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A B S T R A C T

3D printing activities are recognized to emit airborne particles. Several papers in scientific literature quantified 
the particle emission for different filament materials; nonetheless, a knowledge gap still exists for some advanced 
materials. To this end, we evaluated the particle emissions from a 3D printer using thermoplastic polymeric 
materials, including thermoplastic elastomer (TPE), thermoplastic polyurethane (TPU), thermoplastic poly
urethane enhanced with carbon nanotubes (TPU-CNT), polycarbonate (PC), and polypropylene (PP). Data for 
various printing temperatures and printing chamber configurations (open and closed with a HEPA filter) were 
provided.

For all the investigated materials and temperatures, negligible emissions in terms of PM were recognized. 
Particle number emission rates with the chamber closed were one order of magnitude lower than those for tests 
with the chamber open. A temperature effect was also detected; higher emission rates and lower particle dis
tribution modes were estimated for higher extrusion temperatures. Amongst the tested materials, PP and PC 
filaments presented the highest emission factors (up to 1 × 1012 part. min-1 for open printing chamber).

The obtained emission rates were adopted to estimate the average particle number concentration in a real- 
world scenario when performing 3D printing activities: in a 40 m3 office, when printing chambers with HEPA 
filters are adopted, the 1-hour average concentration is lower than the WHO guideline value, regardless of the 
filament and the air exchange rates. On the contrary, without a printing chamber, the WHO guideline values are 
only met with less emitting filaments and high ventilation rates.

1. Introduction

Exposure to airborne particles in indoor environments poses a 
considerable concern for human health [1], as indoor particle sources 
lead to considerably high concentrations [2,3]. The principal sources of 
particles in indoor environments include cooking activities, the burning 
of incense or candles, and the use of mosquito coils; additionally, 
resuspension of particles can occur from everyday movements or 
cleaning activities [2,4–19], along with secondary particles formed from 
chemical reactions in the air [20,21]. Even in clean indoor environments 
(non-smoking spaces), unexpected sources of particles, such as printers 
and photocopiers, can be present; these devices are significant emitters 
of ultrafine particles [22–24].

1.1. 3D printing as a source of airborne particles

In recent years, the adoption of 3D printers has become increasingly 
common among the population, leading to greater use in homes and 
work settings. According to Google Trends, interest in 3D printers has 
risen during 2024, driven primarily by decreasing prices and growing 
accessibility. Among the various 3D printing technologies, fused depo
sition modeling (FDM) and stereolithography (SLA) are the primary 
methods. Of these, FDM remains the most popular due to its lower 
printer costs, the affordability of filaments compared to resins, and user- 
friendly operation [25]. Furthermore, FDM-printed objects typically 
require minimal to no post-processing, simplifying the overall produc
tion workflow. These characteristics made FDM printers widespread not 
only in industries, but also in private houses, schools, and environments 
not intended to host manufacturing systems and often unsuitable for 
treating fumes from these devices [26]. Moreover, the range of available 
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filaments for FDM is continually expanding, now including advanced 
materials such as thermoplastic polymeric materials (e.g., thermoplastic 
polyurethane, thermoplastic elastomer, polypropylene, polycarbonate, 
etc.), raising concerns among users regarding potential emissions from 
these devices. The majority of the existing literature on airborne particle 
emission from FDM 3D printing has predominantly focused on acrylo
nitrile butadiene styrene (ABS) and polylactic acid (PLA) based fila
ments [27–44]. However, several studies have also investigated a 
broader range of materials, including Nylon, various PLA formulations, 
polyethylene terephthalate (PET), polyethylene terephthalate glycol 
(PETG), PP, TPU, high impact polystyrene (HIPS), polyvinyl alcohol 
(PVA), T-glase, and PCABS [39,45–53]. Most studies rely on similar 
instruments, including particle counters (condensation particle coun
ters, optical particle counters, photometers, …) and particle sizers 
(Differential Mobility Particle Sizer).

1.2. Quantifying the airborne particle emission from 3D printers

Most of the studies primarily report on the particle concentration 
ranges and size distributions of various filaments, but do not provide 
data on emission rates. This emission rate data is essential for quanti
fying the particle emissions from different sources and estimating 
exposure levels in various indoor scenarios (e.g., adopting well-mixed 
models). This significant gap in data availability does not allow for a 
complete comprehension and evaluation of the human health risks 
associated with 3D printing in indoor environments, such as homes and 
offices. Therefore, assessing the emissions linked to these materials 
before their market introduction is imperative. This approach will not 
only enhance the awareness of the health risks associated with 3D 
printing but also support the development of safer practices and regu
lations in this rapidly evolving field. In a previous study, we examined 
the emission rates of different printing materials [52], showing the effect 
of the type of filament on the emission rates and the impact of the 
printing temperature. Indeed, we showed that different filament mate
rials can produce different particle emission rates.

1.3. Aims of the work

In the present study, we estimated the particle emission rates and the 
particle size distributions during the FDM printing process when using 
thermoplastic polymeric materials. We also evaluated the effect of 
printing temperature on particle emission. Indeed, printing processes 
with different materials (thermoplastic polyurethane, thermoplastic 
polyurethane enhanced with carbon nanotubes, thermoplastic elas
tomer, polypropylene, and polycarbonate) and printing temperatures 
(ranging in a temperature interval close to the suggested printing tem
perature) were performed through a commercially available 3D printer.

2. Materials and methods

2.1. Sampling site and experimental apparatus description

Measurements were carried out at the Laboratory of Industrial 
Measurements (LAMI) of the University of Cassino and Southern Lazio, 
Italy, where the HVAC system guarantees constant temperature and 
relative humidity, i.e., 20 ◦C and 50 %, respectively. Tests were per
formed in a 1.80 m × 1.20 m × 2.20 m plexiglass chamber (hereafter 
referred to as the measurement chamber) presenting a small opening 
allowing air supply for electrical cables and ducts. The air exchange rate 
of the chamber in this condition was measured adopting a CO2 decay 
method [54] and resulted in 0.50 ± 0.03 h-1. The instruments used for 
characterizing the emissions of various filaments utilized in 3D printing 
are CPC, SMPS, and DustTrak. The CPC (CPC 3775, TSI Inc.) is a 
butanol-based Condensation Particle Counter; this instrument measures 
the particle number concentration of particles greater than 4 nm in 
diameter, with a maximum capability of measuring up to 107 part. cm-3 

using a 1-second sampling time. The SMPS (SMPS 3936, TSI Inc.) is a 
Scanning Mobility Particle Sizer Spectrometer, this device measures the 
particle number distribution in the sub-micrometric range: it comprises 
an Electrostatic Classifier (EC 3080, TSI Inc.), which classifies particles 
according to their electrical mobility diameter, and a further CPC 3775 
that counts the classified particles, thereby providing particle number 
size distribution. In the experimental analysis, a sampling time of 135 s, 
an aerosol flow rate of 1.5 L min-1, and a sheath flow rate of 15 L min-1 

were utilized, resulting in particle size distributions within the 6–220 
nm mobility diameter range. The DustTrak (DustTrak aerosol monitor 
8534, TSI Inc.) is a light-scattering laser photometer that can measure 
particle mass concentrations in terms of PM1, PM2.5, and PM10, with a 
sampling time of 1 s. Temperature and relative humidity were also 
measured during the tests through an Aranet4 Pro air quality monitor, 
which possesses the capability to assess temperature and relative hu
midity with a 1-minute sampling frequency.

2.2. Emission sources: printer and filaments

The evaluation of particle emission was conducted on various fila
ments, all of which are part of the family of thermoplastic polymeric 
materials. Specifically, five materials were studied: thermoplastic 
polyurethane (TPU), thermoplastic polyurethane enhanced with carbon 
nanotubes (TPU-CNT), thermoplastic elastomer (TPE), polypropylene 
(PP), and polycarbonate (PC). All the filaments used were selected from 
commercially available options. These thermoplastic materials have 
numerous applications, including sealing, insulation, shock-absorbing 
protection, packaging, and more. The characteristics of thermoplastic 
polymers vary depending on the type. Still, they are generally recog
nized for their lightweight, ability to sustain high deformations and 
dissipate energy under dynamic loads, as well as their durability, high 
recyclability, and reduced cost [55–59].

The 3D printer employed in this study was the Pro II, manufactured 
by ZYYX 3D, a tabletop FDM printer with the characteristics reported in 
Table 1. The device is equipped with a printing chamber that can be 
either closed or open. A filtering system is also integrated within the 
printer, consisting of a combined HEPA H13 and active carbon filter, fed 
by a ventilation fan.

The printing process was set up using Simplify 3D software; the main 
process parameters are reported in Table 2. Before printing, the printing 
chamber was preheated, and measurements were conducted in both 
open and closed configurations to simulate the emissions of printers 
with and without printing chambers. Before each test, the printer un
derwent a pre-heating phase, enabling the chamber to reach the target 
temperature (40 ◦C). The automatic bed level calibration, nozzle heat
ing, and a spot-print for nozzle purge followed the pre-heating phase. 
Before printing the sample, a brim was printed around the object (a 
common practice with the primary purpose of stabilizing the filament 
flow through the nozzle).

Table 3 shows detailed properties of the filaments used in the study. 
The table includes the characteristics along with additional relevant 
information.

The object printed, reported in Fig. 1, was a parallelepiped 
(width=10 mm, depth=10 mm, height=5 mm). Stefaniak et al. [60] 
report that the filament color can influence the particulate emission; 

Table 1 
Technical specification of the printer.

Print technology Fused Deposition Modelling (FDM)

Build volume 285 × 235 × 210 mm
Printing (extruder) temperature 100–275 ◦C
Chamber temperature Up to 75 ◦C
Print Speed Up to 200 mm s-1

Max resolution 50 µm layer thickness, 11 µm XY positioning
Filament feed system Direct drive (1.75 mm filament)
Nozzle diameter used 0.6 mm
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thus, the colors of all filaments utilized in the present work were black, 
except for the TPE, which was white. The nozzle temperature was 
adjusted according to the manufacturer’s guidelines, set at 230 ◦C for 
TPE, TPU, TPU-CNT, and PP, and 245 ◦C for PC. To evaluate the impact 
of extrusion temperature on emissions during the printing process, two 
additional tests were conducted for each material at ±10 ◦C, corre
sponding to the suggested printing temperature. The heating chamber 
temperature remained consistent throughout all tests during the print
ing process.

2.3. Methodology

The 3D printer was placed in the center of the measurement cham
ber, and all the instruments described in Section 2.1 were positioned 
inside the chamber at approximately 20 cm from the printing chamber, 
thus avoiding extension tubes and minimizing potential particle losses in 
ducts.

The measurement procedure adopted consisted of: (i) 10 min of 
background measurements during which the printer heated the printing 
chamber, (ii) measurement during the printing process of the parallel
epiped, with a duration of about 10 min independently of the filament 
material used, (iii) the measurement during the particle concentration 
decay occurring after the printing process. From the concentration 
trends obtained from the CPC, the emission rate (ER) has been estimated 

using a well-known mass-balance equation derived by He et al. [61]: 

ER = V⋅
[
Cin,peak − Cin,0

Δt
+(AER + k)⋅Cin − AER⋅Cin,0

]

(1) 

where Cin,peak and Cin,0 represent the peak and the initial (i.e., back
ground) particle concentrations, Cin is the average concentration in the 
measurement chamber during the test, AER is the air exchange rate 
(reported in the Section 2.1), k is the deposition rate, AER + k is the 
average total removal rate (calculated from the decay rate of particle 
concentration after the emission activity ceased), Δt is the time differ
ence between initial and peak concentrations, V is the volume of the 
measurement chamber. This equation can be applied when particle 
condensation, evaporation, and coagulation effects are negligible [61]. 
For more information regarding the ER evaluation, readers are directed 
to our previous papers [2,4,52]. A test was conducted for each filament 
at each extrusion temperature with the printing chamber open. A further 
test was also performed with the printing chamber closed for the optimal 
temperatures for printing (230 ◦C and 245 ◦C).

To assess the repeatability of the test, five measurements were con
ducted for each test condition (i.e., different temperatures, filaments, 
and printing chamber conditions). We note that each measurement was 
performed as an independent printing activity (i.e., it is not a repeated 
measurement under the same emission episode).

A statistical analysis was performed to determine whether the esti
mated emission rates as a function of the filament and the extrusion 
temperature were statistically different. Thus, a preliminary normality 
test (Shapiro-Wilk test) was performed to check the statistical distribu
tion of the data. Since the data met a Gaussian distribution, a parametric 
test (ANOVA test) and a further post-hoc test (Tukey-Kramer test) [62] 
were considered in the analysis. A confidence level of 95 % was adopted 
(significance level of p = 0.05).

2.4. Exposure in a real-world scenario

The emission rate represents a key parameter that can be adopted to 
estimate exposure in typical indoor microenvironments through well- 
mixed models. To this end, we have estimated the overexposure to 
particle number concentration in a 40-m3 office due to a 1-hour 3D 
printing activity. The simulations of particle number concentration were 
carried out considering the different filaments under investigation at the 
extrusion temperature suggested by the manufacturer, both in open and 
closed printing chamber configurations. The 1-hour average particle 
number concentration (Cavg) was calculated considering zero concen
tration at the beginning of the printing activity as: 

Cavg =
ER

(AER + k)⋅V
⋅
(

1 −
1

(AER + k)⋅T
(
1 − e− (AER+k)⋅T)

)

(2) 

where the volume V is 40 m3, the averaging time T is 1 hour, and the 
deposition rate k is 0.7 h-1 [63]. Simulations were performed by varying 
the AER from 0.2 h-1, a value characteristic of a naturally-ventilated 
confined space [59], to 8 h-1. The 1-h average concentrations were 
then compared to the guideline value suggested by the World Health 
Organization (WHO) as high particle number concentration [64], i.e., 2 
× 104 part. cm-3. The authors point out that the exposure to particle 
number concentrations in indoor environments is not regulated; thus, 
the guideline value suggested by the WHO represents the only attempt to 
define whether the exposure can be considered high or not.

3. Results and discussions

3.1. Emission rate data

Fig. 2 illustrates particle number and PM10 concentration trends 
obtained during one of the tests with the PP filament at different printing 
temperatures in both open and closed printing chamber configurations. 

Table 2 
Main printing process parameters.

Chamber 
temperature

40 ◦C

Layer thickness 0.2 mm
Average print speed 400 mm min-1

Infill 100 %
Infill pattern Rectilinear
Nozzle temperature 220, 230, 240 ◦C for TPE, TPU, TPU-CNT, PP; 235, 245, 255 

◦C for PC

Table 3 
Detailed properties of the filaments used in the study.

TPE TPU TPU-CNT PP PC

Manufacturer ESun Geeetech Essentium 
(Nexa3D)

CC3D Eono

Additives – – Carbon 
Nanotubes 
0.01 %

– –

Diameter (mm) 1.75 1.75 1.75 1.75 1.75
Color White Black Black Black Black
Density (g cm-3) 1.14 1.2 1.23 0.95 1.2
Hardness 83A 95A 74D – –
Melting 

temperature 
(◦C)

175–195 190–200 190–200 130–160 220–230

Glass transition 
temperature 
(◦C)

− 50 – 
− 60

− 16 – 
− 30

− 35 − 20 107–150

Fig. 1. Printed parallelepipeds with the different filaments under testing: 
thermoplastic elastomer (TPE), thermoplastic polyurethane (TPU), thermo
plastic polyurethane enhanced with carbon nanotubes (TPU-CNT), poly
carbonate (PC), and polypropylene (PP).

L. Fappiano et al.                                                                                                                                                                                                                               Building and Environment 288 (2026) 113934 

3 



After a 10-minute background concentration measurement, the trends 
show a rapid increase in particle number concentration shortly after the 
start of printing, followed by a decay in concentration as the extrusion 
ends. During the printing chamber’s warm-up period, there is no change 

in particle number concentration; thus, all particles detected can be 
attributed solely to the printing process. The trends clearly show a 
higher concentration peak for higher extrusion temperatures, as re
ported in other studies for different filament materials [46,52,60]. When 
printing occurs in a closed printing chamber configuration, the peak 
concentration of particles is significantly lower compared to an open 
printing chamber configuration, likely due to the presence of the HEPA 
filter. Nonetheless, an increase in concentration is still detectable, 
demonstrating that some air leakages can occur when the printing 
chamber is closed. Finally, the trends of PM10 concentration obtained at 
230 ◦C with the printing chamber open revealed a negligible emission in 
terms of particle mass (descriptive of super-micrometric particles), as we 
also previously showed for other filament materials [52]. Similar trends 
were obtained for the other PM metrics (PM1 and PM2.5) and all the 
filament materials under testing. Thus, the emission in terms of PMs is 
not further discussed in the paper.

The emission rates were estimated as described in Section 2.3, and 
the values are reported in Table 4 and Fig. 3a. The ERs evaluated for 
closed printing chamber configuration (average values ranging from 
2.68 × 109 part. min-1 to 3.23 × 1010 part. min-1 at the extrusion tem
perature suggested by the manufacturers) resulted in an order of 
magnitude lower than those for open printing chamber configuration 
(average values ranging from 6.55 × 1010 part. min-1 to 1.07 × 1012 

part. min-1 at the extrusion temperature suggested by the manufac
turers), as established by the results of the statistical analysis, 

Fig. 2. Trends of particle number and PM10 concentrations obtained from the 
tests carried out at different temperatures (220, 230, 240 ◦C) and various 
printing chamber configurations (open, closed) using the PP filament. The 
trends represent one of the five tests carried out for each test condition.

Table 4 
Summary of the estimated emission rates in terms of particle number and of the measured modes of the particle number distributions at the peak during the 3D printing 
for the different filaments analyzed at different extrusion temperatures, and different printing chamber configurations (open or closed). Average temperature and 
relative humidity data measured during the tests are also reported; they represent averages across replicates.

Filament  
material

Extrusion temperature 
(◦C)

Printing chamber 
configuration

ER (part. min-1) Mode of the particle number distribution at 
peak (nm)

Average temperature and relative 
humidity

TPE 220 open 1.67 ± 0.15 ×
1010

38 ± 2 22.2 ◦C, 48.9 %

230 open 8.17 ± 0.90 ×
1010

37 ± 3 21.1 ◦C, 47.6 %

240 open 2.27 ± 0.16 ×
1011

37 ± 2 23.2 ◦C, 48.0 %

230 closed 4.90 ± 0.49 ×
109

85 ± 4 20.9 ◦C, 50.3 %

TPU 220 open 5.46 ± 0.44 ×
1010

36 ± 3 22.8 ◦C, 46.6 %

230 open 9.61 ± 0.95 ×
1010

38 ± 3 22.9 ◦C, 47.8 %

240 open 1.36 ± 0.12 ×
1011

38 ± 3 21.6 ◦C, 49.8 %

230 closed 5.99 ± 0.54 ×
109

91 ± 5 22.3 ◦C, 48.1 %

TPU-CNT 220 open 3.67 ± 0.40 ×
1010

52 ± 4 23.5 ◦C, 47.8 %

230 open 6.55 ± 0.62 ×
1010

28 ± 1 20.5 ◦C, 49.9 %

240 open 1.14 ± 0.13 ×
1011

30 ± 2 21.3 ◦C, 47.9 %

230 closed 2.68 ± 0.19 ×
109

59 ± 4 21.1 ◦C, 46.4 %

PP 220 open 1.70 ± 0.19 ×
1011

55 ± 3 22.8 ◦C, 47.5 %

230 open 7.31 ± 0.66 ×
1011

48 ± 2 20.5 ◦C, 46.3 %

240 open 1.01 ± 0.08 ×
1012

40 ± 2 22.2 ◦C, 49.4 %

230 closed 3.23 ± 0.23 ×
1010

76 ± 4 21.2 ◦C, 46.9 %

PC 235 open 2.09 ± 0.21 ×
1011

39 ± 3 23.2 ◦C, 48.1 %

245 open 1.07 ± 0.12 ×
1012

28 ± 1 20.5 ◦C, 50.9 %

255 open 5.56 ± 0.05 ×
1011

29 ± 2 22.2 ◦C, 48.9 %

245 closed 2.95 ± 0.30 ×
1010

49 ± 2 21.1 ◦C, 47.6 %
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Fig. 3. Average particle number emission rates (a) and modes of size distribution at the peak (b) as a function of the extrusion temperature during the 3D printing for 
the different filaments analyzed at different extrusion temperatures, and different printing chamber configurations (open or closed). Error bars represent stan
dard deviations.
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specifically the parametric test (ANOVA test) and the subsequent post- 
hoc test (Tukey-Kramer test). This confirms the effect of the printing 
chamber and the HEPA filter in reducing the particle number emission of 
the 3D printing activity. Moreover, except for PC filament, the ERs 
monotonically increased with the extrusion temperatures; in particular, 
statistical analysis confirmed that for a given material, variations in 
extrusion temperature result in statistically significant changes in 
emission. This phenomenon was already observed and reported in pre
vious works [46,52,60] and could be related to the decomposition 
phenomena occurring at the filament materials, which are more intense 
as the temperature increases [65–67]. Indeed, higher extrusion tem
peratures can increase the vapor pressure of organic materials, poten
tially facilitating the particle formation process [68,69].

The estimated average emission rates of TPE (4.90 × 109 - 2.27 ×
1011 part. min-1), TPU (5.99 × 109 - 1.36 × 1011 part. min-1), and TPU- 
CNT (2.68 × 109 - 1.14 × 1011 part. min-1) are lower than those for PP 
(3.23 × 1010 - 1.01 × 1012 part. min-1) and PC (2.95 × 1010 - 1.07 × 1012 

part. min-1) as obtained from the statistical analysis (ANOVA and Tukey- 
Kramer test). The elevated emissions observed in polycarbonate (PC) 
may be attributed to its higher printing temperatures, whereas further 
evaluation should be carried out to understand the high emissions of 
polypropylene filaments. The standard deviation of the emission rates, 
reported in Table 4, ranges from 7 % to 11 %, indicating good repeat
ability of the tests.

Proper comparisons with existing literature values are hardly 
possible. Indeed, the various studies employed different measurement 
protocols, including sampling site and instrumentation [38]. For a 
clearer comparison, we note that most studies investigating emission 
rates related to 3D printing primarily examined ABS and PLA filaments. 
These investigations reported emission rates ranging from 2.4 × 108 to 
1.8 × 1011 part. min-1 for ABS, and from 4.9 × 108 to 2.8 × 1012 part. 
min-1 for PLA [29–31,33,39,46,47,52]. Other studies have analyzed TPU 
filaments [45,51] and PP filaments [51] without reporting emission 
rates, whereas Azimi et al. reported an ER of 2 × 1010 part. min-1 for a 
variant of TPE (nylon-TPE) printed at 235 ◦C with a printer with a 
plexiglass printing chamber [47].

3.2. Particle distribution data

In Fig. 4, illustrative examples of particle number distributions 
measured through the SMPS 3936 are reported. In particular, Fig. 4a 
shows the particle number distribution evolution measured for one test 
during printing in the open printing chamber configuration for the PP 
filament at an extrusion temperature of 230 ◦C. The particle number 
distribution evolution displays that, starting from a unimodal back
ground distribution with a mode at about 100 nm (typical of aged 
aerosol), during the printing activity, the emission of freshly-generated 
particles occurs, leading to a unimodal particle size distribution with a 
mode of about 50 nm at the concentration peak (at t = 20 min). During 
the particle concentration decay period, a negligible increase in the 
particle size distribution mode was observed; no significant coagulation 
phenomena were detected during this period. Therefore, ERs can be 
appropriately calculated using the model reported in Section 2.3 (eq. 
(1)). Similar behaviors were identified for all the materials and tests 
performed, thus confirming the applicability of the aforementioned 
emission rate model.

For all the tests performed, a unimodal distribution was detected 
(similar to that reported in Fig. 4), thus, for the sake of brevity, in 
Table 4 and Fig. 3b, the particle distribution modes for all the tests are 
summarized: in the case of open printing chamber configuration, the 
modes ranged from <30 nm to >50 nm. Compared to existing literature 
[30,31,33–35,45], the emission modes align closely with those previ
ously reported, even if some studies [34,36,37,51] observed smaller 
diameter modes. This data variability found in the literature could be 
due to the different influence parameters affecting the emission 
(chemical composition of the material, extrusion temperature, etc.). 

Indeed, the extrusion temperature has a visible effect on the mode of the 
emitted particles. For TPE and TPU, a very similar average mode (36–38 
nm) was measured regardless of the extrusion temperature, on the 
contrary, for TPU-CNT, PP, and PC, the mode shifted towards lower 
diameters for higher extrusion temperatures: this may be because, as the 
extrusion temperature rises, polymers experience more intense pyroly
sis, generating more volatile organic compounds (VOCs), fragmented 
polymer chains, and aromatic compounds, then condensing spontane
ously, forming ultrafine particles [47,70].

Fig. 4b shows the particle number distribution evolution measured 
during printing activity in the closed printing chamber configuration for 
the PP filament at an extrusion temperature of 230 ◦C. After the back
ground period (with an aged aerosol characterized by a mode of about 
100 nm), concentration increases, and a unimodal distribution (with a 
mode of 76 nm) was detected at the concentration peak. Then, during 
the concentration decay, the mode remains almost constant. Thus, the 
mode measured for the closed printing chamber configuration was 
larger than for the open printing chamber at the same extrusion tem
perature. This condition was recognized for all the investigated mate
rials, as summarized in Table 4 and Fig. 3b: the average modes for closed 
printing chamber configuration ranged from 49 nm (for PP) to 91 nm 
(for TPU). The reason for such higher modes occurring in closed printing 
chamber tests is likely due to the coagulation phenomena occurring in 
the printing chamber. Indeed, the high emission of particles will cause 
very high particle concentrations in the small printing chamber, such 
that particles will quickly coagulate due to the small volume available, 
then reducing the concentration and increasing the modes: indeed, as 
soon as the particles are emitted they present a mode similar to the open 
printing chamber configuration (e.g., 48 nm for PP), nonetheless, due to 
the rapid coagulation such mode suddenly increases (e.g., 76 nm for PP). 
Thus, the particle distribution of the particles exfiltrating the printing 
chamber will present a distribution that has already undergone a 
coagulation process. In the case of small measurement chamber di
mensions for different filament materials, such coagulation phenomena 
were already observed in other studies [30,31,33,34,36,38,42,48,49].

3.3. Exposure in a real-world scenario

In Fig. 5, the 1-hour average concentrations (Cavg in eq. (2)) due to 
the 3D printing activity in a 40-m3 office with a zero concentration at the 
beginning of the phenomenon were reported as a function of the AER 
and of the average emission rate values, for the exposure scenario 
defined in Section 2.4. The trends show that scenarios with no printing 
chamber (i.e., printing chamber open) and reduced air exchange rates 
(e.g., naturally ventilated environment) result in 1-hour average con
centrations much larger than the guideline values suggested by the 
WHO. In particular, for highly emitting filaments (PC and PP), Cavg >1 ×
105 part. cm-3 were obtained even for an AER of 8 h-1. For TPE, TPU, and 
TPU-CNT, characterized by lower emission rates, mechanical ventilation 
(AER > 2 h-1) is required to ensure average concentrations remain 
within the WHO guideline value.

Nonetheless, when printing activities are conducted with the print
ing chamber closed (equipped with a HEPA filter), the resulting 1-hour 
average concentrations in the office are lower than the WHO guideline 
values, regardless of the room ventilation. Thus, a closed printing 
chamber with a HEPA filter represents an effective environmental con
trol measure for limiting exposure in enclosed spaces where 3D printing 
is performed.

Summarizing, for the very first time, we quantified the emission of 
airborne particles from 3D printing using thermoplastic polymeric ma
terials. This represents a novel contribution to scientific literature. 
Future studies should focus on evaluating the toxicity of the emitted 
particles. To this end, airborne particle samplings should be carried out, 
and consequent chemical analysis of the collected particles should be 
conducted to evaluate the possible presence of toxic compounds (e.g., 
PAHs and heavy metals) as we did in previous papers [2,71].
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Fig. 4. Particle number distribution evolution during printing in the open printing chamber configuration (a) and in the closed printing chamber configuration (b) 
for the PP filament at an extrusion temperature of 230 ◦C. The distribution evolution represents one of the five tests carried out for each test condition.
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4. Conclusions

This study analyzed particle emissions from a 3D printer using 
thermoplastic materials: thermoplastic polyurethane, carbon-nanotube- 
enhanced thermoplastic polyurethane, thermoplastic elastomer, poly
propylene, and polycarbonate. Tests covered different extrusion tem
peratures and two chamber configurations, open and closed with a 
HEPA filter, while continuously monitoring particle number concen
trations, PM fractions, and size distributions. Emission rates were 
calculated for all conditions.

Emissions were dominated by sub-micrometric particles, with 
negligible changes in mass concentrations. Open-chamber emission 
rates (6.55 × 1010 – 1.07 × 1012 part. min-1) were about one order of 
magnitude higher than those from closed chambers with HEPA filters 
(2.68 × 109 – 3.23 × 1010 part. min-1), confirming the filter’s effec
tiveness. Polypropylene and polycarbonate showed the highest emis
sions (up to 1 × 1012 part. min-1 in open chambers).

Emission rates generally increased with extrusion temperature, 
likely due to enhanced thermal decomposition of the filaments. In open 
chambers, particle size modes ranged from <30 nm to >50 nm and 
shifted to smaller diameters at higher temperatures. Closed-chamber 
tests yielded larger modes (49–91 nm), consistent with particle coagu
lation in the confined space.

Exposure modeling for a 40 m3 office showed that printing without a 
chamber could produce hazardous concentrations, especially with 
polypropylene and polycarbonate, exceeding 1 × 105 part. cm-3 even at 
high ventilation rates (8 h-1). For other filaments, WHO guideline values 
(2 × 104 part. cm-3) could only be met with ventilation >2 h-1. Using a 
closed chamber with a HEPA filter consistently reduced concentrations 
below WHO limits for all filaments and ventilation conditions, high
lighting its effectiveness as an exposure control measure in enclosed 
spaces.

Data availability

Data will be made available on request.

Funding

This research received no specific grant from any funding agency in 
the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

L. Fappiano: Writing – original draft, Validation, Investigation. E. 
Caracci: Writing – review & editing, Validation, Investigation. A. Cec
cacci: Writing – original draft, Investigation. G. Iannitti: Supervision. 

G. Buonanno: Writing – review & editing, Supervision, Conceptuali
zation. L. Stabile: Writing – review & editing, Writing – original draft, 
Validation, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

References

[1] L. Morawska, A. Afshari, G.N. Bae, G. Buonanno, C.Y.H. Chao, O. Hänninen, 
W. Hofmann, C. Isaxon, E.R. Jayaratne, P. Pasanen, T. Salthammer, M. Waring, 
A. Wierzbicka, Indoor aerosols: from personal exposure to risk assessment, Indoor. 
Air. 23 (2013) 462–487, https://doi.org/10.1111/ina.12044.

[2] L. Fappiano, E. Caracci, A. Iannone, A. Murru, P. Avino, M. Campagna, 
G. Buonanno, L. Stabile, Emission rates of particle-bound heavy metals and 
polycyclic aromatic hydrocarbons in PM fractions from indoor combustion sources, 
Build. Env. 265 (2024) 112033, https://doi.org/10.1016/j.buildenv.2024.112033.

[3] E. Caracci, L. Canale, G. Buonanno, L. Stabile, Effectiveness of eco-feedback in 
improving the indoor air quality in residential buildings: mitigation of the exposure 
to airborne particles, Build. Env. 226 (2022) 109706, https://doi.org/10.1016/j. 
buildenv.2022.109706.

[4] G. Buonanno, L. Morawska, L. Stabile, Particle emission factors during cooking 
activities, Atmos. Env. 43 (2009) 3235–3242, https://doi.org/10.1016/j. 
atmosenv.2009.03.044.

[5] G. Buonanno, G. Johnson, L. Morawska, L. Stabile, Volatility characterization of 
cooking-generated aerosol particles, Aerosol. Sci. Technol. 45 (2011) 1069–1077, 
https://doi.org/10.1080/02786826.2011.580797.

[6] L. Stabile, E.R. Jayaratne, G. Buonanno, L. Morawska, Charged particles and cluster 
ions produced during cooking activities, Sci. Total. Environ 497–498 (2014) 
516–526, https://doi.org/10.1016/j.scitotenv.2014.08.011.

[7] L. Stabile, F.C. Fuoco, S. Marini, G. Buonanno, Effects of the exposure to indoor 
cooking-generated particles on nitric oxide exhaled by women, Atmos. Env. 103 
(2015) 238–246, https://doi.org/10.1016/j.atmosenv.2014.12.049.

[8] L.A. Wallace, S.J. Emmerich, C. Howard-Reed, Source strengths of ultrafine and 
fine particles due to cooking with a gas stove, Env. Sci. Technol. 38 (2004) 
2304–2311, https://doi.org/10.1021/es0306260.

[9] R. Tang, C. Pfrang, Indoor particulate matter (PM) from cooking in UK students’ 
studio flats and associated intervention strategies: evaluation of cooking methods, 
PM concentrations and personal exposures using low-cost sensors, Env. Sci. 3 
(2023) 537–551, https://doi.org/10.1039/D2EA00171C.

[10] S. Ma, W. Liu, C. Meng, J. Dong, S. Zhang, Temperature-dependent particle mass 
emission rate during heating of edible oils and their regression models, Environ. 
Pollut. 323 (2023) 121221, https://doi.org/10.1016/j.envpol.2023.121221.

[11] L. Stabile, F.C. Fuoco, G. Buonanno, Characteristics of particles and black carbon 
emitted by combustion of incenses, candles and anti-mosquito products, Build. 
Env. 56 (2012) 184–191, https://doi.org/10.1016/j.buildenv.2012.03.005.

[12] M.P. Spilak, M. Frederiksen, B. Kolarik, L. Gunnarsen, Exposure to ultrafine 
particles in relation to indoor events and dwelling characteristics, Build. Env. 74 
(2014) 65–74, https://doi.org/10.1016/j.buildenv.2014.01.007.

[13] S.W. See, R. Balasubramanian, Characterization of fine particle emissions from 
incense burning, Build. Env. 46 (2011) 1074–1080, https://doi.org/10.1016/j. 
buildenv.2010.11.006.

[14] Y. Kim, A. Gidwani, B.E. Wyslouzil, C.W. Sohn, Source term models for fine particle 
resuspension from indoor surfaces, Build. Env. 45 (2010) 1854–1865, https://doi. 
org/10.1016/j.buildenv.2010.02.016.

[15] Y. Ishizuka, M. Tokumura, A. Mizukoshi, M. Noguchi, Y. Yanagisawa, 
Measurement of secondary products during oxidation reactions of terpenes and 
ozone based on the PTR-MS analysis: effects of coexistent carbonyl compounds, Int. 
J. Env. Res. Public. Health 7 (2010) 3853–3870, https://doi.org/10.3390/ 
ijerph7113853.

[16] F.C. Fuoco, L. Stabile, G. Buonanno, C.V. Trassiera, A. Massimo, A. Russi, 
M. Mazaheri, L. Morawska, A. Andrade, Indoor air quality in naturally ventilated 
Italian classrooms, Atmosphere 6 (2015) 1652–1675, https://doi.org/10.3390/ 
atmos6111652.

[17] R.L. Corsi, J.A. Siegel, C. Chiang, Particle resuspension during the use of vacuum 
cleaners on residential carpet, J. Occup. Env. Hyg. 5 (2008) 232–238, https://doi. 
org/10.1080/15459620801901165.
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