig. 5). The particle
size distributions and emission rates for each printer/
filament combination are shown in Table 2. The geo-
metric mean diameter of emitted particles ranged from
46 to 62 nm, with the smallest being from the
Replicator+/IMPLA combination and the largest from
the Replicator+/True Orange PLA combination. The
emission rates ranged from 0.71 × 107 particles/min for
the Replicator+/True Orange PLA combination to
1400 × 107 particles/min for the Z18/IMPLA combina-
tion (see Table 2).

During chamber tests of the extruder emission con-
trols, the average emission rate of the 1-h prints using
the Replicator+/Slate Gray Tough PLA was 199 × 107

particles/min with the extruder emission control off,
compared with the emission rate of 3.21 × 107

particles/min with the control on. This equates to a
98% capture efficiency for the NIOSH print head cap-
ture hood (see Table 3). Additional bends in the flexible

Fig. 3 Extruder head emission control design developed to capture emissions at the point of release. Design drawings and photos byNIOSH
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exhaust hose of the engineering control may have re-
duced the fan airflow and capture efficiency of the print

head capture hood during chamber tests. During cham-
ber emission testing, the peak concentration of particles,

Fig. 4 Low-cost air cleaner assembly connected to a modified smart extruder cover. The HEPA filter is 14 cm (5.5 in) in diameter and
2.5 cm (1 in) in thickness

Table 1 Individual test chamber VOC air samples collected in canisters in parts per billion (ppb)

3D printer type BG* Rep 2X Rep+ Rep+ Z18
Filament type None True Yellow ABS True Orange PLA IMPLA IMPLA

Analyte (OEL in ppb**)

2,3-Butanedione 0.0 0.0 0.0 0.0 0.0

2,3-Hexanedione 0.7 0.0 0.0 0.0 0.0

2,3-Pentanedione 0.0 0.0 0.0 0.0 0.0

Acetaldehyde (25,000 C) 7.7 0.0 0.0 12.5 0.0

Acetone (250,000 TWA) 5.3 9.4 6.7 38.9 7.5

Acetonitrile (20,000 TWA) 0.3 0.8 0.3 0.4 0.3

alpha-pinene 0.0 0.0 0.0 0.0 0.0

Benzene (500 TWA) 0.0 0.0 0.0 0.7 0.1

Chloroform (10,000 TWA) 0.0 0.0 0.0 0.0 0.0

D-Limonene 0.0 1.4 1.2 2.5 3.0

Ethanol (1000,000 STEL) 5.9 40.3 29.0 18.4 17.6

Ethylbenzene (20,000 TWA) 0.7 0.6 0 0.7 0.7

Isopropyl alcohol 4.5 4.7 4.5 26.7 30.1

m,p-Xylene 0.2 0.1 0.0 0.5 0.4

Methyl methacrylate (50,000 TWA) 0.7 0.0 0.0 0.0 0.0

Methylene chloride (50,000 TWA) 0.6 0.1 0.0 0.1 0.1

n-Hexane (50,000 TWA) 0.0 0.0 0.0 0.0 0.0

o-Xylene (100,000 TWA) 0.8 0.0 0.0 0.9 0.8

Styrene (20,000 TWA) 1.0 1.0 1.0 0.0 1.0

Toluene (20,000 TWA) .2 0.1 0.1 1.2 1.2

*BG = instantaneous background air sample collected using the canister method from the outlet of the chamber

**American Conference of Governmental Industrial Hygienists (ACGIH) 8-h time-weighted average (TWA), when available or denoted as
STEL for a 15-min short-term exposure limit or C for a ceiling limit
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measured by the NanoScan SMPS, was 26,000 parti-
cles/cm3 without the extruder emission control, com-
pared with the peak concentration of 390 particles/cm3

with the control (see Fig. 6). During the operation of 20
printers concurrently in the simulated makerspace (con-
ference room), the particle concentration measured in
the room air approached or exceeded 20,000 particles/
cm3 without extruder emission controls in place on all
printers but remained at or below background levels (<
1000 particles/cm3) with the controls attached and op-
erational (see Fig. 7; Table 4).

Discussion

Emission rates found in our chamber studies were com-
parable with those of other published studies using
similar materials for 3D printing (Azimi et al. 2016;
Steinle 2016; Mendes et al. 2017; Stefaniak et al.
2017). However, results from the conference room tests
indicate that many variables, such as room design, ven-
tilation type and rate, workers moving around in the
room, and changing characteristics of the emission
source itself, make it difficult to predict exposure levels

Fig. 5 Total number concentration of ultrafine particles from 10 to 420 nm from chamber tests with individual printer and filament
combinations

Table 2 Particle size distributions and emission rates from the printer/filament combinations

Location Filament Printer
type

Geometric mean diameter
(nm)

Geometric standard deviation
(nm)

Emission rate (particles/
min)

Chamber True Yellow
ABS

Rep 2X 53.6 1.22 283 × 107

Chamber True Orange
PLA

Rep+ 62.3 1.97 0.71 × 107

Chamber IMPLA Rep+ 45.6 1.71 817 × 107

Chamber IMPLA Z18 49.6 1.08 1400 × 107
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to printer emissions based on chamber studies alone.We
found that particulate concentrations in the simulated
makerspace (conference room) with multiple operating
printers were much lower than those measured in the test
chamber. This was likely due to the room’s greater
volume and supply air ventilation, as compared with
the enclosed test chamber. Time weighted average
(TWA) exposure limits for the VOCs measured are
based on full-shift exposure scenarios; if the concentra-
tions found in these tests were assumed for an entire

work shift, the resulting calculated exposures would be
well below applicable TWAs (see Table 1).

A key finding of this study is that the development and
implementation of a low-cost extruder head capture hood
effectively reduced printer emissions by at least 98%.
This reduced the peak ultrafine particle concentration
measured in a conference roomwith 20 printers operating
simultaneously from greater than 20,000 p/cm3 to less
than background (< 1000 p/cm3). When equipped with a
high-efficiency particulate air (HEPA) and charcoal filter,

Table 3 Emission rates measured with the extruder emission control on and off during 3D printing in the chamber with IMPLA filament on
a Rep +

Trial number Extruder controls (on/off) Emission rate, particle/min Average and 95% confidence interval

1 Off 295 × 107 199 × 107 (136 × 107–262 × 107)
2 Off 164 × 107

3 Off 171 × 107

4 Off 166 × 107

5 On 3.95 × 107 3.21 × 107 (2.49 × 107–3.94 × 107)
6 On 2.91 × 107

7 On 2.78 × 107

Fig. 6 Total number concentration of particles from an individual 3D printer in the chamber with and without extruder emission control
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this control could potentially be retrofitted onto a 3D
printer to reduce both particle and VOC emissions. Fur-
ther research on extending this approach to other types of
3D printers could help in providing a solution both for
new and in-service printers.

A second key finding of this study was the iden-
tification of True Orange PLA as a filament that
produces lower ultrafine particle emissions than the
other filaments we tested. It also produces lower
ultrafine particle emissions than filaments tested in
other 3D printing studies (Azimi et al. 2016; Steinle
2016; Mendes et al. 2017; Stefaniak et al. 2017). For
example, emission rates for True Orange PLA were
three to four orders of magnitude lower than the
emission rates for the True Yellow ABS and IMPLA
filaments evaluated during our study. Emission rates
of True Orange PLA were also at least three orders
of magnitude lower than those measured during a
recent study of eight different PLA and ABS fila-
ments by Stefaniak et al. (2017). Other researchers
have shown that ABS filaments, in general, produce
much higher particle number yields when compared
with PLA (Zhang et al. 2017). Other factors such as
filament color, brand, and printer brand also affect
particle emissions but to a lesser effect.

Conclusions

This study evaluated a low-cost control that could be
added to existing 3D printers to effectively reduce
emissions to the work environment. The develop-
ment of ventilation control options and guidance for
the safe use of 3D printers in multiple environments
should be a priority. An assessment of different
filament/printer combinations showed that, while
emission rates varied greatly between different fila-
ments, the possibility of exposure to these ultrafine
particles and VOCs exists for all of the configura-
tions tested. Our testing of printers and filaments was
not exhaustive and indicates that it would be prudent
for manufacturers to consider the emissions when
selecting the materials used in their filaments and
printers. The development and use of standardized
emission testing of filaments could help identify low-
emitting filaments, allowing substitution as a poten-
tial exposure control for 3D printing environments.
In addition, the growing body of literature on the
factors affecting emissions can help assist users in
selecting lower emit t ing fi laments. Final ly,
implementing common sense approaches such as
placing printers in an area away from other

Fig. 7 Total number concentration of particles from 20 3D printers in the conference room with and without extruder emission control
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workstations and activities also provide a ready ap-
proach for reducing the potential for exposure.
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