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ABSTRACT: Particles and volatile organic compounds (VOCs) have been
detected emitting from material extrusion 3D printing, which is widely used in
nonindustrial environments. However, vat polymerization 3D printing that is also
commonly used has yet to be well-characterized for its emissions. In this study, we
measured particle and VOC emission rates from stereolithography (SLA) 3D
printing during print and post-processing wash and cure processes individually using
a standardized testing method for 3D printer emissions in an exposure chamber. We
observed minimal particle emissions and identiﬁed 30 to over 100 individual VOCs
emitted from each operating phase, some of which accumulated after the printing
ended. The total VOC emissions from SLA processes were higher than typical levels
from material extrusion 3D printing, and the emission rate could be over 4 mg/h.
Major VOCs emitted were associated with the resin and chemicals used in print and
post-processing procedures, which included esters, alcohols, aldehydes, ketones, aromatics, and hydrocarbons. Emissions from postprocessing units were lower than those from printing but also included chemicals with health concerns. The emitted mixture of
sensitizers, carcinogens, irritants, and ﬂammable chemicals may present a hazard for indoor air quality and human health. The
estimated personal exposure to total VOC and some speciﬁc VOCs of concern to human health, like formaldehyde and naphthalene,
exceeded the recommended indoor levels (e.g., California Oﬃce of Environmental Health Hazard Assessment), potentially causing
irritation and other health impacts for 3D printer users.
KEYWORDS: 3D printing, emission, volatile organic compound, exposure, health concern

1. INTRODUCTION
Additive manufacturing (AM) is a process of joining materials
to make parts from 3D model data; 3D printing in particular is
associated with machines that are low-end in price and/or
overall capability.1 Due to the aﬀordability and ease to access
and operate, 3D printers have been widely used in industrial
and nonindustrial applications, such as occupational, educational, and residential environments. Among the seven AM
technologies, material extrusion (e.g., fused ﬁlament fabrication, FFF) and vat polymerization (e.g., stereolithography,
SLA) are the mostly used. Vat polymerization works by
selectively curing liquid photopolymer resin in a vat by lightactivated polymerization,1 which yields high-resolution and
ﬁnely featured parts.
As 3D printers grow in application and use, health concerns
over exposure to 3D printing emissions have been raised,
especially when vulnerable populations like children are
involved. Recent studies have shown particles and volatile
organic compounds (VOCs) being emitted from FFF 3D
printing using various print materials.2−9 These emissions are
detrimental to indoor air quality and potentially harmful to 3D
printer users;10−15 cases with adverse respiratory responses
have been reported.16,17 Reported data on other 3D printing
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technologies are less prevalent but have also indicated potential
health concerns.18−21 SLA vat polymerization 3D printing uses
liquid photopolymer that usually contains binders, monomers,
and photoinitiators.22 Speciﬁcally, binders may include
immune sensitizers like acrylates,22,23 and photoinitiators
may contain heavy metals.22,24,25 These compounds can
evaporate or emit from liquid resin during normal use.26
Stefaniak et al.18 measured particle and VOC emissions from
SLA and digital light processing (DLP) vat polymerization 3D
printers; they observed particles containing metals emitted
with yield levels similar to those of material extrusion printers
and detected benzaldehyde, acetone, and 4-oxopentanal
emissions.18 Their measured total volatile organic compound
(TVOC) emission rates from DLP printers were consistent
with Yang and Li.26 Two ﬁeld studies have shown elevated
Received: January 18, 2022
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levels of TVOC and VOCs like ketones, alcohols, and esters
emitted from vat polymerization 3D printers in occupational,
residential, and university settings.19,21 The measured particle
levels in rooms were elevated or similar to background levels
but lower than those for material extrusion printers.19,21
Emission characterizations depend on experimental design,
studied conditions, and measurement and analysis methods.
The inconsistency in sampling and analysis methods may lead
to variations and inconclusive comparisons with the reported
concentration levels, even calculated emission factors. For
instance, emission levels are largely aﬀected by environmental
conditions in a study (e.g., air change rate). Furthermore,
TVOC and individual VOC levels are dependent on analysis
methods and instrumental accuracy and sensitivity. Most
previous VOC analyses for vat polymerization 3D printing
used photoionization detector (PID) devices. Oﬄine VOC
sampling with mass spectrometry analysis would provide
detailed VOC characterizations with higher detection
sensitivity. In addition, only limited numbers of VOCs have
been identiﬁed and reported due to limitations of instrumentation and/or the analysis method, and a comprehensive
understanding of VOC emissions from vat polymerization 3D
printing with more data is needed.
In this study, we applied a standardized testing method to
characterize emissions from SLA 3D printing. The studied SLA
print cycle included a printing process and two post-printing
processes, wash and cure. We identiﬁed and quantiﬁed a
comprehensive list of emitted VOCs using an established
analytical laboratory including a database speciﬁc to indoor
environments. The emission characteristics were compared to
the results from FFF 3D printers measured using the same
method. Furthermore, health implications for diﬀerent indoor
exposure scenarios were estimated.
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Figure 1. Inside of the exposure chamber. The studied printer was
placed in the middle. Particle sampling tubes were located at the back
wall. VOC sampling tubes entered from the top of the chamber.
Accessible gloves on the sides were for operations during sampling
when the chamber is closed.

nm to 10 μm in diameter. Further, particle emission rate
(emission per print time) and yield (emission per print object
mass) were calculated according to ANSI/CAN/UL 2904,30 a
standardized method for testing and assessing particle and
chemical emissions from 3D printers.
VOCs and low-molecular-weight aldehydes were sampled
via Teﬂon tubing and a mass ﬂow controller; the sampling ﬂow
rates were 0.2 L/min for VOCs and 0.5 L/min for aldehydes.9
VOCs were collected on Tenax TA (60/80 mesh) sorbent
tubes and then thermally desorbed and analyzed by gas
chromatography/mass spectrometry (GC/MS). VOCs in the
volatility range of n-hexane (C6) to n-hexadecane (C16) were
analyzed following ASTM D619631 and EPA Methods TO1732 and TO-1.33 TVOC levels were calculated by taking the
total GC/MS scan response between C6 and C16 and
converting to a toluene equivalent concentration. Aldehydes
were collected on 2,4-dinitrophenylhydrazine (DNPH) cartridges and further analyzed using high-performance liquid
chromatography (HPLC) following methods ASTM D519734
and EPA TO-11A.35 The detection limit for most VOCs and
aldehydes ranged from 0.2 to 0.5 μg/m3; details of the
identiﬁcation and quantiﬁcation analysis have been described
previously.9
Sampling included several phases: empty chamber background (BG), loaded chamber background with the studied
unit inside the chamber but not operating, during the
operation phase, and a post-print phase after the printing
ﬁnished. Sampling time, or sample volume, was adjusted
according to chemical concentrations and operation duration
(Table S1) to achieve substantial samples for analysis and to
avoid breakthrough. The emission rate and yield for individual

2. METHODS AND MATERIALS
2.1. Exposure Chamber. The emission characterization
was carried out in a 1 m3 well-mixed stainless-steel exposure
chamber, and the studied unit was placed in the middle of the
chamber (Figure 1). This custom-made chamber has two walls
with gloves accessible to the inside of the chamber, enabling
operation of the printer and post-processing units without
opening the chamber door or changing the air conditions
inside. Supply air, with particles and VOCs removed, was
delivered to the chamber continuously, resulting in an air
change rate of one volume per hour. The chamber air
tightness, mixing, and air change rate were validated according
to standards.27,28 Sampling ports for air sample collection were
located approximately 10 cm from the studied unit and
extended through the chamber wall to instruments outside of
the chamber.9,29 The air condition inside the chamber was
monitored at 23 ± 1 °C and 50 ± 5% relative humidity. The
studied units were monitored in the chamber individually; i.e.,
for each test run, there was only one unit placed in the
chamber (see Figure 1 for an example with the studied
printer), and the chamber was cleaned after each test.
2.2. Emission Measurements and Exposure Estimation. Particle concentrations in the chamber were monitored
continuously with on-line particle measurement instrumentation including a scanning mobility particle sizer (SMPS,
diﬀerential mobility analyzer 3082 and condensation particle
counter 3789, TSI Inc.) and an optical particle sizer (OPS
3330, TSI Inc.), collectively measuring particle number
concentration as a function of size for particles spanning 7
B
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VOCs and TVOC were calculated based on the methods in
ANSI/CAN/UL 2904.30
Observed emission rates in the chamber were used to
estimate inhalation exposure levels in diﬀerent indoor
environments using an exposure model:9,30

unit door kept closed. The average concentration during the
cure process was 55 cm−3 compared to the background level of
6 cm−3. Due to the lack of detectable particle emission in the 7
nm to 10 μm size range, particle emission factors could not be
calculated. This ﬁnding is consistent with one ﬁeld
observation21 that submicron particle concentrations were
slightly lower than background levels, while for another SLA
printer that they studied, the concentrations increased during
operation. Although another ﬁeld study19 found low particle
emissions from AM processes other than material extrusion in
an industrial laboratory, Stefaniak et al.18 detected high levels
of particles (in the order of 108 g−1 printed) emitted from SLA
printers in a chamber setup. The disparities of particle emission
results among studies could be from the variability in printer
design and resin composition, as well as from the diﬀerences in
sampling and analysis methods and environmental conditions.
3.2. Total Volatile Organic Compound Emission from
Each Process. TVOC concentrations in the chamber during
diﬀerent operation phases are shown in Figure 2. The loaded

ij A yzij 1 yz
C = ERjjj zzzjjj zzz
j V zj N z
k m {k m {

(1)

where C (μg/m3) is the estimated exposure concentration; ER
(μg/h) the emission rate determined from the chamber study;
Vm (m3) the modeled volume; A the number of 3D printers in
the modeled volume; and Nm (h−1) the air change rate of the
modeled volume.
In this study, a worst-case scenario, i.e., personal (breathing
zone) exposure, and a moderate scenario, i.e., exposure in an
oﬃce room setting, were estimated. Personal exposure was
assumed to be next to the printer (within a 1 m3 volume from
the printer) with a 0.23 h−1 air change rate which was
representative of a single-family residence.36,37 The oﬃce
setting assumed one printer in a 30.6 m3 single-person oﬃce
with an eﬀective outdoor air change rate of 0.68 h−1.30,38 The
exposure model assumed the air to be well-mixed and the 3D
printing process to be the only emission source in the modeled
space.9,30
2.3. Studied Printer Units and Materials. A complete
cycle of the studied SLA 3D printing process included the
printing and two post-processing processes. The ﬁrst process
was carried out by the printer with a shallow tank of liquid
resin (approximately 200 mL) that was preloaded in the
printer before the printer was placed in the chamber. The print
model was a 3.5 cm cube that took approximately 4 h and 55
mL of resin to print, which led to approximately 430 layers
with a 100 μm layer thickness. The resin was heated to 31 °C
which was followed by the printing process, and the printer
was enclosed for the entire process. The studied resin was clear
and from the same manufacturer as the printer. It was
composed of 55−57% (by weight) urethane dimethacrylate,
15−25% methacrylate monomers, and less than 0.9% photoinitiators according to the manufacturer safety data sheet
(SDS). The post-processing treatments included a wash and a
cure process. The washing reagent, fresh isopropyl alcohol
(isopropanol, approximately 2 L), was preloaded in the wash
unit tank. The wash unit was enclosed, and the lid was only
open when loading and unloading the printed object via the
gloves on the chamber wall. The cure unit was also enclosed
and maintained at 60 °C during operation with a 405 nm LED
light; the door was only open when loading and unloading the
printed object. The operation time was 10 min for wash
treatment and 15 min for cure treatment based on the
manufacturer instructions. Printing was tested in duplicates,
and the wash and cure were tested with one test each.

Letter

Figure 2. Total VOC concentrations (red bars) and emission rates
(blue bars) from each SLA operation phase, compared to the existing
database of FFF 3D printing (lines) using the same methods. The
error bar shows one standard deviation.

chamber background TVOC concentration was over 10 times
higher than that of the empty chamber background, which
indicated that the printer itself with resin loaded was a source
of VOC emissions without preheating or operating. This is
likely associated with the TVOC emissions from resin
volatilization at room temperature.26 During the printing
phase, the TVOC concentration further increased to over 4000
μg/m3, which is likely due to the AM activity.26 The TVOC
concentration in the chamber increased during the decay
period (i.e., after the printer ﬁnished printing) for the same
sampling time (1 h). This indicated a continuous release of
VOCs even after the printing ﬁnished. Note that, in this study,
the printer cover was kept closed during the sampling period;
therefore, it is expected that the concentration levels are higher
when opening the printer cover for loading resin and unloading
the printed part.21 Likely due to the absence of the resin tank,
wash and cure processing units yielded lower TVOC levels
than operations with the printer. However, the TVOC
concentrations were still higher than 600 μg/m3 inside the
chamber. Previously reported TVOC concentrations in indoor
environments ranged from hundreds to thousands of μg/m3
diﬀerentiated by environmental conditions (e.g., space and
ventilation), operation procedures (e.g., printer and resin
brand, operation duration), and measurement methods.21,26

3. RESULTS AND DISCUSSION
3.1. Particle Emission from Each Process. The average
particle background levels ranged from 3 to 61 cm−3. During
print and wash processes, the average particle concentrations
reduced to 1 and 56 cm−3, respectively. The maximum particle
concentration increased slightly for the print (10 cm−3) and
wash (68 cm−3) compared to the background. On the other
hand, the cure process generated a spike of particle
concentration when the unit door was opened, which was 83
cm−3, and then, the concentration dropped gradually with the
C
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TVOC emission rates were calculated for print, wash, and
cure processes against the empty chamber background levels
since the units tended to release VOCs even not in operation
(Figure 2). The TVOC emission rate during SLA printing was
5014 ± 915 μg/h, which was comparable to the maximum of
our existing database for FFF 3D printing using the same
methods (4480 μg/h). The existing FFF emission database
included 66 print tests with various printers and ﬁlament
materials. Emission rates of wash and cure processes
(approximately 2000 μg/h) were lower than that of the print
process but higher than the median from the FFF database
(632 μg/h). The TVOC yield was 315−408 μg/g for SLA
printing, which was comparable to results from another
chamber study18 (161−322 μg/g on average) with variances
from diﬀerent printers and chamber conditions.
3.3. Individual Volatile Organic Compound Emission
from Each Process. There were 40, 34, and 42 individual
VOCs detected from the operation of print, wash, and cure
processes, respectively. Note that the sampling volumes in
these cases (Table S1) were smaller than that from our existing
FFF database (1 h); a 1 h sample during the SLA print phase
detected 102 VOCs emitted. The top ﬁve emitting chemicals
with the highest emission rates are shown in Figure 3; they
accounted for 88%, 100%, and 91% of the sum of VOC
emissions for print, wash, and cure processes, respectively.

have been detected previously,21 which was likely associated
with resin formulation.39,40 Propylene glycol was detected from
the loaded background, and its concentration increased by 5−9
times during printing; therefore, it was likely associated with
both the bulk resin and the photopolymerization process. It
was then carried over through the processes, and the emission
decreased. Acetone and crotonic anhydride were detected
mostly during printing (i.e., not detected or low concentration
from the loaded background), indicating that they were
associated with the photopolymerization process.
Isopropanol accounted for over 97% of the sum of VOC
emission rates for the wash treatment, which was due to the
fact that isopropyl alcohol was used as the wash reagent and
was ﬁlled in the wash tank. As photopolymerization reactions
ceased after the print process, and isopropyl alcohol dissolved
uncured resin on the printed part, the emissions of the top 5
VOCs from the print process dropped dramatically for wash
and cure processes, to even undetectable levels (Tables S2−
S4). The washed part was further treated with light (i.e., cure
postprocessing); therefore, isopropanol was also detected at a
relatively high emission rate for the cure treatment (Figure 3).
2,6-Di-tert-butyl-4-methylphenol (BHT) was detected during
the empty chamber background, which could be associated
with the gloves since it is widely used as an antioxidant in food,
rubber, and plastic industries.41 However, its concentration
elevated from the loaded background compared to during
processing; therefore, it was considered to be emitted during
SLA processes. The two alcohols (4-methyl-2-pentanol and 2methyl-2,4-pentanediol) from the wash process could be
associated with reactions involving isopropyl alcohol; 4methyl-2-pentanone was previously found to increase during
the post-processing treatment21 and was also emitted during
the wash process in this study. The two alkanes with methyl
groups (2,6,11-trimethyldodecane and 3,7-dimethylundecane)
were found with high emission rates only during curing, which
could be associated with the breaking of double bonds in the
photochemical reactions.42
Other VOCs were detected at relatively lower emission
rates; full lists of detected chemicals can be found in Tables
S2−S4. The emitting chemicals included esters, hydrocarbons,
alcohols, aldehydes, and ketones. Acetone, isopropanol, and
benzaldehyde have been detected from previous studies using
PID devices.18,19 An oﬀ-line GC/MS analysis in a ﬁeld study
found increases in concentrations of esters, carboxylic acids,
aromatic hydrocarbons, alcohols, and ketones during printing,
while aldehyde concentrations decreased during printing but
increased during post-processing.21 The most emitting
chemical species from printing were esters (38% of identiﬁed
VOCs), hydrocarbons (15%), and aldehydes (13%); from
washing were esters (21%), alcohols (18%), and ketones
(15%); and from curing were hydrocarbons (33%), siloxanes
(14%), esters (12%), and ketones (12%).
A previous study showed that VOC emissions from FFF 3D
printing were mainly associated with the ﬁlament materials and
additives;9 therefore, commonly observed and highly emitting
VOCs from FFF 3D printing were not necessarily overlapping
with those from SLA 3D printing, given the diﬀerences in print
technologies and materials applied. This is proved in this study
since the detection frequencies of the highly emitting
chemicals (Figure 3) were all below 30% out of 66 tests in
our FFF database. In addition, VOCs that have been detected
from all SLA processes had detection frequencies below 45% in
our FFF database, except for formaldehyde and nonanal.

Figure 3. Top ﬁve of the most emitting VOCs from each process
(print, wash, and cure) with their emission rates. The error bar shows
one standard deviation.

2-Hydroxypropyl methacrylate was detected from all
processes with the highest or second highest emission rates;
speciﬁcally, its concentration during the loaded background
was high and increased by approximately 1−2 times during
printing. This indicated that 2-hydroxypropyl methacrylate
could be released or evaporated from the bulk liquid resin that
is composed of urethane dimethacrylate and methacrylate
monomers. After printing, 2-hydroxypropyl methacrylate was
carried over with the printed part and uncured resin and was
therefore released during wash and cure processes but with
reduced emission rates as the treatments progressed. 2Hydroxyethyl methacrylate was also present in the loaded
background, which indicated it being released from the bulk
resin. In addition, the 2-hydroxyethyl methacrylate concentration increased by 4−6 times during printing, which could
result from the photopolymerization process; this could explain
why it was further detected from the cure process but not the
wash process. Methyl methacrylate and ethyl methacrylate
D
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3.4. Indoor Exposure Potentials and Health Implications. TVOC exposure estimates for personal and oﬃce
scenarios are listed in Table 1. The TVOC exposure levels for

inhalation reference exposure level (REL) listed by California
Oﬃce of Environmental Health Hazard Assessment
(OEHHA) (9 μg/m3),48 and the highest personal exposure
to formaldehyde (53.5 μg/m3 for wash) was approximately 6
times the REL. Personal exposure levels of BHT for all
processes were higher than the lowest concentration of interest
(LCI) in the European regulation (100 μg/m3)45 by 3−6
times. Personal exposure to naphthalene (Table S5), which is
known to cause cancer in humans,46,47 was above OEHHA
REL (4.5 μg/m3).36 In addition, personal exposure to nonanal
was above the maximum concentration suggested by American
Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE, 13 μg/m3)43 for all three processes
(Table 1, Tables S5 and S6), as well as isopropanol personal
exposure for the wash process (7000 μg/m3).43 Other
chemicals with signiﬁcant health concerns included acetaldehyde (cancer) and toluene (developmental) from printing and
methyl isobutyl ketone (MIBK, cancer) from washing.47
Estimated personal exposures indicated a potentially high
exposure to TVOC and speciﬁc VOCs with health concerns;
therefore, minimizing close contact to the operating printer
could reduce exposure hazards. In addition to the chemicals of
concern listed above, (meth)acrylates (e.g., 2-hydroxypropyl
methacrylate and 2-hydroxyethyl methacrylate detected from
all of the processes) were found to cause contact allergy and
skin sensitization,23,49 adverse biological eﬀects,50 and
respiratory eﬀects.51,52 Given the high concentrations of
methacrylates released for each process (80 to 1.4 × 104 μg/
m3 for personal exposure), they could potentially induce
irritations, especially for the asthmatic population. Although
the estimated oﬃce exposure levels for the chemicals of
concern were below those indicated in regulations and
guidance documents, this complex mixture of alcohols,
aldehydes, and acrylates could present a strong irritation
response among those exposed.
The manufacturer SDS provides primary information on
resin material with a safety assessment. The resin ingredients
themselves could cause serious eye irritation (methacrylate
monomers) and allergic skin reactions (urethane dimethacrylate and methacrylate monomers) and could aﬀect fertility for
long-term exposure (photoinitiators). Therefore, caution needs
to be taken when storing and handling resin. Speciﬁcally, store
resin in closed containers in a cool, dry, well-ventilated place.
Avoid exposure to light/direct sunlight and heat/ignition, and
store the resin away from incompatible materials like strong
oxidizing agents and polymerization initiators. Liquid resin
should be handling in areas with eﬀective ventilation. To avoid
contact with eyes, skin, and clothing, users are suggested to
wear safety goggles, impervious clothing, and chemicalresistant gloves. In the case of insuﬃcient ventilation, suitable
respiratory protection may be needed. The user manuals
include additional safety warnings for using lasers, sharp tools,
and isopropyl alcohol as well as for working with electronic
components and hot surfaces. Particularly, avoid direct contact
with the laser beam; keep isopropyl alcohol away from heat,
ﬁre, or sparks; wear protective gloves; have good ventilation;
be careful when trimming the printed parts; and beware of
ﬂying debris. Considering the potential exposure to emissions
as characterized in this study, additional caution is suggested
when operating SLA 3D printers and post-processing units,
since more chemicals of health and safety concerns are released
from the material and operating processes. Strategies to reduce
exposures include the following: minimize close contact with

Table 1. TVOC and the Top Five Emitting Chemicals of
Concern for Each Process with Estimated Personal and
Oﬃce Exposure Concentrations
chemical of concern
print

wash

cure

TVOC
acetone
acetic acid
2,6-di-tert-butyl-4methylphenol (BHT)
cyclohexanone
1-butanol (n-butyl
alcohol)
TVOC
2-propanol (isopropanol)
2,6-di-tert-butyl-4methylphenol (BHT)
2-pentanone, 4-hydroxy4-methyl
1-butanol (n-butyl
alcohol)
formaldehyde

personal
(μg/m3)

oﬃce
(μg/m3)

refs

2.18 × 104
1.26 × 103
725
344

241
13.9
8.01
3.81

30
44, 45
44, 45
44−46

163
152

1.81
1.67

46
44, 45

9.39 × 103
3.81 × 105
339

104
4.22 × 103
3.75

30
43, 46
44−46

227

2.51

44, 45

103

1.14

44, 45

0.59

53.5

TVOC
2-propanol (isopropanol)
2,6-di-tert-butyl-4methylphenol (BHT)
cyclohexasiloxane,
dodecamethyl
formaldehyde

8.70 × 10
4.71 × 103
560

96.2
52.0
6.19

36,
44−47
30
43, 46
44−46

157

1.73

45

50.3

0.56

nonyl aldehyde (nonanal)

49.3

0.54

36,
44−47
43, 45

3

the personal breathing zone, as an extreme case, were above
the criteria recommended by the Leadership in Energy and
Environmental Design (LEED) and ANSI/CAN/UL 2904
(500 μg/m3) for all processes,30,43 by 17−44 times. Exposures
in an oﬃce condition were below the criteria; however, it is
noted that the exposure was also driven by environmental
conditions. Thus, exposure could be higher in a smaller and
less ventilated environment like residential homes.
Chemicals of concern are VOCs listed in health-related
regulation and guidance documents for indoor environments
including carcinogens, health hazards, irritants, and odorants.36,44−47 There were 16, 13, and 11 chemicals of concern
detected from print, wash, and cure processes, respectively.
Exposure to the mixture of VOC emissions could result in
acute and/or chronic health concerns and indoor safety
hazards. The top ﬁve emitting chemicals of concern (i.e., with
the highest emission rates) are listed in Table 1 with their
estimated exposure concentrations; full lists of chemicals of
concern with estimated exposure concentrations are in Tables
S5−S7. Among the nine listed chemicals in Table 1, seven of
them are irritants (acetone, cyclohexanone, 1-butanol,
diacetone alcohol, dodecamethylcyclohexasiloxane, formaldehyde, and nonanal), and ﬁve of them are ﬂammable (acetone,
isopropanol, acetic acid, cyclohexanone, and 1-butanol).
Speciﬁcally, formaldehyde is a human carcinogen46 and was
detected from all three processes at emission rates ranging
from 5.6 to 12.3 μg/h. The estimated personal formaldehyde
exposure levels for all processes exceeded the 8 h and chronic
E
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printers and post-processing units during operation; keep
printers and post-processing units closed even when not in
operation; wear gloves and safety goggles when handling
resins, chemicals, and uncured parts; and place printers and
post-processing units in a large space and/or increase
ventilation.
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