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ABSTRACT: Medical shortages during the COVID-19 pandemic saw numerous efforts to 3D print personal
protective equipment and treatment supplies. There is, however, little research on the potential
biocompatibility of 3D-printed parts using typical polymeric resins as pertaining to volatile organic
compounds (VOCs), which have specific relevance for respiratory circuit equipment. Here, we measured
VOCs emitted from freshly printed stereolithography (SLA) replacement medical parts using proton transfer
reaction mass spectrometry and infrared differential absorption spectroscopy, and particulates using a
scanning mobility particle sizer. We observed emission factors for individual VOCs ranging from ∼0.001 to
∼10 ng cm−3 min−1. Emissions were heavily dependent on postprint curing and mildly dependent on the
type of SLA resin. Curing reduced the emission of all observed chemicals, and no compounds exceeded the
recommended dose of 360 μg/d. VOC emissions steadily decreased for all parts over time, with an average e-
folding time scale (time to decrease to 1/e of the starting value) of 2.6 ± 0.9 h.

1. INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic created
shortages of critical medical equipment such as ventilators,
personal protective equipment (PPE) including masks and face
shields and diagnostic supplies such as nasal swabs.1,2 This
shortage was caused by a simultaneous increase in demand of
medical supplies as the number of COVID patients increased,
and a reduction in supply due to large disruptions of
production and delivery supply chains. While many producers
of PPE and medical devices drastically scaled up production,
some hospitals, governments, and nonprofits used additive
manufacturing (AM), or three-dimensional (3D) printing, to
build parts or medical equipment.3,4

3D printing describes a general process in which a printer
builds an object by selectively adding or curing a material
following a preprogrammed design. There are several different
types of 3D-printing processes used in a variety of applications,
and each technique has distinct advantages and disadvantages.
A few of the most popular AM methods include, but are not
limited to, material extrusion, vat photopolymerization,
material jetting (also called inkjet printing), and powder bed
fusion. In material extrusion, a polymer or wax is heated and
then extruded by a nozzle to deposit layers to build a part.
Material extrusion is fast and relatively low-cost, but parts
made by some technological variations such as fused filament
fabrication (“3D”) printing can be of relatively low quality and
is typically used for gadgets or prototyping.5 Inkjet printing is
typically used to produce high-quality parts from light-curing
liquid resins; depending on the intended properties of the
printed part, the resin can contain additives such as ceramics.

The liquid is deposited as a droplet in layers to form a part, and
inkjet printers can control different printing variables by
altering droplet properties. Powder bed fusion uses a laser or
other high energy sources to fuse successive layers of fine
powder. Once the part is finished, a vacuum removes excess
powder.6

This work only examines parts printed using vat photo-
polymerization, specifically stereolithography (SLA), which is
distinguished as a technique by using ultraviolet (UV) light to
produce parts from light-curing liquid resins. SLA is popular
for biomedical applications because of the high quality and
resolution (down to 10 μm) of printed parts, though it is
expensive and relatively time-consuming compared to other
methods. During the SLA polymer-printing process, a liquid
resin is cross-linked into a solid polymer using a photochemical
reaction. Excess uncured resin is washed away with a solvent,
typically isopropyl alcohol though other solvents may be used,
and then optional additional curing is completed by exposing
the part to heat and UV light. While 3D printing usually takes
longer to produce objects per part than many mass production
methods such as injection molding, 3D printers themselves
exist in large quantities and have the flexibility to print parts in
a variety of shapes and designs that can be difficult to
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manufacture with traditional methods. 3D printing also does
not require expensive retooling to produce a new part or
design. A user can download a structural design file from
another user and print the same part on a printer in an entirely
different location. 3D printers employ a variety of materials
and techniques, depending on the application and manufac-
turer. Because they are lightweight, easily sterilized, and low-
cost, most replacement medical parts for the applications
mentioned above are printed or molded from polymer
plastics.6 Certain types of printers and materials, including
SLA/resin printers, are particularly suited for sealed hydraulic
and pneumatic applications due to their ability to print with
100% infill and with sufficiently high resolution to completely
seal gaskets, O-rings, compression fittings, and sealed threads.
3D-printed polymer-based parts are increasingly used in

various medical equipment and consumer products, where
emissions from the printed part could present a health hazard
or nuisance odors. Before the COVID-19 pandemic,
researchers explored the use of 3D-printed respirators for
applications such as better fitting face masks7−9 or medical
implants,10 but this research rapidly accelerated from 2020 to
2021.4,11,12 Additionally, 3D-printed parts are now frequently
used in sensitive analytical instrumentation.13,14 some of which
are designed to measure pollutants that the parts themselves
could emit.15 Uncharacterized emissions could potentially
induce error, bias, or artifacts into measurements made with
3D-printed parts.
There is relatively little literature on the composition of toxic

chemicals that affect biocompatibility of 3D-printed parts with
living organisms, as well as the toxicity of finished 3D-printed
parts. Unprocessed or uncured liquid resins are often toxic, and
Oskui et al.16 reported that uncured 3D-printed parts killed
zebrafish. However, curing the parts after printing reduced
emissions to the point where zebrafish were healthy enough to
perform experiments with the 3D-printed substrate. Similarly,
MacDonald et al. suggested to use zebrafish embryos as a
diagnostic assay for biocompatibility.17 Other literature has
demonstrated that 3D-printed polymers are potential endo-
crine disrupters in embryos, particularly those leaching diethyl
phthalate polyethylene glycol.18 Additional research groups
have evaluated 3D-printed parts on different biological
matrices,18−21 particularly for dental applications.22 Several of
these studies reported that curing or postprocessing with heat
reduced toxicity.17,20,23 Other studies showed that solvent-
based washes could eliminate toxic byproducts, such as
supercritical CO2 used by Popov et al.,24 to remove monomers

from 3D-printed cranial implants or isopropyl alcohol by Xu et
al. for dental implants.25 Few studies even attempt to explicitly
identify the molecular composition of the toxic compounds
and none evaluate the biological safety effects of the 3D-
printed parts on a breathing gas pathway.
Researchers have extensively studied both particulate and

gaseous emissions produced directly from 3D printers during
the printing process26−28 with a focus on ultrafine particle
emissions,29,30 and there are many additional studies
examining emissions from other polymeric processes (e.g.,
plastic recycling in Unwin et al.31). Of particular relevance for
this work, Vaïsan̈en et al.32 measured gas-phase volatile organic
compound (VOC) emissions during the printing process of an
SLA Formlabs printer and detected several different com-
pounds in excess of the background. There are, however, no
published studies directly characterizing particulate and
gaseous emissions from the finished printed parts. Most of
the 3D-printed parts are used for consumer-facing applications
(with exceptions for dental implants and some other
applications noted above), for which there are no testing
regimes or regulations. This enables 3D-printed PPE such as
masks or face shields to be used without prior testing. The
ventilator parts used in this study, however, are medical devices
and would be subject to strict regulatory testing requirements
before use just as medical devices produced from traditional
manufacturing methods.
The International Organization for Standardization (ISO)

has issued a series of protocols, ISO-18562-3:2017, for testing
of VOCs emitted from breathing apparatuses, and ISO-18562-
2:2017, for testing of particulate emissions. Typically, testers
would use a thermal desorption gas chromatograph to measure
VOC concentrations from parts 3 times over a 24 h period. If
the identified VOC does not have an established tolerable
intake (TI) level, then the standard has varying levels of
toxicological thresholds of concern (TTC) ranging from 40 μg
per day for long term exposure devices (used for >30 days) to
360 μg per day per chemical constituent for short duration
devices (used for <24 h).33

In this work, we use three different analytical instruments to
measure gas- and condensed-phase (particulate) emissions
from recently printed substitute medical parts. Largescale
production of these 3D parts was a potential course of action
to mitigate the surge of COVID patients expected to outpace
the supply of ventilators. Here, we focus on two types of 3D-
printed parts for emergency pulmonary care: (1) flow splitters
to split one ventilator to two patients;34 and (2) an oxygen

Figure 1. Emission factors in units of nanograms per cubic centimeter (cm3) per minute for mass spectral signals measured using a Vocus proton
transfer reaction-time-of-flight spectrometer and formic acid and formaldehyde measured using a tunable infrared differential absorption
spectrometer. Error bars represent the standard error of the mean (SEM) of multiple measurements. The tunable infrared differential absorption
spectrometer only made one set of measurements, so formic acid and formaldehyde are presented without error bars.
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enrichment port used to increase the proportion of oxygen in a
ventilator or a continuous positive air pressure (CPAP) or
bilevel positive air pressure device (BiPAP). We performed
these measurements to better characterize the composition and
concentrations of gas and particle species emitted by 3D parts
in real-time under conditions that simulate use scenarios.
Rather than use a more-typical gas chromatograph that
provides discrete sampling over 20−60 min time intervals,
we performed real-time measurements using an online
chemical ionization mass spectrometer acquiring an entire
mass spectrum per second over long periods (either 5 min or
10 h) for all measured parts. While the time-of-flight mass
spectrometer (TOF-MS) does not provide unambiguous
structural identification as gas chromatography (GC)−MS
does, we obtain a time-resolved picture of the emission
process. Thus, we were able to measure some parts over a
continuous multihour period to observe the full off gassing and
equilibration process. To the best of our knowledge, these are
the first published measurements of gas and aerosol emissions
directly from cured and uncured 3D-printed parts.

2. RESULTS AND DISCUSSION
2.1. Emission Factors. Figure 1 shows calculated emission

factors for common VOCs from four different types of 3D-
printed parts, photos of which we present in Figure S1. We
present emissions from two parts printed in Formlabs clear
resin (FLGPCL02, Formlabs), with one part cured and one
not cured. We also show emissions from two parts printed out
of Formlabs surgical guide resin, (FLSGAM01, Formlabs) with
one cured and one uncured (see the Methods section for a
more thorough definition of the curing process). Both resins
are acrylate-based. The surgical guide resin (Formlabs,
Somerville, MA, USA) is intended for 3D-printed endosseous
dental implant accessories such as dental surgical guides.
Figure 1 presents emissions in units of nanograms per cubic
centimeter per minute (ng cm−3 min−1), so that emission
factors may be scalable to the relevant total surface area of
printed parts for evaluating other 3D-printed parts or to use in
exposure models. Each mass spectral measurement in Figure 1
is the average of three discrete measurements of three different
copies of the same part. The error bars represent the standard
error of the mean.
The Figure 1 legend lists signals differently depending on the

method of detection. The legend explicitly lists formic acid
(HCOOH) and formaldehyde (HCHO) by name because
they were unambiguously identified using infrared spectrosco-
py. We list mass spectral measurements as elemental formulas
because a time-of-flight mass spectrometer cannot distinguish
structural isomers. While the time-of-flight mass spectrometer
enables the simultaneous measurement of hundreds of ions
every second, we choose to focus our analysis on specific
analytes using two criteria: first, prior inference that is based on
the expected chemical composition of the resin and associated
byproducts emitted during curing. Second, we identify ions
that increase when comparing the mass spectra between zero
air backgrounds and sampling of 3D-printed parts. Because the
clear resin is composed of methacrylated oligomers and
monomers that are bonded together during the printing
process, we targeted measurements of likely residual trace
volatiles such as C4H6O2 (methyl acrylate), C5H8O2 (methyl
methacrylate), C6H10O2 (ethyl methacrylate), and C7H12O2
(propyl methacrylate). In the uncured resins, we do observe
elevated values of C4H6O2 (likely methyl acrylate) and

C5H8O2 (methyl methacrylate). Both signals decrease
significantly after curing. While acrylonitrile-butadiene-styrene
(ABS) polymer is a commonly used solid plastic feedstock for
material extrusion, Formlabs printers cannot use it as the liquid
resin used to produce printed parts, nor are the printers
themselves constructed from ABS. The parts were handled
with nitrile gloves, however, so we hypothesize that the C3H3N
signal (acrylonitrile) could be contamination from handling.
Thus, we also report emission factors for acrylonitrile, which is
low compared to the other emissions and has no appreciable
decrease with curing within the error bars of the measurement.
We also include additional signals such as C6H6 (benzene),
C8H10 (xylenes), C9H12 (trimethyl benzene/ethyl benzene/
ethyl toluene/propyl benzene), C5H8 (cyclopentene/iso-
prene), and C10H16 (monoterpenes or other petroleum-
derivative alkenes).35 Table S1 of the Supporting Information
lists the likely and possible molecules for each of the formulas.
In the text, we refer to both for clarity.
Many of the compounds we detected were also reported by

Vaïsan̈en et al.,34 who measured emissions using GC−MS from
various printers, including a Formlabs SLA printer. The two
compounds they detected in the highest abundance were
methyl methacrylate and ethyl methacrylate, which we also
observed with a proton transfer reaction mass spectrometer in
high quantities directly from the part. They detected a small
amount of benzene above the background, which we also
interestingly measured from the printed part, but could not
explain the origin of. Their measurement suggests that the
benzene or some other compounds could have adsorbed to or
absorbed into the part during the printing process. They did
not detect siloxanes, which we also failed to measure. They did
detect acetic acid during the middle of the printing process, but
not at the end. Thus, the lack of acetic acid in our
measurements of the finished part is consistent, otherwise
Vaïsan̈en et al. likely would have measured some at the end of
the printing process. In general, we find our measurements to
be consistent with those in Vaïsan̈en et al., and useful to
confirm which chemicals they observed came from the part or
resin itself (esters) or from the printing process (acetic acid).
Figure S2 shows the same measurements in Figure 1, but in

units of μg/d and plotted with the limit listed in the ISO
protocol of 360 μg/d. All signals, except for C3H6O (acetone/
propanal) for the clear resin and uncured surgical guide resin,
are below this threshold. All measured signals for the cured
surgical guide are below the threshold. Most of the reported
signals are considerably lower than the daily threshold, by 2 or
3 orders of magnitude.
While the surgical guide resin has lower emissions than the

clear resin, Figure 1 shows that curing has a much larger effect
on emission levels than the choice of resin. For both the clear
resin and the surgical guide resin, curing reduces the emission
factors for all measured signals and compounds, in some cases
up to a factor of 10× less. Emissions from the cured clear resin
are comparable to those from the cured surgical guide resin.
We also tested a second set of parts printed from other types

of resins and different cures, printed by the same Formlabs
SLA printer. We present more details on these parts and the
printer in Section 3.1. This second set of experiments was
semiquantitative because we did not accurately measure the
dilution flow or take replicate measurements to gauge precision
and reproducibility. The experimental conditions were
consistent, however, and enable qualitative comparisons of
different resins against one another. In Figure S3, we show
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emission factors for additional curing and resin types that have
similar trends to Figure 1. Figure S3 has measurements from
an uncured part, a part cured for only 20 min, and a part cured
for only 60 min. The more curing, the more emissions decrease
for almost all the signals shown. In these sets of experiments,
ethanol is very high, which we hypothesize is residue from
cleaning the parts after printing.
Overall, our gas-phase measurements from both exper-

imental sets clearly show that curing is effective in reducing the
emissions of VOCs from 3D-printed parts, regardless of the
resin type. This is consistent with some of the previous reports
in the literature, which measured an increase in biocompat-
ibility after curing.16,23

In addition to the gaseous emission measurements in Figure
1, we also present particulate emission measurements in Figure
S4 obtained using a scanning mobility particle sizer. For the
four different resins sampled in Figure 1, we detect no
particulate emissions from measurements of the particle
number concentration (number/cm3), particle volume, or
particle area. This is expected, as the parts do not have dust or
loose material that could be resuspended, and the emissions of
low volatility gases capable of nucleation would be extremely
low at room temperature.
2.2. Time-Dependent Decay of Emissions. In addition

to the emission factor measurements, we evaluated a single
printed part to determine its emission time scale over a period
of several hours. Air was continuously flushed over the part and
brought to the instrument for analysis. In contrast to the ISO
testing protocol, which only requires GC−MS point measure-
ments three times in a 24 h period, with the online proton
transfer reaction mass spectrometer we were able to take a
measurement every second and observe temporal trends in
emissions. Figure 2 shows an approximately 10 h long time
series of the same mass spectral signals in Figure 1. All the
signals are normalized to their max intensity for easy
comparison. The signals are plotted with an exponential
decay determined from a least-squares fit of the measurement
trace to the following equation

τ
= −

−
y t y

t t
( ) exp0

0

d

i
k
jjjjj

y
{
zzzzz (1)

where t0 is the time of the peak in the compound
concentration, y0 is the peak value of y, and τ is the timescale
of the decay to equilibrium.

Over the first 10 h of the measurement, the reported
compounds decrease with e-folding time scales ranging from
1.4 to 4.2 h, and with an average e-folding decay of 2.6 ± 0.9 h.
While we have not found any examples in the literature of

direct part emission measurements over time, other groups
have used biological proxies to measure the diminishing effect
of emissions. Notably, Inoue and Ikuta23 heated 3D-printed
parts, including SLA parts from Formlabs printers, and
extracted gaseous emissions in a water trap. Absorbance
spectra suggested that the VOC bulk with an absorbance peak
at 245 nm decreases by an e-folding time scale of less than 1 h.
This is slightly faster than our results by a factor of ∼2× of 3×,
but there are many uncertainties in comparing speciated mass
spectral signals with bulk 245 nm absorbance spectra. Most
obviously, Inoue and Ikuta did not know exactly which
compounds were absorbing at 245 nm and had no clues as to
the functionality or vapor pressure. Furthermore, some
chemical transformationpossibly oxidationoccurred dur-
ing Inoue and Ikuta’s curing process because they report that
the clear parts turned brown after curing in both air and N2
(though somewhat less so in N2).
We suggest that the approach in this manuscript is easier to

implement than other more sophisticated and effective
methods such as washing with supercritical CO2.

24 While it
totally eliminates byproducts, supercritical CO2 requires
relatively expensive and specialized materials but leaving the
part out under a clean buffer gas is achievable in almost any
laboratory or maker space. Additional washing with solvents,
such as ethanol or isopropyl alcohol, also has shown to increase
biocompatibility in cell cultures or zebrafish.17,25 The esters
(e.g., methyl methacrylate) are likely soluble in alcohol
solvents and will be effective in washing them away. However,
we note that our parts were washed with isopropyl alcohol
after finishing and we still detected numerous emissions in our
tests.
The decay times suggest that, in addition to, or in place of,

curing for 30 min or longer, leaving the parts in a ventilated
area for 2−3 h (kept sterile for medical equipment) would
significantly (by a factor of e) reduce the magnitude of VOC
emissions. This is consistent with prior results that suggest that
biocompatibility can be improved on a similar time scale.23

Keeping the part at an elevated temperature would increase the
rate of outgassing and can reduce harmful VOCs present
before use in a medical or other consumer setting. Addition-
ally, emission tests for regulatory purposes should be
completed with the part maintained at a constant temperature.

Figure 2. Emission trends for selected analytes over a 10 h period of continuous air flow. The emission currents were fit with an exponential decay
function to estimate their e-folding emissions time.
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3. METHODS

3.1. 3D-Printed Parts. We performed two separate sets of
experiments sampling two different sets of 3D-printed parts.
Set 1 contained three different types of resins and two different
types of cures, but the sampling protocol was not quantitative
and could not be used to produce accurate absolute emission
factors. Thus, we present relative emission factors of the parts
in arbitrary units relative to one another in Figure S3. To
measure more quantitatively accurate absolute emission
factors, we performed a more focused second set of
experiments (set 2) with a quantitative sampling system but
sampled only two parts and two cure types (cured and
uncured).
We printed and tested emissions from flow splitters, used to

share ventilators,34,36 and oxygen enrichment ports that were
produced in a laboratory at the University of Rhode Island
using Formlabs Form 2 SLA 3D printers. Figure S1 shows
photographs of the printed parts we used for testing. During
the printing process, uncured liquid photopolymer resin is
cross-linked into solid polymer using a laser-driven photo-
chemical reaction. Excess uncured resin is then washed away
with >90% isopropyl alcohol.
Curing, a post processing step, included exposing the part to

405 nm light from all directions and heating the part to 60 C
for a 30 min cycle using a Formlabs cure unit. In Set 1, we
tested parts that were cured for either 20 or 60 min. After
printing and curing, we placed each part into a small plastic
bag, sealed it, and transported the parts by vehicle from the
University of Rhode Island in Narragansett, RI, USA to
Aerodyne Research in Billerica, MA, USA for measurements.
For set 1, the age of the parts at the beginning of testing at
Aerodyne was 8 to 12 h, but because they were sealed in small
plastic bags, we assume outgassing was limited. The age of the
parts for set 2 was approximately 24 h. Both timelines mimic a
theoretically realistic manufacturing and logistics process that
includes printing, delivering, and deploying 3D-printed
medical parts in a clinical or consumer setting, and should
represent an upper bound on emissions. Longer storage times
would theoretically reduce emissions.
3.2. Analytical Instrumentation. To measure VOCs, we

used a Vocus 2R proton transfer time-of-flight mass
spectrometer (Tofwerk, AG, Thun, Switzerland). PTR-TOF
is a chemical ionization MS technique in which hydronium
(H3O

+) ions transfer a proton to any neutral molecule with a
proton affinity higher than that of water.37 The Vocus proton
transfer time-of-flight mass spectrometer is a novel PTR source
in which the traditional PTR drift tube is replaced with a
focusing ion-molecule reaction region (fIMR) surrounded by a
quadrupole that focuses the ions along the central axis resulting
in a large increase in sensitivity38 and faster response times due
to no analyte contact with metal parts.39 It can efficiently
sample both VOCs and oxygenated VOCs (oVOCs).40 In this
experiment, the instrument had a mass resolving power of
∼10,000 m/dm at m/z 107.
We calibrated the Vocus proton transfer time-of-flight mass

spectrometer by diluting and injecting common VOCs from a
preprepared standard tank (Apel-Riemer Environmental,
Miami, FL, USA) into the instrument. The standard mix
contained volatile chemicals common to the Earth’s atmos-
phere and was not designed specifically to measure emissions
from 3D-printed parts. Thus, to calibrate additional observed
signals, we estimated the kinetic proton capture rate coefficient

using a published formulation for the dipole moment and
polarizability of the molecule. We calculated sensitivity from
the estimated rate coefficient by computing a regression of
compounds that we explicitly calibrated using the calibration
mixture (Figure S5). We note that this method has an
approximately 50% uncertainty, which should be considered
when using the emission factors from this study.41,42

We measured suspended particulates, or aerosols, with a
scanning mobility particle sizer (TSI Inc.) consisting of a
condensation particle counter (CPC; model 3776; TSI Inc,
MN, USA) and a differential mobility analyzer (DMA; model
3081; TSI Inc., MN, USA). The scanning mobility particle
sizer scanned for particulates from 14.6 to 532 nm over a scan
duration of 120 s and then ramped back down for 15 s,
resulting in a 135 s measurement time resolution.
We used a tunable infrared differential absorption

spectrometer43 to measure formaldehyde (HCOH) and formic
acid (HCOOH). Details of the instrument and its config-
uration have been described in depth in previous literature.44

We only used the Vocus proton transfer time-of-flight mass
spectrometer for the set 1 experiments that provide qualitative
measurements of curing types. In set 2 experiments, we
measured with the Vocus proton transfer time-of-flight mass
spectrometer, scanning mobility particle sizer, and tunable
infrared differential absorption spectrometer to obtain
quantitative measurements of emission factors.

3.3. Sampling Procedure. For Vocus proton transfer
time-of-flight mass spectrometer measurements of gas-phase
emissions, we placed a single part at a time into a small (∼1 L)
custom-constructed fluorinated ethylene propylene (FEP)
Teflon bag and sealed the bag with a Teflon FEP panel
taped to the outside of the bag with a special VOC-free
adhesive tape that can stick to teflon surfaces (3M Corp.). The
FEP bags are popular for use in atmospheric chemistry
experiments because their surfaces are chemically inert, do not
serve as catalysts, and have minimal gas−wall interactions
compared to other materials.45,46 The Vocus proton transfer
time-of-flight mass spectrometer sampled from the part-
containing bag at a flow rate of 1.0 SLPM and the tunable
infrared differential absorption spectrometer at 0.5 SLPM
(when in use). Both instruments drew sample air via a 1/4″
OD perfluoroalkoxy alkane line. The line to the proton transfer
time-of-flight mass spectrometer was 0.3 m long, and the line
to the tunable infrared differential absorption spectrometer was
∼15 m long because the instrument was in an adjacent
laboratory room. The total flow into the bag was 2.5 SLPM,
and the excess was blown off from an open valve on the
sampling outlet to ensure the sampling bag was at a slight
positive pressure, and that there were no leaks of room air into
the bag, part, or sampling orifice. We corrected the measured
concentrations for the 1:2.5 dilution ratio in data postprocess-
ing. As a sample carrier gas, we flowed clean synthetic air that
was made from the gaseous blowoff of a liquid nitrogen (N2)
dewar and liquid oxygen (O2) dewar together into a 20%
oxygen mix.
For scanning mobility particle sizer measurements, we used

a metal sampling apparatus to reduce losses of charged
particles to surfaces. We placed a single part at a time into a
sealable stainless-steel container, locked with a stainless-steel
vacuum flange and a Viton gasket. The synthetic clean air
flowed into the container through a 1/4″ Swagelok fitting,
pushing sample air over the part and into a 1/4″ OD copper
line to the scanning mobility particle sizer.
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We recorded blanks or background measurements by
flowing synthetic air through each container before measuring
each part. The value of the background was subtracted in
postprocessing and the data in both Figures 1 and 2 are
background-corrected.
3.4. Emission Factor Calculations. To determine an

individual VOC emission factor for each part in units of ng
cm−3 min−1, as in Figure 1, we first converted the calibrated
gas-phase steady-state concentration [C] of the VOC in units
of parts-per-billion by volume (ppbv) to an emission factor,
EF, in units of μg m−3

μ =
[ ] × × × F

EF ( g/m )
C MW 0.0409

SA
3 L

(2)

where MW is the molecular weight of the detected ion in units
of g/mol. We used the molecular weight of the ion minus one
hydrogen atom (−H), to account for the proton added during
ionization. At 1 atm and 25 °C, air contains 4.09 × 10−2 mol
L−1. Adjusting units of mol L−1 to μg m−3 results in a factor of
(0.0409 × MW) to convert calibrated signals in units of ppbv
into μg m−3. We then normalize to the surface area ratio, SA, of
the parts, for which the flow splitter had a total area of 5633
mm2 and the oxygen enrichment port had a total surface area
of 3071 mm2. Our total flow into the measurement bag was 2.5
SLPM, which we multiply by (FL) to obtain emissions on a
per-minute basis.
For the emission factors reported in dose units in Figure S2,

we converted measured concentrations from units of ppbv to
μg day−1 using the following formula.

μ = [ ] × × × × [ × ]D
EF ( g/m )

C MW 0.0409 BR 0.54
2

3

(3)

D accounts for the 1:2.5 dilution in the total flow versus the
flow sampled by the tunable infrared differential absorption
spectrometer, scanning mobility particle sizer, or Vocus proton
transfer time-of-flight mass spectrometer. BR normalizes the
concentration to the average breath per adult human per day of
20 m3 day−1.33 The sampling setup results in a measurement of
emissions from the surface of the entire part, but in a real-
world use case, only emissions from the inside surface of the
part would be exposed to human lungs. To account for this, we
assume the inside and outside surface areas are symmetric and
we divide the emission factor by 2, given that the parts are
almost completely symmetric between the inside and outside.
Finally, emission factors for the flow splitters were multiplied
by a factor of 0.54 to normalize emissions to those of an
oxygen enrichment port (3071:5633 mm2).
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