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Abstract
Many studies exist characterizing the aerosol emissions from fuse filament fabrication
three-dimensional (3D) printers. However, nanocluster aerosol (NCA) particles are
5

rarely studied meaning size range under 3 nm. The purpose of this study was to characterize the NCA emissions and the contribution of NCA to the total number emissions
from a 3D printer. We used a particle size magnifier (PSM) and a scanning mobility
particle sizer (SMPS) to measure the time evolution of particle size distribution, which
was used to calculate the average NCA emission rates during a printer operation in a
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chamber. The NCA emission rates ranged from 1.4·106 to 7.3·109 s−1 depending on the
applied combination of filament material and nozzle temperature, showing increasing
emission with increasing temperature. The NCA emissions constitute from 9 up to
48 percent of the total emissions, i.e., almost half of the particle emissions may have
been previously neglected. Therefore, it is essential to include the low NCA size range
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in, e.g., future 3D printer testing protocols, emission measurements standards and risk
management measures.

1

Introduction
Three-dimensional (3D) printers enable easy and inexpensive fabrication of items with complex shapes, which is an important reason for their increasing utilization. They are widely
20

operated in many indoor environments, such as homes, schools and offices, due to their low
price and good availability. The popularity of 3D printers has especially grown in school
classrooms and university libraries, where they are used for educational purposes. 1 On the
other hand, the wide application of 3D printing has given rise to health concerns, related to
the fumes emitted during the printing process, 2 and the possible user exposure to the fumes
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in low-ventilated environments.
Recent studies have shown that exposure to 3D printing can cause respiratory symptoms 3
and increase in exhaled nitric oxide, 4 which is a sign of asthma, in humans. Others also have
shown cardiovascular symptoms in animals after inhalation 5 and negative impact on animal
embryo development. 6 Moreover, nano-sized particles emitted in aerosol form 7 from 3D
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printers can induce not only cell death and oxidative stress in human airway epithelial cells 8
but also inflammatory responses in mice. 9 The aerosol nanoparticles can also potentially enter
the blood circulation by penetrating into the alveolar region of the lung upon inhalation. 10
The nanoparticles can then reach sensitive areas, such as the bone marrow, spleen or heart,
posing health risks. 11 Therefore, a detailed characterization of the emissions from 3D printers
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is important for risk assessments.
Numerous studies have shown that 3D printers emit a large amount of aerosol nanoparticles with diameters starting from 4 nm. 12–32 Most of the studies have concentrated on printers that employ the fused deposition modeling (FDM) or so-called fuse filament fabrication
(FFF) method, since these printers are readily available for many consumers. A common
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observation for the FFF studies is that the emissions depend on the printing conditions,
such as printing temperatures, and on the used filament materials. The studied materials
include polymer thermoplastics, such as acrylonitrile-butadiene-styrene (ABS), polylactic
acid (PLA) and PLA varieties containing additives, such as wood and metals. However, the
2

market has expanded to offer large variety of other materials as well, which remain unstudied.
45

In the light of aerosol emissions, an important printing condition is the nozzle temperature, since at high enough temperatures the material is heated enough and can vaporize
causing airborne emissions. The effect of nozzle temperature as well as filament material
have been previously studied, but the results vary between the studies. For example, Azimi
et al. found a weak to no correlation between the particle emissions and the nozzle temper-
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ature, 15 whereas Deng et al., Zhang et al., Mendes et al. and Stabile et al. found a positive
correlation. 20,24,33,34 Thus, there is a need to further study the combined effect of filament
material and the nozzle temperature to find stronger evidence on the actual reason.
Despite the numerous studies on 3D printer emissions, 35 data on particles less than
3 nm in diameter is still limited. Rönkkö et al. introduced the term nanocluster aerosol
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(NCA) to refer to these particles in the size-range of 1.3 - 3 nm and that term is adapted
here. 36 The study on NCA is especially important, since NCA might have different health
effects compared to larger sized particles. This difference results from effective deposition
due to diffusion in the head air ways, from where, particles potentially migrate to brain 37
causing neural effects. 38 However, the effects of NCA are mostly unknown. Therefore, it
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is of importance to study the small cluster sized particles and track their growth to better
understand the printing process and the potential health impacts.
Ahonen et al. published measurements of 1-2 nm sized particles during manufacturing
processes of electronics in a clean room. They found notable nanocluster aerosol concentrations, 39 but the results can not be directly applied to 3D printing. Moreover, NCA has
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been found to constitute a significant fraction of the traffic-emitted aerosol 36,40,41 as well
as urban air aerosol concentrations. 42,43 As a matter of fact, nanoclusters play a key role
also in the natural atmospheric aerosol formation. 44,45 Thus, to understand the formation
mechanism and origin of the aerosol emissions from 3D printing, it is crucial to study the
NCA as the clusters can act as seeds for particle growth eventually determining the particle
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properties. 46,47
3

Mendes et al. were the first ones to study particle emissions from a FFF 3D printer in the
low NCA size range. 34 They found a high number of particles in this size range during all
the tested printing periods. However, they reported the total particle number concentration
of the NCA, and thus, the size resolved particle emission rates still remain to be measured
75

for the NCA. Emission rate is a critical parameter determining the concentration level in
the vicinity of the source, and by measuring it, the environmental conditions, such as air
exchange rate, are normalized for. Therefore, the emission rate is more representative of the
3D printer as a source, and measured emission rates can be used to predict the concentrations,
and ultimately the exposure, near the printer.

80

The objective of this study is to characterize the NCA and fine particle emissions to
detect the effects of the nozzle temperature and filament material as well as the contribution
of NCA to the total emissions. This was done by measuring and calculating the emission rates
of NCA and fine particles in the 1 nm to 1 µm size range during FFF 3D printing process.
The study applies five different filament materials and four different nozzle temperatures
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to determine the combined effect of the temperature and material. The obtained particle
emission rates are compared to those obtained in previous studies to create a stronger link
between the emissions and the printing conditions. Finally, we also show a simple example
of an application of the emission rate in modelling the nanoparticle exposure in the vicinity
of the 3D printer.
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Materials and methods
3D printer and FFF method. The printer employed in this study is a commercial 3D
printer called Ultimaker 2 (Ultimaker B.V., Geldermalsen, The Netherlands). The printer
utilizes the fuse filament fabrication (FFF) or material extrusion method. In the FFF
method, a filament material is fed to a narrow heated nozzle with a constant speed. The
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material is melted at the nozzle and extruded through it onto a heated bed. During the

4

extrusion, the nozzle is moving in a frame in three dimensions by a predetermined program
to form the desired object layer by layer. In this study, the printed object was a frog with
maximum dimensions of approximately 5.5 x 4.6 x 2.5 cm3 and the printing took in average
36 minutes, see SI I for printer details.
100

Filament materials and nozzle temperatures. The frog object was printed by using
five different filament materials. The first employed material was acrylonitrile butadiene
styrene (ABS, red by Ultimaker), which is among the most common materials in consumer
use. Another commonly used filament is polylactic acid (PLA), for which three different
varieties were used: one without additives (Ultimate Blue by Ultimaker), one with wood
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additive (woodFill by colorFabb) and one with copper additive (copperFill by colorFabb).
Finally, a polyester filament (nGEN by colorFabb) was used. The filament materials were
printed using varying nozzle temperatures of 210, 220, 240 and 250 ◦ C. The materials were
tested in the temperatures recommended by the manufacturer as well as above of those
temperatures. The bed temperature was kept constant at 70, 80 or 90 ◦ C, depending on the
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manufacturer recommendation for each material, and thus, is not in the focus in this study.
A total of 10 different material-temperature combinations were studied. The same combination was repeated two to three times yielding a total of 22 successful prints, see Table 1.
Due to this small sample size (n = 2 or 3), we were not able to perform statistical comparisons between the material-temperature combinations, thus only descriptive comparisons
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were made. In addition, the experiments included a number of failed prints, resulting from
incompatibilities of the material-temperature combinations, see SI II. The focus of this paper
is in the successful prints; emission characteristics of failed prints will be discussed briefly as
they still represent a potential emission scenario in normal consumer operation.
Aerosol sampling. The measurements were performed in an aerosol laboratory at Tam-
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pere University between 24th and 31st of March 2017. For the emission rate measurements,
the 3D printer was placed in a contained chamber with the volume of 300.0 ± 5.3 Liters to
avoid influence from the laboratory air, see Fig. 1 . The chamber was flushed using HEPA
5

filtered air with a mass flow of 100 ± 1 lpm (flow controller by Alicat Scientific Inc., USA)
providing constant dilution and mixing to the chamber. Due to this high air exchange rate of
125

20 h−1 , the air in the chamber is expected to be well mixed. The dilution flow was directed
away from the printer nozzle to the back wall of the chamber to avoid direct influence to
the nozzle and, hence, the printing process itself. The aerosol was sampled directly from the
chamber and directed to the aerosol instrumentation.
Chamber, V = 300 l

Filtered air
100 lpm

3D printer

1)

0.15 m
4.1 lpm

Ejector
diluter

0.18 m
2.5 lpm

PSM
& A20

2)

1.55 m 0.20 m
3.4 lpm 0.9 lpm

DMA

0.35 m 0.23 m
0.9 lpm 0.6 lpm

WCPC

Exhaust

0.23 m 0.3 lpm

Exhaust

CPC

Figure 1: A schematic diagram of the measurement setup.
We used two sampling lines, one for concentration and another for size distribution
130

measurements. The first sampling line, which was used to study the NCA size range, was
kept as short as possible to minimize particle losses since the diffusion losses are expected
to be high for the smallest particles. The line was also made of conducting material to
avoid losses of charged particles. Moreover, an ejector diluter was needed due to high NCA
concentrations. A second sampling line was used for size distribution measurements; as the
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differential mobility analyzer (DMA) itself causes dilution, the aerosol would have been too
diluted for reliable particle size distribution measurement otherwise.
The first sampling line led the aerosol from the chamber to nCNC A11 instrumentation (Airmodus Ltd, Finland) consisting of a particle size magnifier (PSM A10) and a
condensation particle counter (CPC A20) measuring total particle number concentration
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(1.4 - 1000 nm) and number size distribution (1.4 - 4.3 nm). The PSM was run in the
step mode with a time resolution of 30 seconds/step using four saturator flows of 1.2, 0.3,
6

0.15 and 0.1 lpm. These saturator flows correspond to particle activation sizes of 1.4 ± 0.1,
1.75 ± 0.1, 3.15 ± 0.3 and 4.3 ± 0.3 nm according to the calibration data by the manufacturer, see SI IV. The calibration was done for nickel chromium particles, whereas the particle
145

composition of 3D printer emissions is probably different. This might alter the particle activation in the PSM, and hence, the diameter estimation by up to 1 nm based on previous
experience. 48
The sample to PSM was taken through an ejector diluter (Dekati Ltd, Finland), for which
the dilution ratio (DR) was calculated by comparing total number concentration with and
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without the diluter resulting in an average DR of 12.2 ± 0.9. (taking into account the dilution
and particle losses in the diluter). Note that the DR estimation was only possible for total
number concentrations, while the particle losses are, in reality, higher in the NCA size range
and lower for larger particle sizes. This probably causes an underestimation to the NCA
concentration. In addition to the diffusion losses, the concentration data was corrected for
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the maximal PSM efficiency of 77.3 ± 1.5 percent according to the calibration data (SI IV).
The second sampling line fed the aerosol to a custom build scanning mobility particle
sizer (SMPS) consisting of a Kr-85 aerosol neutralizer, a differential mobility analyzer (DMA,
TSI model 3085, sheath flow 18.0 ± 0.1 lpm), a butanol condensation particle counter (CPC,
TSI model 3775) and a water condensation particle counter (WCPC, TSI model 3786). The
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SMPS was used to measure the particle number size distribution in the range of 4.0 - 57.3
nm with a resolution of 180 seconds. The concentration values were corrected for diffusion
losses in the sampling lines (Tygon E-3603) according to Kulkarni et al. 49 (η = exp −ξ · Sh)
by using the sample flow rates (Gilibrator flow meter, Sensidyne LP, USA) and line lengths
presented in Fig. 1.
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The emission characterization in the chamber. The behaviour of the aerosol population in the chamber can be described as follows. The measured number concentration N (t)
in the chamber changes over time t due to the emissions from the 3D printer and the particle

7

losses in the chamber. The change of the particle number in time follows the equation: 34
dN
= Q(t) −
dt
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!
β+γ−

X

Ki Ni

N (t),

(1)

i

where Q(t) is the emission rate (cm−3 s−1 ), β is deposition rate to the chamber walls (s−1 ),
P
γ is dilution coefficient due to the dilution flow to the chamber (s−1 ) and i Ki Ni is the
coagulation sink (s−1 ) for the aerosol population consisting of i different size-ranges. The
change in the concentration (dN /dt) is calculated from the measurement data for each time
step. The dilution coefficient γ can be calculated from the flow of filtered air to the chamber
(5.6 ± 0.2 ·10−3 s−1 ), whereas the coagulation sink is calculated from the size distribution
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data (10−6 to 5.7·10−3 s−1 ). However, the deposition term is not directly known and needs
to be determined from the data.
By assuming coagulation sink to be only weakly time-dependent and the source term
Q(t) to be zero, the equation 1 can be simplified to
N (t) = N0 e−t(β+γ−

P

i

Ki Ni )

,

(2)

which is an exponential decay in the concentration. This kind of situation appears when
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the printing process has finished and we can assume that the particle source disappears.
Therefore, an exponential fit can be made to the measured concentration data to calculate
the loss terms. Since the other loss terms are already known, the deposition rate β can be
estimated from Eq. 2. The rate was calculated using data fits from several print process
endings (n = 19) resulting in an average deposition rate of 9.6 ± 1.5 ·10−3 s−1 . In reality, the
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deposition rate is size dependent, and therefore, the NCA emissions can be underestimated
as the NCA deposition in the chamber is probably higher than the average used in this study.
Finally, we calculated the size resolved and total emission rates Q from Eq. 1.
Indoor user exposure modeling. We used the NCA and total emission rates to model
two exposure scenarios. For the first scenario, we assumed a laboratory room with dimensions
8
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of 9 m x 6 m x 3 m and ventilation rate of 18 h−1 , similar as in Ref. 50, whereas the other
scenario was a regular home room with dimensions of 4 m x 4 m x 2.5 m and ventilation rate
of 0.5 h−1 . Both cases had the same turbulent diffusion coefficient of 0.002 m2 s−1 to allow
better comparison. The model used here is an computational implementation of the indoor
diffusion model presented by Drivas et al. 51 The particle number concentration in the room
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location (x, y, z) results from an instantaneous source q (number of particles) and can be
calculated as a function of time t (s) from the emission start

cinst (x, y, z, t) =

wd A
q
t)Rx Ry Rz ,
exp(−at +
3/2
(4πKt)
V

(3)

where a (s−1 ) is the ventilation rate, wd (m/s) deposition rate, set to zero for simplicity,
A (m2 ) deposition surface area, V (m3 ) room volume, K (m2 /s) effective indoor turbulent
diffusion coefficient and Rx , Ry , Rz are the dimensionless wall reflection terms for a rectan200

gular room, see Drivas et al. equations 5, 6 and 7. The equation 3 can be extended to
constantly emitting source Q (s−1 ), such as 3D printer, by integrating over the emission time
temis
Z

temis

ccont (x, y, z, temis ) =
0

Q
wd A
exp(−at +
t)Rx Ry Rz dt.
3/2
(4πKt)
V

(4)

A more detailed description with the model source code is found in SI V.

Results and discussion
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Concentrations and number size distributions. Figure 2 presents total number concentrations and SMPS size distribution for one example printing process (nGEN at 240◦ C),
while further figures can be found in SI VI. First, the printer bed is heating for a few minutes
during which the concentrations stay at background levels. After that, the printer nozzle
is heated for 1 to 2 minutes. During which, as the filament material (residual from earlier
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prints) resides in the nozzle, the material itself can heat up rapidly reaching evaporation

9

10 4
10 3
10 2
10 1

Figure 2: Total particle number concentrations (a) and size distribution (b) in the chamber
during a printing process of nGEN filament in temperature of 240 ◦ C (print no. 27). The
concentrations are reported for PSM for particles over 1.4 nm and over 3.15 nm as well as
for SMPS in size range from 4.0 to 57 nm in diameter. The PSM size distribution (1.4 to
4.3 nm) is presented only for the steady-state situation.
temperature, thus, yielding high particle formation and emission rates. This results in a
rapid increase of the number concentrations. The concentrations increase further, at the beginning of the printing process, reaching a peak value. After this initial peak, as the material
starts to continuously flow through the nozzle, concentrations decrease immediately reaching
215

a more or less steady-state situation in which there are no rapid concentration changes. This
allows an explicit determination of the concentration gradient over time, and, therefore, the
further examination as well as the calculation of the emission rate are done only for the
steady-state situation.
Figure 3 presents average steady-state number size distributions for the nGEN material
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printed in three different temperatures. In the temperature of 220 ◦ C, the distribution has
one smaller mode in the nanocluster size (1.4 to 1.7 nm) and another larger nucleation

10

mode approximately at 15 nm. The larger sized particles dominate the distribution with a
contribution of 80 percent. Furthermore, the same modes can be seen in the distributions at
the temperatures of 240 and 250 ◦ C, but now having one to three orders of magnitude higher
225

total number. The nanocluster mode has a greater amount of particles that, at 250 ◦ C, are
slightly larger in size (1.75 to 3.15 nm), and the nucleation mode particle size decreased
from 15 nm to less than 10 nm in size. Thus, in general, the higher printing temperature
for this material generates larger amount of particles that have smaller size. Additionally,
the comparison of SMPS and PSM data in size range over 3.15 nanometers reveals that
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there might be another mode of particles between 60 nm to 1 µm as the PSM concentration
(N>3nm ) is 1.4 to 3 times higher than that of SMPS.
Even though the concentrations and size distributions provide valuable insight of the
emitted particle population characteristics, the number emission of particles emitted cannot be solely estimated by using concentrations due to the particle losses in the chamber.
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Therefore, the size-resolved emission rates were computed using the method described in the
previous section.
Concentrations in malfunction situations. Originally, more combinations were
planned for testing, but materials, such as ABS, PLA and PLA with wood and copper
additives, caused difficulties in printing, see SI II. These malfunctions situations are ex-
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pected in the normal use of the printer as correct temperature and other printing conditions
are searched to get good enough quality for the printed object. Thus, they present a potential user exposure episode, as the user might be close to the printer while troubleshooting.
During the malfunction situations, the number concentrations in the chamber were mainly
of similar magnitude or, in some cases, an order of magnitude higher than in normal print-
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ing conditions. This suggest a higher emission rate, and therefore, it is expected that the
malfunction situations have similar or higher exposure potential to the user as the normal
printing situation. By disregarding the malfunction situations, the estimated exposure potential could be biased to be too low as was also discussed in Refs. 34 and 35. However,
11

dQ/dlogDp (cm−3 )

dN /dlogDp (cm−3 )

Particle diameter (nm)
Figure 3: Average steady-state PSM and SMPS particle number size distributions (left panel)
and size resolved emission rates (right panel) for nGEN in temperatures of 220, 240 and 250◦ C
for three separate printing events (print no. 27, 30 and 33). The blue vertical line represents
the border of the NCA size range. The percentages in each sub-figure represent from left to
right the NN CA /Ntot , NSM P S /Ntot and N>3nm /Ntot (left panel), and QN CA /Qtot , QSM P S /Qtot
and Q>3nm /Qtot (right panel), respectively.
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since these malfunction situations resulted mainly from clogged nozzle, and, hence, the frog
250

object could not be fully printed, the main focus of this study is limited to the successful
prints for which the full analysis and emission rate calculation was done.
Size resolved emission rates. To provide an estimation of the particle source, emission
rates were calculated by equation 1. The right panel of Figure 3 presents the size-dependent
emission rate for nGEN material in three different nozzle temperatures. Similarly to the
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number distributions in the left panel of Fig. 3, the emission rate has one mode at the
NCA size range and another mode at the larger sizes. At the temperature of 220◦ C, the
contribution of the NCA to the total emission rate is a notable 13 - 20 percent, while at the
higher temperatures of 240 and 250◦ C, the contribution of NCA increases to no less than 41
- 42 percent. At the same time, when the temperature is increased from 220 to 240◦ C, the

260

quality of the printed frog object increases significantly, which justifies the higher emission.
However, the temperature increase from 240 to 250◦ C has only a minor effect on the object
quality, not justifying the increased emission at 250◦ C.
NCA emission rates. Figure 4 presents the average steady-state NCA emission rates
for size range from 1.4 to 3.15 nm. In total, the emission rates varied from 1.4·106 to 7.3·109
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particles/second depending on the nozzle temperature and the filament material. The differences are further discussed in the following sections.
1010
109
108
107
106

Figure 4: The NCA emission rates (1.4 to 3.15 nm) for different printer filament materials
printed using nozzle temperatures of 210, 220, 240 and 250◦ C. The data points are grouped
to distinguish the values obtained for different materials. The error bars mark the limits
according to propagation of uncertainty.
13

Comparison of nozzle temperatures. We observed that the NCA emission rate
depends on the nozzle temperature, see Fig. 4. As an overall notion, the NCA emission
rates show an increasing trend over the full scale of materials and temperatures. In average,
270

the emission rate increases by almost four orders of magnitude from temperature of 210 to
250◦ C. However, the comparison of different temperatures for the same material show more
evident dependence.
Higher NCA emission rates are observed at higher temperatures for ABS, PLA and
nGEN. Firstly, ABS material shows an increase of emissions with increasing temperature if
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the data point from 240◦ C is compared to an average value of the five data points from 250◦ C.
As another material, the PLA has a slight increase in the NCA emission rate with increasing
temperature, whereas PLA with wood additive exhibits minimal decrease, even though all
the values for PLA+wood are within the error limits. The nGEN material was printed
in three different temperatures, and the comparison shows the strongest dependence on the
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temperature. Therefore, in a broader context, the NCA emission rate is clearly dependent on
the nozzle temperature. However, as an exception, the PLA with additives showed relatively
high emissions compared to materials (ABS and nGEN) that were printed in much higher
temperatures. This observation suggests that the emissions are not only dependent on the
nozzle temperature, but also the filament material plays an important role.
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Comparison of filament materials. The NCA emission rates show differences in the
comparison of separate materials printed at the exactly same nozzle temperature, as can be
seen in Fig. 4. At the temperature of 210◦ C, the PLA has lower emission rate compared to the
equivalent material with wood additive. Moreover, at the temperature of 220◦ C, the nGEN
has slightly lower emission rate than that of pure PLA and clearly lower than the PLA with
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wood and copper additives. The PLA with copper additive has the highest NCA emissions
at this temperature, even though the PLA with wood exhibits only a minor difference in the
inter-comparison. Moreover, the fact that the PLA with additives show high emissions, even
at relatively low printing temperatures, calls for characterization of other available filament
14

materials incorporating additives. At the higher temperatures of 240 and 250◦ C, the nGEN
295

possesses clearly higher NCA emission rate than that of ABS, and resulted also in the highest
NCA and total emission rates obtained in this study. Interestingly, nGEN produced also the
lowest observed NCA emission rates.
The differences between filament materials have also been discussed in the previous publications. 35 The PLA has generally shown lower total emission rates than ABS and has been
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one of the main outcomes of the studies. In contrast, the results of this study suggest that
the NCA and total emission rates for PLA at temperatures of 210 and 220◦ C are similar compared to ABS printed at temperature of 240◦ C. ABS shows higher emission rates compared
to PLA, when printed at higher temperature of 250◦ C. Therefore, for these two reasons,
the differences in emission rates might result from the temperature increase instead of the
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material itself. Indeed, the results by Kwon et al., 18 who tested the materials at exact same
temperature, suggest that PLA emissions increase significantly when printed at similar temperatures as ABS, however, still showing higher emissions for ABS. However, the material
manufacturers do not typically recommend PLA to be printed in such high temperatures
as ABS, which is, in like manner, not suggested in the light of these findings. As a limita-
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tion, the reader should note that the comparisons of the material-temperature combinations
presented here are not based on statistical analysis, and thus, are merely descriptive.
Comparison of different particle sizes: NCA vs total emission rates. The
emission rates are divided, in Table 1, to separate particle size ranges, which are denoted
as QN CA with diameter 1.4 - 3.15 nm, Qtot with diameter 1.4 nm - 1 µm and QSM P S with
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diameter 4 to 57 nm. In overall, for all different material-temperature combinations tested in
the study, the fraction of NCA of total emissions (QN CA /Qtot ) ranged from low 9.3 percent to
high 48.0 percent. PLA with wood additive had the lowest NCA fraction (9.3 to 14.5 %) and
the highest geometric mean particle count diameter (GM DSM P S , 22 to 24 nm, calculated
from SMPS distribution) found in this study, which both suggest that it emits mostly larger
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particles. PLA with copper additive and ABS have medium NCA fractions from 21.6 to
15

22.5 % and 16.4 to 30.5 %, respectively. For the latter, the higher temperature increases
the total particle count emission and GM DSM P S . Interestingly, the fraction of NCA also
increases, while the fraction of particles larger than 3.15 nm decreases. In other words,
with increasing temperature, ABS emits larger amount of not only NCA sized particles
325

but also particles in SMPS size range that are larger in size. This suggests that there is
a smaller amount of over 57 nm particles present. The observation that both the GMD
of larger particles increases and the number of NCA simultaneously grows with increasing
temperature is broadly consistent with an assumption that the higher temperature causes
more nonvolatile vapors to be emitted at the nozzle. These vapors then rapidly form NCA-
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sized particles, but also contribute to condensation of larger particles, which then grow to
larger sizes by this condensation process. The highest fractions of NCA are found for PLA,
34.7 to 40.4 %, and at high temperatures for nGEN, 41.4 to 48.0 %. Moreover, for nGEN
and PLA, as the nozzle temperature increases, they emit larger amount of particles smaller
in size (lower GM DSM P S ), and simultaneously, NCA emissions increase.
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In earlier studies, number emissions have been measured for larger size ranges starting
from 3-4 nanometers; 35 however, our findings show that a significant fraction of 3D printing
number emissions have been previously unquantified.
Due to the high number of nanoclusters present, the aerosols observed during 3D printing
seem to be formed by initial cluster formation and nucleation of gaseous low volatility com-
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pounds. The formed clusters act as seeds for consequent condensation and coagulation processes finally forming the observed aerosol distribution. Similar hypothesis has been earlier
visited by Vance et al., 17 who suggested that the aerosols might be formed from semivolatile
compounds emitted at the nozzle temperatures, which then nucleate and condensate after
cooling down to the room temperatures.
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Comparison to previously published literature. As a comparison point to the
results of this study, we calculated the fraction of NCA concentration to the total concentration (NN CA /Ntot ) from the data of Mendes et al., 34 see Table 1, for ABS and PLA
16

materials printed in different temperatures. The NCA concentration fractions from Mendes
et al. range from 65.8 to 99.2 percent, while similar fractions obtained from this study are
350

significantly lower ranging from 9.7 to 46.7 %. This might result from different approach of
calculating the total concentration, see the footer of Table 1, or from the fact that Mendes
et al. used chamber air exchange rate of 280 h−1 , while we used a lower rate of 20 h−1 . Actually, having lower air exchange rate would yield to higher concentrations in the chamber
due to slower dilution, however, this is not the case, since we observed lower concentrations
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with lower air exchange rate. This suggests that the NCA emission rates could, in reality, be
even higher than presented in this study. This possibility was already discussed in previous
sections, as the particle losses in the diluter and the deposition losses in the chamber involve
size dependence, which could not be quantified.
As another point, the total emission rates calculated from SMPS data can be compared
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to those of others, who measured particle emissions in size ranges starting from 2.5-4.5 nm, 34
10 nm, 12,18 15 nm 17 and 17 nm 16 in chambers with similar size as used in this study. The
SMPS emission rates for ABS are aligned with the literature, although the values vary up
to three orders of magnitude between the studies. The rates for PLA are also in the range
of literature values, and mostly one to two orders of magnitude lower than those for ABS
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with the exception of a few data points. The emission rates in literature for PLA with wood
or copper additives are more than two orders of magnitude lower than the ones obtained
here showing a potential for further studies. Moreover, to the knowledge of authors, the
emissions from nGEN polymer have not been studied before and, thus, direct comparison
to literature is not possible. However, the literature offers studies 16,18 for other synthetic
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polymers, such as polyvinyl alcohol (PVA). When compared to nGEN at high temperatures,
the order of magnitude of the emissions are similar, whereas for lower temperatures, nGEN
has approximately an order of magnitude lower emissions than PVA. Essentially, the high
variation between the studies might be explained by different size ranges considered since
3D printing have shown to emit particles that are below the detection limit for the most of
17

18

‡
?
∗
Material
TN /TB
GM DSM
NSM P S
QSM P S
NN CA
QN CA
Ntot
Qtot
NSM P S /Ntot
QSM P S /Qtot
NN CA /Ntot
QN CA /Qtot
PS
This study
ABS
250/90
18.3
3.2·103
1.6·107
2.2·103
9.7·106
1.0·104
4.7·107
0.317
0.315
0.213
0.208
21.5
4.1·104
1.9·108
1.1·104
5.5·107
3.7·104
1.8·108
1.094
0.983
0.285
0.305
ABS
250/90
ABS
240/90
13.3
1.1·103
5.4·106
1.1·103
5.2·106
7.1·103
3.2·107
0.160
0.161
0.155
0.164
PLA
210/60
14.7
5.7·102
2.6·106
6.4·102
2.8·106
1.9·103
8.2·106
0.305
0.303
0.344
0.347
12.0
4.0·102
1.8·106
6.7·102
2.9·106
1.6·103
7.2·106
0.243
0.235
0.405
0.404
PLA
210/60
PLA
220/60
9.9
1.5·103
6.8·106
2.1·103
8.7·106
5.7·103
2.4·107
0.263
0.263
0.368
0.360
PLA
220/60
9.1
1.0·103
4.4·106
1.8·103
7.4·106
4.4·103
1.9·107
0.236
0.225
0.405
0.398
nGEN
240/80
9.4
2.5·103
1.2·107
4.8·103
2.3·107
1.2·104
5.4·107
0.212
0.209
0.414
0.415
nGEN
240/80
8.0
6.4·103
3.2·107
1.0·104
4.8·107
2.4·104
1.2·108
0.262
0.261
0.415
0.414
12.2
1.6·103
7.8·106
5.9·102
2.5·106
3.0·103
1.3·107
0.548
0.555
0.196
0.191
nGEN
220/80
nGEN
220/80
14.5
1.5·103
7.1·106
3.2·102
1.4·106
2.5·103
1.1·107
0.620
0.614
0.130
0.132
nGEN
250/80
9.7
7.3·105
3.8·109
8.4·105
5.3·109
2.0·106
1.2·1010
0.363
0.293
0.418
0.424
9.7
7.4·105
3.8·109
1.1·106
7.3·109
2.4·106
1.5·1010
0.314
0.240
0.467
0.480
nGEN
250/80
PLA+W
220/60
23.1
8.6·104
3.9·108
3.6·104
1.9·108
3.0·105
1.6·109
0.288
0.235
0.121
0.119
PLA+W
220/60
21.7
1.0·105
4.9·108
3.0·104
1.6·108
3.1·105
1.7·109
0.327
0.279
0.097
0.093
PLA+W
210/60
23.8
8.5·104
4.1·108
3.5·104
2.2·108
2.7·105
1.5·109
0.311
0.264
0.127
0.145
nGEN
250/80
11.3
2.7·104
1.4·108
4.4·104
2.4·108
1.1·105
5.4·108
0.250
0.240
0.416
0.434
17.5
1.9·104
9.2·107
1.7·104
8.6·107
6.7·104
3.3·108
0.282
0.267
0.260
0.263
ABS
250/90
ABS
250/90
20.8
1.4·104
7.1·107
1.1·104
5.4·107
5.5·104
2.7·108
0.255
0.257
0.197
0.204
ABS
250/90
20.8
1.8·104
8.5·107
1.3·104
6.5·107
5.7·104
2.7·108
0.309
0.295
0.234
0.238
PLA+Cu
220/60
9.2
1.9·105
9.1·108
1.4·105
6.3·108
5.9·105
2.8·109
0.326
0.308
0.231
0.225
PLA+Cu
220/60
10.4
1.4·105
6.8·108
1.0·105
4.6·108
4.5·105
2.1·109
0.317
0.300
0.222
0.216
Literature
ABS-1a 34
230
8.8†
2.6·104
3.7·108
1.2·106
1.3·106
0.021
0.979
ABS-1b 34
230
15.5†
4.4·104
6.2·109
2.0·106
2.1·106
0.021
0.979
7.9†
9.8·104
1.4·109
2.1·106
2.2·106
0.045
0.955
ABS-2 34
230
ABS-3 34
238
12.8†
2.8·106
3.9·1010
5.4·106
8.2·106
0.342
0.658
ABS-4 34
250
10.5†
1.5·106
2.2·1010
4.3·106
5.8·106
0.260
0.740
PLA-1 34
200
7.4·102
1.0·107
8.9·104
8.9·104
0.008
0.992
PLA-2 34
230
7.9†
3.7·105
5.2·109
1.4·106
1.8·106
0.205
0.795
? The nozzle T
◦
∗
N and bed temperatures TB ( C). Geometric mean particle count diameter (GM D, nm) for the SMPS data in measurement range of 4.0 - 57.3 nm.
† SMPS measurement range from 4.45 to 140.7 nm and chamber air exchange rate of 280 h−1 . ‡ For the data in this study, N
tot is the total concentration from the
PSM data (NN CA + N>3nm ), while for Mendes et al. data, 34 Ntot is calculated as NN CA + NSM P S .

Table 1: Comparison of the average steady-state number concentrations N (cm−3 ) and emissions rates Q (s−1 ) of this study to
literature values for SMPS, NCA and total size ranges.
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the previously applied methodologies. 35
In a wider context, it is to be noted that different measurement approaches could play a
role as well. This has been previously discussed by Pelley et al. 52 and Byrley et al., 35 who
have also pointed out the need for standard measurement method for characterization of 3D
printer emissions. In fact, an ANSI/CAN/UL standard has been published. 53 However, the
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testing protocol suggested therein does not include the size range under 10 nm, thus missing
the NCA size range. Furthermore, the Danish EPA presented a risk assessment guidance for
3D printers 54 based on studies 7,12,15,22 that measured the size range starting from 7 or 10 nm.
We suggest that risk assessment on 3D printers and the standardized measurement schemes
also include the NCA size range as they add a significant contribution to the nanoparticle

385

population.
Comparison of the exposure potential in two distinct environments. The emission rates were used to model consequent dispersion and concentration in two indoor environments. This shows an example of translating the emission rate into an exposure concentration by using information on the room size and ventilation rate. We get an estimate

390

of the concentration addition to the room and thus, of how the printing affects indoor air
quality.
Figure 5 presents the concentration addition as a function of distance from the printer for
a) high and b) normally ventilated environments in three different emission situations: high
(9.5·109 s−1 , nGEN at 250◦ C), medium (2.2·108 s−1 , ABS at 250◦ C) and low (7.7·106 s−1 ,
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PLA at 210◦ C). The concentrations are significantly higher near the printer at 0.35 m,
representing working right next to the printer, compared to situations in which the user
observes the printing from a distance to the source (1 or 2 m).
To put the results into perspective, the modeled concentrations are compared to existing
8 h/day occupational exposure limit (OEL) 55 recommendations for biopersistent engineered
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nanoparticles (ENPs), as no limit values are available for incidental nanoscale particle emissions. The OELs for ENPs range from 20 000 cm−3 for particles with density over 6000
19

Figure 5: The modeled NCA and total concentrations a) in a well-ventilated (18 h−1 ) laboratory room with dimensions of 9 m x 6 m x 3 m and b) in a room representing home
or small office space, dim. 4 m x 4 m x 2.5 m, with a normal ventilation rate of 0.5 h−1 .
The assessment was done for three emission situations: high (nGEN, black), medium (ABS,
red) and low (PLA, blue). The arrows indicate the percentage of NCA from the total concentration. The horizontal lines from top to bottom represent the average concentration
on highways, 36 the range of existing occupational exposure limits (OELs) for biopersistent
engineered nanoparticles 55 and urban background concentrations. 36
kg/m3 to 40 000 cm−3 for particles with density under 6000 kg/m3 . As the densities of
plastics, such as ABS and PLA, vary from 900 to 1500 kg/m3 , we use the latter OEL as a
comparison point. However, it is not known whether this value serves as a protective limit
405

for 3D printer emissions. In the high ventilated laboratory room (Fig. 5a), in the high
emission case, the concentrations closer than 1 meter are clearly above the OEL limit due
to the NCA addition, while the concentration at 2 m stands under the OEL. The medium
and low emission cases result mainly in lower than OEL concentrations, although, in very
close proximity < 0.35 m, the NCA addition lifts the total concentration above the urban
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background.
In comparison, the normally ventilated home, school or office environment (Fig. 5b)
shows similar tendency with approximately 2.4, 8.1 and 36.7 times higher concentrations,
respectively, depending on the distance. Consequently, the concentrations in the medium
20

emission case exceed urban background concentrations barely staying under the OEL near
415

the printer due to the NCA addition. On the contrary, in the high emission case, the
concentrations increase to extreme figures even far away from the printer.
All things considered, laboratories and production facilities with high ventilation that are
designed to host industrial processes seem to dilute the aerosol enough to reach low enough
exposure concentrations in medium and low emission cases. However, in a home, school or
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office with relatively low ventilation designed to keep only the CO2 level low enough, the
user may get a high dose when the printer is run long and continuously in the presence of the
user. Therefore, the users should stay away from the printer while it is running due to high
exposure potential. Note that this analysis considers only the case of one printer; operating
multiple printers in the same room would increase concentrations over the OELs also further

425

away from the source. 1
Some emission prevention techniques are available, such as local exhaust ventilation,
sealed framing and filtering of the exhaust air from the printer, that can overcome these
issues if used properly. However, in the light of this study, the methods used to limit the
emission should be designed to filter the smallest NCA particles as well.
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