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ABSTRACT

ARTICLE HISTORY

Particle emissions from consumer-fused deposition modeling 3D printers have been reported
previously; however, the complex processes leading to observed aerosols have not been
investigated. We measured particle concentrations and size distributions between 7 nm and 25 mm
emitted from a 3D printer under different conditions in an emission test chamber. The experimental
data was combined with a moment lognormal aerosol dynamic model to better understand particle
formation and subsequent evolution mechanisms. The model was based on particles being formed
from nucleation of unknown semivolatile compounds emitted from the heated ﬁlament during
printing, which evolve due to condensation of emitted vapors and coagulation, all within a small
volume near the printer extruder nozzle. The model captured observed steady state particle
number size distribution parameters (total number, geometric mean diameter and geometric
standard deviation) with errors nominally within 20%. Model solutions provided a range of vapor
generation rates, saturation vapor pressures and vapor condensation factors consistent with
measured steady state particle concentrations and size distributions. Vapor generation rate was a
crucial factor that was linked to printer extruder temperature and largely accounted for differences
between ﬁlament material and brands. For the unknown condensing vapor species, saturation
vapor pressures were in the range of 10¡3 to 10¡1 Pa. The model suggests particles could be
removed by design of collection surfaces near the extruder tip.
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1. Introduction
Fused deposition modeling (FDM) is the most common
extrusion-based 3D printing technology in which a ﬁlament is heated to a semi-liquid state and deposited on a
build plate in layers to construct a three-dimensional object
(Zukas and Zukas 2015). FDM printers are popular with
the general public due to their low-cost and ease of operation. These printers are found in small-scale manufacturing
spaces, design ofﬁces, schools, libraries, and personal residences (Berman 2012; Gibson et al. 2010). It is known that
commercial extrusion processing and degradation of thermoplastics produce both particles and volatile organic
compounds (VOCs) (Adams et al. 1999; Hoff et al. 1982),
some of which are toxic (Rutkowski and Levin 1986; Yoon
et al. 2010). Concerns over potential hazardous exposures
from 3D printer emissions have been raised since some are
used in spaces not designed for manufacturing. Most
concerning is susceptible population exposure, such as

children. These concerns follow a similar pattern to those
relating to photocopier and laser printer emissions (Khatri
et al. 2013; Pirela et al. 2013). A number of studies have
characterized emissions of gases and particles from FDM
3D printers to help assess exposure levels.
Studies have shown that the types and concentrations
of VOCs emitted are linked to ﬁlament material. For
example, considering just major emissions, ABS (acrylonitrile butadiene styrene) ﬁlaments emit styrene and ethylbenzene, PLA (polylactic acid) ﬁlaments emit lactide
and methyl-methacrylate, and nylon ﬁlaments emit caprolactam (Azimi et al. 2016; Steinle 2016; Kim et al.
2015; Davis et al. 2016). Stefaniak et al. (2017) found
that a 3D printer gave a much lower emission rate than
laser printers tested in the same chamber. Analysis suggested that some VOC concentrations from 3D printers
can exceed recommended exposure limits (Azimi et al.
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2017) resulting in potential adverse respiratory effects
(Chan et al. 2017; House et al. 2017).
For particles, previous studies have reported a wide
range of particle emissions that depended on ﬁlament
material, printer type and operating conditions. Some of
the variability between studies was also due to differences
in testing conditions, measurement approaches and
emission calculation methods. Maximum particle number concentrations measured during printing ranged
from 103 to 106 particles/cm3 and depended on printer
and ﬁlament properties (Azimi et al. 2016; Deng et al.
2016; Kim et al. 2015; Stabile et al. 2017; Steinle 2016;
Stephens et al. 2013; Yi et al. 2016; Zhang et al. 2017;
Zontek et al. 2017). Emitted particles were often less
than 100 nm in diameter (Kim et al. 2015; Stabile et al.
2017; Steinle 2016; Stephens et al. 2013; Vance et al.
2017; Yi et al. 2016; Zhang et al. 2017). Average particle
emission rates ranged from 107 to 1012 particles/min
(Azimi et al. 2016; Kim et al. 2015; Stabile et al. 2017;
Steinle 2016; Stephens et al. 2013; Yi et al. 2016), comparable to emissions from laser printers (He et al. 2007;
Koivisto et al. 2010; Salthammer et al. 2012; Scungio
et al. 2017), for which a standard test method and suggested emission thresholds have been developed (BAM
2012; UL 2013).
Zhang et al. (2017) discussed the potential aerosol
dynamic processes leading to particle formation and the
observed evolution of the particle size distributions from
FDM 3D printing; Vance et al. (2017) also discussed the
potential sources that might lead to particle formation
based on their chemical analysis. However, the particle
formation mechanism and processes involved have never
been systematically investigated. Here we apply a method
of moments model to simulate steady state particle concentrations recorded during printing. We perform a sensitivity analysis to investigate how each model parameter
affects the number and size distribution of the emitted
particles. Comparisons are then made between the steady
state model solutions to data from speciﬁc printer runs
to investigate the effect of extrusion nozzle temperature,
ﬁlament brand (ABS from different manufacturers) and
type of ﬁlament material (ABS vs. nylon) on the model
parameters. The model provides conceptual insights on
processes and factors leading to particle emissions from
FDM 3D printers and to possible mitigation techniques.

2. Methods
2.1. Chamber experiment
Details of our systematic chamber measurements to
characterize and identify the main variables affecting
particle emissions from FDM 3D printers can be found

in Zhang et al. (2017). In these studies, experiments were
carried out using a 1 m3 (1 £ 1 £ 1 m) stainless steel
chamber with the printer in the center and sampling
tubes extending approximately 10 cm away from the
chamber inner walls. Particle and VOC free air at room
temperature (23 § 1 C) and low relative humidity (3.0%
§ 0.2%) was supplied to the chamber at an air exchange
rate of 1 hr¡1 (16.7 L/min). The design of the chamber
and clean air supply system followed the criteria of
ASTM standard D6670 (ASTM 2013), ECMA-328 standard (ECMA 2015) and UL GREENGUARD Certiﬁed
method (UL 2014). The procedures to measure the air
exchange rate and wall losses, and to evaluate the chamber airtightness and air mixing characteristics, also followed the above standards. Particles were measured
from at least 15 min before print started until 2-h after
printing stopped. Aerosol measurement instrumentations included a condensation particle counter (CPC,
TSI), a scanning mobility particle sizer (SMPS, TSI) and
an optical particle counter (OPC, TSI) providing both
total particle number concentrations and particle size
distributions over the diameter range of 7 nm to 25 mm
(7–300 nm for SMPS and 0.3–25 mm for OPC both with
a time interval of 2 min).
Four contrasting experimental results were chosen
from a large number of emission tests (n D 231) (Zhang
et al. 2017) for model analysis. Conditions for each test
are shown in Table 1. The four tests were selected to
cover factors that inﬂuence emissions: ﬁlament brand,
extrusion temperature and ﬁlament material. In all cases
the ﬁlaments were 1.75 mm in diameter and all run on
the same printer (printer A in Zhang et al. 2017, their
Table 1) with a build plate temperature of 100 C and
print time of »7 h printing the same object (a house).
Although PLA is a commonly used material and its emissions have been reported (Zhang et al. 2017), it was not
modeled in this study since particle concentrations from
PLA never reached steady state during the printing periods on the tested printer. The method of moments model
used is based on observed steady state concentrations.
2.2. Model description
The method of moments provides predictions of integrated particle characteristics with more computational
Table 1. Speciﬁc print conditions for the selected tests.
Test notation

ABS(a)270

ABS(d)270

ABS(d)243

Nylon243

Material
Filament brand
Filament color
Extruder temperature

ABS
a
Red
270 C

ABS
d
Red
270 C

ABS
d
Red
243 C

Nylon
e
Natural
243 C
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efﬁciency than a fully coupled aerosol transport and
dynamic model (Barrett and Webb 1998; Frenklach and
Harris 1986; Wu and Biswas 1998; Yu et al. 2008). An
advantage is that it tracks the lower-order moments of
the distribution without knowing the details of the distribution, which is accomplished by arranging the moment
governing equations in a closed form (McGraw 1997) so
that they can be solved by computationally efﬁcient
numerical techniques. Assumptions must be made to
achieve closed forms (Hulburt and Katz 1964). Here we
assumed a lognormal aerosol size distribution (Yu and
Liu 2016), as the shape of the measured distributions
were close to lognormal. This increases the computational efﬁciency, but is less accurate (Seigneur et al.
1986). A lognormal aerosol moment model is useful to
predict polydisperse particles properties in multi-dimensional multi-species aerosol ﬂows (Brown et al. 2006).
Our model is based on a lognormal moment method
developed for simulating aerosol dynamics in aerosol
reactors where the product aerosols are non-uniform
(Biswas et al. 1989; Pratsinis 1988; Pratsinis et al. 1986).
This model has been shown to be able to capture the particle size distribution characteristics through comparisons to known exact solutions for certain limiting cases.
The method is applicable for modeling aerosol dynamics
in complex systems when detailed particle distribution
information is not required (Pratsinis 1988), which is the
case for 3D printer particle emissions since the integral
properties of the particles (i.e., total particle concentration and mean particle size) are important when considering emission levels and standards.
2.2.1. Control volume
The model was applied to a control volume where the
vapors were emitted and aerosol dynamic processes of
vapor nucleation resulting in new particle formation,
vapor condensation onto existing particles and particle–
particle interactions through coagulation were assumed
to happen simultaneously. Outside of this control volume, it was assumed that the particles were simply
diluted into the whole chamber domain without further
aerosol dynamic processes occurring. Air was assumed
to be advected through the control volume by the cooling
fan attached to the printer extruder assembly.
The model assumed vapors are emitted from the hot
ﬁlament, which includes the ﬁlament immediately exiting the extruder nozzle and the ﬁlament that was just
recently deposited on the heated build plate or object
being constructed. Therefore, the dimensions of the control volume were determined by the amount of ﬁlament
recently extruded and expressed by a number of factors
(Figure 1). The width (b) was arbitrary set at 0.1 cm,
which was approximately the width of the ﬁlament being
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Figure 1. Schematic of the control volume located just below the
3D printer extrusion nozzle and aerosol dynamic processes that
are modeled within the control volume. The variable x is the
length of the control volume deﬁned by the effective length of
extruded ﬁlament; hav is the height of the control volume; b is
the width of the control volume, which is set at 1 mm.

extruded from the nozzle. The length of the control volume (x) was the effective length of the extruded ﬁlament.
In the following study, we set an arbitrary value (50 cm)
to simplify the model (i.e., eliminate a variable). With a
ﬁlament diameter of 0.1 cm and length of 50 cm, the bottom of the control volume was 5 cm2, which was modeled to consist of recently extruded ﬁlament that is
emitting vapors (e.g., this would be equivalent to printing
a 2.23 by 2.23 cm square plane that emits vapors at the
bottom of the control volume). In addition, we assumed
the vapor emissions to be constant, which was reasonable
given the small area and time to print compared to the
overall printing period (i.e., emissions not effected by
print shape, cooling of ﬁlament, etc.). The height of the
control volume (hav) was calculated as a function of the
length of the control volume and speed of air forced past
the extruder tip by the cooling fan (see the online supplementary information [SI] Section S1 for equations). The
simulation time was the time for vapor molecules to diffuse from the build plate (or layers) to the upper boundary layer (see the SI for equations).
2.2.2. The lognormal moment model
We focused on the particle formation and growth including nucleation, condensation/evaporation and coagulation within the control volume. The following
simplifying assumptions were made: (1) There were no
external processes at or across the boundaries of the
control volume (Biswas et al. 1989). (2) Particle losses to
the chamber surfaces were neglected since loss rates were
factors of 10¡4 – 10¡2 the typical emission rates; the loss
coefﬁcients due to deposition on surfaces were generally
less than 10¡4 s¡1 calculated from the post-printing
exponential decay curves in chamber experiments, while
the calculated average particle emission rates (PERs,
see Zhang et al. 2017) were 107 to 1011 #/s. (3) Particles
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were chemically homogeneous and no chemical reactions that would change the vapor properties over time
were considered; i.e., the semivolatile gases that condense
to form new particles or add mass to pre-existing particles were directly emitted from the heated ﬁlament, or
if formed in the gas phase the reactions were rapid and
the product concentrations directly proportional to emitted parent VOCs. (4) The temperature in the control volume was uniform, constant and equal to the average
between the chamber (ambient) temperature and the
extruder nozzle temperature.
In this study, the lognormal method of moments was
used to solve the general dynamic equation (GDE) for
aerosol processes, including new particle formation
(NPF), particle growth by condensation (or shrinkage by
evaporation) and coagulation (Friedlander 2000) by converting the GDE to closed form expressions for the
moments (see SI section S2 for details). The key parameters of a lognormal distribution (total number concentration [N], geometric mean diameter [Dpg] and geometric
standard deviation [sg]) are related to the ﬁrst three
moments of the distribution. The governing differential
equations for the lognormal volume moment model
were written in a dimensionless form in terms of
moment change rates (Biswas et al. 1989; Pratsinis
1988). Here we only show the key equations and parameters, detailed explanation of the equations and the variables can be found in the SI.
The 0th moment (i.e., total particle number concentration, N) is affected by nucleation and coagulation and its
rate of change is
0

dN
0
0
D I ¡ ξN 2
du

½1

where N’ is the dimensionless particle number concentration (N); u is the dimensionless residence time; I’ is
the dimensionless nucleation rate, which is related to saturation ratio (S D P/Ps, where P is the partial vapor pressure and Ps is the saturation vapor pressure at a given
temperature); ξ is the dimensionless coagulation coefﬁcient, which is related to identiﬁers of the particle size
distributions (Dpg and sg).
The ﬁrst moment (i.e., particle volume concentration)
is affected by nucleation and condensation, and its rate
of change is
dV
0
0
D I k C f hðS ¡ 1ÞN
du

½2

where V is the dimensionless aerosol volume concentra
tion; k is the number of monomers in the critical size
nucleus; f is a condensation factor used to correct

condensation coefﬁcients for multiple-vapor effects; h is
the dimensionless condensation coefﬁcient and is related
to particle size distributions.
The second aerosol volume moment is affected by
nucleation, condensation and coagulation, and its rate of
change is
dV2
0
D I k2 C 2f eðS ¡ 1ÞV C 2zV 2
du

½3

where V2 is the dimensionless second aerosol volume
moment; e and z are the dimensionless condensation
and coagulation coefﬁcients (associated with particle size
distributions).
A vapor monomer balance is necessary to solve the
governing equations since nucleation and condensation
both relate to the properties of vapors (Ps, R and f).
dS
0
0
0
D R ¡ I k ¡ f hðS ¡ 1ÞN
du

½4

where R’ is the dimensionless form of vapor generation
rate (R).
The differential equations Equations [1]–[4] were
solved using the VODE solver in Python. In this study,
due to the complexity of vapor components in the control volume, and because the speciﬁc chemical species
forming particles were unknown, it was difﬁcult to predict the particle concentrations and size distributions
from the initial conditions. Instead, the model can provide a possible range of parameters that could lead to the
observed steady-state aerosol proﬁles, where particle
number concentrations and size distributions remained
relatively stable. In the following we report possible
ranges of key parameters based on the model results and
compare them between speciﬁc printer runs. The goal is
to provide insight on how particles are formed from consumer FDM 3D printers.

3. Results and discussions
3.1. Experimental results from four contrasting
printer runs
For the four different printer runs modeled in this study,
the total particle number concentrations (N) and geometric mean diameters (Dpg) measured in the chamber
during the printing period are shown in Figure 2. Only
SMPS data (particle electrical mobility diameters
between 7 nm and 0.3 mm) are shown and used in the
model since large particles (OPC data) contributed less
than 1% to the total particle number emissions (Figure 3
of Zhang et al. 2017). A general consistency was seen in
the total particle concentration time trends for the four
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Figure 2. Total particle number concentrations (N) and geometric mean diameters (Dpg) measured in chamber experiments. Time zero
on the x-axis indicates the beginning of the print run. The vertical line indicates the time when printing stopped. The notation is ﬁlament material (ﬁlament brand) extruder temperature.

runs. At the beginning of the print (i.e., ﬁlament extrusion began), the particle concentrations jumped to the
maximum (2 £ 105 – 1 £ 106 particles/cm3) corresponding with the minimum Dpg (»20 nm). Total number
concentrations then rapidly decreased while particle size
increased. After »30 min to 2 h of printing (depending
mainly on ﬁlament material), the total number concentrations, as well as particle sizes, reached a steady state,
and maintained relatively steady values until printing
ﬁnished. Once ﬁnished, from then on there was an

approximate exponential decay in particle number concentrations, mainly due to dilution by the continual
addition of clean air into the chamber and some particle
loss to surfaces. (Note the observed increase in mean size
may be due to preferential loss of the smallest particles
to surfaces and coagulation between small and large particles). Figure 2 and Table 2 show that ABS brand d produced the most particles with the smallest average size,
when operated under typical and reduced extrusion temperatures; with the lower extrusion temperature resulting

Figure 3. Average particle size distributions at steady state, the shaded areas are the mean values with one standard deviation; the lines
are the corresponding lognormal ﬁttings. The notation is ﬁlament material (ﬁlament brand) extruder temperature. ABS(d)270 and ABS(d)
243 refer to the left y-axis, the rests refer to the right y-axis.
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Table 2. Measured steady state conditions and model simulation
results.
ABS(a)270a

ABS(d)270

ABS(d)243

Nylon243

Measurement at steady state
4.92 £ 104
6.97 £ 105
N (#/cm3)
Dpg (nm)
94.2
38.2
2.04
2.03
sg

2.39 £ 105
35.7
2.22

7.65 £ 103
116
1.93

Model simulations at steady state
4.96 £ 104
6.98 £ 105
N (#/cm3)
Dpg (nm)
84.8
38.2
1.87
2.34
sg

2.35 £ 105
36.4
2.18

7.32 £ 103
118
1.54

Error (%) D (model – measurement)/measurement £ 100%
0.84
0.16
¡2.01
N (#/cm3)
¡10.0
0.10
1.95
Dpg (nm)
¡8.16
15.2
¡2.02
sg
Model results
0.001
Ps (Pa)
3.24 £ 1022
R (#/m3/s)
f
0.75
a

0.1
1.85 £ 1023
0.01

0.1
3.42 £ 1022
0.01

¡4.39
1.99
¡20.2
0.01
5.64 £ 1021
0.14

Notation is ﬁlament material (ﬁlament brand) extruder temperature.

in less total particle numbers, but of similar sizes. The
less emitting ABS ﬁlament (a) produced smaller particle
numbers, but of larger sizes. Nylon had even lower particle number emissions and larger mean sizes compared
with ABS. These differences are believed to be driven by
differences in the properties and concentration of the
unknown condensable semivolatile vapors emitted from
the heated ﬁlament, which are dependent on the extrusion temperature and the ﬁlament composition itself, as
would be expected if the vapor source is simply evaporation from the ﬁlament. These contracts can be explored
with the model.
Figure 3 shows the average particle size distributions
during the steady-state period, and their corresponding
lognormal ﬁts. It can be seen that the particle size distributions were generally lognormal.
From these observed particle emission time series
trends, the following dynamic processes appear to be
involved in the production of aerosols. The observed initial burst of small particles as printing starts, when few
particles existed in the chamber or the control volume
(total particle concentration <700 particles/cm3), is consistent with NPF of some fraction of the emitted vapors.
These condensing vapors, referred to here as semivolatile
compounds (SVCs) might be semivolatile organic compounds (SVOCs) or other compounds associated with
the bulk polymer or trace additives in the ﬁlament. SVC
supersaturated conditions leading to NPF could be
reached in the control volume at the beginning of the
printing due to vapor emissions with little loss onto preexisting particles and cooling as the air moves away from
the hot ﬁlament (Warren and Seinfeld 1984).
Once NPF has occurred and particles are present in
the control volume, the SVCs continually being emitted

during printing can be lost by condensation onto the
pre-existing particles. This would lower supersaturation
levels, lowering NPF rates, or even ending it. With lower
NPF rates, total particle concentrations would decrease,
as seen in the time series following the initial NPF burst
(Figure 2). At the same time, in the control volume particles become larger due to condensation and particle
coagulation. All the while dilution is occurring due to
background air in the chamber being forced through the
control volume. At some point these processes produce
steady-state aerosol size distributions in the overall
chamber.
At steady state, the processes that decrease particle
number concentration (i.e., coagulation, dilution and
deposition) balance with NPF that increases particle
number concentration. At the same time, the processes
that increase particle size (i.e., condensation and coagulation) balance with NPF that produces smaller size particles. This view of processes is consistent with
differences observed in the four contrasting printer runs
shown in Figure 2, resulting from differences in the emitted SVC concentrations and properties. Factors that contribute to the contrasting observations are explored with
the model.
PLA is a commonly used ﬁlament, but not modeled
here since it had a very different proﬁle. An example is
shown in Fig. S1. In general, the steady state condition
was seldom observed for PLA. This might be because
PLA ﬁlaments tend to be heated to lower temperatures
than many other ﬁlament materials (210 C) and may
produce SVCs that are less likely to condense. (In one
case, PLA with an additive (Zhang et al. 2017) did produce signiﬁcant particles, indicating that additives versus
the bulk ﬁlament material can affect particle emissions).
3.2. Model results
Based on the governing equations, the steady state particle number concentration and size distribution are interrelated to the properties of the vapors that condense (i.e.,
SVCs), including vapor generation rate (R), saturation
vapor pressure (Ps) and the condensation factor (f).
Parameters related to coagulation were not speciﬁcally
quantiﬁed since they were coupled within the differential
equations. Model input parameters included R, f, T, Ps
and x, outputs were the lognormal particle size distribution parameters N, Dpg and sg. To estimate the steady
state conditions, the effective length of the control volume (x) was set at 50 cm and temperature as the average
of the printer extruder and chamber temperatures.
Because the properties of actual condensational vapors
were unknown, exact solutions for particle concentrations cannot be obtained with the model. Instead we
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derived a range of solutions by changing one variable at a
time while holding the other variables constant. The
modeled steady state results were then compared with
the observation data. For each printer run, the best-ﬁt
solution was selected and the results are discussed below.
Best ﬁt was deﬁned as when differences in the model outputs and experimental data were minimized; i.e., the
average of the absolute values of the errors of the steady
state particle distribution characteristics (N, Dpg and sg)
was minimum. There was generally a single best solution
for each printer run (see SI Section S4.1 for details), we
also investigated the solution with a slightly higher average error, but do not present the results here. The simulation results and errors are shown in Table 2. In general,
the model simulation was able to capture the particle
characteristics at steady state; the absolute errors were
low, <5% for N, < 10% for Dpg and <21% for sg, indicating that the model can reasonably simulate the aerosol
dynamic processes that produce particles from the FDM
3D printer we tested.

3.2.1. Sensitivity analysis: Parameters that affect
particle emissions
A sensitivity analysis was used to explore how the model
free parameters, R, f and Ps, are related to predicted properties of the steady state size distributions. These results
were not linked to any speciﬁc ﬁlament or printer operating conditions, except that the extruder nozzle temperature was 270 C. In this analysis one parameter was varied
while the other two were held ﬁxed. Considering the
computational demand, the sensitivity analysis was not
carried out over all possible values in the ranges for every
parameter, but was limited to selected values (see Secion
S4.2). The summarized results are shown in Figure 4,
detailed ﬁgures can be found in the SI. The temperature
was 420 K and the effective length was 50 cm; the dependent variables were steady state N, Dpg, and sg.
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3.2.1.1. Saturation vapor pressure. Saturation vapor
pressure (Ps) is related to particle formation since nucleation happens under supersaturated conditions (i.e., S D
P/Ps > 1, where P is the vapor concentration). Ps is a
property of the condensing vapors (SVCs); SVCs with
lower Ps (at a given temperature) will result in higher
vapor saturation ratios (S). Ps in our cases was evaluated
to be in the range of 10¡3 – 10¡1 Pa, in order to match
the observed steady state particle characteristics. In
Figure 4a, as Ps decreased from 10¡2 Pa to 10¡3 Pa, the
steady state N increased, which is consistent with NPF
rates increasing with S, (i.e., lower Ps, with R and f ﬁxed).
As NPF is favored for lower Ps, the newly formed small
particles drive the size distributions toward smaller average sizes (decrease in Dpg) and more spread in the distribution (increase in sg) (Figure 4a). (Note that
coagulation will also affect the growth process and the
width of the distribution). S is related to both Ps and the
concentration of condensing vapor, P, which will be
related to the vapor loss rate by condensation (f) and
generation rate R.

3.2.1.2. Condensation factor. The condensation factor
accounts for the possibility that multiple vapor species
might be condensing onto pre-existing particles, since
the identity of the SVC condensing during 3D printing is
unknown. The condensation factor ranges from 0 to 1,
with 0 indicating no condensation and 1 meaning that
all the vapors will condense. Thus f represents the integrated property for all condensing species and a lower f
favors NPF over condensation since it would lead to
high vapor levels (P). Figure 4b shows the simulation
results for multiple f values. As f approaches 0, i.e.,
decreasing condensation, implying more NPF, the total
particle concentration increases and the particles are
smaller in size as NPF dominates. On the contrary, if
more SVCs condense on existing particles (higher f),

Figure 4. Sensitivity analysis on how particle concentrations and properties of the lognormal distribution depend on condensing vapor
properties. The plots show the simulated steady state particle concentrations (N), geometric mean diameters (Dpg) and geometric standard deviations (s g) of lognormal size distributions as a function of (a) saturation vapor pressure (Ps), (b) vapor condensation factor (f)
and (c) vapor generation rate (R). For every parameter evaluated, the controlled conditions are shown below the graphs.
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NPF rates will decrease, fewer particles will be formed
and the added condensation results in larger particles
(higher Dpg). The distribution also narrows (smaller sg),
since condensation tends to produce more monodisperse
distributions (Seinfeld and Pandis 2006; Tsang et al.
1990).
3.2.1.3. Vapor generation rate. Vapor generation rate
(R) represents the number of condensable molecules
(SVCs) generated from the heated ﬁlament and is
expected to be related to ﬁlament temperature. As shown
in Figure 4c, there is an inﬂection point at R D 3 £ 1019
#/m3/s. For R below this value, an increasing R has little
effect on the total number of particles produced, but
once this threshold is passed, increasing R results in
increasing N; indicating that the inﬂection point of R
represents a critical SVC emission rate at which NPF
begins (Figure 4c) (note, the inﬂection point is for a
given f and Ps, and will change for different f and Ps combinations). At R below this point, the pre-existing particles grow in size (Dpg increases with R), but the
distribution shape changes little (sg slightly decreases).
The narrowing of size distributions by condensation is in
some extent compensated by coagulation, which tends to
make sg move toward a value of 1.32 (Hinds 1999),
coagulation is also indicated by the slightly decrease of N
in Figure 4c. Once R exceeds the critical value and NPF
occurs, N increases, Dpg does not change signiﬁcantly,
pre-existing particles increasing in size and small particles added to the distribution, leading to fairly steady
Dpg but larger sg (Figure 4c).
3.2.2. Model simulations compared to speciﬁc printer
runs
Examples of model-predicted parameters for the best solutions (smallest average error) for the four printer runs
are now compared. The comparisons are: (1) Same ABS
ﬁlament run at different extruder tip temperatures, comparing effect of extruder temperature. (2) A high particle
emitting ABS ﬁlament vs. a regular emitting ABS ﬁlament at the same extruder temperature, comparing ﬁlament manufacturer brands (or the effect of unknown
additives). (3) ABS vs. nylon ﬁlament at the same
extruder temperature, comparing bulk ﬁlament material.
The measured particle steady state conditions (N, Dpg,
sg) and model parameters (Ps, R, and f) for these comparisons are summarized in Table 2 and Figure 5.
3.2.2.1. Comparison 1: Extruder tip temperature. For
the same ﬁlament operated at different extrusion temperatures, the main difference was that the higher temperature produced more particles (larger N), but the size
distribution was similar (differences of Dpg and sg within

10% whereas N was about 3 times higher) (Table 2 and
Figure 5a). The main effect of a higher ﬁlament temperature was a higher emission rate of the condensing vapors
(R) (»5 times higher). Since the same ﬁlament was used,
the properties of the condensing vapors should be similar, as was found for the model parameters; Ps and f were
similar in both cases (Figure 5a).
3.2.2.2. Comparison 2: High vs. regular emitting ABS
brands. The high emitting ABS (brand d) produced
more particles of smaller sizes than the regular ABS
(brand a), but with similar spread in the distribution
(sg) (Table 2 and Figure 5b). These differences could be
reproduced in the model by the high emitting ABS having a higher saturation vapor pressure (Ps), higher vapor
generation rate (R) and lower condensation factor (f)
(Figure 5b and Table 2). Higher Ps for the high emitting
ABS is somewhat surprising since this lowers the saturation ratio (S D P/Ps), the driving force for NPF and condensation. One would expect S to be higher for the high
emitting ABS ﬁlament since it produces a greater number of particles. However, the higher vapor emission rate
(R) could compensate for this by leading to higher vapor
concentrations (P), which increases S. A lower f also
means that the vapor condensation route onto pre-existing particles is slower for the high emitting ABS, implying that P and S could reach higher levels since the
condensational sink was impeded, which would increase
the NPF rate (NPF is very sensitive to S). This would
result in more particles of smaller sizes, as observed. Difference in Ps between these two ABS ﬁlament brands
implies that the compounds forming the particles differ,
consistent with the view that some unknown additives in
the ﬁlament are responsible for the different particle
emissions observed.
3.2.2.3. Comparison 3: ABS vs. nylon material. Similar
to the above comparison, ABS produced substantially
more particles than nylon ﬁlament, but particle mean
size was smaller and the distribution broader. Relative
differences in model-predicted vapor properties were
also similar to the above comparison (i.e., compare
Figures 5b and c). Both R and Ps for ABS were higher.
Thus as above, high saturation levels (S D P/Ps) could be
driven by the higher vapor concentrations (P), which
were offset to some extent by high saturation vapor pressures (Ps). Again a lower condensation factor can
enhance NPF and impede particle growth, leading to
smaller mean particle sizes.
Overall, the model results indicate that known aerosol
dynamic processes occurring very near the extruder nozzle can reasonably explain the observed steady state aerosol emissions produced by an FDM 3D printer, though
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Figure 5. Observed steady state particle size characteristics (N, Dpg, sg in upper panel) and model simulated condensing vapor properties (Ps, R, f in lower panel), grouped by 3 sets of comparisons. (a) compares extrusion temperature of the same ﬁlament; (b) compares
ABS ﬁlament brands run at the same condition; (c) compares ABS and nylon materials run at the same condition.

the interplay between the variables is complex. In the
above analysis we only compared model solution that
gave the minimum errors. Comparing other solutions
that gave larger average errors than the best ﬁts tends to
show that Ps plays a less distinct role than the SVC emission rate (R), i.e., the NPF process is largely driven by
vapor concentration than saturation vapor pressure. The
condensation factor also has effects on N and largely
controls particle sizes. These results further emphasize
the role of extrusion temperature on overall particle
emissions.

4. Implications
The model simulations veriﬁed that particles can be
formed from vapors emitted by the heated ﬁlaments and
grow by vapor condensation and particle coagulation.
The precursor vapors have very low saturation vapor
pressures that can span a wide range (10¡3 to 10¡1 Pa).
These are similar saturation vapor pressures to those
found for NPF in chamber studies of secondary organic
aerosols (SOA) formation, where Ps can range between
10¡12 – 1 Pa (Pankow et al. 2001; Seinfeld et al. 2001;
Tobias and Ziemann 2000) based on model estimates
and 10¡5 – 10¡2 Pa based on measurements (Tao and
McMurry 1989; Bilde and Pandis 2001). Similar to the
model results, chamber SOA Ps associated with NPF also
span large ranges.
The saturation vapor pressures of the VOCs sampled
in the emission test chamber are many orders of magnitude higher than those that form particles. Many of the
VOCs measured in chambers are similar to components
that comprise the bulk ﬁlament material. For example,
styrene, the most abundant VOC detected for ABS ﬁlament (Azimi et al. 2016; Steinle 2016), has a saturation
vapor pressure of »103 Pa at 25 C (Chao et al. 1983)
and the estimated partial pressure in the chamber was
on the order of 10¡2 Pa, conditions far from saturated

(S » 10¡5). Other detected VOCs from ABS (e.g., ethyl
benzene, methylene chloride, acetaldehyde) all have saturation vapor pressures larger than 103 Pa at room temperature and so would not contribute to the aerosols
formed. The major VOC detected from nylon, caprolactam, has a Ps of 0.25 Pa at 25 C, which is the closest to
what the model predicted, though at a lower temperature
(EPA 1988).
Chemical analysis of the particles can provide insight
on the condensing species. Measurements of 3D printer
emitted particles with an Aerosol Chemical Speciation
Monitor (ACSM, Ng et al. 2011) showed that the mass
spectrum of particles emitted from ABS have no pattern
similar to spectra expected for any ABS monomers (i.e.,
acrylonitrile, 1,3-butadiene, and styrene), based on spectra from NIST Chemistry WebBook (Stein 2016). In
addition, pyrolysis gas chromatographic mass spectral
analysis showed that raw ABS ﬁlament had fragments of
ABS monomers, while particles formed from a 3D
printer running that ABS ﬁlament collected on a ﬁlter,
and subsequently analyzed in the same way as the ﬁlament, did not contain these fragments. This is consistent
with the Raman spectra results from Vance et al. (2017).
Instead, particle spectrum showed major components
thought to be associated with ﬁlament additives, such as
fatty acids. Therefore, for ABS, the particles are not
formed from the bulk ABS material, but some unknown
additives that account for a very small fraction of the ﬁlament. As noted in material safety data sheets provided by
manufacturers, ABS ﬁlaments are composed of 90% –
100% of thermoplastics polymers, with the rest as N,N’Ethylenebis stearamide, typical antioxidants and pigments. Plasticizers like phthalates have saturation vapor
pressure of 10¡7 – 10¡2 Pa at ambient temperature (Wu
et al. 2016), organic dyes such as 1-aminoanthraquinone
and 4-nitro-40 -aminoazobenzene derivatives have saturation vapor pressure of 10¡4 – 10¡2 Pa at temperature of
120 – 165 C (Bradley et al. 1960), both might be
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potential sources of SVCs. Inorganic compounds including metals commonly used in dyes and pigments may
also be a potential source of SVCs; it was found that
metallic aerosols were formed from metal associated
vapor precursors during combustion (Biswas et al. 1992;
Biswas et al. 1997; Sethi and Biswas 1990; Wang and Biswas 2000; Wu and Biswas 2000), and metals like Na, Al
and transition metals like Fe, Cr, Ni were found in the
particles emitted from ABS and PLA (Stefaniak et al.
2017; Stenile 2016; Zontek et al. 2017).
As noted, we found that the vapor generation rate, R,
was a critical parameter accounting for differences
between observed steady state total particle number concentrations when contrasting ﬁlament types and brands.
For example, unlike Ps (r2 D 0.64) and f (r2 D 0.28), a
higher correlation was found between measured N and
model-predicted R (r2 D 0.96), for the four experiments
discussed above. When expanding the comparison to all
model runs having solutions with average errors between
model and measured N, Dpg, sg less than 10% (n D 38),
only simulated N and R was correlated (r2 D 0.90) (see
S4.3). Since we have shown a linkage between R and
extruder temperature, the model results support the view
that nozzle (or ﬁlament) temperature is a critical parameter affecting total aerosol emissions. This has been
noted by other investigators (Deng et al. 2016; Stabile
et al. 2017; Zhang et al. 2017) and is reinforced by our
modeling results.
Since 3D printing can emit large numbers of potentially toxic particles, designing printers with the aim to
reduce emissions would be beneﬁcial. One approach
would be to reduce the particle formation at the source.
Since particles are formed from SVCs emitted from the
heated ﬁlament, and the emissions increase with extrusion temperature, a mitigation strategy is to reduce the
extrusion temperature, as has been noted. However, the
ﬁlament must be heated to a certain level to be extruded
from the nozzle and produce a print object of sufﬁcient
quality. Identifying and removing ﬁlament additives that
form particles would also be a viable approach, but
would require extensive tests since the speciﬁc chemicals
forming aerosols are unknown at this time.
An alternative is to remove the generated particles. A
sealed enclosure with an effective ﬁltration system can
reduce overall particle emissions to some extent (Azimi
et al. 2016; 2017), but has implications on the size and
complexity of the printer and how it is operated. This
modeling work shows that the particles are formed near
the extruder nozzle and then dispersed by the extruder
cooling fan. A potential mitigation method would be to
collect the extremely small and highly mobile newly
formed particles near the extruder nozzle before they
substantially grow in size and are advected into the

surroundings. Collection of particles to a surface by
diffusion and thermophoretic forces may prove to be
effective. For example, the distance particles with diameters of 3–50 nm travel in 1 s by diffusion is in range of
1.2 mm (3 nm particles) to 0.07 mm (50 nm particles)
and by thermophoresis with a temperature gradient of
247 K/0.01 m the distance is »1 mm for particle less
than about 50 nm (temperature gradient due to difference in nozzle and ambient air temperature, see SI
section S5 for details). Thermophoretic force might affect
the particle tracks (Kommu et al. 2004) and previous
model results showed »40% increase in aerosol diffusional deposition rates onto surfaces when considering
thermophoresis at high temperature (Bai and Biswas
1990). This indicates the small aerosols (e.g., <50 nm)
might be collected by a combination of diffusion and
thermophoresis before they grow and are advected out of
the control volume. Modiﬁcation of the forced air nozzle
cooling system may be necessary. In addition, the model
result that all aerosol dynamic processes happen within a
small area close to the extruder nozzle and extruded ﬁlament provided insight when considering exposures in an
indoor environment (e.g., proximity to the printer). For
example, the particle size distributions (e.g., mean size)
are not expected to signiﬁcantly change for different
locations within a room (assuming the printer is the only
source), since particles are only diluted as they disperse
to the surroundings, causing a uniform decrease in concentration for particles of all sizes.

5. Conclusions
We used a lognormal moment model to study the aerosol dynamic processes of particles formed from a FDM
3D printer. The model was based on the theory that particles are formed from nucleation of semivolatile vapors
emitted from the heated ﬁlament, and then grow by
vapor condensation and particle coagulation, all of which
occur within a small control volume near the printer
extruder nozzle. These dynamic processes are interrelated and depend on a number of key properties of the
condensing vapors, including vapor emission rate, saturation vapor pressure and a condensation factor. Because
the speciﬁc vapors emitted by the heated ﬁlament that
undergo gas-to-particle conversion are unknown, the
model could not be solved in a closed form. Instead
ranges of solutions of the noted variables leading to the
observed steady state particle size distribution characteristics (total particle number concentration, geometric
mean diameter and geometric standard deviation) were
found. Operating conditions, like ﬁlament material, ﬁlament brand and extrusion temperature inﬂuenced the
steady state particle characteristics and could be related
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to the differences in the model predicted properties. The
combined effects of multiple aerosol dynamic processes,
which can be represented by emission rates and properties of condensable vapors, govern the particle emissions
from FDM 3D printers. Vapor emission rate from the ﬁlament was a key parameter and linked to the printer
extruder (ﬁlament) temperature. Possible mitigation
strategies involving removing the newly formed small
particle near the extruder nozzle are also suggested by
the model results.
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