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Understanding Three-dimensional Printing Technology, Evaluation,
and Control of Hazardous Exposure Agents
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ABSTRACT

Objectives: This study aimed to review the characteristics of three-dimensional printing technology focusing on printing types,
materials, and health hazards. We discussed the methodologies for exposure assessment on hazardous substances emitted from
3D printing through article reviews.

Methods: Previous researches on 3D printing technology and exposure assessment were collected through a literature review of
public reports and research articles reported up to July 2018. We mainly focused on introducing the technologies, printing
materials, hazardous emissions during 3D printing, and the methodologies for evaluation.

Results: 3D printing technologies can be categorized by laminating type. Fused deposition modeling(FDM) is the most widely
used, and most studies have conducted exposure assessment using this type. The printing materials involved were diverse,
including plastic polymer, metal, resin, and more. In the FDM types, the most commonly used material was polymers, such as
acrylonitrile-butadiene-styrene(ABS) and polylactic acids(PLA). These materials are operated under high-temperature conditions,
so high levels of ultrafine particles(mainly nanoparticle size) and chemical compounds such as organic compounds, aldehydes,
and toxic gases were identified as being emitted during 3D printing.

Conclusions: Personal desktop 3D printers are widely used and expected to be constantly distributed in the future. In particular,
hazardous emissions, including nano sized particles and various thermal byproducts, can be released under operation at high
temperatures, so it is important to identify the health effects by emissions from 3D printing. Furthermore, appropriate control
strategies should be also considered for 3D printing technology.

Key words: Additive manufacturing, 3D printing, filament, hazards, exposure
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Figure 1. An outline of initial manufacturing process using 3D printing technology(Noorani, 2006; Wong & Hernandez, 2012)
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Table 1. Summary of 3D printing technologies according to applied laminating types and materials

Key properties”

s Laminating Printing .
Printing type . Mechanisms
type materials  Dyrability Resolution Surface finish Application
+ Material Upper Lower Functional Polymer filament is extruded through a heated
FDM(FFF') extrusion Polymer, metal middle middle Rough parts nozzle to create cross-sectional layers of a part
Liquid light Ultraviolet radiation is used to activate a
SLA quic gt Polymer Low High Smooth Prototypes photopolymer and different system configurations
polymerization . .
produce different resolutions and challenges
SLS Sohfl grgnular Polymer, metal  High Low Rough Functional Materlals 1n.powder form is sintered or bound
sintering parts in layers using lasers to form a model
Upper Functional Each sheet forms a layer of the part and each
LOM Sheet lamination Paper film pp Low Rough part formed through cutting part profile from
middle parts S .
individual material sheet
Lower Upper Fine print head nozzles to deposit droplets of
Polyjet Material jetting  Polymer . pp Smooth Prototypes photo-curable liquid material onto a build tray
middle middle : .
in layers to form detailed 3D parts.
An inkjet print head moves across a powder bed
Material Powder Prototypes depositing a liquid binder. A thin layer of powder
3DP . 7. . (metal, ceramic, Middle Middle Middle Functional =P & a iq . Y powdc
binding jetting composites) arts is spread across the section and the process is
Others P P repeated with each layer and forms model.
. . A thin layer of materials is selectively melted
EBM SOISI?mi?SUIar }()r(;‘;vti?)r High Low Rough Fun(;t;t(;nal by an electron beam. Model is formed by built
J p up layer by layer the in the bed.
Direct energy Powder . . Functional A hlgh-po.w cred density laser bea?“ s fog use_d
LENS . High High Rough on a continuous stream of materials which is
deposition (metal) parts

deposited onto substrate.

Abbreviations: FDM, fused deposition modeling; SLA, stereolithography apparatus; SLS, selective laser sintering; LOM, laminated object manufacturing;
3DP, three dimensional printing; EBM, electron beam melting; LENS, laser engineered net shaping.

" Data from ‘Overview over 3D printing technologies’ available at https:/www.additively.com/
" FFF(fused filament fabrication): An another name of FDM focusing on the personal desktop 3D printer. The term of FDM is more appropriate

for industrial 3D printer strictly.
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Figure 3. Mechanisms of widely used 3D printing types
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Table 2. Type of materials used in 3D printing and hazardous substances which can be emitted during operation

Materials

Normal operating Possible

Monomer

Pros and cons.

temperature hazardous emissions”
- Ultrafine particles - Most used materials filaments in desktop 3D printer
- Acrylonitrile - Aromatic VOCs including ABS over the world
ABS - 1,3-butadiene 210-250C copolymers - Mechanically strong
- Styrene - Carbon monoxide - Non biodegradable material which can release toxic
- Hydrogen cyanide substances at high temperature
- Ultrafine particles - Flexible and easy to print
- Aldehydes - Not toxic material
PLA - Lactide 180-220C - Carbon monoxide/dioxide - Difficult to post-process and can be deformed by heat
- Methane
- Methylketene
- Ultrafine particles - Resistant to chemicals and bacterial growth
- Aldehydes - Strong and recyclable
Polypropylene - Propylene 230-260C : ]l;?nmt:?;;lgégf;?:, butane - Difficult to print and expensive, vulnerable to UV
- Methylpentane
- Alkenes
- Ultrafine particles - Flexible and highly durable
- Lactams . .
- Acid/amines ) - Ciaprolactam . - Resistant to UV or chemicals
Nylon . - 240C < - Nitriles, aromatic VOCs - Vulnerable to moisture
(mixtures of diamines .
and diacids) - Ammonia .
- Hydrogen cyanide
- Ultrafine particles - Flexible and highly durable
- Bisphenol A - Standard melting temperature
- Bisphenol A ) - Peroxides - Tran§parent - o
Polycarbonate 250-320C - Aldehydes - Heating bed for avoiding warping is needed
- Phosgene . . - .
- Ketones - Varying levels of quality depending on price
- Hydrocarbons
- Phenols
- Ultrafine particles - Applicable to many cases
- Methyl methacrylate - Wide spectrum of strength and flexibility
Resin - Methyl methacrylate 20-35C - Methanol - Expensive

Vulnerable to heat
Limited expired period

Abbreviations: ABS, acrylonitrile-butadiene-styrene; PLA, poly lactic acid; VOCs. Volatile organic compounds

" Data from (Rutkowski & Levin, 1986; Forrest et al.,
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3ol 2kl et o] o4l 41 oA st FDM
ZE oA ABS, PLAS o]-§-5to] fsf QlAke] gt
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Nylon, Laywood, PVA(polyvinyl alcohol), PET(polyethylene
terephthalate), HIPS(high impact polystyrene) 5 T}F3t
AN2E ol&sto] 4+ Aud I 2= 24oA B7}
&1t Azimi et al., 2016; Kwon et al., 2017; Stabile et
al., 2017, Wojtyla et al., 2017).
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Figure 4. Emission rates(Y-axis: log-transformed) from FDM 3D printing using ABS and PLA filaments in previous studies
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Table 3. Summary of key methodologies and results on exposure assessment during 3D printing in previous studies

Reference Country Objectives Targets Methodologies Key results

Room test(45 m®) - Emission rates of total UFP were approximately
- Real time monitoring for UFP  an order of magnitude higher for 3D printers

- To measure size-resolved and total
UFP concentrations during 3D

Stephens et al. United printing in a small office space Ultraﬁne - Used materials: ABS, PLA  utilizing ABS relative to PLA(high emitter)
(2013) States - To estimate individual size-resolved P articles(UFPs) - Printer type: FDM - Emission rates: up to 1.9x10"" particles/min for
and total UFP emission rates - Operating condition: N/A ABS and up to 2.0x10" particles/min for PLA
- Laboratory room test(157 m®) - Most emittedparticle size range: 205-407 nm
- Real time monitoring and - Higher particle number concentration was up
) . To determine particulate matter and offline sampling to 4.4x10* particles/min in a range from 352 to
Afshar-Mohajer ~ United VOC emission rates during binder UFPs - Used materials: dry powder, 407 nm
et al. (2015) States jetting 3D printer VOCs binder solution and color - Generation of UFPs were 10*-10° times lower
bond than FDM printing using ABS and PLA filaments
- Printer type: Binder jetting - Emission rate of TVOC exceeded PEL value
- Operating condition: N/A (300 pg/m’)
- Concentrations of particulate and gaseous
materials were influenced depending on the
- Chamber test(1 m®) filament type and manufacturer
- Real time monitoring and - High concentrations of nanosized particles were
. offline sampling emitted regardless of filament type
Kim et al. (2015) South g:rti:ZITtiat;a:li :ggssglzzeossf \l/JcF)l():ss - Used materials: ABS, PLA 1,2 - Several aldehydes including formaldehyde,
: Korea - Printer type: FDM phthalate and VOCs were emitted during printing

materials during FDM 3D printing Aldehydes - Operating condition: 250 C or - ABS emitted higher level of particles than PLA

extruders for ABS and 210- filament

220C for two PLA filaments - Emission rates:7.2x10” - 3.2x10'(GM: 1.6x10'%)
for ABS,2.8x107 - 1.9x10°(GM: 4.9x10®) for PLA
1 and2.3x107 ~ 4.4x10°(GM: 4.3x10%) for PLA 2

- Major size of particles produced by 3D printer

Clean room test(class 1,000;

60 mg) was PM o
To investigate emission rates of UFP - Real time monitorin - Higher particle concentrations in a range from
Zhou et al. (2015)  China generated from thethermoplastic UFPs & 0.25 to 0.28 um

- Used materials: ABS 1, 2
- Printer type: 2 FDM printers
Operating condition: N/A

- Maximum particle concentrations : 2.4x10*
particles/L for single printer operation, 4.0x10°*
particles/L for two printers operation

feedstock of desktop 3D printers

- Particle emissions rapidly increased just after
printing began and persisted for the first 10-20 min

- UFP concentration: 58,000 particles/cm’(about
10 times higher than in indoor air)

- Highest UFP emission rates from ABS filaments
in a range 2.0x10" -9.0x10'" particles/min

- Individual VOCs emitted in the largest quantities
included caprolactam from nylon-based and
imitation wood and brick filaments(ranging from
~2 to ~180 pg/min), styrene from ABS and
HIPS filaments(ranging from ~10 to ~110 p
g/min), and lactide from PLA) filaments(ranging
from ~4 to ~5 pg/min)

Chamber test(3.6 m®)
- Real time monitoring and
offline sampling
Used materials: ABS, PLA,
HIPS, Nylon, Laybrick,
UFPs Laywood, Polycarbonate,
VOCs PCTPE, T-Glase

- Printer type: 5 FDM printers
Operating condition:
190-240C or extruders for
each filament(bed: room
temperature - 110C)

To evaluate emission rates of particles
and a broad range of specific VOCs
during 3D printing

Azimi et al. United
(2016) States
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Reference Country Objectives Targets Methodologies Key results
- Chamber test(l m’) - Extruder temperature was the most crucial factor
. - . - Real time monitoring influencing the particle emission
. South To evaluate particle emissions according - Used materials: ABS, PLA - ABS emitted higher level of particles than PLA
Choi (2016) to the parameters such as extruder UFPs . . . B
Korea temperature. printine time. filaments - Printer type:FDM - Highest concentration was emitted below 100 nm
P > P s ? - Operating condition: 230-25 - Emission rates:1.1x10° - 7.0x10°for ABS and
0T of extruder 2.0x10* - 1.7x10°for PLA
- Clean room test(8 m’) - ABS emitted higher level of' particles than }?LA
. o - Higher nozzle temperature triggered substantially
- To advance acurrent knowledge by - Real time monitoring . . s
. . . . higher particle emission
focusing on correlations of particle - Used materials: ABS, PLA . L 5 . 3
. L. . L . . - Particle emissions: up to 10° particles/cm’ at
United emissions during 3D printing - Printer type: FDM .
Deng et al. (2016) : . UFPs . o maximum nozzle temperature and decreased to
States - To propose strategies to reduce particle - Operating condition: 200-24 . 3
L . 5 . . 10,000 - 20,000 particles/cm’for ABS and 20,000
emissions under the constraint of 0C or extruders(bed: 1107C) . 3 o
. o - 40,000 particles/cm’ above 200C for PLA
product quality for ABS and 180-220C for . . L. o
PLA(bed: 60C) - Pre-heating reduced particle emissions by 75%
) for ABS filament
- Room test(volume: N/A) - Air within the 3D printer enclosure yielded low
To evaluate the process and chemicals - Real time monitoring and but detectable concentrations of seven compounds;
Ryan & Hubbard  United associated withpa commercial erade UFPs offline sampling acetone, n-butane, 2-butanone, 1,4-dioxane,
(2016) States hoto polymerization 3D ﬁngr VOCs - Used materials: N/A ethanol, IPA, toluene
p polym p - Printer type: N/A - All particulate measurements were very low, with
- Operating condition: N/A none exceeding 0.025 mg/m’

- UFP emissions consist mainly of volatile droplets
and seem to depend strongly on the type and
state of the printer, the printing material and
the printed object

- Styrene, ethylbenzene, cyclohexanone can be

- Chamber(0.85 m®) and two considered as a VOC marker substance for
rooms(180 and 30 m®) test printing with ABS, and methyl-methacrylate,
To identify a broad range of UFPs - Real time monitoring and n-butanol and cyclohexanone as a marker for
Steinle (2016) Switzerland substances while printing a standard VOCs offline sampling printing with PLA

object with both ABS and PLA PAHs - Used materials: ABS, PLA - Emission rates are relatively low, so that 3D
- Printer type: FDM printing with a desktop FDM printer does not
- Operating condition: N/A lead to a traceable pollution of a large, well-
ventilated room;whereas UFA and, particularly
VOC concentrations, can be elevated during and

after printing in small, unventilated rooms

- Emission rates:2.1x10° particles/min for PLA
and2.4x10® particles/min for ABS

3
g;?g; e7r(?r;;5) m’) and room _ Nanoparticles increased rapidly to peak of 3x10"
. - particles/cm’® for a few minutes after printing
. . - Real time monitoring and . o
- To examine the effects of various . . - Effects of filaments on particle emissions: color
factors on 3D printer particle offline sampling / filament type
Yietal 2016) Omted o isions UFPs - Used materials: ABS(2 colors), v ccion rates of UFPs: 6.6x10'° - 2.3x10"
States . . PLA(2 colors) . . 10 n
- To provide information for users - Printer type: FDM particles/min for ABS and3.6x10" - 2.2x10
to prevent or limit exposure ype: BV o« particles/min for PLA
- Operating condition: 230T . . . .
. .~ - Higher concentration of particles were emitted
(bed 110C) for ABS, 215C during malfunction of printer than normal state
for PLA(bed temp turned off) = P
- Modeled UFP and VOC concentrations within
close or moderate proximity to 3D printers can
- To predict the magnitudes of human exceed recommended t;xposure levels(as high
. . . as 80,000 particles/cm”)
exposures to airborne pollutants - Modeling study using . . .
. . h . . . . - Most effective strategies for reducing Both UFP
Azimi et al. United using previous published data UFPs emission scenarios - .
. . . and VOCs in order of impact
(2017) States - To model the impacts of several VOCs - Area section: adjacent zone, . . o
. . . 1) Installing a high flow spot ventilation system,
control strategies for reducing near distance zone, far zone . . . .
occupational exPOSUTEs 2) Operating printers in a sealed enclosure with
P P filtration, 3) Installing a moderate flow spot
ventilation system, 4) Operating stand-alone air
cleaner proximity to 3D printer
3
) Chaml?er test(2:5 ‘?” - Particles emitted during 3D printing were
- Real time monitoring and . . .
X . primarily nanosized particles
offline sampling L. ; 12 . .
. . . - Emission rate: 1x10" - 1x10 particles/min for
-To evaluate particle emission - Used materials: ABS 1, 2, ..
L . each filament at several temperature conditions
characteristics of various types of PLA, HIPS, Nylon, PVA, . . .
- The most particles were emitted during the early
Kwon et al. South filaments UFPs Laywood eriod of 3D prinfing brocess
(2017) Korea - To develop and effective control - Printer type: FDM P P &P

method to reduce particle emissions
during 3D printing

- Extruder temperature was a critical factor in
particle emission
- The use of an enclosure with a HEPA filter can

Operating condition: 190-26
5C(bed 60-120C) for each

fil t . . .

1 ament decrease the particle concentrations emitted
Control method: enclosure, durine 3D printin

filtration s P s

http://www.kiha.kr
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Reference Country Objectives Targets Methodologies Key results

- TVOC emission rates from this 3D printer were
influenced by a printer malfunction, filament
type, and to a lesser extent, by filament color

Chamber test(0.5 m®)
- To identify factors that influence - Real time monitoring and

. K . VOCs . . - 14 different VOCs were identified during 3D
generation of airborne chemical Gas phase offline sampling rinting that were not present during laser
. . contaminants from a desktop FDM p - Used materials: ABS(4 colors), printing P e
Stefaniak et al. United 3D printer carbonyls PLA( colors) printing
(2017) States P Chemical - Carbonyl reaction products were likely formed

- To investigate printer- and consumable-
related factors to address existing
knowledge gaps

Printer type: FDM

Operating condition: 230T
(bed 110C) for ABS, 215C
for PLA(bed temp turned off)

compositions in
particulate matters

from emissions of the 3D printer including
4-oxopentanal

Ultrafine particles generated by the 3-D printer
using ABS and a laser printer contained chromium,
a known toxicant

- Room test(40 m®) - Most of the materials and temperatures tested
- Real time monitoring during the printing processes were recognized
. . - Used materials: 7 PLA filaments, to emit submicron particles
. To evaluate particle emission and the . .
Stabile et al. L . 2 copolyesters, nylon, - Mode of freshly emitted particles 10-30 nm
Italy main influencing parameters from a UFPs . . 1 12 . .
(2017) low-cost 3D printer polyurethane - Emission rate: 1x10"" - 3x10™ particles/min for
P - Printer type: FDM each filament
- Operating condition: 180-25 - Particle emission was found to increase as a
5T for each filament function of the printing temperature
- Chamber(0.52 m’) and room ABS filament relt?ased higher concentration of
. . . particles: mean size, 51-52 nm
- To measure the time- and size- test (size N/A) .
g . . . - PLA filament released smaller particles than
resolved emissions of sub-micrometer - Real time monitoring and .
. L. . . ABS: mean size. 20-30 nm
. aerosols during FDM 3D printing offline sampling . L .
Vance et al. United Lo . . - Peak particle emissions occurred for initial
- To gain insight into the chemical UFPs - Used materials: 2 ABS, 3PLA - . i .
(2017) States L. . printing time within 10 min
composition of the emitted aerosols filaments

Emission rate: 1.3x10" - 1.1x10"" particles/min
for ABS and 1.1x10® - 1.6x10® particles/min for
PLA filaments

- TVOCs: 0.53+0.01 ppm from ABS filaments

- To determine the aerosol concentrations
under real-use conditions

Printer type: FDM
Operating condition: 210-27
0T for each filament

- Filaments commonly used for 3D printing(ABS,

PLA, nylon) can be a source of VOCs including

) Tested area: N/A styrene, butanol, cyclohexanone, ethylbenzene,
- To analyze the thermal degradation . . . and others

Direct analysis of materials X .
of polymer filaments used for 3D . - Heating ABS at temperature typical for 3D
. Used materials: ABS, PLA, s .. S
printers printing results in higher VOC emission than

Wojtyta et al.

(2017) Ttaly - To determine VOCs emission resulting VOCs ;Oll); enthylene terephthalate, other filaments
from the operation of a commercially B Pr?nter tvpe: FDM - VOC emission rate:0.50 umol/h
available thermoplastic filaments -0 eratinypc;m dition: NJA  ° Styrene has accounted for more than 30% of total
P g : VOC emitted from ABS, while for PLA, methyl
methacrylate has been detected as the predominant
compound(44% of total VOCs emission)
_. T;; (i)mri(:loniso.;:-l 66 m’ - High levels of submicrometer-scaled particles
. Office (g& rolo't ine room: increased during opening printer door, removing
40 m’ P yping * covers after printing and vapor polishing(up to
- To identify printing-related activities . . 3.5x10° particles/cm’)
. . - Real-time monitoring and .
and post-processing tasks associated offline samplin - Personal exposure to quantifiable levels of metals
Du Preez et al. South with elevated concentrations of UFPs - Used mater&ls‘g ABS in particles <300 nm were 0.02 mg/m’ for
(2018) Africa particles and organic chemicals VOCs Polycarbonate : ’ aluminum, chromium, copper, iron and titanium
- To measure personal exposures in ) Prin};er type: FDM during FDM printing
a real-world manufacturing workplace -0 eratinypc;m dition: NJA  ° Personal exposures were 0.38 to 6.47 mg/m’
] Pgst rofessin ) va'or for acetone during acetone vapor polishing and
polisﬁing using.aceltsone and 0.18 mg/m’® for chloroform during chloroform
chloroform vapor polishing
- The emission model showed to have less than
- Room test(123 m°) 14 prediction error
- Emission rate modeling - TVOC emission levels are significantly higher
To propose an emission evaluation - Real time monitoring and than the reported value in literature and the
United methodology to theoretically estimate offline sampling recommended value proposed by environmental
Yang & Li (2018) States the TVOC emission for indoor VOCs - Used materials: Methyl agencies
environments equipped with SLA methacrylate-based liquid - Two proposed emission control strategies have
machines resin been implemented and lead to 44.1% and 71.1%
- Printer type: SLA reductions in the average TVOC concentration

Operating condition: N/A and 62.7% and 68.5% in the TVOC caused by
AM production activities

Abbreviations: FDM, fused deposition modeling; SLA, stereolithography apparatus; ABS, acrylonitrile-butadiene-styrene; PLA, poly lactic acid; HIPS, high impact
polystyrene; PVA, polyvinyl alcohol; PCTPE, plasticized copolyamide thermoplastic elastomer; UFPs, ultrafine particles; VOCs. Volatile organic compounds;
TVOCs, Total VOCs; PAHs, polyaromatic hydrocarbons; IPA, isopropyl alcohol; FDM, fused deposition modeling; SLA, stereolithography apparatus; N/A, not
available; PEL, permissible exposure limit.
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