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Abstract 
 
Project Title: Evaluating and controlling airborne emissions from desktop 3D printers  
 
Principal Investigator:  
Brent Stephens, Ph.D. 
Department of Civil, Architectural, and Environmental Engineering 
Built Environment Research Group 
Illinois Institute of Technology 
Alumni Hall Room 228 
3201 S Dearborn Street 
Chicago, IL 60616 
Phone: 312-567-3356 
Email: brent@iit.edu 
Web: http://built-envi.com  
 
Abstract:  
Desktop three-dimensional (3D) printers are rapidly increasing in popularity. The majority of 
desktop 3D printers designed for the consumer market utilize an additive manufacturing 
technology called fused filament fabrication, in which a solid thermoplastic filament is forced 
through a heated extrusion nozzle, melted, and deposited in thin layers onto a moving bed. A 
three-dimensional solid shape is formed layer-by-layer as the filament material cools and 
hardens. A wide variety of polymeric filament materials are now being used at a variety of 
extruder nozzle temperatures and bed temperatures. Previous research has shown that desktop 
3D printers utilizing this process can emit large numbers of ultrafine particles (UFPs: particles 
less than 100 nm in size) and some hazardous volatile organic compounds (VOCs) during 
printing, although very few filament and 3D printer combinations had been tested prior to this 
project. Moreover, we are not aware of any studies that had explored in detail the likely human 
exposures to both VOCs and UFPs emitted from desktop 3D printers and filaments in realistic 
indoor environments.  
 
In this work, we quantified emission rates of UFPs and speciated VOCs from 5 commercially 
available filament extrusion desktop 3D printers utilizing up to 9 different filaments using 
controlled experiments in a test chamber. We also provided preliminary data on the impact of 
print object geometry and the use of partial and whole printer enclosures with and without a 
filtration system to mitigate printer emissions. Subsequently, we used computer simulations to 
predict the magnitudes of human exposures to these same pollutants that would be expected in 
three spatial locations within a typical small office environment. Last, we also used the worst 
case UFP and VOC emission scenarios to model the likely impacts of several potential control 
strategies for reducing exposures.  
 
Median estimates of time-varying UFP emission rates ranged from ~108 to ~1011 #/min across all 
tested printer and filament combinations, varying primarily by filament material and, to a lesser 
extent, printer bed temperature. The individual VOCs emitted in the largest quantities included 
caprolactam from nylon-based and imitation wood and brick filaments (ranging ~2 to ~180 
µg/min), styrene from acrylonitrile butadiene styrene (ABS) and high-impact polystyrene (HIPS) 
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filaments (ranging ~10 to ~110 µg/min), and lactide from polylactic acid (PLA) filaments 
(ranging ~4 to ~5 µg/min). Predicted concentrations in the modeled indoor environment 
demonstrate that UFP and VOC concentrations within close or moderate proximity to some 
operating desktop 3D printers can exceed recommended exposure levels and may be cause for 
concern for both acute and chronic health effects. The results also suggest that the most effective 
control strategies for reducing both UFP and VOC concentrations in all zones from high emitters 
used in the modeled environment, in descending order of impact, include: (1) installing a high-
flow spot ventilation system, (2) operating the printer in a sealed enclosure with high efficiency 
gas and particle filtration, (3) installing a moderate-flow spot ventilation system, and (4) 
operating a high-efficacy stand-alone air cleaner with both gas and particle filtration within 
immediate proximity to the operating 3D printer. Results also demonstrate that some 3D printer 
and filament combinations with lower emissions (e.g., PLA filaments, which have both low UFP 
and VOC emissions) should be prioritized over higher emitting filaments to limit human 
exposures.  
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Section 1 
 
Significant or Key Findings 
Key findings of this work include: 

1. Ultrafine particle (UFP) and speciated volatile organic compound (VOC) emissions vary 
widely by filament material and to a lesser extent, printer characteristics. Median 
estimates of time-varying UFP emission rates ranged from ~108 to ~1011 #/min across all 
tested combinations. The individual VOCs emitted in the largest quantities included 
caprolactam from nylon-based and imitation wood and brick filaments (ranging ~2 to 
~180 µg/min), styrene from acrylonitrile butadiene styrene (ABS) and high-impact 
polystyrene (HIPS) filaments (ranging ~10 to ~110 µg/min), and lactide from polylactic 
acid (PLA) filaments (ranging ~4 to ~5 µg/min). Some of these VOCs present potential 
public and workplace health hazards, as styrene is classified as a possible human 
carcinogen by the International Agency for Research on Cancer (IARC Classification 
Group 2B) and acute exposure to high concentrations of caprolactam is known to be 
“irritating to the eyes and the respiratory tract” and “may cause effects on the central 
nervous system” according to the Centers for Disease Control and Prevention. 

2. Occupying a space in a typical indoor office environment within close or moderate 
proximity to some operating desktop 3D printer and filament combinations can result in 
concentrations of UFPs and some VOCs that either exceed known recommended 
exposure levels (RELs) (e.g., from the California Office of Environmental Health Hazard 
Assessment) and/or may generally be cause for concern for both acute and chronic health 
effects based on other evidence in the health effects literature. 

3. The most effective control strategies for reducing both UFP and VOC concentrations 
from high-emitting 3D printers in a typical workplace environment, in descending order 
of impact, include: (1) installing a high-flow spot ventilation system, (2) operating the 
printer in a sealed enclosure with high efficiency gas and particle filtration, (3) installing 
a moderate-flow spot ventilation system, and (4) operating a high-CADR stand-alone air 
cleaner with both gas and particle filtration within immediate proximity to the operating 
3D printer.  

4. Combined, the applied results from this work lead us to make the following 
recommendations to improve occupational safety and respiratory health in workplaces in 
various sectors including manufacturing and retail: (1) additional measurements should 
be conducted to more accurately quantify personal exposures to both UFPs and speciated 
VOCs that account for proximity effects presented by typical 3D printer use patterns in a 
wide variety of realistic settings; (2) manufacturers should work towards designing low-
emitting filament materials and/or printing technologies; (3) in the absence of new low-
emitting filaments, manufacturers should work to evaluate the effectiveness of sealed 
enclosures on both UFP and VOC emissions and/or to introduce combined gas and 
particle filtration systems. Until these recommendations are accomplished, we continue to 
suggest that caution should be used when operating many printer and filament 
combinations in enclosed or poorly ventilated spaces or without the aid of gas and 
particle filtration systems. This is particularly true for both styrene- and nylon-based 
filaments based on data from the relatively large sample of printers and filament 
combinations evaluated here.  
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Translation of Findings 
The significant findings herein can be used to prevent workplace diseases and injuries and 
improve safety practices or programs in the following ways: 

1. We now have greater knowledge of the types and magnitudes of pollutants emitted from 
desktop 3D printers and the effectiveness of viable control strategies, which allows for 
more informed decision-making by a variety of stakeholders. For example, we have had 
personal communication with several environmental health and safety (EHS) staff 
members from universities, K-12 schools, and private industry across the country 
regarding our findings, which has helped them to either select lower-emitting filaments 
for their installations or design control strategies to mitigate 3D printer emissions in their 
facilities. 

2. These same stakeholders and many others, including the broader academic community as 
well as the general public, now have greater awareness of the hazards presented by 
emissions from desktop 3D printers. We have presented our work at academic 
conferences including the American Association for Aerosol Research (AAAR), the 
International Society of Exposure Science (ISES), and Healthy Buildings conferences. 
We have also published our scientific findings in high impact journals (including in 
Environmental Science and Technology, with an impact factor of 5.4 in 2015) under open 
access licenses so that anyone in the world can read the findings for free. This has also 
led to significant media attention for the work, including articles in the Chicago Tribune, 
Fox News, Yahoo News, FastCo.Design, and dezeen, as well as a television interview 
with CBS Chicago, all of which has helped to translate research findings to the general 
public. 

3. Our study has also gained the attention of leaders in the 3D printing industry, including a 
number of printer and filament manufacturers and distributors, who have used our results 
to inform their customers of the emissions from their existing products and to inform 
designs for new filaments, printers, enclosures, and gas and particle filtration systems. 
Our work has provided the foundation for innovation in these areas, which is expected to 
lead to more research and development of products to mitigate emissions from 3D 
printers, and ultimately, to widespread adoption of these technologies in workplace 
environments and many other indoor environments in which 3D printers are used. 

 
Research Outcomes/Impact 
Findings from this project have a high potential for improving occupational safety and health, 
and it is clear that some progress is already being made via intermediate outcomes. Results have 
informed occupational safety and health by informing stakeholders of the types and magnitudes 
of emissions from popular desktop 3D printers and filaments, their impact on pollutant 
concentrations and exposures in typical workplace environments, and recommendations for how 
to mitigate emissions, all of which establish the framework for potential positive outcomes as 
this work is further disseminated. Intermediate outcomes have already included influencing 
industry practices, product design, and safety management programs, as stakeholders with whom 
we have engaged have used our work to inform their printer and filament manufacturing and 
sales, their product designs (particularly for gas and particle filtration systems and printer 
enclosures), and safety management programs at universities, businesses, and K-12 schools.  
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Section 2 
 
Scientific Report 
 
Background Information 
 
Desktop three-dimensional (3D) printers are rapidly increasing in popularity. The majority of 
commercially available desktop 3D printers designed for the consumer market utilize an additive 
manufacturing technology called fused filament fabrication (FFF), also known as fused 
deposition modeling (FDM) or molten polymer deposition (MPD). In the FFF process, a solid 
thermoplastic filament is forced through a heated extrusion nozzle, melted, and deposited in thin 
layers onto a moving bed (Gross et al., 2014). A three-dimensional solid shape is formed layer-
by-layer as the filament material cools and hardens. A wide variety of filament materials are now 
being used in desktop FFF 3D printers, including acrylonitrile butadiene styrene (ABS), 
polylactic acid (PLA), polyvinyl alcohol (PVA), polycarbonate (PC), high-density polyethylene 
(HDPE), high-impact polystyrene (HIPS), nylon, and many other polymers, metals, ceramics, 
and other materials (MatterHackers, 2015). Filaments are melted at a variety of extruder nozzle 
temperatures and bed temperatures, and manufacturers typically recommend ranges of optimal 
temperatures for each filament material and thickness. ABS and PLA are currently the most 
commonly used filaments in desktop 3D printers, although others are also gaining popularity 
(Ragan, 2013).  
 
It is well known that both gases and particles are emitted during thermal processing of many 
thermoplastic materials (Contos et al., 1995; Unwin et al., 2013). However, little is known about 
the types and magnitudes of emissions from desktop FFF 3D printers and how they vary 
according to filament material or printer characteristics. In 2013, we published the first known 
measurements of emissions of ultrafine particles (UFPs: particles less than 100 nm in diameter) 
resulting from the operation of a single make and model of a commercially available desktop 
FFF 3D printer using both ABS and PLA filaments (Stephens et al., 2013). These findings were 
crucial, as exposure to emissions from thermal decomposition of thermoplastics has been shown 
to have toxic effects in animals (Zitting and Savolainen, 1980; Schaper et al., 1994; Oberdorster 
et al., 2005) and exposure to UFPs from other sources have been linked to a variety of adverse 
human health effects (Oberdörster et al., 1995, 2004; Delfino et al., 2005; Stölzel et al., 2007; 
Weichenthal et al., 2007; Andersen et al., 2010; HEI, 2013). As of 2015, we were aware of only 
one other published study that had investigated emissions from extrusion-based desktop 3D 
printers, although a few others have since been published, including our own work from this 
report. Kim et al. (2015) measured emissions of particles, total volatile organic compounds 
(TVOCs), several aldehydes and phthalates, and benzene, toluene, ethylbenzene, and m-,p-
xylene (BTEX) from two different FFF printers operating in a small chamber, again using both 
ABS and PLA filaments (Kim et al., 2015). They confirmed that particle emissions were higher 
for printers utilizing ABS filaments compared to PLA filaments, and also demonstrated higher 
VOC emissions from the printers using ABS filaments compared to PLA.  
 
Despite these prior studies, important gaps in our knowledge of emissions from 3D printers still 
remain. As of 2015, only a very limited number of makes and models of printers had been tested 
to date, and even fewer filament materials had been characterized for gas and/or particle 
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emissions (i.e., only ABS and PLA). Further, we hypothesize that previous studies such as Kim 
et al. (2015) may have missed some individual VOCs that are emitted when using some 
filaments because they were not specifically targeted or identified using a mass spectral library 
compound search. Also at the time, we had no information on how the design or shape of printed 
materials, or how printer characteristics such as the presence of enclosures, may influence gas 
and/or particle emissions. Moreover, we are not aware of any studies to date that have explored 
in detail the likely human exposures to both gas and particle emissions from desktop FFF 3D 
printers and filaments in more realistic indoor environments.  
 
Specific Aims 
 
Therefore, there are three specific aims of this work, which are consistent with those originally 
outlined in the project proposal: 

1. Perform laboratory chamber testing to characterize emission rates of particles and VOCs 
from some of the most popular commercially available FFF desktop 3D printers 
operating with multiple filaments;  

2. Perform chamber testing to evaluate the efficacy of a custom built gas and particle 
filtration add-on device in preventing emissions from the highest emitting desktop 3D 
printer; and 

3. Model the impact of emission rates of particles and VOCs and viable control strategies on 
concentrations in workplace environments. 

 
Methodology 
 
The specific aims of this work were met with the following activities. First, we advanced prior 
studies by quantifying emission rates of UFPs and a broad range of speciated VOCs from 5 
popular commercially available desktop FFF 3D printers utilizing as many as 9 different 
filaments to print standardized test objects in a medium-sized test chamber. We used the results 
to explore differences in particle and VOC emissions based on filament material and printer 
characteristics. We also provided preliminary data on the impact of print object geometry and the 
use of partial and whole printer enclosures to mitigate printer emissions. Second, we performed 
pilot testing to evaluate the effectiveness of a prototype sealed enclosure with a recirculating gas 
and particle filtration system for reducing UFP and TVOC emissions from high-emitting 
combinations of desktop 3D printers and filaments. Third, we used our published measurements 
of emission rates of both UFPs and speciated VOCs from a wide variety of desktop FFF 3D 
printers and filaments to predict the magnitudes of human exposures to these same pollutants that 
would be expected in multiple spatial locations within a typical small office environment. We 
also used the worst case UFP and VOC emission scenarios to model the likely impacts of several 
potential control strategies for reducing exposures. 
 
Emissions testing procedures 
All measurements were conducted inside a 3.6 m3 stainless steel chamber (dimensions of 
1.2×1.2×2.4 m) located in the Built Environment Research Group Laboratory at the Illinois 
Institute of Technology (Figure 1). The exterior walls of the chamber were made of 1.1 cm 
plywood sheets and the interior walls, floor, and ceiling were covered with 0.25 cm stainless 
steel sheets cut to the same size as the walls, floors, and ceiling. Gaps and edges inside the 
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chamber were sealed with adhesive PTFE film tape (3M 5490). Each printer was tested while 
operating on a 0.6×0.9×0.9 m stainless steel table at the center of the chamber. A small stainless 
steel mixing fan was operated to achieve well-mixed conditions in the chamber, which were 
confirmed prior to the experiments with CO2 concentration measurements in four locations 
throughout the chamber. Each printer was connected to a desktop computer located outside the 
chamber so that it could be operated without opening the chamber door during the test period. 

 
Filtered room air was supplied to the chamber using a 10 cm 12 VDC diameter blower connected 
to a fibrous activated carbon filter to remove both gases and particulate matter. A DC power 
supply was used to control the speed of the blower to keep the ventilation rate of the chamber 
constant near 1 hr-1 throughout each test. The ventilation rate was also measured during each test 
using CO2 injection and decay. The chamber exhaust port was connected to a 20 cm diameter 
sheet metal duct that vented directly to a powered fume hood. The interior walls of the chamber 
were cleaned with distilled water after each experiment and the entire chamber was cleaned with 
isopropyl alcohol on a weekly basis. The chamber was left unused for at least 2 days after each 
alcohol cleaning to avoid contamination of VOC samples. 
 

 

Figure 1. Schematic of the experimental test chamber 



 8 

Each printer was connected to a desktop computer located outside the chamber. Before each 
experiment began, filtered supply air was delivered to the chamber at a constant ventilation rate 
of approximately 1 hr-1 for a period of at least 8 hours to achieve initial steady-state background 
conditions. The 3D printer beds were prepared for printing before sealing the chamber by wiping 
with isopropyl alcohol, or, in some cases, depending on the printer and filament combination, by 
applying small amounts of adhesive from glue sticks following manufacturer recommendations. 
The printer was then powered on and began printing a small object.  
 
For all tests but one, we printed a 10×10×1 cm standardized sample from the National Institute 
of Standards and Technology (NIST), as shown in Figure 1 (Moylan and Slotwinski, 2012). The 
sample was chosen because it was developed as a standardized test part to evaluate the 
performance of additive manufacturing technologies and it has a range of features that were 
thought to potentially influence dynamic printer emissions, including a combination of solid 
volumes, thin protrusions, holes, and indentations. We also repeated one test with a single printer 
and filament combination printing a ~195 cm3 cube of approximately the same printing duration 
as the NIST sample, allowing for an evaluation of the impact of print object shape on emissions. 
Nozzle and bed warm-up periods typically lasted between 5 and 10 minutes depending on the 
printer and filament and the printing time varied from 2.5 to 4 hours depending on the 
combination of printer, filament, and object shape.  
 

 
Figure 2. Shape file image of the NIST 3D printer test part used for emissions testing 

 
Air sampling and analysis 
Particle concentrations were continuously measured in the exhaust port of the chamber using a 
TSI Model 3007 Condensation Particle Counter (CPC) logging at 1-minute intervals. The CPC 
was located inside an external exhaust hood and connected to the chamber exhaust port by a 0.9 
m long piece of conductive tubing 0.6 cm in diameter. The CPC measures the total number 
concentrations of particles between 10 nm and 1 µm with a reported maximum concentration of 
105 #/cm3 and a sample flow rate of 0.7 L/min. Particle concentrations were measured during all 
phases of the experiment, beginning with the last 45-60 minutes of background measurements, 
spanning the 2.5-4 hour print period (which includes the 5-10 minute warm-up phase), and 
ending with a final ~3-hour decay period during which particle concentrations were allowed to 
decrease towards background concentrations with the printer off.   
 
We should note that although the measurement range of the CPC is 10 nm to 1 µm, the vast 
majority of particles emitted from most FFF printers were assumed to be in the UFP size range, 
which was consistent with our previous study and most other recent studies (Stephens et al., 
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2013; Kim et al., 2015). Thus, we consider these measurements largely representative of UFPs 
and use this nomenclature from here on. We also periodically calibrated the CPC used for the 
chamber measurements using co-location measurements with a TSI Model 3910 NanoScan 
Scanning Mobility Particle Sizer (SMPS) that had been recently calibrated by the manufacturer. 
We considered the SMPS to be the most accurate for UFP measurements, but it was not available 
for use during all of the tests. Thus, we calibrated the CPC to the SMPS using a polynomial 
regression from these periodic co-location experiments. The calibration between CPC particle 
counts and total UFP counts from the SMPS (Figure 3) was nearly linear throughout the 
manufacturer-reported measurement range of the CPC (up to 105 #/cm3) but increased 
exponentially beyond this range, as is typical for this instrument (Westerdahl et al., 2005). This 
was important to account for because several of the highest UFP emitters yielded raw CPC 
concentrations greater than 105 #/cm3 in the experimental chamber. 
 

 
Figure 3. Measured UFP concentration inside the chamber using CPC and SMPS 

 
Chamber air was also sampled during the tests for VOC analysis using Tenax-GR sorbent tubes 
during two periods: once during the last ~45 minutes prior to printing (with a printer in the 
chamber but not powered on or operating), and again during the last ~45 minutes of printing 
after VOC concentrations reached approximately steady state. We used the differences in 
concentrations between the two samples to estimate emission rates for both speciated VOCs and 
for the sum of the 10 highest detectable VOCs (i.e., ΣVOC). Total VOC (TVOC) concentrations 
inside the chamber were also continuously measured during a subset of experiments using a TSI 
Q-Trak Model 7575 Indoor Air Quality Monitor with a Model 982 photo-ionization detection 
(PID) probe to verify that TVOC concentrations achieved approximately steady state by the time 

UFPs%=%C1*CPC2%+%C2*CPC%
R2%=%0.989%
C1%=%1.34x1045%
C2%=%2.458703%
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air sampling for VOC analysis was conducted. These measurements were used to verify that 
approximately steady state conditions were typically achieved within 2 hours from the beginning 
of printing and that TVOC emissions followed a characteristic constant emission rate profile. 
Thus we consider air sampling for VOC analysis during the final 45 minutes of printing each 
object reasonably representative of steady-state concentrations.  
 
The procedure for sampling and analyzing the sorbent tubes was based on a modified version of 
U.S. EPA Method TO-17 (U.S. EPA, 1999). Sorbent tubes were inserted into a small hole in the 
exhaust port of the chamber and connected to a Buck VSS-1 low-flow air sampling pump located 
outside of the chamber operating at ~20 mL/min. Airflow rates of the sampling pumps and tubes 
were measured after each test using a Gilian Gilibrator 2 and combined with the recorded 
sampling duration to estimate the total air volume passed through the tubes during sampling. All 
sorbent tubes were shipped in a freezer pack overnight to the University of Texas at Austin and 
analyzed using thermal desorption followed by gas chromatograph and electron ionization mass 
spectrometry (TD/GC/MS). An internal standard, 4-Bromoflourobenzene (BFB), was used for all 
analysis. Individual VOCs were statistically identified and quantified using a NIST Library 
Compound Search (LCS). The mass of the identified compounds was estimated using the 
response of the internal standard and a relative response factor of one. The majority of the 
uncertainty associated with these calculations is related to the assumption that the relative 
response factor is one. Relative response factors for this method have been shown to commonly 
range from approximately 0.75 to 1.25 for most VOCs (Allgood et al., 1990), thus we use 25% 
as an approximate estimate of the uncertainty in our VOC quantification method. Individual 
VOCs may not have the same response factors, but this provides a reasonable base estimate of 
the uncertainty in the reported concentrations. 
 
We also sampled for VOCs outside of the chamber during several tests. These sorbent samples 
were taken during the entire printing period to ensure that there were no unexpected external 
sources of VOCs transported into the chamber. Blank sorbent tubes were also collected outside 
the chamber without connecting them to the air pumps during each test to characterize adsorption 
of any unexpected compounds during shipping and storage. Finally, temperature and relative 
humidity (RH) were measured during each test using an Onset HOBO U12 data logger recording 
at 1-minute intervals, and ventilation rates were measured during each test using CO2 as a tracer 
gas. CO2 was injected from a small tank into the chamber at the beginning of each test and the 
subsequent decay of chamber CO2 concentrations was measured using a PP Systems SBA-5 CO2 
monitor connected to an Onset HOBO U12 data logger, also recording at 1-minute intervals.  
 
Ventilation rate estimations 
We estimated the air exchange rate (AER) of the chamber during each experiment using a CO2 
injection and decay method, which involved increasing the CO2 concentration inside the 
chamber by injection from a filtered compressed CO2 cylinder and measuring the subsequent 
decay. We applied a dynamic mass balance equation for change in CO2 concentration inside the 
chamber as shown in Equation 1. 

 
!!!"!,!"(!)

!" = !!!!"!,!"# − !!!"!,!" !  (1) 
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Where !!"!,!" !  is the concentration of CO2 inside the chamber during an experiment (ppm); t is 
time (min); ! is the air exchange rate of the chamber during an experiment (1/min); and !!"!,!"# 
is the concentration of CO2 outside the chamber during an experiment (ppm). We also measured 
the background chamber CO2 concentrations when it achieved steady state levels prior to the 
printing experiment and used this value for the concentration outside the chamber. Thus, 
Equation 1 can be re-written for background period as Equation 2. 

 
!!"!,!"! = !!"!,!",!" (2) 

Where !!"!,!",!" is the average background CO2 concentration during an experiment (ppm). We 
estimated the AER of the chamber by re-arranging and integrating Equation 1, as shown in 
Equation 3. 

  

−!" !!"!,!" t − !!"!,!",!"
!!"!,!" t = 0 − !!"!,!",!"

= !!" (3) 

We plotted the left hand side of Equation 3 versus time for the first 60 minutes of the decay 
periods and considered the slope of linear regression line through the data points as the air 
exchange rate of the chamber during the entire experiment. 
 
UFP emission rate estimations 
We applied a dynamic well-mixed number balance on the total particle number concentrations 
measured inside the chamber (Equation 4) to estimate time-varying particle emission rates, 
which we considered largely representative of UFPs.  
 

!!!"#,!"(!)
!" = !!!"#λ!!"#,!"# − !!"#!!"#,!"(t)+

!!"#(!)
!  (4) 

 
Where!!!"#,!"(!) is the UFP concentration inside the chamber at time ! (#/m3), !!"# is the UFP 
penetration factor of the chamber (-), λ is the air exchange rate of the chamber (1/min), !!"#,!"# 
is the UFP concentration outside of the chamber (#/m3), !!"# is the total UFP loss rate constant 
inside the chamber (1/min), !!!"(!) is the time-varying UFP emission rate from a single 3D 
printer at time ! (#/min), and V is the chamber volume (m3).  

The UFP concentration inside the chamber prior to testing (i.e., during the background period) 
reached steady state conditions prior to all experiments. Therefore, the average measured 
background concentration !!"#,!"!was used in place of !!"#λ!!"#,!"# using Equation 5. 

 
!!!"#λ!!"#,!"# = !!"#,!"!!"# (5) 

 
The total UFP loss rate (!!"#) was estimated using a log-linear regression with data from the 
final decay period after printing finished, as shown in Equation 6. We plotted the left hand side 
of Equation 6 versus time for the first 60 minutes of the decay period and used the slope of the 
linear regression as the total UFP loss rate during the entire experiment.  
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−!" !!"#,!" t − !!"#,!"
!!"#,!" t = 0 − !!"#,!"

= !!!"#! 
(6) 

 
Because there was a large amount of scatter in the resulting UFP concentration data, we first 
applied a smoothing function to the UFP data using the ‘smooth’ function in MATLAB R2015a. 
These smoothed concentration data were then used to estimate the time-varying UFP emission 
rate for each printer and filament combination using a discrete solution to a dynamic well-mixed 
number balance applied on the total particle number concentrations measured inside the 
chamber, as shown in Equation 7. 
 

!!"# !!!!
! = !!"#,!" t!!! − !!"#,!" t!

∆! − !!"#!!"#,!" + !!"#!!"#,!"(!!) 
(7) 

 
 
Where !!"#(!) is the time-varying UFP emission rate from a single 3D printer at time ! (#/min), 
V is the chamber volume (m3), !!"#,!"(!) is the UFP concentration inside the chamber at time ! 
(#/m3), Δt is the time step for UFP measurements (1 min), !!"# is the total UFP loss rate 
constant (1/min), and !!"#,!"!is the average background UFP concentration inside the chamber 
prior to emissions testing. We should note that Equation 7 makes several important assumptions 
that may lead to inaccuracies in estimates of UFP emission rates such as ignoring size-resolved 
particle dynamics, ignoring coagulation, and assuming constant particle loss rates, but that these 
limitations do not drastically affect the overall results.  
 
The time-varying UFP emission rate estimates were also used to quantify the total number of 
UFPs emitted during printing, normalized by the mass of filament used, as shown in Equation 8. 
 

!!"# =
!!"#(!!)×∆!!

!!!
!!"#$%&

!!!!!!!! (8) 

 
Where !!"#!is the total number of UFPs emitted during printing per mass of filament used (#/g), 
N is the total number of time intervals during printing (min), and mobject is the mass of filament 
used (i.e., the mass of the final printed object) (g). 
 
VOC emission rate estimation 
The TD/GC/MS library compound searches (LCS) identified and quantified approximately 50 
speciated VOCs inside the chamber during the initial background periods and the last ~45 
minutes of the printing periods. The emission rate of each identified VOC was estimated using 
Equation 9, which assumes that ventilation was the only removal mechanism in the chamber, that 
the concentrations of top 10 measured emitted VOCs from 3D printers were negligible outside 
the chamber (verified by measurements), and that VOC concentrations achieved steady state 
during the final sampling period.  
 

!!"#,! = !!"#,!,!"#$% − !!"#,!!,!" !" (9) 
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Where!!!"#,! is the estimated constant emission rate of an individual VOC (µg/min), !!"#,!,!"#$% 
is the steady state concentration of an individual VOC inside the chamber during the last ~45 
minutes of printing (µg/m3), and !!"#,!!,!" is the background concentration of an individual VOC 
inside the chamber prior to printing (µg/m3). The emission rate of each printer for the sum of the 
10 highest detectable VOCs (i.e., ΣVOC) was estimated by adding all positive individual VOC 
emission rates of the top 10 compounds with the highest concentrations inside the chamber 
during the last 45 minutes of the printing period. We limited to the top 10 highest concentration 
compounds because compounds below the top 10 added negligible amounts to the overall 
detectable ΣVOCi mass. We also normalized ΣVOC emission rates by the mass of filament 
consumed using Equation 10. 
 

!!!"# =
!!!"#(!!)×∆!!

!!!
!!"#$%&

!!!!!!!! (10) 

 
Where!!!!"#  is the total VOC emission rate of a printer for the top 10 identified compounds and 
!!!"#  is the total VOC emission rate per mass of filament used (µg/g). 
 
Time to reach steady-state 
TVOC concentrations inside the chamber were continuously measured during a limited subset of 
experiments using a TSI Q-Trak Indoor Air Quality Monitor Model 7575 with a Model 982 PID-
based TVOC probe to verify that TVOC concentrations achieved approximately steady state by 
the time air sampling for VOC analysis was conducted. As an example, Figure 4 shows time-
resolved TVOC concentrations measured during printing the standard NIST sample from using 
just one printer and filament combination (FlashForge with ABS filament).  

 
Figure 4. Time resolved TVOC concentration inside the test chamber 

Figure 4 shows that the TVOC concentration reached to approximately steady state conditions 
~100 minutes after printing started. Two other similar experiments with different 
printers/filaments were also similar. These measurements verified that approximately steady 
state conditions were typically achieved within 2 hours from the beginning of printing. Thus we 
consider air sampling for VOC analysis during the final 45 minutes of printing each object (the 
printing durations were at least 2 hr 26 min for all experiments) a reasonable assessment of 



 14 

steady state concentrations and can use the difference between the two samples to make 
reasonable estimates of speciated VOC emission rates. 
Additionally, we also used these data to investigate the potential for sorption effects to the 
stainless steel chamber walls by estimating the total TVOC loss rate from the final decay period 
in Figure 4 (i.e., after printing stopped, around 260 mins). The total TVOC loss rate was 
approximately 1.0 hr-1 using these data while the measured air exchange rate was 0.85 hr-1. Thus, 
it appears that in this case, other removal mechanisms such as sorption on the chamber walls 
may have contributed an additional 0.15 hr-1. However, when we applied the same method to two 
other experiments the results varied. The total TVOC loss rates were 1.12 and 1.22 hr-1, with 
corresponding AERs of 1.04 and 1.24 hr-1, respectively. These corresponded with the total loss 
rate being 7% higher and 2% lower than the chamber air exchange rate. Thus, we consider it 
reasonable to assume that sorption effects were negligible herein and that ventilation is indeed 
the major loss mechanism. 
 
Uncertainty analysis 
We estimated the uncertainty in our UFP and VOC emission rate estimates using a variety of 
approaches. First, we calculated the uncertainty in each smoothed concentration of UFP data, the 
average background concentration of UFPs, the chamber air exchange rate (AER), and the total 
UFP loss rate by adding standard errors of regression coefficients from related equations and the 
accuracy of each monitoring device in quadrature. The uncertainty associated with the smoothed 
concentration of UFP is a function of the reported accuracy of the TSI CPC model 3007 (±20%) 
and the standard error due to both calibration (R2

calib = 0.981) and smoothing (R2
smooth > 0.9, 

varied depend on the experiment), which was calculated using Equation 11. 
 

∆!!"#,!"##$! = !"!"! ! + !!!"#,!"#$%
!!"#,!"#$%

%
!
+ !!!"#,!"##$!

!!"#,!"##$!
%

!
! (11) 

Where ∆!!"#,!"##$! is the uncertainty associated with smoothed UFP concentration inside the 
chamber for each combination of 3D printer, filament and printing object shape (%); !"!"!  is 
the average accuracy of TSI CPC model 3007 (±20%); !!!"#,!"#$% is the standard error of the 
calibration (± 933 #/cm3); !!"#,!"#$% is the average concentration of UFP inside the chamber 
during the calibration measured by SMPS (± 183444 #/cm3); !!!"#,!"##$! is the standard error 
of the smoothing procedure for each studied combination (#/cm3); and !!"#,!"##$! is the average 
smoothed concentration of UFP inside the chamber during the printing period for each studied 
combination (#/cm3). The uncertainty associated with the background concentration of UFPs is a 
function of the average accuracy of the CPC, the standard error of the mean, and the standard 
error due to calibration, which was calculated using Equation 12. 

 

∆!!"#,!" = !"!"! ! + !!!"#,!"#$%
!!"#,!"#$%

%
!
+ !!!"#,!"

!!"#,!"
%

!
! (12) 

Where ∆!!"#,!" is the uncertainty associated with average background UFP concentration inside 
the chamber for each combination of 3D printer, filament and printing object shape (%); 
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!!!"#,!" is the standard error of the mean background UFP concentration inside the chamber for 
each studied combination (#/cm3); and !!"#,!"##$! is the average background concentration of 
UFP inside the chamber during the printing period for each studied combination (#/cm3). 

 
The uncertainty associated with the AER of chamber is a function of the average accuracy of 
SBA-5 CO2 analyzer, the standard error of the mean CO2 background, and the standard error due 
to fitting a linear regression line to the left hand side (LHS) of Equation 3, which was calculated 
using Equation 13. 

 

∆!"# = !"!"#!
!!"!,!"#$%

%
!
+ !"!"#!

!!"!,!"
%

!
+ !!!"!,!"

!!"!,!"
%

!
+ !!!"!,!"#

!"#!"!
%

!
! (13) 

Where ∆!"# is the uncertainty associated with AER of the chamber for various experiments 
(%); !"!"#! is the average accuracy of SBA5 CO2 monitor (±20 ppm); !!"!,!"#$% is the average 
concentration of CO2 during the decay period for each experiment (ppm); !!"!,!" is the average 
concentration of background CO2 for each experiment (ppm); !!!"!,!" is the standard error of 
the mean CO2 background concentration for each experiment (ppm); !!!"!,!"# is the standard 
error of linear regression line fitted to left hand side values of Equation 3 to estimate AER for 
each experiment (-); and !"#!"! is the left hand side values average in Equation 3 to estimate 
AER for each experiment (-). 

 
We also estimated the uncertainty associated with the total loss rate for each combination of 
printer, filament, and printing object shape based on the regression coefficients from curve fits to 
the exponential decay data. The total loss rate uncertainty is a function of the background and 
smoothed UFP concentrations and the standard error of the linear regression between to the left 
hand side (LHS) of Equation 6 versus time, which was calculated using Equation 13. 

 

∆!!"# = ∆!!"#,!"##$!
! + ∆!!"#,!"

! + !!!"#,!"#
!"#!"#

%
!
! (14) 

Where ∆!!"# is the uncertainty associated with the UFP loss rate for various experiments (%); 
!"!"#,!"# is the standard error of linear regression line fitted to left hand side values of Equation 
6 to estimate UFP total loss rate for various experiments (-); and !"#!"# is the average of left 
hand side values in Equation 6 to estimate UFP total loss rate for various experiments (-). 

 
Next, we used the previous uncertainty estimations to calculate uncertainty associated with time 
varying UFP emission rate, VOC concentration in background and printing periods, and VOC 
emission rate from each printer. We calculated the uncertainty of time-varying UFP emission 
rates based on Equation 7, as shown in Equation 15. 

 

∆!!"# !!!! = ∆!!"#,!"(!!!!)
! + ∆!!"#,!"(!!)

! + ∆!!"# ! + ∆!!"#,!"
!
 (15) 
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Where ∆!!"# !!!!  is the uncertainty associated with UFP emission rate (%). 
 
Next, we estimated the uncertainty associated with the speciated VOC emission rate estimates. 
For each VOC sampling tube and pump combination, we measured the air flow rate through the 
tube five times, and calculated the uncertainty in this airflow rate as a function of the average 
accuracy of the air flow meter and the standard error of the mean measured air flow rate, as 
shown in Equation 16. 

∆!!"#! =
!"!"#$%&'&(
!!"#!

%
!
+ !!!

!!"#!
%

!
! (16) 

Where ∆!!"#! is the uncertainty associated with the airflow rate through VOC sampling tubes 
(%); !"!"#$%&'&( is the average accuracy of airflow meter (± 1 cm3/min); !!"#! is the average 
airflow rate passing through VOC sampling tubes (cm3/min); and !!! is the standard error of 
mean measured airflow rate through VOC sampling tubes (cm3/min).  
 
We calculated the uncertainty of VOC concentration in background and printing periods based 
using Equation 17. 

 

!!!"# = !!!,!"#
! + ∆!!"#!

!
 

(17) 

Where !!!"#  is the uncertainty associated with VOC concentration in background and printing 
periods (%); and !!!,!"#  is the accuracy of GC-MS technique to quantify collected mass of 
VOC in the sampling tubes (assumed to be ± 25% for a typical relative response factor between 
0.75 and 1.25).  
 
Finally, we calculated the uncertainty in the VOC emission rate estimate using Equation 18. 

 

!!!"#,! = !!!"#,!,!"#$%
! + ∆!!"#,!!,!"

! + !AER ! 
(18) 

Where !!!"#,! is the uncertainty associated with estimated VOC emission for each component 
(%). 
  
Printer and filament descriptions 
We characterized UFP and VOC emissions from a total of 16 unique combinations of printers 
and filaments, including five popular commercially available makes and models of desktop 3D 
printers with up to nine different filament materials. The five printers included: (1) a FlashForge 
Creator dual extruder model compatible with ABS and PLA (both filaments were tested); (2) a 
Dremel 3D Idea Builder compatible with PLA only; (3) an XYZprinting da Vinci 1.0 compatible 
with ABS only; (4) a MakerBot Replicator 2X compatible with ABS only; and (5) a LulzBot 
Mini that was compatible with many different types of filaments. The LulzBot printer was tested 
with nine different filaments that are commonly used, including ABS, PLA, high impact 
polystyrene (HIPS), semitransparent nylon, laybrick (an imitation brick material of unknown 
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chemical composition), laywood (an imitation wood material of unknown chemical 
composition), transparent polycarbonate, a semitransparent nylon-based plasticized copolyamide 
thermoplastic elastomer (PCTPE), and a transparent polyester resin filament called T-Glase. The 
Dremel, XYZprinting, and MakerBot all had built-in plastic enclosures surrounding the 
apparatus (although they were not airtight), while the FlashForge and LulzBot did not have any 
enclosures. This list of printers is not meant to be exhaustive, but it is designed to span a 
reasonable range of currently popular printers with relatively generalizable characteristics such 
as filament type, nozzle and bed temperatures, and the presence or lack of a partial enclosure. 
Table 1 summarizes all experiments that were conducted.  
 

Table 1. Summary of all experiments 

 
Printer 

 
Filaments 

 
Extruder 
Temp. (°C) 

 
Bed Temp. 
(°C) 

 
Bed 
preparation 

 
Test 
sample 

 
Mass 
(g) 

 
Encl. 

 
Printing 
duration 

FlashForge 
Creator 

ABS-White 200 110 Glue NIST 40.2  
No 

3hr 42min 

PLA-Red 200 110 Glue NIST 53.2 3hr 42min 
Dremel 3D 
Idea Builder PLA-White*§ 230 room temp. Alcohol wipe NIST 55.2 Yes 2hr 49min 

XYZprinting 
da Vinci 1.0 ABS-Blue 230 100 Glue NIST 40.4 Yes 2hr 26min 

LulzBot Mini 

ABS-Red*§ǂ 240 110 Alcohol wipe NIST 44.5 

 
 
 
 
 
 
 
No 

2hr 33min 

ABS-Red 240 110 Alcohol wipe Cube 56.7 2hr 42min 

PLA-Red 190 45 Alcohol wipe NIST 53.1 3hr 25min 

HIPS-Black* 240 100 Alcohol wipe NIST 47.4 2hr 28min 
Nylon Bridge- 
Semitransparent 230 65 Glue NIST 46.5 2hr 55min 

Laybrick-White 200 65 Alcohol wipe NIST 57.7 3hr 00min 

Laywood-Brown 200 65 Alcohol wipe NIST 48.3 3hr 02min 
Polycarbonate-
Transparent* 270 110 Glue NIST 52.1 2hr 38min 

PCTPE- 
Semitransparent 235 65 Glue NIST 47.8 3hr 02min 

T-Glase-
Transparent red 240 60 Alcohol wipe NIST 49.4 3hr 02min 

MakerBot 
Replicator 2X 

ABS-Whiteǂ 230 110 Glue NIST 40.3 Yes 2hr 38min 

ABS-Whiteǂ 230 110 Glue NIST 40.7 No 2hr 38min 
* Experimental conditions with duplicate VOC emissions tests 
§ Experimental conditions with duplicate UFP emissions tests 
ǂ Experiments with simultaneous VOC sampling conducted outside of the chamber 

Fifteen of the 16 printer and filament combinations were used to print the NIST test part, while 
one test combination (LulzBot-ABS) was also used to print a cube. The MakerBot with ABS 
filament was also tested twice: once with the plastic enclosure from the manufacturer installed as 
received from the factory and once with the enclosure intentionally removed. We also performed 
duplicate VOC measurements for four printer and filament combinations and two duplicate UFP 
measurements to evaluate the repeatability of our experiments. 
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Pilot study of a prototype sealed enclosure with gas and particle filtration 
Subsequently, we also performed pilot testing to evaluate the effectiveness of a prototype sealed 
enclosure with a recirculating gas and particle filtration system (manufactured by 3DPrintClean) 
for reducing UFP and TVOC emissions from high-emitting combinations of desktop 3D printers 
and filaments (Figure 5). One printer was tested (LulzBot) with two of the highest UFP- and 
VOC-emitting filaments (Nylon and ABS filaments). The Nylon filament was previously shown 
to emit caprolactam as its primary speciated VOC, while ABS was shown to primarily emit 
styrene. We measured UFP concentrations using a TSI Model 3007 condensation particle 
counter (CPC) and TVOC concentrations with a RAE Systems ppbRAE 3000 TVOC monitor as 
indicators of these and other compounds. 
 

 
Figure 5. 3DPrintClean enclosure and filtration system with a LulzBot printer in the controlled 

environmental chamber 

 
Predicting concentrations of UFPs and VOCs resulting from 3D printer operation 
After the measurement phase of this project, we then used a multi-zone airflow and contaminant 
transport analysis modeling software, CONTAM 3.2 (NIST, 2016), to predict concentrations 
resulting from gas and particle emissions from several combinations of desktop FFF 3D printers 
and filaments, assuming each printer is operated inside a one-story office building with a floor 
area of 511 m2. The office building geometry and floor plan was taken from the Department of 
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Energy (DOE) Commercial Reference Building data set (Ng et al., 2012). However, we modified 
some of the building characteristics in the CONTAM model to represent more realistic scenarios. 
Figure 6 shows the building floor plan divided into multiple zones and the maximum occupancy 
in each zone (Ng et al., 2012). 
 

 
 

Figure 6. CONTAM model for the small office building (MO: maximum occupancy; A: floor area) 

Each zone was assumed to be well-mixed with uniform temperature, relative humidity, and 
pollutant concentration. In all simulations, one desktop 3D printer was located in the small 
shaded zone in the top left corner of Figure 6. This zone does not have physical partitions like 
the other zones, but represents a 9 m2 floor area space within the western perimeter zone in 
which the printer is contained. We refer to this zone as the “near-distance” zone, in which a 
person would be sitting within immediate proximity to an operating 3D printer (i.e., within ~3 m) 
for extending periods of time. We also refer to two other main zones in which occupants would 
be exposed to printer emissions only after the contaminants are transported from the printer 
location to those areas, including an immediately “adjacent zone” to the near-distance zone 
(within ~3-18 m) and a “far zone” that is on the far end of the building (between ~ 18 and ~33 m 
away). 
 
Each zone (other than the bathroom and the “near-distance” zone) was modeled with its own air-
handling unit (AHU) designed to recirculate indoor air and deliver outdoor air for ventilation. 
The total supply and return airflow rates were the same for each AHU. We assumed that all five 
AHUs were designed to meet ASHRAE Standard 62.1-2010 minimum ventilation requirements 
based on both floor area and occupancy (ASHRAE, 2010). One exhaust fan ducted to the 
exterior was also assumed to operate continuously in the bathroom at an airflow rate of 1.8 
m3/hr. The required outdoor air ventilation rate for each zone, !!"#$,! (m3/hr), was calculated 
using equation 19 (ASHRAE, 2010). 
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!!"#$,! = !×!!""#$%&'(,! + !×!!"#$,! (19) 
 
Where ! is the required outdoor air ventilation per person for a small office (9 m3/hr per person); 
! is the required outdoor air ventilation per floor area (1.08 m3/hr per m2); !!""#$%&'(,! is the 
maximum number of occupants in zone i (-); and !!"#$,! = the floor area of zone i (m2). 
 
For the baseline simulation conditions, we also assumed that the AHUs met minimum HVAC 
filtration efficiency requirements in ASHRAE Standard 62.1-2010 with MERV 8 particle filters 
and no gas-phase filtration (ASHRAE, 2012). We estimated the removal efficiency of MERV 8 
filters for UFPs emitted from desktop 3D printers to be 43.5% by mapping the size-resolved 
removal efficiency of filters recently tested in Fazli and Stephens (2016) to the resulting size-
resolved distribution of emitted particles from 3D printers in an office environment reported in 
Stephens et al. (2013) for particles less than 100 nm following a procedure described in Azimi et 
al. (2014). 
  
We assumed default building occupancy and HVAC system runtime schedules from the NIST 
model, with the building occupied on weekdays from 7:00 am to 6:00 pm and the HVAC system 
operating from 6:00 am to 10:00 pm on weekdays. In all cases, we assumed that a single desktop 
3D printer operated continuously for 8 hours from 9:00 am to 5:00 pm, representing a relatively 
high, albeit not uncommon, duration of operation. We assumed that the building was located in 
Chicago, IL and used Typical Meteorological Year (TMY) 3 data for Chicago (NSRDB: 1991- 
2005 Update: TMY3). Air infiltration through exterior walls was modeled using three 
characteristic openings in each wall representing various types of openings, including cracks and 
gaps in the walls, at the wall corners, and around large openings such as windows and doors. The 
effective leakage area was assumed to be 5.27 cm2/m2 at a reference pressure difference of 4 Pa 
for all three types of small openings (Emmerich and Persily, 2011). All of the zones were 
connected to at least one other zone by large openings with cross sectional areas of 1 m2, which 
served to simulate doorway openings. The zone boundaries for the “near-distance” 3D printing 
zone were modeled as walls with large openings the same size as their cross sectional areas (9 
m2).  
 
Given the breadth of our experimental work described above, we use the emission rates of UFPs 
and the primary speciated VOCs emitted from each of the 9 filaments that were tested to predict 
the time-varying concentrations of each pollutant that would likely be present in the previously 
defined near, adjacent, and far zones. We modeled the emitted pollutants “in addition” to what 
concentrations would have existed from other indoor sources. Thus, we assume that the 
concentrations of each pollutant in both outdoor and background indoor air are zero. In 
CONTAM, we assumed the diffusion coefficients of caprolactam and styrene in the office air are 
0.065 and 0.071 cm2/s (NJDEP, 2015), respectively, and kept the UFP and lactide diffusion 
coefficients equal to CONTAM defaults (0.2 cm2/s). We also assumed default CONTAM values 
for the effective density and specific heat of UFP equal to 1 g/cm3 and 1 kJ/kgK, respectively. 
Finally, the UFP decay rate was assumed 25×10-5 s-1, equal to the median values measured in a 
recent study in UFP decay rates in residences (Wallace et al., 2013). 
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Modeling exposure control strategies 
We also modeled the impacts of several control strategies on resulting pollutant concentrations in 
the office space, including: (i) upgrading the central HVAC filtration throughout the office; (ii) 
operating portable stand-alone air cleaners within close proximity to the 3D printer; (iii) 
installing spot ventilation systems within close proximity to the 3D printer; and (iv) operating the 
3D printer inside a prototype sealed enclosure with recirculating gas and particle filtration. For 
this analysis, we modeled only the highest emission rates for each of the primary emitted 
pollutants to model the likely impacts of control strategies on only the worst-case scenarios of 
UFP and VOC emissions. 
 
In the first exposure control scenario, we assumed that the HVAC filters installed in the central 
AHUs were upgraded to MERV 16 media impregnated with activated carbon to provide both gas 
and particle filtration. We estimated the UFP removal efficiency of the MERV 16 filter to be 
97% using the same matching approach with data from Fazli and Stephens (2016) described 
earlier for MERV 8 filters. Because there is a lack of literature on the gas-phase removal 
efficiency of impregnated activated carbon filters for caprolactam, styrene, or lactide (which 
were the primary VOCs emitted from filaments herein), we relied on estimates from 
Sidheswaran et al. (2012) who reported VOC removal efficiencies of active carbon fiber filters 
for six speciated VOCs ranging between 60% and 80%. Therefore, we assumed that the removal 
efficiency of the HEPA filters with active carbon fibers for all of the emitted VOCs is equal to 
70%. 
 
Several previous studies have measured clean air delivery rates (CADRs) and/or single-pass 
removal efficiencies for UFPs from a number of commercial stand-alone air cleaners.  Waring et 
al., (2008) reported a single-pass removal efficiency of ~60% for two HEPA air cleaners with 
average CADRs across all particle sizes of 188 and 324 m3/hr, respectively. Other studies have 
reported CADRs for UFPs from other similar commercial air cleaner products ranging from 
~100 to ~300 m3/hr, with single-pass efficiencies typically ranging from ~45% to ~60% (Sultan 
et al., 2011; Mølgaard et al., 2014). Therefore, we modeled two distinct portable air cleaner 
scenarios with CADRs of 100 and 300 m3/hr for UFPs. Assuming a single-pass efficiency of 
60% for the HEPA filters, the airflow rates of the two air cleaners were calculated to be 167 
m3/hr and 500 m3/hr, respectively. We assumed that the filters also contained impregnated 
carbon with 70% removal efficiency for each of the VOCs modeled herein (Sidheswaran et al., 
2012), which yields CADRs for the modeled VOCs of 117 m3/hr and 350 m3/hr for the low- and 
high-efficiency air cleaner scenarios, respectively. Both air cleaners were modeled in CONTAM 
as an air handling system with equal supply and return air flows inside the “near-distance” zone 
and without any air exchange with outdoor air.  
 
Next, we modeled the impacts of introducing spot ventilation in the “near-distance” zone within 
the immediate vicinity of the operating 3D printer. For lack of other data on exhaust systems that 
are designed specifically for 3D printer applications, we assumed that spot ventilation systems 
performed similar to exhaust hoods installed in small commercial or residential kitchens. We 
assumed that the hoods were located approximately 1.5 m above the desktop 3D printer and 
exhausted directly to the outdoors. A few recent studies in test kitchens have reported widely 
varying nominal and measured airflow rates, as well as capture efficiencies for both gas and 
particle emissions from cooking, that are achievable by a number of kitchen exhaust fans (Delp 
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and Singer, 2012; Singer et al., 2012; Logue, 2014). The nominal airflow rates in these studies 
ranged from 325 to 1300 m3/hr (with measured airflow rates from 75 to 650 m3/hr), and with 
low, moderate, and high pollutant capture efficiencies ranging from less than 50% to greater than 
75%, generally scaling with airflow rates (Singer et al., 2012). Moreover, if we were to consider 
the 67.3 m2 printing area in the office space as a “chemical storage room,” ASHRAE Standard 
62.1 would require a minimum exhaust airflow rate of 27 m3/hr per m2 of floor area (i.e., a total 
exhaust rate of 1817 m3/hr) to meet minimum ventilation requirements (ASHRAE, 2010).  
 
Given these bounds of reasonable airflow rates and capture efficiencies (CEs), we modeled three 
distinct spot ventilation scenarios with the following characteristics: (1) low effectiveness with 
90 m3/hr (25 L/s) and 25% CE; (2) medium effectiveness with 360 m3/hr (100 L/s) and 63% CE; 
and (3) high effectiveness with 1800 m3/hr (500 L/s) 100% CE. To model the spot ventilation 
scenarios in CONTAM, we defined a hypothetical 1 m2 space inside the “near-distance” zone 
with an exhaust fan ducted to the outdoor air. We divided the emission sources between the 
zones based on the CE of the spot ventilation scenario. For example, if the CE was 25%, 75% of 
the total emissions of the four main pollutants were assumed to flow into the “near-distance” 
zone where they could be transported to other spaces and result in exposure, while 25% of the 
total emissions remained only in the 1 m2 “spot ventilation zone.” We divided the HVAC system 
supply airflow rates between the “near-distance” and “spot ventilation” zones in such a way that 
both zones have equal pollutant concentrations when the 3D printer operates and the spot 
ventilation airflow rate is zero. 
 
Finally, we modeled the impacts of operating the 3D printers inside a prototype sealed enclosure 
with recirculating gas and particle filtration to reduce emissions. For this analysis, a pilot 
experimental chamber study was conducted with two high emitting filament and printer 
combinations installed inside a prototype enclosure that was tested herein (Figure 5). Average 
total VOC (i.e., TVOC) and UFP removal efficiencies of the enclosure were measured as ~90% 
and ~80%, respectively. For lack of other data, we assumed that the enclosure reduces the gas-
phase emission rates equally (by 90%) for all speciated VOCs and all UFP emission rates equally 
(by 80%). The source emissions were simply reduced by 90% and 80% relative to the baseline 
scenario for gases and particles, respectively, in CONTAM. These inputs are summarized in the 
results and discussion section as well. 
 
Results and Discussion 
 
UFP emission rate measurements 
Figure 7a shows an example of time-varying UFP concentrations resulting from just one test 
using one of the printers with ABS filament (LulzBot Mini), along with the smoothed fit to the 
UFP concentration data. The left guideline in Figure 7a shows the moment that printers began 
warming up prior to printing, which we considered part of the printing emissions period. Figure 
7b shows the time-varying UFP emission rates estimated using Equation 7.  
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Figure 7. (a) Calibrated and smoothed UFP concentrations and (b) estimates of the time-varying UFP 

emission rates for one example test condition using a LulzBot Mini 3D printer and ABS filament. “SM” refers 
to the data smoothing method utilized. 

Results in Figure 7a are similar to results from most of the experiments in that UFP 
concentrations typically rapidly increased just after printing began and persisted for the first 10-
20 minutes, then decreased to a lower level, albeit typically to a level that was still higher than 
the background concentration. During some tests with other printer and filament combinations, 
UFP concentrations peaked again near the end of the print period as the thin protrusions on the 
printed object were created. However, the magnitude and shape of dynamic UFP concentrations 
varied widely depending on the printer, filament, shape of printed object, and nozzle and bed 
temperatures. In a few scenarios (e.g., Figure 7a), UFP concentrations reached an approximate 
steady state level toward the end of printing period. We used data from these periods to verify 
that the discretized time-varying emission rate calculation method (Equation 7) also yielded 
similar estimates of UFP emission rates as a simple steady state solution to the mass balance. 
Results from both solution methods were in good agreement for these periods, suggesting that 
the dynamic solution method provides reasonable emission rate estimates. 
 
Figure 8 shows the range of time-varying UFP emission rates estimated for all 16 printer and 
filament combinations, grouped by (i) ABS filaments, (ii) PLA filaments, and (iii) all filaments 
other than ABS or PLA.  
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Figure 8. Summary of time-varying UFP emission rates estimated for 16 3D printer and filament 

combinations. Each data point represents data from 1-minute intervals and the combination of data points 
represents the entire printing period (typically between 2.5 and 4 hours). Boxes show the 25th and 75th 

percentile values with the 50th percentile (median) in between. Whiskers represent upper and lower adjacent 
values and circles represent outliers beyond those values. 

 
UFP emission rates varied substantially depending on the make and model of the printer, the type 
of filament material, nozzle and bed temperatures, and the time of printing. The highest UFP 
emission rates typically occurred with the printers utilizing ABS filaments, with median values 
ranging from ~2×1010 to ~9×1010 #/min across all ABS printers with or without enclosures. The 
lowest UFP emission rates occurred with the three printers utilizing PLA filaments, regardless of 
printer make and model, with median UFP emission rates of ~108 #/min. This was lower than 
what we estimated in our original study using a different make and model printer as well as a 
different study design (Stephens et al., 2013), but similar to other recent chamber tests (Kim et 
al., 2015). Median UFP emission rates for the other filaments were highest with the 
polycarbonate filament (~4×1010 #/min), followed by PCTPE (~2×1010 #/min), TGlase (~5×109 
#/min), HIPS (~4×109 #/min), nylon (~2×108 #/min), laywood (~8×107 #/min), and laybrick 
(~6×107 #/min), all printed using the LulzBot Mini printer. 
 
Printing a cube instead of the NIST test part with ABS filament (in the LulzBot printer) did not 
meaningfully alter the magnitude of UFP emission rates, although it did slightly change the time-
varying shape of the UFP emissions profile. Interestingly, the presence of an enclosure only 
moderately reduced UFP emission rates from the MakerBot-ABS combination, with a ~35% 
reduction in the median emission rate (although this variation is within the estimate of 
uncertainty). Larger reductions were not observed perhaps because the enclosure was not 
completely sealed and large gaps were visible. While these two comparisons provide preliminary 
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data on how printed shape and the presence of an enclosure may impact particle emissions from 
3D printers, no other definitive conclusions can be drawn given this limited dataset. Finally, data 
from two sets of duplicate tests also demonstrated that there is some inherent variability in UFP 
emissions between repeated tests, as median emission rate estimates from these comparisons 
were within 57% and 48% of each other, respectively. 
 
VOC emission rate measurements 
Figure 9 summarizes estimates of individual speciated VOC and ΣVOC emission rates from each 
of the 16 printer and filament combinations. Only the top three speciated VOCs with the highest 
concentrations measured in each test are shown individually, while the remaining top-10 
individual VOCs are summarized as “other” VOCs. The sum of these yields an estimate of the 
ΣVOC emission rate.  
 

 
Figure 9. Estimates of emission rates for the top three highest concentration VOCs as well as sum of the top 
10 detectable VOCs (i.e., ΣVOC) resulting from the operation of 16 3D printer and filament combinations. 

The figure is divided into (a) low emitters with EΣVOC < 40 µg/min and (b) high emitters with EΣVOC > 40 
µg/min for visual clarity.  Note that although no error bars are shown in the figure, we estimate the 

uncertainty in each individual VOC emission rate to be ~36%.  

 
Filament material drove the majority of differences in the types of VOCs emitted, while printer 
make and model drove the majority of differences in the overall mass of VOCs emitted with the 
same filament. Estimates of total VOC emission rates (i.e., EΣVOC) ranged from as low as ~3 
µg/min for the polycarbonate filament to nearly 200 µg/min for the nylon filament (both printed 
using the LulzBot). The top three highest emitted compounds accounted for at least 70% of 
ΣVOC emissions in all cases. For most of the printer and filament combinations, a single VOC 
dominated the ΣVOC emissions.  
 
The primary individual VOC emitted from all six ABS filament and printer combinations and the 
only HIPS filament tested was styrene. Estimates of styrene emission rates with these filaments 
ranged from ~12 µg/min to ~113 µg/min, depending on the printer make and model. 
Interestingly, both the lowest and highest styrene emission rates were measured using printers 
with a partial enclosure (i.e., XYZprinting and MakerBot). Both styrene and total VOC emission 
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rates were slightly lower when the LulzBot-ABS combination printed a cube compared to the 
standard NIST test part, but they were actually slightly higher for the MakerBot-ABS 
combination with the plastic enclosure compared to results without the enclosure.  
 
The primary individual VOC emitted from the nylon, PCTPE, laybrick, and laywood filaments 
was caprolactam. All of these filaments were installed in the LulzBot printer and all were 
classified as “high emitters” in Figure 9, with caprolactam emission rates as high as ~180 µg/min 
for the nylon filament. Caprolactam was also emitted from the polycarbonate and T-Glase 
filaments installed in the LulzBot printer, albeit at much lower levels. Finally, the primary 
individual VOC emitted from PLA filaments was lactide (1,4-dioxane-2,5-dione, 3,6-dimethyl), 
albeit at relatively low quantities, with emission rates ranging from ~4 µg/min to ~5 µg/min in 
the three printers using PLA filaments. We are confident that the majority of the identified VOCs 
originated from the filament materials for most of the printer tests, even for the tests that had 
glue applied to the bed, because the main components measured during the glue-only test 
(propylene glycol and glycerin) were only found in one filament/printer combination in Figure 9. 
 
Impacts of nozzle and bed temperatures on measured emission rates 
Next, we explored our estimates of both UFP and ΣVOC emission rates as a function of both 
nozzle temperatures and bed temperatures (Figure 10). The mean UFP and ΣVOC emission rates 
are split into three groups of bed temperature (less than 45°C, 60-65°C, and 100-110°C) and 
plotted versus nozzle temperature (which varied from 190°C to 270°C). 
 

 
Figure 10. Impact of nozzle and bed temperature on mean UFP and TVOC emission rates 

Nozzle temperatures did not have a large influence on UFP emission rates from this set of 
printers at either low bed temperatures or high bed temperatures. However, nozzle temperatures 
did appear to influence UFP emission rates at mid-range bed temperatures, as UFP emission 
rates were higher with increased nozzle temperatures. More importantly, bed temperatures alone 
appeared to influence UFP emission rates in this sample of printers. Most of the printer/filament 
combinations with the highest bed temperatures had the highest UFP emission rates while most 
of the printer/filament combinations with the lowest bed temperatures had the lowest UFP 
emission rates. There was no apparent relationship observed between ΣVOC emission rates and 
either bed or nozzle temperatures across this sample of printers and filaments. However, we 
should note that with this limited sample size, these relationships are only considered suggestive. 
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Correlations between total UFP and ΣVOC emissions per mass of filament 
Figure 11 compares the total number of UFPs emitted (Equation 8) and the ΣVOC mass emitted 
(Equation 10) during printing, normalized by the mass of filament, for each of the 16 primary 
printer and filament combinations. 
 

 
Figure 11. Comparison of total UFP and TVOC emissions per mass of filament 

The total number of UFPs emitted per gram of filament printed ranged from a minimum of 
~2×108 #/g for the LulzBot-Laybrick combination to a maximum of over 2×1011 #/g for multiple 
printers with ABS filaments. The ΣVOC mass emitted per gram of filament printed ranged from 
a minimum of ~6 µg/g with the LulzBot-Polycarbonate combination to nearly 800 µg/g with the 
LulzBot-Nylon combination. In general, ABS, PCTPE, and HIPS filaments had high mass-
normalized emission rates of both UFPs and ΣVOCs, while PLA filaments had relatively low 
mass-normalized UFP and ΣVOC emission rates. Interestingly, both T-Glase and polycarbonate 
filaments (both used in the LulzBot printer) had low ΣVOC emissions but high UFP emissions. 
Conversely, both laywood and laybrick filaments (also used in the LulzBot printer) had relatively 
high ΣVOC emission rates but low UFP emission rates. These data suggest that filament material 
selection drives both UFP and ΣVOC emissions, although knowledge of one type of emissions 
may not necessarily be used to predict the other. 
 
Pilot study of a prototype sealed enclosure with gas and particle filtration 
Next, we investigated the impact of a custom sealed enclosure on UFP and VOC emissions from 
a high-emitting printer. Figure 12 shows time-varying UFP concentrations measured inside the 
chamber under four conditions: a LulzBot printer with ABS and Nylon filaments, each with and 
without the sealed enclosure installed with the filtration system operating continuously on a high 
speed setting. These concentrations are measured inside the chamber but outside the enclosure, 
thus representing only the UFPs that escape the enclosure system. The average reduction in time-
varying UFP concentrations achieved by the enclosure and filtration system was 91% for the 



 28 

ABS and 66% for the Nylon filament. Differences in these reductions may be attributable to 
differences in the sizes of UFPs emitted from the two filaments, although we do not have size-
resolved concentration data for these filaments. 
 

 
Figure 12. Time-varying UFP concentrations with and without a custom prototype enclosure with gas and 

particle filtration installed and operating continuously 

 
Similarly, Figure 13 shows time-varying TVOC concentrations measured inside the chamber 
under the same four conditions. The average reduction in time-varying TVOC concentrations 
resulting from the use of the filtered enclosure was 85% for the ABS filament and 94% from the 
Nylon filament. 
 



 29 

 
Figure 13. Time-varying TVOC concentrations with and without the enclosure installed and gas and particle 

filtration operating continuously 

 
Figure 14 shows similar measurements made inside the sealed enclosure and filtration system for 
the duration of one printing period with ABS filament. These data demonstrate the time that is 
required for UFPs and TVOCs to decay inside the enclosure before it is safe to open. The 
printing period ended at approximately 200 minutes (marked on the figure). Subsequently, 
concentrations of UFPs decayed more rapidly than TVOCs: approximately 50 minutes for UFPs 
compared to more than 100 minutes for TVOCs. These data suggest that decreasing the time 
required for the flush out period could improve the practicality of the enclosure system. 
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Figure 14. UFP and TVOC concentration data inside the sealed enclosure with a LulzBot+ABS filament 

combination (the red square marks when printing stopped) 

 
Predicted concentrations of pollutants emitted from various 3D printer filaments  
The next sections detail our findings from the modeling study in which we predicted 
concentrations of the various pollutants measured in phase 1 of this work inside a typical office 
environment. Figure 15 shows an example of modeled time-varying concentrations of UFPs and 
styrene in the three defined locations inside the small office environment during the weekdays of 
first week of January resulting from operating a single 3D printer with ABS filament (assuming 
the average ABS emission rate from data from the chamber emissions tests described herein). 
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Figure 15. Typical hourly indoor concentration results from the CONTAM model with a single ABS printer 

operating in “near-distance”, “adjacent”, and “far” zones 

 
The modeled time-varying concentration results demonstrate that the peak exposure to pollutants 
emitted by the 3D printer in the near-distance zone are typically more than 9 and 4 times higher 
than in the adjacent zone for UFPs and styrene, respectively, while a much smaller fraction of 
pollutants would actually reach the far-distance zone. The model results also reveal that the 
increase in both gas and particle concentrations in the near and adjacent zones occurs almost 
immediately after the printer begins operating, while concentrations peak much later in the far-
distance zone. Modeled concentrations in the far zone are also more variable due to changes in 
air infiltration conditions. For example, the relative standard deviation of the predicted maximum 
1-hour concentrations throughout the entire year is only 2% for UFPs and 15% for styrene in the 
near zone, slightly more variable in the adjacent zone (41% for UFPs and 58% for VOCs), and 
most variable for the far zone (114% for UFPs and 106% for VOCs). These profiles are repeated 
with reasonable consistency for all weekdays throughout the year. 
 
Figure 16 and Figure 17 summarize the predicted time-varying concentrations of UFPs and 
speciated VOCs in all three zones over the course of an entire year for each printer and filament 
combination. Figure 16 shows concentrations predicted in the nearest zone and Figure 17 shows 
concentrations predicted in both the adjacent and far zones. Results are presented as ranges of 
daily maximum 1-hour, 8-hour and 24-hour concentrations (i.e., there is a total of 260 data points 
representing 260 weekdays in each series), as some of these metrics can be used to compare 
directly to regulatory limits. The daily maximum 8-hour concentrations during each weekday are 
calculated by taking 8-hour averages of the predicted hourly concentrations and selecting the 
highest average 8-hour concentration period for each day. The daily 24-hour concentrations are 
simply the daily averages for each weekday over the course of the entire year.  
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Figure 16. Ranges of predicted daily maximum 1-, 8-, and 24-hour concentrations of UFPs and speciated 

VOCs in the “near zone” for a typical year assuming a single desktop 3D printer with 9 different filaments 
operates continuously for 8 hours per day  

 
The median values of daily maximum 1-hour UFP concentrations in the near zone ranged from 
just under 100 #/cm3 for Laybrick, Laywood, and PLA filaments to nearly 80,000 #/cm3 for ABS 
and Polycarbonate filaments. Median values of daily maximum 1-hour VOC concentrations 
ranged from 0.7 to 80 µg/m3 with caprolactam-emitting filaments (highest with Nylon and 
PCTPE), from 8 to 22 µg/m3 with styrene-emitting filaments (ABS and HIPS), and were 
consistently under 2 µg/m3 for lactide-emitting filaments. Since we assumed that the printer 
operates 8 hours per day, the maximum 1-hour and 8-hour daily concentrations are relatively 
similar, while the average 24-hour concentrations are substantially lower, with median values 
approximately 3% and 67% lower than the maximum 1-hour concentration.  
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Figure 17. Ranges of predicted daily maximum 1-, 8-, and 24-hour concentrations of UFPs and speciated 

VOCs in the (a) “adjacent zone” and (b) “far zone” for a typical year assuming a single desktop 3D printer 
operates with 9 different filaments continuously for 8 hours per day 

 
The median values of daily maximum 1-hour UFP concentrations in the adjacent zone ranged 
from less than 20 #/cm3 for low-emitting filaments (e.g., Laybrick, Laywood, and PLA) to nearly 
10,000 #/cm3 for ABS and Polycarbonate filaments. The median values of daily maximum 1-
hour VOC concentrations ranged from 0.2 to 20 µg/m3 with caprolactam-emitting filaments, 2 to 
6 µg/m3 with styrene-emitting filaments, and were consistently lower than 1 µg/m3 for lactide-
emitting filaments. UFP and VOC concentration followed similar patterns in the far zone, albeit 
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at much lower absolute concentrations. The median 1-hour, 8-hour, and 24-hour UFP 
concentrations in the far zone were only 60, 20 and 7 #/cm3, respectively, when the 3D printer 
was modeled with polycarbonate and ABS filaments. The highest median 1-hour maximum 
concentrations of caprolactam, styrene, and lactide were only 0.5, 0.1, and 0.01 µg/m3 when the 
3D printer was modeled with nylon, ABS, and PLA filaments, respectively. Thus, UFP and VOC 
emissions from the lowest-emitting filaments had essentially no impact on concentrations in the 
far distance zone. 

  
Implications for human health 
Measurements of UFP and individual VOC emission rates and predictions of their resulting 
concentrations in a typical workplace environment presented herein have important implications 
for human exposure and health effects. For example, styrene, which is classified as a possible 
human carcinogen by the International Agency for Research on Cancer (IARC Classification 
Group 2B) (IARC, 2002), was emitted in large amounts by all of the ABS filaments and the one 
HIPS filament. Caprolactam was also emitted in large amounts by four of the filaments: nylon, 
PCTPE, laybrick, and laywood. Although caprolactam is classified as probably not carcinogenic 
to humans (IARC, 1999), the California Office of Environmental Health Hazard Assessment 
(OEHHA) maintains acute, 8-hour, and chronic reference exposure levels (RELs) of only 50 
µg/m3, 7 µg/m3, and 2.2 µg/m3, respectively (OEHHA, 2014). Moreover, acute exposure to high 
concentrations of caprolactam is known to be “irritating to the eyes and the respiratory tract” and 
“may cause effects on the central nervous system” (CDC, 1994). We are not aware of any 
relevant information regarding the inhalation toxicity of lactide, the primary individual VOC 
emitted from PLA filaments. 
 
The modeling results confirm some important implications of this work for human health. For 
example, results from the simulations herein suggest that operating a 3D printer with most of the 
nylon-based filaments (except TGlase and polycarbonate) would increase the concentration of 
caprolactam in both the adjacent and near zones to levels that would exceed both the 8-hour and 
chronic RELs set by OEHHA. Further, the predicted caprolactam concentration in the near zone 
during printing with nylon and PCTPE filaments would also exceed the acute OEHHA REL. The 
predicted caprolactam concentrations in the far distance zone consistently remain under all 
OEHHA RELs for all modeled nylon-based filaments. 
 
Existing guidelines and recommendations for indoor styrene concentrations are limited to those 
set for industrial and workplace environments, including an 8-hour time-weighted-average 
(TWA) of 85 mg/m3 and 426 mg/m3 from the American Conference of Governmental Industrial 
Hygienists (ACGIH) and the Occupational Safety and Health Administration (OSHA) Standard 
# 29 CFR 1910.1000, respectively, and nearly 3000 mg/m3 from the National Institute for 
Occupational Safety and Health (NIOSH). Further, the U.S. Environmental Protection Agency 
(EPA) maintains a Reference Concentration (RfC) for styrene of 1 mg/m3 based on central 
nervous system effects in occupationally exposed workers (US EPA, 2000). However, other 
health impacts of styrene exposure have also been shown in epidemiology studies at much lower 
concentrations than these reference levels. For example, styrene concentrations as low as a few 
µg/m3 have been associated with elevated risk of pulmonary infections in infants (Diez et al., 
2000). Our results demonstrate that the median styrene concentrations in the near distance zone 
can easily reach more than 10 times this value, and can be as much as three times higher than the 
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highest measured styrene concentration of 7.5 µg/m3 in typical commercial buildings in the U.S. 
EPA BASE study (Girman et al., 1999). These levels suggest that although the predicted styrene 
concentrations in all zones from all printer and filament combinations used herein are all lower 
than defined exposure limits, resulting concentrations still may pose a health risk to occupants. 
 
Although we are not aware of any regulatory limits for indoor UFP concentrations, increases in 
UFP concentrations of ~80,000 #/cm3 in the near-distance zone and ~10,000 #/cm3 in the 
adjacent zone resulting from printing with polycarbonate and ABS filaments, as well as increases 
of ~40,000 #/cm3 in the near-distance zone and ~5,000 #/cm3 in the adjacent zone with some 
other filaments, are substantial, particularly given what is known about the health effects 
associated with outdoor UFPs. For example, UFP concentrations of ~80,000 #/cm3 have been 
reported within 100 m of highly trafficked roadways (Zhu et al., 2002), and some of the observed 
associations of adverse health effects with proximity to busy roadways are likely attributable in 
part to elevated UFPs (Gauderman et al., 2005, 2007; McConnell et al., 2010). Further, recent 
studies have shown that increases in outdoor UFP concentrations of ~10,000 #/cm3 are 
associated with a ~3% increase risk in daily mortality (Stölzel et al., 2007) and increases in 
outdoor UFP concentrations of only ~1,000 #/cm3 are associated with increased blood pressure 
in children (Pieters et al., 2015).  
 
Comparing the modeled UFP concentrations to levels measured in other indoor environments, 
80,000 #/cm3 is about 50% higher than the highest time-averaged UFP indoor concentrations that 
have been observed in schools in previous investigations (Diapouli et al., 2007). Printing with 
other filaments such as PCTPE, TGlase, and HIPS would also increase the near zone UFP 
concentrations to between 2 and 5 times higher than indoor UFP concentrations typically 
observed in other buildings in the adjacent and near-distance zones, respectively. Although much 
less is known about the adverse health effects of indoor-generated UFPs, recent studies of 
nanoparticles emitted from photocopiers and laser printers illustrate the potential hazard for 
human health. For example, ultrafine particles collected from a university copy center were 
recently shown to induce lung injury and inflammation in mice (Pirela et al., 2013) and upper 
airway inflammation and oxidative stress in healthy human volunteers (Khatri et al., 2013). 
These data suggest that controlling emissions and/or exposures from high emitting 3D printer 
and filament combinations is warranted in settings similar to the one modeled herein. 

 
Impacts of control strategies on pollutant concentrations 
Next, we chose the highest emitting printer and filament combinations for each pollutant and 
explored the impacts of various control strategies on the resulting concentrations in the same 
three locations within the modeled office environment. ABS, nylon, and PLA filaments were 
selected to represent the highest UFP and styrene, caprolactam, and lactide emissions, 
respectively. Figure 18 shows the predicted impacts of the various control strategies on 
maximum 1-hour UFP concentrations in the near, adjacent, and far distances with the 3D printer 
operating on the same schedule as all other simulations. 
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Figure 18. Modeled impacts of various control strategies on maximum 1-hour UFP concentrations in the 

near, adjacent, and far distances  

Upgrading the central HVAC system filter to a MERV 16 with activated carbon and installing a 
low-flow (and low capture efficiency) spot ventilation system are predicted to yield the smallest 
reductions in daily maximum 1-hour UFP concentrations in the near zone. Conversely, installing 
a high-flow (and high capture efficiency) spot ventilation system has the greatest potential for 
reducing UFP concentrations in the near zone, followed by using the sealed enclosure with 
particle and gas filtration. Both are predicted to reduce median values of daily maximum 1-hour 
UFP concentrations from ~80,000 #/cm3 to less than ~4000 #/cm3. Both air cleaner scenarios 
have moderate impacts on UFP concentrations in the near zone. These results suggest that in 
order to reduce exposures in areas within immediate proximity to operating 3D printers, it is best 
to prioritize solutions that exhaust or control emissions directly at the source rather than 
attempting to lower UFP concentrations in the broader area with air cleaners and filtration. 
 
Results are somewhat similar in the adjacent zone, albeit with some variability. Installing a low-
CADR portable air cleaner and upgrading the central HVAC system filtration are predicted to 
yield the smallest reductions in UFP concentrations in the adjacent zone, although the relative 
reductions in this zone are higher than those in the immediate vicinity of the printer. Both 
moderate- and high-flow spot ventilation systems, as well as the sealed enclosure, are predicted 
to yield the largest reductions in median values of daily maximum 1-hour UFP concentrations 
(all below 500 #/cm3). And although the air cleaners and low-flow spot ventilation system have 
lower UFP removal effectiveness, they can still limit increases in UFP concentrations to less than 
5,000 #/cm3 in the adjacent zone. Similar relative concentration profiles are also observed for the 
far zone, but the baseline UFP concentrations are already quite low (~60 #/cm3) and thus may 
not necessitate further control strategies. 
 
Figure 19 shows the impacts of the same control strategies for reducing daily maximum 1-hour 
concentrations of individual VOCs, including (a) caprolactam, (b) styrene, and (c) lactide 
emitted from nylon, ABS, and PLA filaments, respectively.  
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Figure 19. Modeled impacts of various control strategies on daily maximum 1-hour concentrations of (a) 

caprolactam, (b) styrene, and (c) lactide in the near, adjacent, and far zones 

The relative reductions in daily maximum 1-hour concentrations with each control strategy are 
similar to those for UFP concentrations and are the same for all individual VOCs because most 
of the same assumptions for pollutant dynamics apply to each VOC. However, absolute 
concentrations vary based on the strength of the emission source. In the near zone, upgrading 
central HVAC filtration and installing low-flow spot ventilation again have the smallest impacts 
on VOC concentrations, allowing most of the daily maximum 1-hour caprolactam concentrations 
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from nylon-based filaments to still exceed the OEHHA acute REL of 50 µg/m3. The remaining 
control strategies would all reduce the median daily maximum 1-hour caprolactam concentration 
below this level. Both the high-flow spot ventilation and the sealed enclosure with gas and 
particle filtration are predicted to reduce the median daily maximum 1-hour caprolactam 
concentration to less than 2 µg/m3. Similarly, both moderate- and high-flow spot ventilation 
systems and the sealed enclosure are predicted to reduce the median daily maximum 1-hour 
styrene concentration to less than 7.5 µg/m3 (i.e., the maximum level measured in U.S. 
commercial buildings in the BASE study).  
 
Installing moderate- and high-flow spot ventilation systems and the sealed enclosure are 
predicted to yield the largest reductions in VOC concentrations in the adjacent zone, reducing 
daily maximum 1-hour caprolactam and styrene concentrations to less than 0.5 µg/m3. The 
portable air cleaner scenarios yield smaller reductions in VOC concentrations in both the 
adjacent and far zones, but could still reduce peak caprolactam concentrations below the 
OEHHA acute REL for most days. All of the control strategies except for the low-CADR 
portable air cleaner are predicted to maintain the median daily maximum 1-hour styrene 
concentration in the adjacent zone below 2 µg/m3. Median daily maximum 1-hour lactide 
concentrations remain below 2 µg/m3 for all scenarios in all three zones, suggesting that lactide 
emissions from 3D printers using PLA filaments are likely not problematic for human exposure.  
 
Pollutant removal effectiveness of the various control strategies 
These same data were also used to calculate the effectiveness of each of the control strategies for 
reducing UFP and VOC concentrations in each zone using Equation 19.  
 

!!"#$%"&,! = 1− !!
!!"#$%&'$,!

 
(19) 

 
Where !!"#$%"&,! = Effectiveness of a particular control strategy for removing UFPs/VOCs from 
a specific location (-); !! = Median concentration of UFPs/VOCs in a specific location predicted 
with the use of a particular control strategy (#/cm3 or µg/m3); and !!"#$%&'$,!  = Median 
concentration of UFPs/VOCs in a specific location predicted without the use of any control 
strategies (#/cm3 or µg/m3). Removal effectiveness values are shown in Figure 20. 
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Figure 20. Removal effectiveness of each control strategy for reducing UFP and VOC concentrations in the 

near, adjacent, and far zones 

Removal effectiveness values range from as little as 2% for the expected impact of a low-flow 
spot ventilation system on UFPs in the near zone to between 95% and 100% for the expected 
impact of a high-flow spot ventilation system or sealed and filtered enclosure on both UFPs and 
VOCs in all zones. Both portable air cleaner scenarios have similar UFP and VOC removal 
effectiveness for all zones: 38% for UFPs and 46% for VOCs with the low-CADR air cleaner, 
and 64% for UFPs and 72% for VOCs with the high-CADR air cleaner. The effectiveness of all 
other control strategies varied by zone. For example, the UFP and VOC removal effectiveness of 
upgraded central HVAC filtration is 6% and 21% in the near zone, 43% and 73% in the adjacent 
zone, and 77% and 95% in the far zone, respectively. 
 
While these results provide insight into the likely impacts of realistic exposure control strategies 
on indoor concentrations of gas and particle emission products from desktop 3D printers, we 
should also note that some of these control strategies are more practical and cost-effective to 
apply than others. For example, high-flow rate spot ventilation systems that exhaust to the 
outdoors are likely cost prohibitive or impractical in many locations, and thus a sealed and filter 
enclosure may be a more appropriate solution in many environments. Further, operating a high-
CADR stand-alone air cleaner with both gas and particle filtration can have a meaningful impact 
on both UFP and VOC concentrations in all zones, but could also come with a substantial energy 
penalty.  
 
 
Recommendations for Future Work 
 
Given the findings herein, we are prompted to make the following recommendations. First, 
additional measurements should be conducted to more accurately quantify personal exposures to 
both UFPs and speciated VOCs that account for proximity effects presented by typical 3D printer 
use patterns in a wide variety of realistic settings. Second, manufacturers should work towards 
designing low-emitting filament materials and/or printing technologies. Third, in the absence of 
new low-emitting filaments, manufacturers should work to evaluate the effectiveness of sealed 
enclosures on both UFP and VOC emissions and/or to introduce combined gas and particle 
filtration systems. Until then, we continue to suggest that caution should be used when operating 
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many printer and filament combinations in enclosed or poorly ventilated spaces or without the 
aid of gas and particle filtration systems. This is particularly true for both styrene- and nylon-
based filaments based on data from the relatively large sample of printers and filament 
combinations evaluated here. 
 
 
Conclusions 
 
Previous research has shown that desktop 3D printers can emit large numbers of ultrafine 
particles (UFPs: particles less than 100 nm) and some hazardous volatile organic compounds 
(VOCs) during printing, although very few filament and 3D printer combinations had been tested 
to date prior to this project. In this work, we quantified emissions of UFPs and speciated VOCs 
from 5 commercially available filament extrusion desktop 3D printers utilizing up to 9 different 
filaments using controlled experiments in a test chamber. Median estimates of time-varying UFP 
emission rates ranged from ~108 to ~1011 #/min across all tested combinations, varying primarily 
by filament material and, to a lesser extent, bed temperature. The individual VOCs emitted in the 
largest quantities included: caprolactam from nylon-based and imitation wood and brick 
filaments (ranging ~2 to ~180 µg/min), styrene from acrylonitrile butadiene styrene (ABS) and 
high-impact polystyrene (HIPS) filaments (ranging ~10 to ~110 µg/min), and lactide from 
polylactic acid (PLA) filaments (ranging ~4 to ~5 µg/min). We also provide preliminary data on 
the impact of print object geometry and the use of partial and whole printer enclosures with and 
without a filtration system to mitigate printer emissions. 
 
Subsequently, we also use our published measurements of emission rates of both UFPs and 
speciated VOCs from a wide variety of desktop FFF 3D printers and filaments to predict the 
magnitudes of human exposures to these same pollutants that would be expected in three spatial 
locations within a typical small office environment. We also use the worst case UFP and VOC 
emission scenarios to model the likely impacts of several potential control strategies for reducing 
exposures. Modeled concentrations in the three zones demonstrate that UFP and VOC 
concentrations within close or moderate proximity to some operating desktop 3D printers can 
exceed recommended exposure levels and may be cause for concern for both acute and chronic 
health effects. The results also suggest that the most effective control strategies for reducing both 
UFP and VOC concentrations in all zones from high emitters used in the modeled environment, 
in descending order of impact, include: (1) installing a high-flow spot ventilation system, (2) 
operating the printer in a sealed enclosure with high efficiency gas and particle filtration, (3) 
installing a moderate-flow spot ventilation system, and (4) operating a high-CADR stand-alone 
air cleaner with both gas and particle filtration within immediate proximity to the operating 3D 
printer. Upgrading central HVAC filtration, installing low-flow spot ventilation, and operating a 
low-CADR portable air cleaner are the least effective methods for reducing UFP and VOC 
concentrations resulting from 3D printer operation in this modeled environment. Results also 
demonstrate that some 3D printer and filament combinations with lower emissions (e.g., PLA 
filaments, which have both low UFP and VOC emissions) should be prioritized over higher 
emitting filaments to limit human exposures. 
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ABSTRACT: Previous research has shown that desktop 3D printers can emit large
numbers of ultrafine particles (UFPs, particles less than 100 nm) and some hazardous
volatile organic compounds (VOCs) during printing, although very few filament and
3D printer combinations have been tested to date. Here we quantify emissions of
UFPs and speciated VOCs from five commercially available filament extrusion desktop
3D printers utilizing up to nine different filaments by controlled experiments in a test
chamber. Median estimates of time-varying UFP emission rates ranged from ∼108 to
∼1011 min−1 across all tested combinations, varying primarily by filament material and,
to a lesser extent, bed temperature. The individual VOCs emitted in the largest
quantities included caprolactam from nylon-based and imitation wood and brick
filaments (ranging from ∼2 to ∼180 μg/min), styrene from acrylonitrile butadiene
styrene (ABS) and high-impact polystyrene (HIPS) filaments (ranging from ∼10 to
∼110 μg/min), and lactide from polylactic acid (PLA) filaments (ranging from ∼4 to
∼5 μg/min). Results from a screening analysis of potential exposure to these products
in a typical small office environment suggest caution should be used when operating many of the printer and filament
combinations in poorly ventilated spaces or without the aid of combined gas and particle filtration systems.

1. INTRODUCTION

Desktop three-dimensional (3D) printers are rapidly increasing
in popularity. The majority of commercially available desktop
3D printers designed for the consumer market utilize an
additive manufacturing technology called fused filament
fabrication (FFF), also known as fused deposition modeling
or molten polymer deposition. In the FFF process, a solid
thermoplastic filament is forced through a heated extrusion
nozzle, melted, and deposited in thin layers onto a moving
bed.1,2 A three-dimensional solid shape is formed layer-by-layer
as the filament material cools and hardens. A wide variety of
filament materials are now being used in desktop FFF 3D
printers, including acrylonitrile butadiene styrene (ABS),
poly(lactic acid) (PLA), poly(vinyl alcohol) (PVA), polycar-
bonate (PC), high-density polyethylene (HDPE), high-impact
polystyrene (HIPS), nylon, and many other polymers, metals,
ceramics, and other materials.3 Filaments are melted at a variety
of extruder nozzle temperatures and bed temperatures, and
manufacturers typically recommend ranges of optimal temper-
atures for each filament material and thickness. ABS and PLA
are currently the most commonly used filaments in desktop 3D
printers, although others are also gaining popularity.4

It is well-known that both gases and particles are emitted
during thermal processing of many thermoplastic materials.5,6

However, little is known about the types and magnitudes of
emissions from desktop FFF 3D printers and how they vary
according to filament material or printer characteristics. In
2013, we published the first known measurements of emissions
of ultrafine particles (UFPs: particles less than 100 nm in
diameter) resulting from the operation of a single make and
model of commercially available desktop FFF 3D printer using
both ABS and PLA filaments.7 These findings were crucial, as
exposure to emissions from thermal decomposition of thermo-
plastics has been shown to have toxic effects in animals,8−10 and
exposure to UFPs from other sources has been linked to a
variety of adverse human health effects.11−17 We are aware of
only one other published study to date that has investigated
emissions from extrusion-based desktop 3D printers. Kim et
al.18 measured emissions of particles, total volatile organic
compounds (TVOCs), several aldehydes and phthalates, and
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benzene, toluene, ethylbenzene, and m-,p-xylene (BTEX) from
two different FFF printers operating in a small chamber, again
using both ABS and PLA filaments. They confirmed that
particle emissions were higher for printers utilizing ABS
filaments compared to PLA filaments, and they also
demonstrated higher VOC emissions from the printers using
ABS filaments compared to PLA.
Despite these two studies, important gaps in our knowledge

of emissions from 3D printers still remain. Only a very limited
number of makes and models of printers have been tested to
date, and even fewer filament materials have been characterized
for gas and/or particle emissions (i.e., only ABS and PLA).
Further, we hypothesize that Kim et al.18 may have missed
some individual VOCs that are emitted with some filaments
because they were not specifically targeted or identified by a
mass spectral library compound search. We also have no
information to date on how the design or shape of printed
materials, or printer characteristics such as the presence of
enclosures, may influence gas and/or particle emissions.
Therefore, we advance these previous studies by quantifying

emission rates of particles and a broad range of speciated VOCs
from five popular commercially available desktop FFF 3D
printers utilizing as many as nine different filaments to print
standardized test objects in a medium-sized test chamber. We
use the results to explore differences in particle and VOC
emissions based on filament material and printer characteristics.
We also provide preliminary data on the impact of print object
geometry and the use of a partial enclosure.

2. EXPERIMENTAL METHODS
2.1. Emissions Testing Procedure. All measurements

were conducted inside a 3.6 m3 stainless steel chamber with a
small stainless steel mixing fan operating as described in
Supporting Information (Figure S1). Each printer was
connected to a desktop computer located outside the chamber.
Before each experiment began, filtered supply air was delivered
to the chamber at a constant ventilation rate of approximately 1
h−1 for a period of at least 8 h to achieve initial steady-state
background conditions. The 3D printer beds were prepared for
printing before sealing the chamber by wiping with isopropyl
alcohol, or, in some cases, depending on the printer and
filament combination, by applying small amounts of adhesive
from glue sticks following manufacturer recommendations. The
printer was then powered on and began printing a small object.
For all tests but one, we printed a 10 × 10 × 1 cm

standardized sample from the National Institute of Standards
and Technology (NIST), as shown in Figure 1.19 The sample

was chosen because it was developed as a standardized test part
to evaluate the performance of additive manufacturing
technologies, and it has a range of features that were thought
to potentially influence dynamic printer emissions, including a
combination of solid volumes, thin protrusions, holes, and
indentations. We also repeated one test with a single printer
and filament combination, printing a ∼195 cm3 cube of
approximately the same printing duration as the NIST sample,
allowing for an evaluation of the impact of print object shape
on emissions. Nozzle and bed warm-up periods typically lasted
between 5 and 10 min depending on the printer and filament,
and the printing time varied from 2.5 to 4 h depending on the
combination of printer, filament, and object shape.

2.2. Air Sampling and Analysis. Particle concentrations
were continuously measured inside the exhaust port of the
chamber by use of a TSI model 3007 condensation particle
counter (CPC) logging at 1 min intervals. The CPC was
located inside an external exhaust hood and connected to the
chamber exhaust port by a 0.9 m long piece of conductive
tubing 0.6 cm in diameter. The CPC measures the total
number concentrations of particles between 10 nm and 1 μm
with a reported maximum concentration of 105/cm3 and a
sample flow rate of 0.7 L/min. Particle concentrations were
measured during all phases of the experiment, beginning with
the last 45−60 min of background measurements, spanning the
2.5−4 h print period (which includes the 5−10 min warm-up
phase), and ending with a final ∼3-h decay period during which
particle concentrations were allowed to decrease toward
background concentrations with the printer off.
We should note that although the measurement range of the

CPC is 10 nm to 1 μm, the vast majority of particles emitted
from most FFF printers were assumed to be in the UFP size
range, as demonstrated by preliminary data in Supporting
Information (Figure S4).7,18 Thus, we consider these measure-
ments largely representative of UFPs and use this nomenclature
from here on. We periodically calibrated the CPC used for the
chamber measurements via colocation measurements with a
TSI model 3910 NanoScan scanning mobility particle sizer
(SMPS) that had been recently calibrated by the manufacturer.
We considered the SMPS to be the most accurate for UFP
measurements, but it was not available for use during all of the
tests. Thus, we calibrated the CPC to the SMPS using a
polynomial regression from these periodic colocation experi-
ments. The calibration between CPC particle counts and total
UFP counts from the SMPS (Figure S2) was nearly linear
throughout the manufacturer-reported measurement range of
the CPC (up to 105/cm3) but increased exponentially beyond
this range, as is typical for this instrument.20 This was
important to account for because several of the highest UFP
emitters yielded raw CPC concentrations greater than 105/cm3

in the experimental chamber.
Chamber air was also sampled during the tests for VOC

analysis using Tenax-GR sorbent tubes during two periods:
once during the last ∼45 min prior to printing (with a printer in
the chamber but not powered on or operating), and again
during the last ∼45 min of printing after VOC concentrations
reached approximately steady state. We used the differences in
concentrations between the two samples to estimate emission
rates both for speciated VOCs and for the sum of the 10
highest detectable VOCs (∑VOC). Total VOC (TVOC)
concentrations inside the chamber were also continuously
measured during a subset of experiments by use of a TSI Q-
Trak model 7575 indoor air quality monitor with a model 982

Figure 1. Shape file image of the NIST 3D printer test part used for
emissions testing.
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photoionization detection (PID) probe to verify that TVOC
concentrations achieved approximately steady state by the time
air sampling for VOC analysis was conducted. These
measurements were used to verify that approximately steady-
state conditions were typically achieved within 2 h from the
beginning of printing and that TVOC emissions followed a
characteristic constant emission rate profile (Figure S3). Thus,
we consider air sampling for VOC analysis during the final 45
min of printing each object reasonably representative of steady-
state concentrations.
The procedure for sampling and analyzing the sorbent tubes

was based on a modified version of U.S. EPA Method TO-17.21

Sorbent tubes were inserted into a small hole in the exhaust
port of the chamber and connected to a Buck VSS-1 low-flow
air sampling pump located outside the chamber and operating
at ∼20 mL/min. Airflow rates of the sampling pumps and tubes
were measured after each test by use of a Gilian Gilibrator 2
and combined with the recorded sampling duration to estimate
the total air volume passed through the tubes during sampling.
All sorbent tubes were shipped in a freezer pack overnight to
the University of Texas at Austin and analyzed by thermal
desorption followed by gas chromatography and electron
ionization mass spectrometry (TD/GC/MS). An internal
standard, 4-bromofluorobenzene, was used for all analysis.
Individual VOCs were statistically identified and quantified by a
NIST library compound search (LCS). The mass of the
identified compounds was estimated from the response of the
internal standard and a relative response factor of 1. The
majority of the uncertainty associated with these calculations is
related to the assumption that the relative response factor is 1.
Relative response factors for this method have been shown to
commonly range from approximately 0.75 to 1.25 for most
VOCs;22 thus we use 25% as an approximate estimate of the
uncertainty in our VOC quantification method. Individual
VOCs may not have the same response factors, but this
provides a reasonable base estimate of the uncertainty in the
reported concentrations.
We also sampled for VOCs outside the chamber during

several tests. These sorbent samples were taken during the
entire printing period to ensure that there were no unexpected
external sources of VOCs transported into the chamber. Blank
sorbent tubes were also collected outside the chamber without
connecting them to the air pumps during each test to
characterize adsorption of any unexpected compounds during
shipping and storage. Finally, temperature and relative humidity
(RH) were measured during each test with an Onset HOBO
U12 data logger recording at 1 min intervals, and ventilation
rates were measured during each test with CO2 as a tracer gas.
CO2 was injected from a small tank into the chamber at the
beginning of each test, and the subsequent decay of chamber
CO2 concentrations was measured by a PP Systems SBA-5 CO2
monitor connected to an Onset HOBO U12 data logger, also
recording at 1 min intervals. The ventilation rate calculation
procedure is described fully in Supporting Information.
2.3. Ultrafine Particle Emission Rate Estimation.

Because there was a large amount of scatter in the resulting
UFP concentration data, we first applied a smoothing function
to the UFP data using the “smooth” function in MATLAB
R2015a, as described in Supporting Information. These
smoothed concentration data were then used to estimate the
time-varying UFP emission rate for each printer and filament
combination via a discrete solution to a dynamic well-mixed
number balance applied on the total particle number

concentrations measured inside the chamber, as shown in eq
1 and derived in Supporting Information:
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where EUFP(t) is the time-varying UFP emission rate from a
single 3D printer at time t (per minute), V is the chamber
volume (cubic meters), CUFP,in(t) is the UFP concentration
inside the chamber at time t (per cubic meter), Δt is the time
step for UFP measurements (1 min), LUFP is the total UFP loss
rate constant (per minute), and C̅UFP,bg is the average
background UFP concentration inside the chamber prior to
emissions testing. LUFP was estimated from a log−linear
regression with the first 60 min of data from the final decay
period after printing finished, as described in Supporting
Information. We should note that eq 1 makes several important
assumptions that may lead to inaccuracies in estimates of UFP
emission rates, such as ignoring size-resolved particle dynamics,
ignoring coagulation, and assuming constant particle loss rates.
Potential impacts of these assumptions are discussed in more
detail in Supporting Information. We estimate the uncertainty
in our time-varying UFP emission rate calculations to be
approximately 45%, as described in Supporting Information.
The time-varying UFP emission rate estimates were also used

to quantify the total number of UFPs emitted during printing,
normalized by the mass of filament used, as shown in eq 2:

̇ =
∑ Δ=E

E t t
m

( )k
N

k
UFP

1 UFP

object (2)

where ĖUFP is the total number of UFPs emitted during printing
per mass of filament used (per gram), N is the total number of
time intervals during printing (minutes), and mobject is the mass
of filament used (i.e., mass of final printed object, in grams).

2.4. Volatile Organic Compound Emission Rate
Estimation. The TD/GC/MS library compound searches
(LCS) identified and quantified approximately 50 speciated
VOCs inside the chamber during the initial background periods
and the last ∼45 min of the printing periods. The emission rate
of each identified VOC was estimated by use of eq 3, which
assumes that ventilation was the only removal mechanism in
the chamber, that the concentrations of top 10 measured
emitted VOCs from 3D printers were negligible outside the
chamber (verified by measurements), and that VOC concen-
trations achieved steady state during the final sampling period.
These assumptions are discussed in more detail in Supporting
Information.

λ= −E C C V( )VOC,i VOC,i,print VOC,i,bg (3)

EVOC,i is the estimated constant emission rate of an individual
VOC (micrograms per minute), CVOC,i,print is the steady-state
concentration of an individual VOC inside the chamber during
the last ∼45 min of printing (micrograms per cubic meter), and
CVOC,i,bg is the background concentration of an individual VOC
inside the chamber prior to printing (micrograms per cubic
meter). We estimate the uncertainty in our speciated VOC
emission rate calculations to be approximately 36%, as
described in Supporting Information.
The emission rate of each printer for the sum of the 10

highest detectable VOCs (∑VOC) was estimated by adding all
positive individual VOC emission rates of the top 10
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compounds with the highest concentrations inside the chamber
during the last 45 min of the printing period. We limited to the
top 10 highest concentration compounds because compounds
below the top 10 added negligible amounts to the overall
detectable ∑VOCi mass. We also normalized ∑VOC emission
rates by the mass of filament consumed by use of eq 4:

̇ =
∑ Δ

∑
= ∑E

E t t
m

( )k
N

k
VOC

1 VOC

object (4)

where E∑VOC is the total VOC emission rate of a printer for the
top 10 identified compounds and Ė∑VOC is the total VOC
emission rate per mass of filament used (micrograms per gram).
2.5. Printer and Filament Descriptions. We charac-

terized UFP and VOC emissions from a total of 16 unique
combinations of printers and filaments, including five popular
commercially available makes and models of desktop 3D
printers with up to nine different filament materials. The five
printers included (1) a FlashForge Creator dual extruder model
compatible with ABS and PLA (both filaments were tested);
(2) a Dremel 3D Idea Builder compatible with PLA only; (3)
an XYZprinting da Vinci 1.0 compatible with ABS only; (4) a
MakerBot Replicator 2X compatible with ABS only; and (5) a
LulzBot Mini that was compatible with many different types of
filaments. The LulzBot printer was tested with nine different
filaments that are commonly used, including ABS, PLA, high-
impact polystyrene (HIPS), semitransparent nylon, laybrick (an
imitation brick material of unknown chemical composition),
laywood (an imitation wood material of unknown chemical
composition), transparent polycarbonate, a semitransparent
nylon-based plasticized copolyamide thermoplastic elastomer
(PCTPE), and a transparent polyester resin filament called T-
Glase. The Dremel, XYZprinting, and MakerBot printers all
had built-in plastic enclosures surrounding the apparatus
(although they were not airtight), while the FlashForge and
LulzBot did not have any enclosures. This list of printers is not

meant to be exhaustive, but it is designed to span a reasonable
range of currently popular printers with relatively generalizable
characteristics such as filament type, nozzle and bed temper-
atures, and the presence or absence of a partial enclosure. Table
1 summarizes all experiments that were conducted.
Fifteen of the 16 printer and filament combinations were

used to print the NIST test part, while one test combination
(LulzBot-ABS) was also used to print a cube. The MakerBot
with ABS filament was also tested twice: once with the plastic
enclosure from the manufacturer installed as received from the
factory and once with the enclosure intentionally removed. We
also performed duplicate VOC measurements for four printer
and filament combinations and two duplicate UFP measure-
ments to evaluate the repeatability of our experiments.

3. RESULTS AND DISCUSSION
3.1. Ultrafine Particle Emission Rates. Figure 2a shows

an example of time-varying UFP concentrations resulting from
just one test of one of the printers with ABS filament (LulzBot
Mini), along with the smoothed fit to the UFP concentration
data. The left guideline in Figure 2a shows the moment that
printers began warming up prior to printing, which we
considered part of the printing emissions period. Figure 2b
shows the time-varying UFP emission rates estimated from eq
1. Figures S6−S23 show similar time-series profiles of both
UFP concentrations and emission rates for all 16 experimental
combinations, as well as two duplicates.
Results in Figure 2a are similar to results from most of the

experiments in that UFP concentrations typically rapidly
increased just after printing began and persisted for the first
10−20 min, then decreased to a lower level, albeit typically to a
level that was still higher than the background concentration.
During some tests with other printer and filament combina-
tions, UFP concentrations peaked again near the end of the
print period as the thin protrusions on the printed object were

Table 1. Summary of All Experimentsa

printer filament extruder temp (°C) bed temp (°C) bed prep mass (g) enclosure
printing
duration

FlashForge Creator
ABS white 200 110 glue 40.2 no 3 h 42 min
PLA red 200 110 glue 53.2 no 3 h 42 min

Dremel 3D Idea Builder PLA whiteb,c 230 room temperature alcohol wipe 55.2 yes 2 h 49 min

XYZprinting da Vinci 1.0 ABS blue 230 100 glue 40.4 yes 2 h 26 min

LulzBot Mini

ABS redb,c,d 240 110 alcohol wipe 44.5 no 2 h 33 min
ABS rede 240 110 alcohol wipe 56.7 no 2 h 42 min
PLA red 190 45 alcohol wipe 53.1 no 3 h 25 min
HIPS blackb 240 100 alcohol wipe 47.4 no 2 h 28 min
nylon bridge semitransparent 230 65 glue 46.5 no 2 h 55 min
laybrick white 200 65 alcohol wipe 57.7 no 3 h 0 min
laywood brown 200 65 alcohol wipe 48.3 no 3 h 2 min
polycarbonate transparentb 270 110 glue 52.1 no 2 h 38 min
PCTPE semitransparent 235 65 glue 47.8 no 3 h 2 min
T-Glase transparent red 240 60 alcohol wipe 49.4 no 3 h 2 min

MakerBot Replicator 2X
ABS whited 230 110 glue 40.3 yes 2 h 38 min
ABS whited 230 110 glue 40.7 no 2 h 38 min

aFor all tests but one, we printed a 10 × 10 × 1 cm standardized sample from NIST. bExperimental conditions with duplicate VOC emissions tests.
cExperimental conditions with duplicate UFP emissions tests. dExperiments with simultaneous VOC sampling conducted outside the chamber. eIn
this case we printed a ∼195 cm3 cube with approximately the same printing duration as the NIST sample.
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created. However, the magnitude and shape of dynamic UFP
concentrations varied widely depending on the printer,
filament, shape of printed object, and nozzle and bed
temperatures. In a few scenarios (e.g., Figure 2a), UFP
concentrations reached an approximate steady-state level
toward the end of printing period. We used data from these
periods to verify that the discretized time-varying emission rate
calculation method (eq 1) also yielded similar estimates of UFP
emission rates as the simple steady-state solution to the mass
balance, as described in Supporting Information. Results from
both solution methods were in good agreement for these
periods, suggesting that the dynamic solution method provides
reasonable emission rate estimates.
Figure 3 shows the range of time-varying UFP emission rates

estimated for all 16 printer and filament combinations, grouped
by (i) ABS filaments, (ii) PLA filaments, and (iii) all filaments
other than ABS or PLA.
UFP emission rates varied substantially depending on make

and model of the printer, type of filament material, nozzle and
bed temperatures, and time of printing. The highest UFP
emission rates typically occurred with the printers utilizing ABS
filaments, with median values ranging from ∼2 × 1010 to ∼9 ×
1010 min−1 across all ABS printers with or without enclosures.
The lowest UFP emission rates occurred with the three printers

utilizing PLA filaments, regardless of printer make and model,
with median UFP emission rates of ∼108 min−1. This is lower
than what we estimated in our original study with a different
make and model printer as well as a different study design7 but
is similar to other recent chamber tests.18 Median UFP
emission rates for other filaments were highest for polycar-
bonate filament (∼4 × 1010 min−1), followed by PCTPE (∼2 ×
1010 min−1), T-Glase (∼5 × 109 min−1), HIPS (∼4 × 109

min−1), nylon (∼2 × 108 min−1), laywood (∼8 × 107 min−1),
and laybrick (∼6 × 107 min−1), all printed with the LulzBot
Mini printer.
Printing a cube instead of the NIST test part with ABS

filament (in the LulzBot printer) did not meaningfully alter the
magnitude of UFP emission rates, although it did slightly
change the time-varying shape of the UFP emissions profile
(Figure S8). Interestingly, the presence of an enclosure only
moderately reduced UFP emission rates from the MakerBot−
ABS combination, with a ∼35% reduction in the median
emission rate (although this variation is within the estimate of
uncertainty). Larger reductions were not observed, perhaps
because the enclosure was not completely sealed and large gaps
were visible. While these two comparisons provide preliminary
data on how printed shape and presence of an enclosure may
impact particle emissions from 3D printers, no other definitive
conclusions can be drawn given this limited data set. Finally,
data from two sets of duplicate tests (Figures S6 and S7and
Figures S17 and S18) also demonstrated that there is some
inherent variability in UFP emissions between repeated tests, as
median emission rate estimates from these comparisons were
within 57% and 48% of each other, respectively.

3.2. Volatile Organic Compound Emission Rates.
Figure 4 summarizes estimates of individual speciated VOC
and ∑VOC emission rates from each of the 16 printer and
filament combinations. Only the top three speciated VOCs
with the highest concentrations measured in each test are
shown individually, while the remaining top 10 individual
VOCs are summarized as other VOCs. The sum of these yields
an estimate of the ∑VOC emission rate. We also provide a list
of the top 10 individual VOCs with the highest measured
concentrations during the printing periods for all 16
experimental combinations inside the chamber and four
duplicate experiments for VOC sampling in Table S2, as well
as during four periods of VOC sampling outside the chamber in
Table S3.
Filament material drove the majority of differences in the

types of VOCs emitted, while printer make and model drove
the majority of differences in the overall mass of VOCs emitted

Figure 2. (a) Calibrated and smoothed UFP concentrations and (b) estimates of time-varying UFP emission rates for one sample test condition with
LulzBot Mini 3D printer and ABS filament. SM refers to the data smoothing method utilized.

Figure 3. Summary of time-varying UFP emission rates estimated for
16 3D printer and filament combinations. Each data point represents
data from 1 min intervals, and the combination of data points
represents the entire printing period (typically between 2.5 and 4 h).
Boxes show the 25th and 75th percentile values with the 50th
percentile (median) in between. Whiskers represent upper and lower
adjacent values, and circles represent outliers beyond those values.
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with the same filament. Estimates of total VOC emission rates
(E∑VOC) ranged from as low as ∼3 μg/min for the
polycarbonate filament to nearly 200 μg/min for the nylon
filament (both printed with the LulzBot). The top three highest
emitted compounds accounted for at least 70% of ∑VOC
emissions in all cases. For most of the printer and filament
combinations, a single VOC dominated the ∑VOC emissions.
The primary individual VOC emitted from all six ABS

filament and printer combinations and the only HIPS filament
tested was styrene. Estimates of styrene emission rates with
these filaments ranged from ∼12 to ∼113 μg/min, depending
on the printer make and model. Interestingly, both the lowest
and highest styrene emission rates were measured for printers
with a partial enclosure (XYZprinting and MakerBot). Both
styrene and total VOC emission rates were slightly lower when
the LulzBot−ABS combination printed a cube compared to the
standard NIST test part, but they were actually slightly higher
for the MakerBot−ABS combination with the plastic enclosure
compared to results without the enclosure.
The primary individual VOC emitted from nylon, PCTPE,

laybrick, and laywood filaments was caprolactam. All of these
filaments were installed in the LulzBot printer and all were
classified as high emitters in Figure 4b, with caprolactam
emission rates as high as ∼180 μg/min for the nylon filament.
Caprolactam was also emitted from the polycarbonate and T-
Glase filaments installed in the LulzBot printer, albeit at much
lower levels (Figure 4a). Finally, the primary individual VOC
emitted from PLA filaments was lactide (1,4-dioxane-2,5-dione,
3,6-dimethyl), albeit in relatively low quantities, with emission
rates ranging from ∼4 to ∼5 μg/min in the three printers using
PLA filaments. We are confident that the majority of the
identified VOCs originated from the filament materials for most
of the printer tests, even for the tests that had glue applied to
the bed, because the main components measured during the
glue-only test (propylene glycol and glycerin, as shown in Table
S2) were found only in one filament/printer combination in
Figure 4.
3.3. Impacts of Nozzle and Bed Temperatures. Next,

we explored our estimates of both UFP and ∑VOC emission
rates as a function of both nozzle and bed temperatures (Figure

5). The mean UFP and ∑VOC emission rates are split into
three groups of bed temperature (less than 45, 60−65, and
100−110 °C) and plotted versus nozzle temperature (which
varied from 190 to 270 °C, as described in Table 1).
Nozzle temperatures did not have a large influence on UFP

emission rates from this set of printers at either low or high bed
temperatures. However, nozzle temperatures did appear to
influence UFP emission rates at midrange bed temperatures, as
UFP emission rates were higher with increased nozzle
temperatures. More importantly, bed temperatures alone
appeared to influence UFP emission rates in this sample of
printers. Most of the printer/filament combinations with the
highest bed temperatures had the highest UFP emission rates,
while most of the printer/filament combinations with the
lowest bed temperatures had the lowest UFP emission rates.
There was no apparent relationship observed between ∑VOC
emission rates and either bed or nozzle temperatures across this
sample of printers and filaments. However, we should note that
with this limited sample size, these relationships are only
considered suggestive.

3.4. Correlations between Total Ultrafine Particle and
Sum of Volatile Organic Compound Emissions per Mass
of Filament. Figure 6 compares the total number of UFPs
emitted (eq 2) and the ∑VOC mass emitted (eq 4) during
printing, normalized by the mass of filament, for each of the 16
primary printer and filament combinations.
The total number of UFPs emitted per gram of filament

printed ranged from a minimum of ∼2 × 108 g−1 for the
LulzBot−laybrick combination to a maximum of over 2 × 1011

g−1 for multiple printers with ABS filaments. The ∑VOC mass
emitted per gram of filament printed ranged from a minimum
of ∼6 μg/g for the LulzBot−polycarbonate combination to
nearly 800 μg/g for the LulzBot−nylon combination. In
general, ABS, PCTPE, and HIPS filaments had high mass-
normalized emission rates of both UFPs and ∑VOCs, while
PLA filaments had relatively low mass-normalized UFP and
∑VOC emission rates. Interestingly, both T-Glase and
polycarbonate filaments (both used in the LulzBot printer)
had low ∑VOC emissions but high UFP emissions.
Conversely, both laywood and laybrick filaments (also used

Figure 4. Estimates of emission rates for the top three highest-concentration VOCs as well as sum of the top 10 detectable VOCs (∑VOC) resulting
from operation of 16 3D printer and filament combinations. The figure is divided into (a) low emitters, with E∑VOC < 40 μg/min, and (b) high
emitters, with E∑VOC > 40 μg/min, for visual clarity. Note that although no error bars are shown in the figure, we estimate the uncertainty in each
individual VOC emission rate to be ∼36% as described in Supporting Information.
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in the LulzBot printer) had relatively high ∑VOC emission
rates but low UFP emission rates. These data suggest that
filament material selection drives both UFP and ∑VOC
emissions, although knowledge of one type of emissions may
not necessarily be used to predict the other.
3.5. Implications for Human Exposure and Health

Effects. Measurements of UFP and individual VOC emission
rates presented here have important implications for human
exposure and health effects. For example, styrene, which is
classified as a possible human carcinogen by the International
Agency for Research on Cancer (IARC classification group
2B),23 was emitted in large amounts by all ABS filaments and
the one HIPS filament. Caprolactam was also emitted in large
amounts by four of the filaments: nylon, PCTPE, laybrick, and
laywood. Although caprolactam is classified as probably not
carcinogenic to humans,24 the California Office of Environ-
mental Health Hazard Assessment (OEHHA) maintains acute,
8-h, and chronic reference exposure levels (RELs) of only 50, 7,
and 2.2 μg/m3, respectively.25 We are not aware of any relevant
information regarding the inhalation toxicity of lactide, the
primary individual VOC emitted from PLA filaments.
To provide a basis for comparison to regulatory exposure

limits and to help understand potential implications for human
health, we used these estimates of UFP and individual VOC
emission rates to predict steady-state concentrations that would
likely result from constant printer operation in a typical small
well-mixed office environment. This effort is not meant to serve
as a detailed exposure model but rather as a screening analysis
for potential health implications. We should also note that this
analysis does not take into account proximity effects that could
serve to substantially elevate exposures to both UFPs and
VOCs in certain microenvironments compared to well-mixed
conditions.
Let us assume that one desktop 3D printer operates

continuously in a well-mixed 45 m3 furnished and conditioned
office space (i.e., the same office space reported by Stephens et
al.7 Let us assume a worst-case scenario in which a single
printer has the maximum median UFP and individual VOC
emission rates from the findings herein, which include ∼1011
min−1 for UFPs, 183 μg/min for caprolactam, 113 μg/min for
styrene, and 5 μg/min for lactide. Let us assume a typical office
ventilation rate of 1 h−1,26 no sorption losses for the three
VOCs (likely a conservative estimate),27,28 and a typical UFP
deposition loss rate constant of 1.3 h−1.29 Under these
conditions, steady-state indoor concentrations of each of
these constituents would be elevated to ∼58 000 cm−3 for

UFPs, ∼244 μg/m3 for caprolactam, ∼150 μg/m3 for styrene,
and ∼6 μg/m3 for lactide.
The predicted caprolactam concentration (244 μg/m3)

would exceed all three RELs identified by the California
OEHHA,25 which suggests that although there is considerable
uncertainty in this estimate, exposure to caprolactam from
desktop 3D printing in a typical office environment with nylon
and nylon-based filaments could lead to adverse health
outcomes, particularly for susceptible individuals. Acute
exposure to high concentrations of caprolactam is known to
be “irritating to the eyes and the respiratory tract” and “may
cause effects on the central nervous system”, according to the
Centers for Disease Control and Prevention (CDC).30

The predicted styrene concentration in this configuration
(150 μg/m3) would be approximately 20 times higher than the
highest styrene concentration measured in commercial
buildings in the U.S. EPA BASE study31 and more than 20
times higher than the average concentration in U.S.
residences.32 There are also reports that suggest exposure to
styrene at these concentrations could be problematic for human
health. For example, high indoor styrene concentrations have
been estimated to yield relatively high lifetime cancer risks in
previous studies that assumed typical potency factors,33 and
even moderate styrene concentrations (i.e., greater than only 2
μg/m3) have been associated with elevated risk of pulmonary
infections in infants.34

Although we are not aware of any regulatory limits for indoor
UFP concentrations, an increase in UFP concentrations to

Figure 5. Impact of nozzle and bed temperature on mean UFP and TVOC emission rates.

Figure 6. Comparison of total UFP and TVOC emissions per mass of
filament.
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∼58 000 cm−3 would be approximately 10 times higher than
what we typically observe in indoor air in our office and
laboratory environments and what has been reported as a
typical 8-h average indoor concentration in schools.35 However,
it would only be moderately higher than typical time-averaged
concentrations in homes36 but lower than what is often
observed in other microenvironments.37

Given these findings, we are prompted to make the following
recommendations. First, additional measurements should be
conducted to more accurately quantify personal exposures to
both UFPs and speciated VOCs that account for proximity
effects presented by typical 3D printer use patterns. Second,
manufacturers should work toward designing low-emitting
filament materials and/or printing technologies. Third, in the
absence of new low-emitting filaments, manufacturers should
work to evaluate the effectiveness of sealed enclosures on both
UFP and VOC emissions or to introduce combined gas and
particle filtration systems. Until then, we continue to suggest
that caution should be used when operating many printer and
filament combinations in enclosed or poorly ventilated spaces
or without the aid of gas and particle filtration systems. This is
particularly true for both styrene- and nylon-based filaments,
based on data from the relatively large sample of printers and
filament combinations evaluated here.
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1. Experimental setup details 

Measurements were conducted inside a 3.6 m3 chamber (dimensions of 1.2×1.2×2.4 m) 
located in the Built Environment Research Group Laboratory at the Illinois Institute of 
Technology. The exterior walls of the chamber were made of 1.1 cm plywood sheets and the 
interior walls, floor, and ceiling were covered with 0.25 cm stainless steel sheets cut to the same 
size as the walls, floors, and ceiling. Gaps and edges inside the chamber were sealed with 
adhesive PTFE film tape (3M 5490). Each printer was tested while operating on a 0.6×0.9×0.9 m 
stainless steel table at the center of the chamber. A small stainless steel mixing fan was operated 
to achieve well-mixed conditions in the chamber, which were confirmed prior to the experiments 
with CO2 concentration measurements in four locations throughout the chamber. Each printer 
was connected to a desktop computer located outside the chamber so that it could be operated 
without opening the chamber door during the test period. 

 
Filtered room air was supplied to the chamber using a 10 cm 12 VDC diameter blower 

connected to a fibrous activated carbon filter to remove both gases and particulate matter. A DC 
power supply was used to control the speed of the blower to keep the ventilation rate of the 
chamber constant near 1 hr-1 throughout each test (the ventilation rate was also measured during 
each test using CO2 injection and decay as described in the next section). The chamber exhaust 
port was connected to a 20 cm diameter sheet metal duct that vented directly to a powered fume 
hood. Figure S1 shows details of the experiment setup. 

 
The interior walls of the chamber were cleaned with distilled water after each experiment and 

the entire chamber was cleaned with isopropyl alcohol on a weekly basis. The chamber was left 
unused for at least 2 days after each alcohol cleaning to avoid contamination of VOC samples. 
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Figure S1: Schematic of the experimental test chamber. All acronyms are defined in the main text. 
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2. Ventilation rate estimation 

We estimated the air exchange rate (AER) of the chamber during each experiment using a 
CO2 injection and decay method, which involved increasing the CO2 concentration inside the 
chamber by injection from a filtered compressed CO2 cylinder and measuring the subsequent 
decay. We applied a dynamic mass balance equation for change in CO2 concentration inside the 
chamber as shown in Equation S1. 

 
!"#$%,'((*)

!*
= 	."/0%,$12 − ."/0%,'((*) 

(S1) 

Where 
"#$%,'((*) = concentration of CO2 inside the chamber during an experiment (ppm) 
t = time (min) 
. = air exchange rate of the chamber during an experiment (1/min) 
"/0%,$12 = concentration of CO2 outside the chamber during an experiment (ppm) 
 
We also measured the background chamber CO2 concentrations when it achieved steady state 

levels prior to the printing experiment and used this value for the concentration outside the 
chamber. Thus, Equation S1 can be re-written for background period as Equation S2. 

 
"/0%,$12 = "/̅0%,'(,56 (S2) 

Where 
"/̅0%,'(,56 = average background CO2 concentration during an experiment (ppm) 
 
We estimated the AER of the chamber by re-arranging and integrating Equation S1, as 

shown in Equation S3. 
  

−78
"/0%,'((t) − "/̅0%,'(,56

"/0%,'((t = 0) − "/̅0%,'(,56
= 	. × * 

(S3) 

We plotted the left hand side of Equation S3 versus time for the first 60 minutes of the decay 
periods and considered the slope of linear regression line through the data points as the air 
exchange rate of the chamber during the entire experiment. 
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3. CPC calibration 

We periodically calibrated the TSI Model 3007 Condensation Particle Counter (CPC) used in 
all experiments via co-location with a TSI Model 3910 NanoScan Scanning Mobility Particle 
Sizer (SMPS) that had been recently calibrated by the manufacturer. Three printer and filament 
combinations were operated in the chamber with both monitors logging at 1-minute intervals to 
provide data for the calibration. Figure S2 shows the raw particle readings from the CPC on the 
x-axis and the total UFP readings from the SMPS on the y-axis for the three tested combinations 
of printer and filaments inside the test chamber. Data from the three tests were used to generate a 
polynomial relationship between the two (R2 = 0.989). This equation was then applied to all raw 
CPC concentrations prior to solving for emission rates. 

 

 
Figure S2: Measured UFP concentration inside the chamber using CPC and SMPS  

  

UFPs = C1*CPC2 + C2*CPC 
R2 = 0.989 
C1 = 1.34x10-5 

C2 = 2.458703 
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4. Evaluating the time to reach steady state for TVOCs and the loss rate of TVOCs to 
chamber walls 

TVOC concentrations inside the chamber were continuously measured during a limited 
subset of experiments using a TSI Q-Trak Indoor Air Quality Monitor Model 7575 with a Model 
982 PID-based TVOC probe to verify that TVOC concentrations achieved approximately steady 
state by the time air sampling for VOC analysis was conducted. As an example, Figure S3 shows 
time-resolved TVOC concentrations measured during printing the standard NIST sample from 
using just one printer and filament combination (FlashForge with ABS filament).  

 

 
Figure S3: Time resolved TVOC concentration inside the test chamber 

 
Figure S3 shows that the TVOC concentration reached to approximately steady state 

conditions ~100 minutes after printing started. Two other similar experiments with different 
printers/filaments were also similar. These measurements verified that approximately steady 
state conditions were typically achieved within 2 hours from the beginning of printing. Thus we 
consider air sampling for VOC analysis during the final 45 minutes of printing each object (the 
printing durations were at least 2 hr 26 min for all experiments) a reasonable assessment of 
steady state concentrations and can use the difference between the two samples to make 
reasonable estimates of speciated VOC emission rates. 

 
Additionally, we also used these data to investigate the potential for sorption effects to the 

stainless steel chamber walls by estimating the total TVOC loss rate from the final decay period 
in Figure S3 (i.e., after printing stopped around 260 mins). The total TVOC loss rate was 
approximately 1.0 hr-1 using these data while the measured air exchange rate (AER) was 0.85 hr-

1. Thus, it appears that in this case, other removal mechanisms such as sorption on the chamber 
walls may have contributed an additional 0.15 hr-1. However, when we applied the same method 
to two other experiments the results varied. The total TVOC loss rates were 1.12 and 1.22 hr-1, 
with corresponding AERs of 1.04 and 1.24 hr-1, respectively. These corresponded with the total 
loss rate being 7% higher and 2% lower than the chamber air exchange rate. Thus, we consider it 
reasonable to assume that sorption effects were negligible herein and that ventilation is indeed 
the major loss mechanism.  
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5. UFP emission rate estimation 

We applied a dynamic well-mixed number balance on the total particle number 
concentrations measured inside the chamber (Equation S4) to estimate time-varying particle 
emission rates, which we considered largely representative of UFPs.  

!"<=>,'((*)
!*

= 	?<=>λ"<=>,$12 − A<=>"<=>,'((t) +
C<=>(*)
D

 (S4) 

 
where	"<=>,'((*) is the UFP concentration inside the chamber at time * (#/m3), ?<=> is the 

UFP penetration factor of the chamber (-), λ is the air exchange rate of the chamber (1/min), 
"<=>,$12 is the UFP concentration outside of the chamber (#/m3), A<=> is the total UFP loss rate 
constant inside the chamber (1/min), C<=>(*) is the time-varying UFP emission rate from a 
single 3D printer at time * (#/min), and V is the chamber volume (m3).  

The UFP concentration inside the chamber prior to testing (i.e., during the background 
period) reached steady state conditions prior to all experiments. Therefore, the average measured 
background concentration "<̅=>,56	was used in place of ?<=>λ"<=>,$12 using Equation S5. 

 
	?<=>λ"<=>,$12 = "<̅=>,56A<=> (S5) 

 
The total UFP loss rate (A<=>) was estimated using a log-linear regression with data from the 

final decay period after printing finished, as shown in Equation S6. We plotted the left hand side 
of Equation S6 versus time for the first 60 minutes of the decay period and used the slope of the 
linear regression as the total UFP loss rate during the entire experiment.  

 

−78
"<=>,'((t) − "<̅=>,56

"<=>,'((t = 0) − "<̅=>,56
= 	 A<=>* 

(S6) 

 
Next, we estimated the time-varying UFP emission rate for each 3D printer using a discrete 

solution to the number balance in Equation S4, as shown in Equation S7. 
  
C<=>(*(EF)

V
=
H"<=>,'((tIEF) − "<=>,'((tI)J

∆t
− A<=>"<̅=>,56 + A<=>"<=>,'((*() 

(S7) 

 
where ∆t was the time step for UFP measurements (1 min). 
 

We should note that Equations S4 through S7 make several important assumptions that may 
lead to inaccuracies in estimates of UFP emission rates. We do not consider size-resolved 
particle dynamics because we did not have access to the SMPS for every test. We assume that 
particle loss rates were constant throughout each test period, although one would expect them to 
vary depending on the particle size distribution in the chamber, which may vary at any given 
time based on size-dependent loss mechanisms such as deposition or coagulation. We have also 
assumed that the impact of coagulation on total UFP concentrations is negligible, which may not 
be the case. However, we estimate the likely magnitude of the impact of this assumption on total 
UFP emission rates to be relatively small (i.e., less than 30%, on average, using the most 
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conservative estimates of coagulation, as described later herein). While these are important 
limitations to this work, results can still provide a reasonable quantitative measure of particle 
emission rates resulting from 3D printer operation that can be used to compare one printer to 
another. 

 
Further, there was a large amount of scatter in most of the resulting UFP concentration data 

from one minute to the next, particularly at high concentrations, which led to unreasonable 
numbers of negative emission rate estimates using the discretized solution method with raw UFP 
data. This was likely due to high uncertainty beyond the upper limit of the CPC. Therefore, we 
first applied a smoothing function to the resulting UFP concentration data using the ‘smooth’ 
function in MATLAB R2015a. These smoothed concentration data were then used with Equation 
S7 to estimate time-varying emission rates with minimal negative values. We applied a number 
of smoothing function options (e.g., loess, lowess, and others) to each highly varying data set and 
selected smoothed data from the method that yielded a combination of the fewest negative 
emission rate estimates and the highest correlation between actual and smoothed UFP 
concentrations (i.e., R2 was typically above 0.90, as described later herein). Any remaining 
periods of negative UFP emission rate estimates, which were likely due to time-varying and size-
dependent loss rates that we were not able to account for, were simply excluded from analysis 
(the average number of negative values excluded was 10 data points out of a total of between 
~150 and ~250 data points for each test). 
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6. VOC emission rate estimation 

The TD/GC/MS library compound searches (LCS) identified and quantified approximately 
50 speciated VOCs inside the chamber during the initial background periods and at the last ~45 
minutes of the printing periods. The estimated mass of each individual VOC was converted to a 
chamber air concentration using Equation S8. 

"L0/,' =
ML0/,'

NOP1QP × *P1QP
 (S8) 

where ML0/,' is the total collected mass of an individual VOC in the sampling tube (µg), 
NOP1QP is the average sampling pump airflow rate (m3/min), and *P1QP is the total VOC sampling 
time (min) for each sampling period. 

Similar to the previous section, we applied a dynamic well-mixed mass balance on the 
speciated VOC mass concentrations measured inside the chamber, as shown in Equation S9.  

!"L0/,'(*)
!*

= 	?L0/,'λ"L0/,',$12 − AL0/,'"L0/,'(t) +
CL0/,'
D

 
(S9) 

where "L0/,'(*) is an individual VOC concentration inside the chamber at time * (µg/m3), 
?L0/,' is an individual VOC penetration factor of the chamber (-),"L0/,',$12 is an individual VOC 
concentration outside of the chamber (µg/m3), AL0/,' is the total loss rate constant of an 
individual VOC inside the chamber (1/min), CL0/,' is the estimated constant emission rate of an 
individual VOC (µg/min). 

Next, the emission rate of each identified VOC was estimated using Equation S10, assuming 
that ventilation was the only removal mechanism in the chamber, the concentration of 10 top 
measured emitted VOCs from 3D printers is negligible outside the chamber (verified by 
measuring individual VOC concentrations outside the chamber), and that VOC concentrations 
achieved steady state during the final sampling period.  

CL0/,' = R"L0/,',PS'(2 − "L0/,'	,56T.D (S10) 

where "L0/,',PS'(2 is the steady state concentration of an individual VOC inside the chamber 
during the last ~45 minutes of printing (µg /m3), and "L0/,'	,56 is the background concentration 
of an individual VOC inside the chamber prior to printing (µg/m3). We estimated the uncertainty 
in individual VOC emission rates to be approximately 36% based on the likely uncertainty in the 
GC/MS quantification method (~25%) combined with the uncertainty in pump flow rate 
measurements in quadrature (calculated later in Section 8 of the SI). Adsorption and desorption 
effects were assumed to be negligible given that the interior of the chamber was stainless steel.1,2 
This assumption was further verified by comparing TVOC loss rate estimates from multiple 
post-printing decay periods measured by the Q-Trak TVOC probe to the air exchange loss rate 
measured using CO2 decay, as shown in Section 4 of the SI. Loss rates were similar, suggesting 
that sorption effects were indeed minor. 
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7. Impact of coagulation on UFP emission rate estimates 

Given that UFP concentrations were often elevated to very high concentrations in the 
chamber, it is important to consider the potential for particle coagulation to influence our results, 
even though we did not have size resolved data. Here, we evaluate the likely impact of 
coagulation on UFP emission rates from the highest UFP emitter in the study: the LulzBot-ABS 
combination. We used a number balance equation based on our calibrated UFP measurements 
using the Condensation Particle Counter (CPC). Our assumptions serve to simplify the 
calculations while maximizing the likely impact of coagulation on estimates of the dynamic UFP 
emission rate in order to provide an upper bound of the likely impact of neglecting coagulation.  

 
The rate of change of the particle number concentration due to just coagulation can be 

expressed as Equation S11 for particles with similar aerodynamic diameter: 
 

!"'(*)
!*

= 	−U#$V6"'
%(*) 

(S11) 

Where 
Kcoag = corrected coagulation coefficient (cm3/min) 
Ci (t) = number of particles with aerodynamic diameter of i (#/cm3) 
 
As the CPC measures the number concentration of particles with diameters smaller than 1 

µm, we assumed all particles inside the chamber have a similar coagulation coefficient of 
6.9×10-8 cm3/min, which is the highest coagulation coefficient for particles smaller than 1 µm.3 
For simplicity, we also assumed that particles collide with just one other particle in each collision 
and form new particles that are still smaller than 1 µm, which is reasonable given that the 
majority of particles emitted inside the chamber are smaller than 0.1 µm (demonstrated by early 
measurements with a combination of TSI Nanoscan SMPS Nanoparticle Sizer 3910 and TSI 
Optical Particle Sizer 3330, as shown in Figure S4). 

 

 
Figure S4: Comparison of total number concentration of particles smaller than 116 nm and between 116 nm 

and 10 µm in the Stephens et al. (2013) study 
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Figure S4 compares the total number concentration of particles smaller than 116 nm to those 
summed between 116 nm and 10 µm inside an office environment in downtown Chicago.4 Five 
time periods are defined: (1) background measurements without printers operating for 
approximately 25 min; (2) two identical 3D printers using PLA filament operating for 
approximately 20 min; (3) a time period of approximately 30 minutes in which all printers were 
turned off; (4) the same two PLA-based printers operating simultaneously with three of the same 
make and model printers operating with ABS filament for approximately 20 min; and (5) a 
concentration decay period lasting approximately 40 min. The results demonstrate that the vast 
majority of particles emitted during printing are smaller than 116 nm (i.e., UFPs). 

 
Therefore, the number balance equation for particles inside the chamber considering 

coagulation can be written as Equation S12. 
 
!"<=>,'((*)

!*
= 	?<=>λ"<=>,$12 − A<=>"<=>,'((t) +

C<=>(*)
D

−
1
2
U#$V6"<=>,'(

% (*) 
(S12) 

"<=>,'(= total concentration of UFPs inside the chamber (#/cm3) 
?<=> = UFP penetration factor of chamber (-) 
"<=>,$12= total concentration of UFPs outside the chamber (#/cm3) 
A<=>= UFP loss rate inside the chamber due to AER and deposition (1/min) 
C<=>(*) = emission rate of UFP from 3D printer (#/min) 
D  = chamber volume (cm3) 
 
We assumed that during the background period there was no UFP emission source inside the 

chamber and that UFP concentrations reached steady state conditions. Therefore, the number 
balance equation for background periods can be written as Equation S13. 

 
?<=>λ"<=>,$12

A<=>
= "<=>,56 +

U#$V6
2A<=>

	"<=>,56%  (S13) 

In this equation ?<=>λ"<=>,$12 and A<=> are unknown. We then used a dynamic number 
balance equation for the decay period, as shown in Equation S14, in which we assumed that the 
emission of particles from 3D printers stopped completely after the printing period. 

 
!"<=>,'((*)

!*
= 	?<=>λ"<=>,$12 − A<=>"<=>,'((t) −

1
2
U#$V6"<=>,'(

% (*) (S14) 

Equation S14 can be solved by taking an integral as shown in Equation S15. 
 

Y
!"<=>,'((*)

U#$V6
2A<=>

"<=>,'(
% (*) + "<=>,'((t) −

?<=>λ"<=>,$12
A<=>

/Z[\,]^(2)

/Z[\,]^(2_`)
= Y −A<=>!*

2

`
	 (S15) 

Using a trial and error method, we estimated the UFP loss rate due to AER and deposition 
(LUFP) combined, as follows: 
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• First, we chose a reasonable value for LUFP without considering coagulation with the 
same method as described in Equations S4-S6 in Section 5.  

• Second, we calculated Uabcd2Aef?
 and 

>Z[\g/Z[\,hij
kZ[\

 values in Equation S15 by knowing the 
average UFP concentration during the background period.  

• Third, we plotted the left hand side values of Equation S15 versus time for the first 60 
minutes of the decay periods and considered the slope of linear regression line 
assigned to the data points as LUFP. The left hand side values were calculated using 
MATLAB R2015a.  

• Finally, we compared the calculated UFP loss rate and the value we chose at the first 
step. We ended the trial and error cycle once the two values were within 0.001 1/min 
of each other; otherwise, we used the new estimation of UFP loss rate due to AER 
and deposition in the first step and repeated the trial and error solution. 

 
We estimated the time-varying UFP emission rate with and without considering coagulation 

using a discrete solution to the number balance in Equation S12, similar to the solution described 
in Equation S7. Figure S5 shows estimates of time resolved UFP emission rates from the 
LulzBot-ABS combination with and without considering coagulation in this manner. 

 
Figure S5: Comparison between UFP emission rate estimations with and without considering coagulation  

 

In this analysis, although we assumed the highest coagulation coefficient for particles less 
than 1 µm, and considered the printer and filament combination with the highest average UFP 
concentration during printing period, the mean impact of coagulation was ~28% (changing from 
-1% to 90%). The average difference between estimated UFP emission values with and without 
considering coagulation was ~3×1010 #/min (ranges from -3×109 to 7×1010 #/min) which is about 
an order of magnitude smaller than average estimated UFP emission, (~1011 #/min). The results 
demonstrate that although the coagulation might impact the UFP emission rate estimates, 
specifically for the highest concentrations of UFPs, the impact is likely smaller in most cases and 
generally within the uncertainty of our estimates. Thus we consider it reasonable to neglect 
coagulation impacts herein.   
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8. Uncertainty analysis 

We estimated the uncertainty in our UFP and VOC emission rate estimates using a variety of 
approaches. First, we calculated the uncertainty in each smoothed concentration of UFP data, the 
average background concentration of UFPs, the chamber air exchange rate (AER), and the total 
UFP loss rate by adding standard errors of regression coefficients from related equations and the 
accuracy of each monitoring device in quadrature. 

 
The uncertainty associated with the smoothed concentration of UFP is a function of the 

reported accuracy of the TSI CPC model 3007 (±20%) and the standard error due to both 
calibration (R2

calib = 0.981) and smoothing (R2
smooth > 0.9, varied depend on the experiment), 

which was calculated using Equation S16. 
 

∆"<=>,lQ$$2m = n(o"/>/)% + p
qC<=>,#Vr'5
"<̅=>,#Vr'5

%t
%

+ p
qC<=>,lQ$$2m
"<̅=>,lQ$$2m

%t
%

	 (S16) 

Where: 
∆"<=>,lQ$$2m = uncertainty associated with smoothed UFP concentration inside the chamber 
for each combination of 3D printer, filament and printing object shape (%) 
o"/>/ = average accuracy of TSI CPC model 3007 (±20%) 
qC<=>,#Vr'5 = standard error of the calibration (± 933 #/cm3) 
"<̅=>,#Vr'5 = average concentration of UFP inside the chamber during the calibration 
measured by SMPS (± 183444 #/cm3) 
qC<=>,lQ$$2m = standard error of the smoothing procedure for each studied combination 
(#/cm3) 
"<̅=>,lQ$$2m = average smoothed concentration of UFP inside the chamber during the printing 
period for each studied combination (#/cm3) 
 
The uncertainty associated with the background concentration of UFPs is a function of the 

average accuracy of the CPC, the standard error of the mean, and the standard error due to 
calibration, which was calculated using Equation S17. 

 

∆"<=>,56 = n(o"/>/)% + p
qC<=>,#Vr'5
"<̅=>,#Vr'5

%t
%

+ p
qC<=>,56
"<̅=>,56

%t
%

	 (S17) 

Where 
∆"<=>,56 = uncertainty associated with average background UFP concentration inside the 
chamber for each combination of 3D printer, filament and printing object shape (%) 
qC<=>,56 = standard error of the mean background UFP concentration inside the chamber for 
each studied combination (#/cm3) 
"<̅=>,lQ$$2m = average background concentration of UFP inside the chamber during the 
printing period for each studied combination (#/cm3) 
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We estimated the air exchange rate of the chamber from Equations S1-S3 using a CO2 inject-
decay method. The uncertainty associated with the AER of chamber is a function of the average 
accuracy of SBA-5 CO2 anazlyer, the standard error of the mean CO2 background, and the 
standard error due to fitting a linear regression line to the left hand side (LHS) of Equation S3, 
which was calculated using Equation S18. 

 

∆oCu = np
o"vwxy
"/̅0%,z{#V|

%t
%

+ p
o"vwxy
"/̅0%,56

%t
%

+ p
qC/0%,56
"/̅0%,56

%t
%

+ p
qC/0%,k}v
A~qOOOOOO/0%

%t
%

	 (S18) 

Where 
∆oCu = uncertainty associated with AER of the chamber for various experiments (%) 
o"vwxy = average accuracy of SBA5 CO2 monitor (± 20 ppm) 
"/̅0%,z{#V| = average concentration of CO2 during the decay period for each experiment 
(ppm) 
"/̅0%,56 = average concentration of background CO2 for each experiment (ppm) 
qC/0%,56= standard error of the mean CO2 background concentration for each experiment 
(ppm) 
qC/0%,k}v= standard error of linear regression line fitted to left hand side values of Equation 
S3 to estimate AER for each experiment (-) 
A~qOOOOOO/0% = left hand side values average in Equation S3 to estimate AER for each experiment 
(-) 
 
We also estimated the uncertainty associated with the total loss rate for each combination of 

printer, filament, and printing object shape based on the regression coefficients from Equation S6 
in Section 5. The total loss rate uncertainty is a function of the background and smoothed UFP 
concentrations and the standard error of the linear regression between to the left hand side (LHS) 
of Equation S6 versus time, which was calculated using Equation S19. 

 

∆A<=> = nR∆"<=>,lQ$$2mT
%
+ R∆"<=>,56T

%
+ p

qC<=>,k}v
A~qOOOOOO<=>

%t
%

	 (S19) 

∆A<=> = uncertainty associated with the UFP loss rate for various experiments (%) 
qC<=>,k}v= standard error of linear regression line fitted to left hand side values of Equation 
S6 to estimate UFP total loss rate for various experiments (-) 
A~qOOOOOO<=> = average of left hand side values in Equation S6 to estimate UFP total loss rate for 
various experiments (-) 
 
Finally, we estimated the uncertainty associated with the air flow rate of the VOC sampling 

pumps. For each VOC sampling tube and pump combination, we measured the air flow rate 
through the tube five times, and calculated the uncertainty in this airflow rate as a function of the 
average accuracy of the air flow meter and the standard error of the mean measured air flow rate, 
as shown in Equation S20. 
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∆NP1QP = np
o"�r$ÄQ{2{S
NOP1QP

%t
%

+ p
qCÅ
NOP1QP

%t
%

	 (S20) 

Where 
∆NP1QP = uncertainty associated with air flow passing through VOC sampling tubes (%) 
o"�r$ÄQ{2{S= average accuracy of air flow meter (± 1 cm3/min) 
NOP1QP = average air flow passing through VOC sampling tubes (cm3/min) 
qCÅ = Standard error of mean measured air flow passing through VOC sampling tubes 

(cm3/min) 
 
Next, we used the previous uncertainty estimations to calculate uncertainty associated with 

time varying UFP emission rate, VOC concentration in background and printing periods, and 
VOC emission rate from each printer. We calculated the uncertainty of time-varying UFP 
emission rates based on Equation S7, as shown in Equation S21. 

 

∆C<=>(*(EF) = ÇR∆"<=>,'((*(EF)T
%
+ R∆"<=>,'((*()T

%
+ (∆A<=>)% + R∆"<̅=>,56T

%
 (S21) 

Where 
∆C<=>(*(EF) = uncertainty associated with UFP emission rate (%) 
 
We calculated the uncertainty of VOC concentration in background and printing periods 

based on the Equation S8 in Section 6, as shown in Equation S22. 
 

É"L0/ = ÇRo"Ñ,L0/T
%
+ R∆NP1QPT

%
 

(S22) 

Where 
É"L0/ = uncertainty associated with VOC concentration in background and printing periods 
(%) 
o"Ñ,L0/ = Accuracy of GC-MS technique to quantify collected mass of VOC in the 
sampling tubes (assumed to be ± 25% for a typical relative response factor between 0.75 and 
1.25)  
 
Finally, we calculated the uncertainty in the VOC emission rate estimate based on the 

Equation S10 in Section 6, as shown in Equation S23. 
 

ÉCL0/,' = ÇRÉ"L0/,',PS'(2T
%
+ R∆"L0/,'	,56T

%
+ (ÉAER)% 

(S23) 

Where 
ÉCL0/,' = uncertainty associated with estimated VOC emission for each component (%) 
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9. Time varying UFP concentration data and estimated emission rates 

As described briefly in the main text, we applied a number of smoothing function options 
(e.g., loess, lowess, and others) to each highly varying data set and selected smoothed data from 
the method that yielded a combination of the fewest negative emission rate estimates (fewer than 
5%) and the highest correlation between actual and smoothed UFP concentrations (R2 was 
mostly above 0.90). However, in four case studies (i.e. LulzBot-HIPS, LulzBot-Nylon, LulzBot-
TGlase, and FlashForge-ABS) the number of negative estimated emissions were higher than 5%, 
as shown in the following figures. The negative emission estimations may be due to a 
combination of coagulation impacts and UFP loss rate underestimation. In most of the cases, the 
negative emission estimations were happened during high concentrations of UFP (~105 #/cm3 

and higher), where the coagulation impacts are considerable. In Section 7 we demonstrated that 
without considering coagulation we might underestimate the emission estimations up to 90% at 
UFP pick concentrations in extreme case scenarios, although in average, the impacts would be 
lower than 28%, specifically for low UFP emitter combinations of printer and filament. 
Moreover, in the all four cases the loss rates were estimated when the UFP concentrations in 
decay period were about three orders of magnitude lower than the corresponding UFP pick 
concentrations. This might cause an underestimation in particle loss rates due to changes in 
particles’ size distribution and deposition rate. 

 
We used the ‘smooth’ function in MATLAB-R2015a with various smoothing methods (SM), 

as shown in Table 1. 
 

Table S1: Description of various smoothing methods used herein 

method Description 

'moving' Moving average (default). A lowpass filter with filter coefficients equal to the reciprocal of 
the span. 

'lowess' Local regression using weighted linear least squares and a 1st degree polynomial model 
'loess' Local regression using weighted linear least squares and a 2nd degree polynomial model 
'sgolay' Savitzky-Golay filter. A generalized moving average with filter coefficients determined by an 

unweighted linear least-squares regression and a polynomial model of specified degree 
(default is 2). The method can accept nonuniform predictor data. 

'rlowess' A robust version of 'lowess' that assigns lower weight to outliers in the regression. The 
method assigns zero weight to data outside six mean absolute deviations. 

'rloess' A robust version of 'loess' that assigns lower weight to outliers in the regression. The method 
assigns zero weight to data outside six mean absolute deviations. 

 
Figures S6(a) - S23(a) show calibrated and smoothed UFP concentrations inside the 

chamber, nozzle and bed temperatures during printing, smoothing method (SM), coefficient of 
determination between smoothed and calibrated data (SM-R2), and our estimate of the total UFP 
loss rate. Figures S6(b) - S23(b) show the estimates of time-varying UFP emission rates during 
each printing period as well as the number of negative estimated emissions (NNEE) for all tested 
combinations. 
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Figure S6: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 
emission rate for LulzBot-ABS 

 

 
Figure S7: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-ABS (Duplicated) 
 

 
Figure S8: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-ABS (Cube) 
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Figure S9: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-HIPS 

 

Figure S10: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 
emission rate for LulzBot-Laybrick 

 

Figure S11: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 
emission rate for LulzBot-Laywood 
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Figure S12: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-Nylon 
 

 
 Figure S13: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-PCTPE 

 
Figure S14: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-PLA 
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Figure S15: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-Polycarbonate 

 
Figure S16: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for LulzBot-TGlase 

 
Figure S17: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for Dremel-PLA 
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Figure S18: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for Dremel-PLA (Duplicated) 
 

 
Figure S19: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for Makerbot-ABS (w/ enclosure) 

 
Figure S20: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for Makerbot-ABS (w/o enclosure) 
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Figure S21: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for XYZ-ABS 

 
Figure S22: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for FlashForge-ABS 

 
Figure S23: (a) Calibrated and smoothed UFP concentration inside the chamber and (b) Time varied UFP 

emission rate for FlashForge-PLA 
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10. VOC sampling summary 

Table S2: The top 10 individual VOCs with the highest measured concentrations during printing and 
estimated steady-state emission rates.  

 
R

an
k 

Compound name 
Printing 

Conc. 
(µg/m3) 

Qual. 
(%) 

BG Conc. 
(µg/m3) 

Emission 
rate 

(µg/min) 

Fl
as

hF
or

ge
-A

BS
 

1 Styrene 461.0 97 0.0 33.5 
2 Propylene Glycol 158.5 64 201.5 -3.1 
3 Hexanal 135.4 90 109.2 1.9 
4 Octanal 61.1 86 55.1 0.4 
5 Nonanal 46.4 83 31.0 1.1 
6 1-Pentanol 44.1 72 48.0 -0.3 
7 Bicyclo[3.1.1]hept-2-ene, 2,6,6-tri 40.5 91 37.7 0.2 
8 Acetic acid 38.5 90 43.2 -0.3 
9 Toluene 37.8 93 89.4 -3.7 

10 Ethylbenzene 35.1 81 6.0 2.1 

Fl
as

hF
or

ge
-P

LA
 

1 1,4-Dioxane-2,5-dione, 3,6-dimethyl 89.0 90 0.0 5.0 
2 Isopropyl Palmitate 79.6 93 95.6 -0.9 
3 Hexanal 39.7 90 50.4 -0.6 
4 12-Crown-4 35.1 38 0.0 2.0 
5 Nonanal 31.6 83 52.2 -1.1 
6 Octanal 30.0 86 36.8 -0.4 
7 Tetrachloroethylene 27.5 99 56.3 -1.6 
8 Benzene, 1,3-dimethyl- 24.4 95 32.5 -0.4 
9 1R-.alpha.-Pinene 21.3 95 26.8 -0.3 

10 Propylene Glycol 18.7 80 35.3 -0.9 

X
Y

Z-
A

B
S 

1 Styrene 243.2 97 0.0 11.5 
2 (S)-(+)-1,2-Propanediol (Propylene Glycol) 186.2 64 32.4 7.3 
3 Hexanal 72.9 90 55.2 0.8 
4 Glycerin 37.7 83 0.0 1.8 
5 Octanal 34.2 93 26.9 0.3 
6 1-Pentanol 31.5 72 0.0 1.5 
7 1R-.alpha.-Pinene 26.6 93 12.9 0.6 
8 Acetophenone 23.1 97 0.0 1.1 
9 Nonanal 22.3 72 22.1 0.0 

10 Decane 18.0 90 15.0 0.1 

D
re

m
el

-P
LA

 

1 Hexanal 67.4 72 88.2 -1.4 
2 1,4-Dioxane-2,5-dione, 3,6-dimethyl 53.8 90 0.0 3.7 
3 Toluene 52.9 97 87.6 -2.4 
4 Chloromethyl methyl sulfide 36.2 33 0.0 2.5 
5 Octanal 33.2 87 37.0 -0.3 
6 1-Propanol, 2-ethoxy- 29.9 42 0.0 2.1 
7 Nonanal 27.8 93 0.0 1.9 
8 2-Heptanone, 3-methyl- 26.3 9 37.0 -0.7 
9 1R-.alpha.-Pinene 25.3 96 28.7 -0.2 

10 Ethanol, 2-(2-butoxyethoxy)- 23.3 90 0.0 1.6 
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Table S2 continued. The top 10 individual VOCs with the highest measured concentrations during printing 
and estimated steady-state emission rates.  

 
 

R
an

k 
Compound name 

Printing 
Conc. 

(µg/m3) 

Qual. 
(%) 

BG 
Conc. 

(µg/m3) 

Emission 
rate 

(µg/min) 

D
re

m
el

-P
LA

 (d
up

l.)
 

1 Hexanal 112.2 52 51.9 3.8 
2 1,4-Dioxane-2,5-dione, 3,6-dimethyl 65.6 90 21.3 2.8 
3 12-Crown-4 62.3 38 0.0 3.9 
4 Acetic acid 54.2 90 11.4 2.7 
5 Octanal 42.1 83 31.5 0.7 
6 Toluene 42.0 94 30.8 0.7 
7 Ethanol, 2-(2-butoxyethoxy)- 33.9 90 3.6 1.9 
8 1R-.alpha.-Pinene 30.9 95 32.5 -0.1 
9 Chloromethyl methyl sulfide 30.1 33 21.3 0.6 

10 Nonanal 29.4 83 23.9 0.3 

Lu
lz

Bo
t-

H
IP

S 

1 Styrene 242.3 97 13.6 19.6 
2 2-Butanone 134.8 50 131.8 0.3 
3 Toluene 109.6 94 149.9 -3.5 
4 Ethylbenzene 62.5 94 5.1 4.9 
5 Hexanal 57.7 90 35.8 1.9 
6 Octanal 43.4 91 27.1 1.4 
7 Decane 38.0 76 21.5 1.4 
8 Trimethylphosphine 36.5 33 19.5 1.5 
9 p-Xylene 30.6 95 16.0 1.2 

10 Bicyclo[3.1.1]hept-2-ene 30.1 90 23.0 0.6 

Lu
lz

Bo
t-

H
IP

S 
(d

up
l.)

 

1 Styrene 212.6 97 9.6 20.7 
2 2-Butanone 81.6 50 96.6 -1.5 
3 Hexanal 55.4 90 42.8 1.3 
4 Toluene 54.5 97 65.5 -1.1 
5 Ethylbenzene 53.8 94 4.5 5.0 
6 Decane 44.7 87 31.6 1.3 
7 Acetic acid 42.9 90 13.4 3.0 
8 Octanal 39.1 91 26.6 1.3 
9 Bicyclo[3.1.1]hept-2-ene, 2,6,6-tri 30.6 91 20.8 1.0 

10 Nonanal 28.6 64 19.2 1.0 

Lu
lz

Bo
t-

PL
A

 

1 Hexanal 89.8 90 81.7 0.4 
2 1,4-Dioxane-2,5-dione, 3,6-dimethyl 79.4 90 0.0 4.4 
3 Toluene 46.9 94 46.0 0.0 
4 Octanal 45.0 94 49.5 -0.2 
5 Ethanol, 2-(2-butoxyethoxy)- 41.0 90 0.0 2.3 
6 Nonanal 38.1 86 38.2 0.0 
7 Styrene 35.4 97 12.3 1.3 
8 2-Butanone 32.4 43 64.8 -1.8 
9 Isopropyl Palmitate 30.8 96 28.0 0.2 

10 1R-.alpha.-Pinene 29.2 96 37.3 -0.4 
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Table S2 continued. The top 10 individual VOCs with the highest measured concentrations during printing 
and estimated steady-state emission rates.  

 

R
an

k 
Compound name 

Printing 
Conc. 

(µg/m3) 

Qual. 
(%) 

BG Conc. 
(µg/m3) 

Emission 
rate 

(µg/min) 

Lu
lz

Bo
t-

A
BS

 

1 Styrene 912.8 97 8.7 54.2 
2 Hexanal 70.5 91 72.0 -0.1 
3 Acetophenone 61.5 97 0.0 3.7 
4 Ethylbenzene 59.9 87 3.4 3.4 
5 Benzenemethanol, .alpha.,.alpha.-di 44.8 72 0.0 2.7 
6 .alpha.-Pinene 42.2 64 24.0 1.1 
7 Octanal 41.4 95 39.8 0.1 
8 Toluene 40.4 94 26.4 0.8 
9 Nonanal 39.7 86 37.3 0.1 

10 1-Butanol 39.5 90 0.0 2.4 

Lu
lz

Bo
t-

A
BS

 (d
up

l.)
 

1 Styrene 919.3 97 7.4 42.7 
2 Caprolactam 272.4 94 144.9 6.0 
3 Acetophenone 70.2 97 2.8 3.2 
4 Isopropyl Palmitate 64.1 97 52.4 0.5 
5 Ethylbenzene 61.7 94 3.0 2.7 
6 Hexanal 52.5 90 67.3 -0.7 
7 Nonanal 52.1 72 33.7 0.9 
8 Octanal 46.2 90 37.1 0.4 
9 Benzenemethanol, .alpha.,.alpha.-di 44.5 80 0.0 2.1 

10 Bicyclo[3.1.1]hept-2-ene, 2,6,6-tri 44.5 89 29.6 0.7 

Lu
lz

Bo
t-

A
BS

 (c
ub

e)
 

1 Styrene 857.7 97 0.0 38.1 
2 Acetophenone 60.5 95 0.0 2.7 
3 Decane 58.7 94 0.0 2.6 
4 Ethylbenzene 57.3 94 24.4 1.5 
5 Isopropyl Palmitate 50.0 93 64.0 -0.6 
6 Hexanal 46.7 91 39.5 0.3 
7 Benzenemethanol, .alpha.,.alpha.-di 41.3 72 0.0 1.8 
8 Octanal 39.0 80 29.0 0.4 
9 Caprolactam 33.1 94 13.5 0.9 

10 Toluene 31.5 94 25.2 0.3 

Lu
lz

Bo
t-

N
yl

on
 

1 Caprolactam 3078.3 95 35.1 182.6 
2 Hexanal 131.5 90 84.0 2.9 
3 Acetic acid 109.8 90 6.9 6.2 
4 Isopropyl Palmitate 51.1 93 21.7 1.8 
5 Octanal 50.4 83 52.4 -0.1 
6 Nonanal 50.4 83 38.3 0.7 
7 Pentanal 32.5 91 6.1 1.6 
8 1-Pentanol 32.2 59 0.0 1.9 
9 Benzyl Alcohol 30.5 93 25.8 0.3 

10 Propylene Glycol 29.2 72 29.2 0.0 
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Table S2 continued. The top 10 individual VOCs with the highest measured concentrations during printing 
and estimated steady-state emission rates.  

 

R
an

k 
Compound name 

Printing 
Conc. 

(µg/m3) 

Qual. 
(%) 

BG Conc. 
(µg/m3) 

Emission 
rate 

(µg/min) 

Lu
lz

Bo
t-

La
yb

ri
ck

 

1 Caprolactam 1321.7 95 13.5 69.1 
2 Hexanal 110.2 91 103.1 0.4 
3 Acetic acid 61.4 90 16.8 2.4 
4 Octanal 60.0 80 52.4 0.4 
5 2-Hexenal, 2-ethyl- 58.6 93 0.0 3.1 
6 Isopropyl Palmitate 54.8 59 65.5 -0.6 
7 Nonanal 50.8 72 48.3 0.1 
8 1-Pentanol 47.1 64 39.6 0.4 
9 1R-.alpha.-Pinene 44.0 96 41.8 0.1 

10 Styrene 39.3 96 7.4 1.7 

Lu
lz

Bo
t-

La
yw

oo
d 

1 Caprolactam 1128.6 95 33.0 45.4 
2 2-Hexenal, 2-ethyl- 96.9 86 0.0 4.0 
3 Hexanal 94.9 90 94.7 0.0 
4 Octanal 53.4 95 54.1 0.0 
5 Nonanal 46.8 64 60.9 -0.6 
6 Acetic acid 46.5 90 10.6 1.5 
7 1-Pentanol 35.5 78 36.6 0.0 
8 Isopropyl Palmitate 32.2 52 43.5 -0.5 
9 1R-.alpha.-Pinene 31.7 96 36.2 -0.2 

10 1,3,5,7-Cyclooctatetraene 31.2 97 10.1 0.9 

Lu
lz

Bo
t-

TG
la

se
 

1 Caprolactam 72.8 95 30.0 1.5 
2 Hexanal 59.2 90 59.1 0.0 
3 Toluene 36.2 94 29.5 0.2 
4 Octanal 36.2 91 43.0 -0.2 
5 Nonanal 30.9 59 41.3 -0.4 
6 1R-.alpha.-Pinene 25.1 96 34.1 -0.3 
7 1-Pentanol 24.2 78 32.3 -0.3 
8 Styrene 22.1 97 9.7 0.4 
9 R-(-)-1,2-propanediol (Propylene Glycol) 22.0 80 5.4 0.6 

10 Isopropyl Palmitate 21.0 97 19.8 0.0 

Lu
lz

Bo
t-

Po
ly

ca
rb

on
at

e 

1 Propylene Glycol 141.6 64 257.5 -3.7 
2 Caprolactam 82.9 95 37.3 1.5 
3 Toluene 78.6 94 89.6 -0.3 
4 Hexanal 68.4 90 69.9 0.0 
5 Isopropyl Palmitate 58.6 93 63.1 -0.1 
6 Octanal 53.3 96 60.0 -0.2 
7 1R-.alpha.-Pinene 47.4 95 55.4 -0.3 
8 1-Pentanol 43.7 64 45.4 -0.1 
9 Styrene 42.6 97 21.1 0.7 

10 Nonanal 42.5 83 54.0 -0.4 
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Table S2 continued. The top 10 individual VOCs with the highest measured concentrations during printing 
and estimated steady-state emission rates.  

 

R
an

k 
Compound name 

Printing 
Conc. 

(µg/m3) 

Qual. 
(%) 

BG Conc. 
(µg/m3) 

Emission 
rate 

(µg/min) 

Lu
lz

Bo
t-

Po
ly

ca
rb

on
at

e 
(d

up
l.)

 

1 Isopropyl Palmitate 77.1 93 138.9 -3.0 
2 Decanal 64.6 87 0.0 3.2 
3 Hexanal 51.0 90 21.6 1.4 
4 Nonanal 49.1 83 29.4 1.0 
5 Octanal 49.0 83 22.2 1.3 
6 Tetrachloroethylene 47.5 99 113.9 -3.3 
7 Phenol 40.1 96 0.0 2.0 
8 Caprolactam 34.5 93 5.5 1.4 
9 1-Pentanol 31.1 43 0.0 1.5 

10 1R-.alpha.-Pinene 30.3 96 15.4 0.7 

Lu
lz

Bo
t-

PC
TP

E
 

1 Caprolactam 4940.0 95 30.1 167.9 
2 Isopropyl Palmitate 72.2 58 41.0 1.1 
3 Hydrazinecarbothioamide 38.2 9 7.9 1.0 
4 Nonanal 37.5 83 19.8 0.6 
5 Styrene 23.2 97 5.7 0.6 
6 Silane, trimethyl(1-methylethoxy)- 20.6 59 0.0 0.7 
7 2-Hexene, 3,5,5-trimethyl- 20.5 43 3.8 0.6 
8 Octanal 18.0 91 10.0 0.3 
9 Hexanal 16.7 86 10.6 0.2 

10 1R-.alpha.-Pinene 15.4 96 11.9 0.1 

M
ak

er
Bo

t-
w

/-e
nc

lo
su

re
 1 Styrene 2478.7 97 0.0 113.0 

2 Acetophenone 164.4 95 0.0 7.5 
3 Isopropyl Palmitate 139.6 93 0.0 6.4 
4 Tetrachloroethylene 130.1 99 8.5 5.5 
5 Decane 127.8 94 0.0 5.8 
6 dl-2-Phenyl-1,2-propanediol 120.6 64 0.0 5.5 
7 Ethylbenzene 119.3 94 0.0 5.4 
8 Cyclotrisiloxane, hexamethyl- 117.0 83 0.0 5.3 
9 Benzeneethanamine, N-[(pentafl 89.0 32 0.0 4.1 

10 1-Butanol 87.7 78 0.0 4.0 

M
ak

er
Bo

t-
w

/o
-e

nc
lo

su
re

 1 Styrene 1632.7 97 10.8 96.3 
2 Isopropyl Palmitate 207.3 96 48.4 9.4 
3 Nonane, 2,2,4,4,6,8,8-heptamet 122.8 83 0.0 7.3 
4 Acetophenone 118.3 95 3.9 6.8 
5 Chloromethyl methyl sulfide 89.5 33 0.0 5.3 
6 Benzenemethanol, .alpha.,.alph 81.3 64 0.0 4.8 
7 Nonanal 80.7 72 62.1 1.1 
8 Ethylbenzene 78.4 94 7.6 4.2 
9 Cyclotrisiloxane, hexamethyl- 75.8 87 13.0 3.7 

10 Benzeneethanamine, N-[(pentafl 59.9 37 0.0 3.6 
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Table S2 continued. The top 10 individual VOCs with the highest measured concentrations during printing 
and estimated steady-state emission rates.  

 
R

an
k 

Compound name 
Printing 

Conc. 
(µg/m3) 

Qual. 
(%) 

BG Conc. 
(µg/m3) 

Emission 
rate 

(µg/min) 

L
ul

zB
ot

 w
ith

ou
t f

ila
m

en
t  

w
ith

 a
pp

ly
in

g 
on

 b
ed

* 

1 (S)-(+)-1,2-Propanediol 408.5 93 210.9 N/Aǂ 
2 Glycerin 199.4 87 0.0 N/A 
3 Hexanal 98.1 90 65.8 N/A 
4 Benzene, 1,3-dimethyl- 85.4 83 97.7 N/A 
5 Acetic acid 62.9 83 34.6 N/A 
6 Octanal 51.6 99 34.6 N/A 
7 Isopropyl Palmitate 39.8 96 59.2 N/A 
8 1-Pentanol 37.1 93 29.9 N/A 
9 Nonanal 35.5 43 30.0 N/A 
10 Heptanal 32.8 96 0.0 N/A 

* We operated the 3D printer without any filament to characterize the individual VOC compounds emitted from the 
glue applied on the 3D printer bed, as glue was used in several normal printing tests to ensure that the printed piece 
adhered to the platform.  

ǂ We did not estimate emission rates because we could not confirm whether or not VOC concentrations reached to 
steady state levels when the printer was operated without filament (the duration of printing was short: about 45 
mins). 

 
Table S3: Top 10 individual VOCs with the highest measured concentrations outside the chamber 

R
an

k 

Outside the chamber  

R
an

k 

Outside the chamber 

Compound name Conc. 
(µg/m3) 

Compound name Conc. 
(µg/m3) 

Lu
lz

Bo
t-

A
BS

 

1 Decane 0.02 

Lu
lz

Bo
t-

A
BS

 (d
up

l.)
 1 Furfural 0.02 

2 Phenylethanolamine 0.02 2 Benzaldehyde 0.01 
3 Ethanol, 2-(2-ethoxyethoxy)- 0.01 3 Nonanal 0.01 
4 Nonane 0.01 4 n-Hexadecanoic acid 0.01 
5 Furfural 0.01 5 Tetrasiloxane, 1,1,3,3,5,5,7,7-octa 0.01 
6 Acetophenone 0.01 6 1-Propanol, 3-phenoxy- 0.01 
7 Undecane  0.01 7 Decane  0.01 
8 Decanal 0.01 8 Butanoic acid, 3-methylbutyl ester 0.01 
9 2-Butanone 0.01 9 Benzene, 1,2,3-trimethyl- 0.01 

10 Nonanal 0.01 10 Octanal 0.01 

 
M

ak
er

Bo
t-

w
/-e

nc
lo

su
re

 1 Isopropyl Palmitate  0.02 

M
ak

er
Bo

t-
w

/o
-e

nc
lo

su
re

 1 Benzene, 1,3-dimethyl- 0.02 
2 Benzene, 1,3-dimethyl- 0.02 2 Isopropyl Palmitate 0.02 
3 Nonane, 2,2,4,4,6,8,8-heptamethyl- 0.02 3 Acetophenone 0.02 
4 Acetophenone  0.01 4 Nonanal 0.01 
5 Chloromethyl methyl sulfide 0.01 5 Benzene, 1,2,4-trimethyl- 0.01 
6 Nonanal 0.01 6 Octanal 0.01 
7 Decane  0.01 7 Tetrachloroethylene 0.01 
8 Octanal 0.01 8 Hexanal 0.01 
9 Hexanal 0.01 9 Benzene, 1,3,5-trimethyl- 0.01 

10 Toluene 0.01 10 Benzyl Alcohol 0.01 
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11. Validating the discretized UFP emission rate solution  

In a few scenarios, UFP concentrations reach an approximately steady state level towards the 
end of printing period. We estimated the UFP emission rate during these time periods using a 
simple number balance equation as shown Equation S24.  

 
C<=>,ll
DA<=>

= "<=>,'(,ll −
?<=>λ"<=>,$12

A<=>
 

(S24) 

"<=>,'(,ll= UFP steady state concentration inside the chamber during the selected time period 
(#/cm3) 

C<=>,ll= UFP steady state emission rate during the selected time period (#/min) 
 

As previously mentioned, >Z[\g/Z[\,hij
kZ[\

 is equal to average measured background 
concentration ("<̅=>,56) and the total UFP loss rate (A<=>) can be estimated from the final decay 
period after printing was stopped using a log-linear regression solution. We validated our method 
for estimating UFP emission rates by comparing the results from Equation S24 to average 
estimated UFP emission rates from discretized solution method (Equation S7 in Section 5). Five 
combinations of 3D printer and filament were selected for this comparison including LulzBot-
ABS, LulzBot-PCTPE, LulzBot-TGlase, MakerBot-ABS with enclosure, and FlashForge-PLA. 
The summary of steady state time periods, estimated steady state UFP emission rates (C<=>,ll), 
and the average estimated UFP emission rates using the discretized solution method (CO<=>,ll) are 
listed in Table S4. 

 
Table S4: Estimated UFP emission during steady state time periods using the simple mass balance model 

and the discretized solution method 
 

Printer Filament Time period (minutes 
after start printing) 

àâäã 
(1/min) 

åçâäã,éè 
(#/cm3) 

åâäã,êë,íí 
(#/cm3) 

ìâäã,íí 
(#/min) 

ìçâäã,íí 
(#/min) 

Difference 
(%) 

LulzBot 

ABS 80-115 0.0354 1,166 722,395 9.19×1010 9.69×1010 5.5 

PCTPE 85-170 0.0281 429 222,012 2.24×1010 2.33×1010 3.7 

TGlase 140-180 0.029 931 56,401 5.79×109 5.71×109 1.4 

MakerBot 
w/ enclosure ABS 75-100 0.0333 1,214 535,999 6.41×1010 5.99×1010 6.6 

FlashForge PLA 60-140 0.028 523 1,487 9.72×107 9.38×107 3.6 

 

The difference between estimated UFP emission rates using the steady state mass balance 
model and the discretized solution method remains under 7% for the 5 chosen 3D printer and 
filament combinations. Giving that the uncertainty around the estimated UFP emission rate is 
~45%, the results demonstrate that there is no meaningful difference between UFP emission 
estimations from these two methods, which shows that the dynamic solution method used herein 
is reasonable.  
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Summary 

Recent studies have shown that potentially hazardous volatile organic compounds 

(VOCs) and ultrafine particles (UFPs) are emitted from many desktop 3D printer and filament 

combinations. We use recently published measurements of UFP and speciated VOC emission 

rates from a number of desktop 3D printers and filaments to predict the magnitudes of human 

exposures to airborne pollutants that would be expected in multiple locations within a typical 

small office environment. We also model the impacts of several control strategies for reducing 

occupational exposures. Results demonstrate that UFP and VOC concentrations within close or 

moderate proximity (i.e., within 3 m and 3-18 m, respectively) to some desktop 3D printer and 

filament combinations with the highest emissions can exceed recommended exposure levels 

(RELs) for some VOCs and typical indoor concentrations for both UFPs and VOCs. 

Concentrations of caprolactam within close proximity to a printer using some nylon-based 

filaments are predicted to exceed both acute and chronic RELs set by the California Office of 

Environmental Health Hazard Assessment (OEHHA). UFP concentrations are predicted to reach 

as high as 80,000 #/cm3 in close proximity to the highest emitting printer and filament 

combinations. The printer and filament combinations with the lowest UFP and VOC emission 

rates are not expected to yield concentrations at levels of concern. The most effective control 

strategies for reducing both UFP and VOC concentrations included installing a high-flow spot 

ventilation system and operating the printer in a sealed enclosure with high efficiency gas and 

particle filtration.  
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Introduction 

Three-dimensional (3D) printers are rapidly gaining popularity for prototyping and 

manufacturing in a variety of industrial, educational, commercial, and residential settings. There 

are several additive manufacturing (AM) technologies used by 3D printers currently on the 

market (Afshar-Mohajer et al. 2015), although most relatively inexpensive desktop 3D printers 

utilize a technique called fused filament fabrication (FFF). In the FFF process, a 3D object is 

formed layer-by-layer as a thermoplastic filament is forced through a heated extrusion nozzle, 

melted, and deposited in thin layers onto a moving baseplate (Gross et al. 2014).  

A few recent studies have shown that potentially hazardous gases and particles are 

emitted from many FFF 3D printers and filaments (Azimi et al. 2016; Kim et al. 2015; Steinle 

2015; Stephens et al. 2013). Many printer and filament combinations have been shown to emit 

ultrafine particles (i.e., UFPs: particles smaller than 100 nm), while others have been shown to 

emit hazardous volatile organic compounds (VOCs) such as styrene and caprolactam (Azimi et 

al. 2016). Understanding the magnitude of these emissions has been critical, as exposure to 

thermal decomposition products from ABS and other thermoplastics are known to have toxic 

effects in animals and humans (Oberdorster et al. 2005; Schaper et al. 1994; Unwin et al. 2013; 

Zitting and Savolainen 1980). Moreover, exposure to UFPs from a variety of sources have been 

linked with a variety of adverse health impacts in humans (Oberdörster 2000; Peters et al. 1997).  

In a recent screening analysis, we estimated that some of the highest emitting printer and 

filament combinations that have been tested to date could yield high concentrations of VOCs and 

UFPs that could be of concern for human health when operated in small office spaces (Azimi et 

al. 2016). However, we are not aware of any studies to date that have explored in detail the likely 

human exposures to both gas and particle emissions from desktop FFF 3D printers and filaments 
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in more realistic indoor environments. Therefore in this work, we use recently published 

measurements of emission rates of both UFPs and speciated VOCs from a wide variety of 

desktop FFF 3D printers and filaments to predict the magnitudes of human exposures to these 

same pollutants that would be expected in multiple spatial locations within a typical small office 

environment. We also use the worst case UFP and VOC emission scenarios to model the likely 

impacts of several potential control strategies for reducing exposures.  

 

Methods 

Characteristics of the modeled office environment 

We used a multi-zone airflow and contaminant transport analysis modeling software, 

CONTAM 3.2 (NIST 2016), to predict concentrations resulting from gas and particle emissions 

from several combinations of desktop FFF 3D printers and filaments, assuming each printer is 

operated inside a one-story office building with a floor area of 511 m2. The office building 

geometry and floor plan was taken from the Department of Energy (DOE) Commercial 

Reference Building data set (Ng et al. 2012). However, we modified some of the building 

characteristics in the CONTAM model to represent more realistic scenarios. Figure 1 shows the 

building floor plan divided into multiple zones and the maximum occupancy in each zone (Ng et 

al. 2012). 
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Figure 1. CONTAM model for the small office building (MO: maximum occupancy; A: floor area) 

 

In Figure 1, each zone was assumed to be well-mixed with uniform temperature, relative 

humidity, and pollutant concentration. In all simulations, one desktop 3D printer was located in 

the small shaded zone in the top left corner of Figure 1. This zone does not have physical 

partitions like the other zones, but represents a 9 m2 floor area space within the western 

perimeter zone in which the printer is contained. We refer to this zone as the “near-distance” 

zone, in which a person would be sitting within immediate proximity to an operating 3D printer 

(i.e., within ~3 m) for extending periods of time. We also refer to two other main zones in which 

occupants would be exposed to printer emissions only after the contaminants are transported 

from the printer location to those areas, including an immediately “adjacent zone” to the near-

distance zone (within ~3-18 m) and a “far zone” that is on the far end of the building (between ~ 

18 and ~33 m away). 

Each zone (other than the bathroom and the “near-distance” zone) was modeled with its 

own air-handling unit (AHU) designed to recirculate indoor air and deliver outdoor air for 
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ventilation. The total supply and return airflow rates were the same for each AHU. We assumed 

that all five AHUs were designed to meet ASHRAE Standard 62.1-2010 minimum ventilation 

requirements based on both floor area and occupancy (ASHRAE 2010). One exhaust fan ducted 

to the exterior was also assumed to operate continuously in the bathroom at an airflow rate of 1.8 

m3/hr. The required outdoor air ventilation rate for each zone, !!"#$,! (m3/hr), was calculated 

using equation 1 (ASHRAE 2010). 

!!"#$,! = !×!!""#$%&'(,! + !×!!"#$,! Equation 1 

Where: 

! = the required outdoor air ventilation per person for a small office (9 m3/hr per person) 

! = the required outdoor air ventilation per floor area (1.08 m3/hr per m2) 

!!""#$%&'(,! = the maximum number of occupants in zone i (-) 

!!"#$,! = the floor area of zone i (m2) 

 

For the baseline simulation conditions, we also assumed that the AHUs met minimum 

HVAC filtration efficiency requirements in ASHRAE Standard 62.1-2010 with MERV 8 particle 

filters and no gas-phase filtration (ASHRAE 2012). We estimated the removal efficiency of 

MERV 8 filters for UFPs emitted from desktop 3D printers to be 43.5% by mapping the size-

resolved removal efficiency of filters recently tested in Fazli and Stephens (2016) to the resulting 

size-resolved distribution of emitted particles from 3D printers in an office environment reported 

in Stephens et al. (2013) for particles less than 100 nm following a procedure described in Azimi 

et al. (2014).  

We assumed default building occupancy and HVAC system runtime schedules from the 

NIST model, with the building occupied on weekdays from 7:00 am to 6:00 pm and the HVAC 
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system operating from 6:00 am to 10:00 pm on weekdays. In all cases, we assumed that a single 

desktop 3D printer operated continuously for 8 hours from 9:00 am to 5:00 pm, representing a 

relatively high, albeit not uncommon, duration of operation. We assumed that the building was 

located in Chicago, IL and used Typical Meteorological Year (TMY) 3 data for Chicago 

(NSRDB: 1991- 2005 Update: TMY3). Air infiltration through exterior walls was modeled using 

three characteristic openings in each wall representing various types of openings, including 

cracks and gaps in the walls, at the wall corners, and around large openings such as windows and 

doors. The effective leakage area was assumed to be 5.27 cm2/m2 at a reference pressure 

difference of 4 Pa for all three types of small openings (Emmerich and Persily 2011). All of the 

zones were connected to at least one other zone by large openings with cross sectional areas of 1 

m2, which served to simulate doorway openings. The zone boundaries for the “near-distance” 3D 

printing zone were modeled as walls with large openings the same size as their cross sectional 

areas (9 m2).  

Desktop 3D printer emission scenarios 

 

Table 1 summarizes all of the recent measurements of particle and speciated VOC 

emission rates from desktop FFF 3D printers and filaments in the literature to date, including our 

recent study in which we measured both UFP and speciated VOC emissions tests for a total of 5 

popular FFF 3D printers and 9 different filaments, including ABS, PLA, high impact polystyrene 

(HIPS), semitransparent nylon, laybrick (an imitation brick material of unknown chemical 

composition), laywood (an imitation wood material of unknown chemical composition), 

transparent polycarbonate, a semitransparent nylon-based plasticized copolyamide thermoplastic 

elastomer (PCTPE), and a transparent polyester resin filament called T-Glase (Azimi et al. 

2016). The three primary VOCs include caprolactam emitted from nylon-based filaments, 
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styrene emitted from ABS and HIPS filaments, and lactide emitted from PLA filaments. For 

those pollutants that were consistently tested across all previous studies (i.e., UFPs from PLA 

and ABS), reported emission rates were generally within an order of magnitude of each other and 

thus the emission rates from Azimi et al. (2016) are considered reasonably representative of the 

other studies as well.  

 

Table 1. Estimated particle and speciated VOCs from desktop 3D printers in existing literature 

Reference Filament Particle emission rate 
(#/min) Primary emitted VOC VOC emission 

rate (µg/min) 
Kim et al. 
(2015) 

PLA* 4.6 × 108 Toluene N/A 
ABS 1.6 × 1010 Ethylbenzene N/A 

Steinle 
(2016) 

PLA 2.1 × 109 Methyl methacrylate 6.5 
ABS 2.4 × 108 Styrene 5.8 

Azimi et al. 
(2016) 

PLA* 1.1 × 108 Lactide 4.4 
ABS* 6.1 × 1010 Styrene 49.5 
HIPS 1.5 × 1010 Caprolactam 19.6 
Nylon 2.4 × 109 Caprolactam 182.6 

PCTPE 2.8 × 1010 Caprolactam 167.9 
Laybrick 6.9 × 107 Caprolactam 69.1 
Laywood 9.8 × 107 Caprolactam 45.4 
TGlase 3.1 × 1010 Caprolactam 1.5 

Polycarbonate 6.2 × 1010 Caprolactam 1.5 
* Average of reported emissions in the referenced study 

 

Given the breadth of the Azimi et al. (2016) study, we use the emission rates of UFPs and 

the primary speciated VOCs emitted from each of the 9 filaments to predict the time-varying 

concentrations of each pollutant that would likely be present in the previously defined near, 

adjacent, and far zones. We modeled the emitted pollutants “in addition” to what concentrations 

would have existed from other indoor sources. Thus, we assume that the concentrations of each 

pollutant in both outdoor and background indoor air are zero. In CONTAM, we assumed the 

diffusion coefficients of caprolactam and styrene in the office air are 0.065 and 0.071 cm2/s 

(NJDEP 2015), respectively, and kept the UFP and lactide diffusion coefficients equal to 
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CONTAM defaults (0.2 cm2/s). We also assumed default CONTAM values for the effective 

density and specific heat of UFP equal to 1 g/cm3 and 1 kJ/kgK, respectively. Finally, the UFP 

decay rate was assumed 25×10-5 s-1, equal to the median values measured in a recent study in 

UFP decay rates in residences (Wallace et al. 2013). 

 

Evaluating exposure control strategies 

We also modeled the impacts of several control strategies on resulting pollutant 

concentrations in the office space, including: (i) upgrading the central HVAC filtration 

throughout the office; (ii) operating portable stand-alone air cleaners within close proximity to 

the 3D printer; (iii) installing spot ventilation systems within close proximity to the 3D printer; 

and (iv) operating the 3D printer inside a prototype sealed enclosure with recirculating gas and 

particle filtration. For this analysis, we modeled only the highest emission rates for each of the 

primary emitted pollutants to model the likely impacts of control strategies on only the worst-

case scenarios (i.e. emission rates of 6.1 × 1010 #/min for UFPs, 183 µg/min for caprolactam, 50 

µg/min for styrene, and 4 µg/min for lactide). 

Upgraded central HVAC system filtration 

In the first exposure control scenario, we assumed that the HVAC filters installed in the 

central AHUs were upgraded to MERV 16 media impregnated with activated carbon to provide 

both gas and particle filtration. We estimated the UFP removal efficiency of the MERV 16 filter 

to be 97% using the same matching approach with data from Fazli and Stephens (2016) 

described earlier for MERV 8 filters. Because there is a lack of literature on the gas-phase 

removal efficiency of impregnated activated carbon filters for caprolactam, styrene, or lactide, 

we relied on estimates from Sidheswaran et al. (2012) who reported VOC removal efficiencies of 
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active carbon fiber filters for 6 speciated VOCs ranging between 60% and 80%. Therefore, we 

assumed that the removal efficiency of the HEPA filters with active carbon fibers for all of the 

emitted VOCs is equal to 70%. 

Operating portable stand-alone air cleaners 

Several previous studies have measured clean air delivery rates (CADRs) and/or single-

pass removal efficiencies for UFPs from a number of commercial stand-alone air cleaners.  

Waring et al., (2008) reported a single-pass removal efficiency of ~60% for two HEPA air 

cleaners with average CADRs across all particle sizes of 188 and 324 m3/hr, respectively. Other 

studies have reported CADRs for UFPs from other similar commercial air cleaner products 

ranging from ~100 to ~300 m3/hr, with single-pass efficiencies typically ranging from ~45% to 

~60% (Mølgaard et al. 2014; Sultan et al. 2011). Therefore, we modeled two distinct portable air 

cleaner scenarios with CADRs of 100 and 300 m3/hr for UFPs. Assuming a single-pass 

efficiency of 60% for the HEPA filters, the airflow rates of the two air cleaners were calculated 

to be 167 m3/hr and 500 m3/hr, respectively. We assumed that the filters also contained 

impregnated carbon with 70% removal efficiency for each of the VOCs modeled herein 

(Sidheswaran et al. 2012), which yields CADRs for the modeled VOCs of 117 m3/hr and 350 

m3/hr for the low- and high-efficiency air cleaner scenarios, respectively. Both air cleaners were 

modeled in CONTAM as an air handling system with equal supply and return air flows inside the 

“near-distance” zone and without any air exchange with outdoor air.  

Spot ventilation systems 

Next, we modeled the impacts of introducing spot ventilation in the “near-distance” zone 

within the immediate vicinity of the operating 3D printer. For lack of other data on exhaust 

systems that are designed specifically for 3D printer applications, we assumed that spot 
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ventilation systems performed similar to exhaust hoods installed in small commercial or 

residential kitchens. We assumed that the hoods were located approximately 1.5 m above the 

desktop 3D printer and exhausted directly to the outdoors. A few recent studies in test kitchens 

have reported widely varying nominal and measured airflow rates, as well as capture efficiencies 

for both gas and particle emissions from cooking, that are achievable by a number of kitchen 

exhaust fans (Delp and Singer 2012; Logue 2014; Singer et al. 2012). The nominal airflow rates 

in these studies ranged from 325 to 1300 m3/hr (with measured airflow rates from 75 to 650 

m3/hr), and with low, moderate, and high pollutant capture efficiencies ranging from less than 

50% to greater than 75%, generally scaling with airflow rates (Singer et al., 2012). Moreover, if 

we were to consider the 67.3 m2 printing area in the office space as a “chemical storage room,” 

ASHRAE Standard 62.1 would require a minimum exhaust airflow rate of 27 m3/hr per m2 of 

floor area (i.e., a total exhaust rate of 1817 m3/hr) to meet minimum ventilation requirements 

(ASHRAE 2010).  

Given these bounds of reasonable airflow rates and capture efficiencies (CEs), we 

modeled three distinct spot ventilation scenarios with the following characteristics: (1) low 

effectiveness with 90 m3/hr (25 L/s) and 25% CE; (2) medium effectiveness with 360 m3/hr (100 

L/s) and 63% CE; and (3) high effectiveness with 1800 m3/hr (500 L/s) 100% CE. To model the 

spot ventilation scenarios in CONTAM, we defined a hypothetical 1 m2 space inside the “near-

distance” zone with an exhaust fan ducted to the outdoor air. We divided the emission sources 

between the zones based on the CE of the spot ventilation scenario. For example, if the CE was 

25%, 75% of the total emissions of the four main pollutants were assumed to flow into the “near-

distance” zone where they could be transported to other spaces and result in exposure, while 25% 

of the total emissions remained only in the 1 m2 “spot ventilation zone.” We divided the HVAC 
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system supply airflow rates between the “near-distance” and “spot ventilation” zones in such a 

way that both zones have equal pollutant concentrations when the 3D printer operates and the 

spot ventilation airflow rate is zero. 

Sealed enclosure with recirculating filtration 

Finally, we modeled the impacts of operating the 3D printers inside a prototype sealed 

enclosure with recirculating gas and particle filtration to reduce emissions. For this analysis, a 

pilot experimental chamber study was conducted with two high emitting filament and printer 

combinations installed inside a prototype enclosure (Azimi, Zhao, and Stephens 2016). Average 

total VOC (i.e., TVOC) and UFP removal efficiencies of the enclosure were measured as ~90% 

and ~80%, respectively. For lack of other data, we assumed that the enclosure reduces the gas-

phase emission rates equally (by 90%) for all speciated VOCs and all UFP emission rates equally 

(by 80%). The source emissions were simply reduced by 90% and 80% relative to the baseline 

scenario for gases and particles, respectively, in CONTAM. 

 

Results and Discussion 

Predicted concentrations of pollutants emitted from various 3D printer filaments  

Figure 2 shows an example of modeled time-varying concentrations of UFPs and styrene 

in the three defined locations inside the small office environment during the weekdays of first 

week of January resulting from operating a single 3D printer with ABS filament (assuming the 

average ABS emission rate from data from Azimi et al. (2016) in table 1). 
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Figure 2. Typical hourly indoor concentration results from the CONTAM model with a single ABS 
printer operating in “near-distance”, “adjacent”, and “far” zones 

 

The modeled time-varying concentration results demonstrate that the peak exposure to 

pollutants emitted by the 3D printer in the near-distance zone are typically more than 9 and 4 

times higher than in the adjacent zone for UFPs and styrene, respectively, while a much smaller 

fraction of pollutants would actually reach the far-distance zone. The model results also reveal 

that the increase in both gas and particle concentrations in the near and adjacent zones occurs 

almost immediately after the printer begins operating, while concentrations peak much later in 

the far-distance zone. Modeled concentrations in the far zone are also more variable due to 

changes in air infiltration conditions. For example, the relative standard deviation of the 

predicted maximum 1-hour concentrations throughout the entire year is only 2% for UFPs and 

15% for styrene in the near zone, slightly more variable in the adjacent zone (41% for UFPs and 

58% for VOCs), and most variable for the far zone (114% for UFPs and 106% for VOCs). These 

profiles are repeated with reasonable consistency for all weekdays throughout the year. 

Figures 3 and 4 summarize the predicted time-varying concentrations of UFPs and 

speciated VOCs in all three zones over the course of an entire year for each printer and filament 
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combination. Figure 3 shows concentrations predicted in the nearest zone and figure 4 shows 

concentrations predicted in both the adjacent and far zones. Results are presented as ranges of 

daily maximum 1-hour, 8-hour and 24-hour concentrations (i.e., there is a total of 260 data points 

representing 260 weekdays in each series), as some of these metrics can be used to compare 

directly to regulatory limits. The daily maximum 8-hour concentrations during each weekday are 

calculated by taking 8-hour averages of the predicted hourly concentrations and selecting the 

highest average 8-hour concentration period for each day. The daily 24-hour concentrations are 

simply the daily averages for each weekday over the course of the entire year.  

 

Figure 3. Ranges of predicted daily maximum 1-, 8-, and 24-hour concentrations of UFPs and 
speciated VOCs in the “near zone” for a typical year assuming a single desktop 3D printer with 9 

different filaments operates continuously for 8 hours per day  

 
The median values of daily maximum 1-hour UFP concentrations in the near zone ranged 

from just under 100 #/cm3 for Laybrick, Laywood, and PLA filaments to nearly 80,000 #/cm3 for 

ABS and Polycarbonate filaments. Median values of daily maximum 1-hour VOC concentrations 
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ranged from 0.7 to 80 µg/m3 with caprolactam-emitting filaments (highest with Nylon and 

PCTPE), from 8 to 22 µg/m3 with styrene-emitting filaments (ABS and HIPS), and were 

consistently under 2 µg/m3 for lactide-emitting filaments. Since we assumed that the printer 

operates 8 hours per day, the maximum 1-hour and 8-hour daily concentrations are relatively 

similar, while the average 24-hour concentrations are substantially lower, with median values 

approximately 3% and 67% lower than the maximum 1-hour concentration.  

 
Figure 4. Ranges of predicted daily maximum 1-, 8-, and 24-hour concentrations of UFPs and 

speciated VOCs in the (a) “adjacent zone” and (b) “far zone” for a typical year assuming a single 
desktop 3D printer operates with 9 different filaments continuously for 8 hours per day 
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The median values of daily maximum 1-hour UFP concentrations in the adjacent zone 

ranged from less than 20 #/cm3 for low-emitting filaments (e.g., Laybrick, Laywood, and PLA) 

to nearly 10,000 #/cm3 for ABS and Polycarbonate filaments. The median values of daily 

maximum 1-hour VOC concentrations ranged from 0.2 to 20 µg/m3 with caprolactam-emitting 

filaments, 2 to 6 µg/m3 with styrene-emitting filaments, and were consistently lower than 1 

µg/m3 for lactide-emitting filaments. UFP and VOC concentration followed similar patterns in 

the far zone, albeit at much lower absolute concentrations. The median 1-hour, 8-hour, and 24-

hour UFP concentrations in the far zone were only 60, 20 and 7 #/cm3, respectively, when the 3D 

printer was modeled with polycarbonate and ABS filaments. The highest median 1-hour 

maximum concentrations of caprolactam, styrene, and lactide were only 0.5, 0.1, and 0.01 µg/m3 

when the 3D printer was modeled with nylon, ABS, and PLA filaments, respectively. Thus, UFP 

and VOC emissions from the lowest-emitting filaments had essentially no impact on 

concentrations in the far distance zone. 

  

Implications for human health 

Predicted concentrations in the near and adjacent zones have important implications for 

human health. For example, the California Office of Environmental Health Hazard Assessment 

(OEHHA) maintains acute (i.e., 1-hour average), 8-hour average, and chronic (i.e., continuous 

lifetime) reference exposure levels (RELs) of caprolactam of 50 µg/m3, 7 µg/m3, and 2.2 µg/m3, 

respectively (OEHHA 2014). Moreover, acute exposure to high concentrations of caprolactam is 

known to be “irritating to the eyes and the respiratory tract” and “may cause effects on the 

central nervous system” (CDC 1994). Results from the simulations herein suggest that operating 
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a 3D printer with most of the nylon-based filaments (except TGlase and polycarbonate) would 

increase the concentration of caprolactam in both the adjacent and near zones to levels that 

would exceed both the 8-hour and chronic RELs set by OEHHA. Further, the predicted 

caprolactam concentration in the near zone during printing with nylon and PCTPE filaments 

would also exceed the acute REL. The predicted caprolactam concentrations in the far distance 

zone consistently remain under all RELs for all modeled nylon-based filaments. 

Existing guidelines and recommendations for indoor styrene concentrations are limited to 

those set for industrial and workplace environments, including an 8-hour time-weighted-average 

(TWA) of 85 mg/m3 and 426 mg/m3 from the American Conference of Governmental Industrial 

Hygienists (ACGIH) and the Occupational Safety and Health Administration (OSHA) Standard 

# 29 CFR 1910.1000, respectively, and nearly 3000 mg/m3 from the National Institute for 

Occupational Safety and Health (NIOSH). Further, the U.S. Environmental Protection Agency 

(EPA) maintains a Reference Concentration (RfC) for styrene of 1 mg/m3 based on central 

nervous system effects in occupationally exposed workers (US EPA 2000). However, other 

health impacts of styrene exposure have also been shown in epidemiology studies at much lower 

concentrations than these reference levels. For example, styrene concentrations as low as a few 

µg/m3 have been associated with elevated risk of pulmonary infections in infants (Diez et al. 

2000). Our results demonstrate that the median styrene concentrations in the near distance zone 

can easily reach more than 10 times this value, and can be as much as three times higher than the 

highest measured styrene concentration of 7.5 µg/m3 in typical commercial buildings in the U.S. 

EPA BASE study (Girman et al. 1999). Further, styrene is classified as a “possible human 

carcinogen” by the International Agency for Research on Cancer (IARC classification group 2B) 

(IARC 2002) and is “reasonably anticipated to be a human carcinogen” by the National 
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Toxicology Program (National Toxicology Program 2014). These levels suggest that although 

the predicted styrene concentrations in all zones from all printer and filament combinations used 

herein are all lower than defined exposure limits, resulting concentrations still may pose a health 

risk to occupants. 

Although we are not aware of any regulatory limits for indoor UFP concentrations, 

increases in UFP concentrations of ~80,000 #/cm3 in the near-distance zone and ~10,000 #/cm3 

in the adjacent zone resulting from printing with polycarbonate and ABS filaments, as well as 

increases of ~40,000 #/cm3 in the near-distance zone and ~5,000 #/cm3 in the adjacent zone with 

some other filaments, are substantial, particularly given what is known about the health effects 

associated with outdoor UFPs. For example, UFP concentrations of ~80,000 #/cm3 have been 

reported within 100 m of highly trafficked roadways (Zhu et al. 2002), and some of the observed 

associations of adverse health effects with proximity to busy roadways are likely attributable in 

part to elevated UFPs (McConnell et al. 2010; Gauderman et al. 2007; Gauderman et al. 2005). 

Further, recent studies have shown that increases in outdoor UFP concentrations of ~10,000 

#/cm3 are associated with a ~3% increase risk in daily mortality (Stölzel et al. 2007) and 

increases in outdoor UFP concentrations of only ~1,000 #/cm3 are associated with increased 

blood pressure in children (Pieters et al. 2015).  

Comparing the modeled UFP concentrations to levels measured in other indoor 

environments, 80,000 #/cm3 is about 50% higher than the highest time-averaged UFP indoor 

concentrations that have been observed in schools in previous investigations (Diapouli et al. 

2007). Printing with other filaments such as PCTPE, TGlase, and HIPS would also increase the 

near zone UFP concentrations to between 2 and 5 times higher than indoor UFP concentrations 

typically observed in other buildings in the adjacent and near-distance zones, respectively. 
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Although much less is known about the adverse health effects of indoor-generated UFPs, recent 

studies of nanoparticles emitted from photocopiers and laser printers illustrate the potential 

hazard for human health. For example, ultrafine particles collected from a university copy center 

were recently shown to induce lung injury and inflammation in mice (Pirela et al. 2013) and 

upper airway inflammation and oxidative stress in healthy human volunteers (Khatri et al. 2013). 

These data suggest that controlling emissions and/or exposures from high emitting 3D printer 

and filament combinations is warranted in settings similar to the one modeled herein. 

 

Impacts of control strategies on pollutant concentrations 

Next, we chose the highest emitting printer and filament combinations for each pollutant 

and explored the impacts of various control strategies on the resulting concentrations in the same 

three locations within the modeled office environment. ABS, nylon, and PLA filaments were 

selected to represent the highest UFP and styrene, caprolactam, and lactide emissions, 

respectively. Figure 5 shows the predicted impacts of the various control strategies on maximum 

1-hour UFP concentrations in the near, adjacent, and far distances with the 3D printer operating 

on the same schedule as all other simulations. 
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Figure 5. Modeled impacts of various control strategies on maximum 1-hour UFP concentrations in 
the near, adjacent, and far distances  

 

Upgrading the central HVAC system filter to a MERV 16 with activated carbon and 

installing a low-flow (and low capture efficiency) spot ventilation system are predicted to yield 

the smallest reductions in daily maximum 1-hour UFP concentrations in the near zone. 

Conversely, installing a high-flow (and high capture efficiency) spot ventilation system has the 

greatest potential for reducing UFP concentrations in the near zone, followed by using the sealed 

enclosure with particle and gas filtration. Both are predicted to reduce median values of daily 

maximum 1-hour UFP concentrations from ~80,000 #/cm3 to less than ~4000 #/cm3. Both air 

cleaner scenarios have moderate impacts on UFP concentrations in the near zone. These results 

suggest that in order to reduce exposures in areas within immediate proximity to operating 3D 

printers, it is best to prioritize solutions that exhaust or control emissions directly at the source 

rather than attempting to lower UFP concentrations in the broader area with air cleaners and 

filtration. 

Results are somewhat similar in the adjacent zone, albeit with some variability. Installing 

a low-CADR portable air cleaner and upgrading the central HVAC system filtration are 
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predicted to yield the smallest reductions in UFP concentrations in the adjacent zone, although 

the relative reductions in this zone are higher than those in the immediate vicinity of the printer. 

Both moderate- and high-flow spot ventilation systems, as well as the sealed enclosure, are 

predicted to yield the largest reductions in median values of daily maximum 1-hour UFP 

concentrations (all below 500 #/cm3). And although the air cleaners and low-flow spot 

ventilation system have lower UFP removal effectiveness, they can still limit increases in UFP 

concentrations to less than 5,000 #/cm3 in the adjacent zone. Similar relative concentration 

profiles are also observed for the far zone, but the baseline UFP concentrations are already quite 

low (~60 #/cm3) and thus may not necessitate further control strategies. 

Figure 6 shows the impacts of the same control strategies for reducing daily maximum 1-

hour concentrations of individual VOCs, including (a) caprolactam, (b) styrene, and (c) lactide 

emitted from nylon, ABS, and PLA filaments, respectively.  
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Figure 6. Modeled impacts of various control strategies on daily maximum 1-hour concentrations of 
(a) caprolactam, (b) styrene, and (c) lactide in the near, adjacent, and far zones 

The relative reductions in daily maximum 1-hour concentrations with each control 

strategy are similar to those for UFP concentrations and are the same for all individual VOCs 

because most of the same assumptions for pollutant dynamics apply to each VOC. However, 
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absolute concentrations vary based on the strength of the emission source. In the near zone, 

upgrading central HVAC filtration and installing low-flow spot ventilation again have the 

smallest impacts on VOC concentrations, allowing most of the daily maximum 1-hour 

caprolactam concentrations from nylon-based filaments to still exceed the OEHHA acute REL of 

50 µg/m3. The remaining control strategies would all reduce the median daily maximum 1-hour 

caprolactam concentration below this level. Both the high-flow spot ventilation and the sealed 

enclosure with gas and particle filtration are predicted to reduce the median daily maximum 1-

hour caprolactam concentration to less than 2 µg/m3. Similarly, both moderate- and high-flow 

spot ventilation systems and the sealed enclosure are predicted to reduce the median daily 

maximum 1-hour styrene concentration to less than 7.5 µg/m3 (i.e., the maximum level measured 

in U.S. commercial buildings in the BASE study).  

Installing moderate- and high-flow spot ventilation systems and the sealed enclosure are 

predicted to yield the largest reductions in VOC concentrations in the adjacent zone, reducing 

daily maximum 1-hour caprolactam and styrene concentrations to less than 0.5 µg/m3. The 

portable air cleaner scenarios yield smaller reductions in VOC concentrations in both the 

adjacent and far zones, but could still reduce peak caprolactam concentrations below the 

OEHHA acute REL for most days. All of the control strategies except for the low-CADR 

portable air cleaner are predicted to maintain the median daily maximum 1-hour styrene 

concentration in the adjacent zone below 2 µg/m3. Median daily maximum 1-hour lactide 

concentrations remain below 2 µg/m3 for all scenarios in all three zones, suggesting that lactide 

emissions from 3D printers using PLA filaments are likely not problematic for human exposure.  
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Pollutant removal effectiveness of the various control strategies 

These same data were also used to calculate the effectiveness of each of the control 

strategies for reducing UFP and VOC concentrations in each zone using Equation 2. Removal 

effectiveness values are shown in Figure 7. 

!!"#$%"&,! = 1− !!
!!"#$%&'$,!

 
Equation 2 

Where: 

!!"#$%"&,! = Effectiveness of a particular control strategy for removing UFPs/VOCs from 

a specific location (-) 

!! = Median concentration of UFPs/VOCs in a specific location predicted with the use of 

a particular control strategy (#/cm3 or µg/m3) 

!!"#$%&'$,! = Median concentration of UFPs/VOCs in a specific location predicted without 

the use of any control strategies (#/cm3 or µg/m3) 

 

 

Figure 7. Removal effectiveness of each control strategy for reducing UFP and VOC concentrations 
in the near, adjacent, and far zones 
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Removal effectiveness values range from as little as 2% for the expected impact of a low-

flow spot ventilation system on UFPs in the near zone to between 95% and 100% for the 

expected impact of a high-flow spot ventilation system or sealed and filtered enclosure on both 

UFPs and VOCs in all zones. Both portable air cleaner scenarios have similar UFP and VOC 

removal effectiveness for all zones: 38% for UFPs and 46% for VOCs with the low-CADR air 

cleaner, and 64% for UFPs and 72% for VOCs with the high-CADR air cleaner. The 

effectiveness of all other control strategies varied by zone. For example, the UFP and VOC 

removal effectiveness of upgraded central HVAC filtration is 6% and 21% in the near zone, 43% 

and 73% in the adjacent zone, and 77% and 95% in the far zone, respectively. 

While these results provide insight into the likely impacts of realistic exposure control 

strategies on indoor concentrations of gas and particle emission products from desktop 3D 

printers, we should also note that some of these control strategies are more practical and cost-

effective to apply than others. For example, high-flow rate spot ventilation systems that exhaust 

to the outdoors are likely cost prohibitive or impractical in many locations, and thus a sealed and 

filter enclosure may be a more appropriate solution in many environments. Further, operating a 

high-CADR stand-alone air cleaner with both gas and particle filtration can have a meaningful 

impact on both UFP and VOC concentrations in all zones, but could also come with a substantial 

energy penalty. We should also note that while the UFP and VOC emission rates from table 1 

span a wide range of reasonable values, other printer and filament combinations will likely vary 

in both the magnitude of emissions and the types of individual VOCs emitted. Future work 

should also verify these findings with experimental data on both realistic exposures and the 

impact of control strategies in real environments. 
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Conclusions 

Results from the simulations herein provide insight into the likely magnitude of human 

exposures to gas and particle emission products generated by desktop 3D printers and provide 

practical recommendations for exposure control strategies. Modeled concentrations in the three 

zones demonstrate that UFP and VOC concentrations within close or moderate proximity to 

some operating desktop 3D printers can exceed recommended exposure levels and may be cause 

for concern for both acute and chronic health effects. The results also suggest that the most 

effective control strategies for reducing both UFP and VOC concentrations in all zones from 

high emitters used in the modeled environment, in descending order of impact, include: (1) 

installing a high-flow spot ventilation system, (2) operating the printer in a sealed enclosure with 

high efficiency gas and particle filtration, (3) installing a moderate-flow spot ventilation system, 

and (4) operating a high-CADR stand-alone air cleaner with both gas and particle filtration 

within immediate proximity to the operating 3D printer. Upgrading central HVAC filtration, 

installing low-flow spot ventilation, and operating a low-CADR portable air cleaner are the least 

effective methods for reducing UFP and VOC concentrations resulting from 3D printer operation 

in this modeled environment. Results also demonstrate that some 3D printer and filament 

combinations with lower emissions (e.g., PLA filaments, which have both low UFP and VOC 

emissions) should be prioritized over higher emitting filaments to limit human exposures. 
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