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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
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Introduction

This document refers to the assessment of hazardous substances emitted during operation of material
extrusion type AM machines, commonly known as “3D printers” installed in schools or public places for
educational and hands-on purposes, and basic countermeasures for reducing the substances.

This document provides the necessary information and test procedures to reflect the characteristics of
the AM process based on the previous international standards related to indoor air quality and to assess
hazardous substances in the non-industrial places.

se this
| try to

ent to measure and diagnose air quality. This document also includes appendices to help then|
reduce the hazardous substances emitted into the non-industrial spaces.
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International Standard ISO/ASTM 52933:2024(en)

Additive manufacturing — Environment, health and safety
— Test method for the hazardous substances emitted from
material extrusion type 3D printers in the non-industrial places

1 Sdope

This dpcument specifies a test method for measuring hazardous substances emitted duringthe operation
of material extrusion type AM machines commonly used in the non-industrial places and,includgs non-
normative suggestions for ways to reduce them.

This dpcument specifies some of the main hazardous substances emitted from this type of machine|during
operatjon for currently commonly used materials, it describes the additional inforhiation and the ass@ciated
test method for measuring hazardous substances, and includes considerationsfor reducing the hazprdous
substajnces and basic countermeasures.

This dpcument specifies how to measure concentrations of hazardous(substances generated in tHe non-
industrial places (school, public place and so on) in which this type of machines are installed, and to
maintgin an acceptable work environment by managing field facilities, machines, filaments, and afditive
manufactured products for the reduction of hazardous substances:

Howeveer, this document does not cover all gas-phase chemigal emissions. Only a range of Volatile Qrganic
Compdunds (VOCs) from n-hexane to n-hexadecane, including aldehydes are included. Consideratipns for
reducing chemical emissions and for improving the work'€éhvironment are given in Annexes A and B.

2 N:rrmative references
I

The following documents are referred to in.thetext in such a way that some or all of their content condtitutes
requirements of this document. For dated ceferences, only the edition cited applies. For undated refefences,
the latest edition of the referenced document (including any amendments) applies.

ISO 16P00-2, Indoor air — Part 2; Sainpling strategy for formaldehyde

[SO 16p00-3, Indoor air — Part.3: Determination of formaldehyde and other carbonyl compounds in indgor and
test chqgmber air — Active sampling method

[SO 16P00-4, Indoor qir~=- Part 4: Determination of formaldehyde — Diffusive sampling method
[SO 16P00-5, Indoer‘air — Part 5: Sampling strategy for volatile organic compounds (VOCs)

[SO 16P00-6,dndoor air — Part 6: Determination of organic compounds (VVOC, VOC, SVOC) in indoor dnd test
chamber qir by active sampling on sorbent tubes, thermal desorption and gas chromatography using MS or|MS FID

O ndoosambient andworkplace ai Scmpling—andanabsis of volatile orgaiic compo y

sorbent tube/thermal desorption/capillary gas chromatography — Part 1: Pumped sampling

[SO 16017-2, Indoor, ambient and workplace air — Sampling and analysis of volatile organic compounds by
sorbent tube/thermal desorption/capillary gas chromatography — Part 2: Diffusive sampling

ISO 16200-1, Workplace air quality — Sampling and analysis of volatile organic compounds by solvent
desorption/gas chromatography — Part 1: Pumped sampling method

ISO 16200-2, Workplace air quality — Sampling and analysis of volatile organic compounds by solvent
desorption/gas chromatography — Part 2: Diffusive sampling method

© ISO/ASTM International 2024 - All rights reserved
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ISO/TR 27628, Workplace atmospheres — Ultrafine, nanoparticle and nano-structured aerosols — Inhalation
exposure characterization and assessment

ISO 28439, Workplace atmospheres — Characterization of ultrafine aerosols/nanoaerosols — Determination
of the size distribution and number concentration using differential electrical mobility analysing systems

[SO/ASTM 52900, Additive manufacturing — General principles — Fundamentals and vocabulary

3 Terms and definitions

For the purposes of this document, the terms and definitions from ISO/ASTM 52900 and the following are
applieq.

[SO angl [EC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

31
volatile organic compound
voC
organif compound that is emitted from the test specimen and all those detected in the chamber outldt air

Note 1 fo entry: Due to practical reasons to be taken into account for test chambers, this definition differs from that
defined in ISO 16000-6:2004. In ISO 16000-6, the definition is based oni\the boiling point range (50 °C to 10p °C) to
(240 °dto 260 °C).

Note 2 fo entry: The emission test method described in ISO 16000+9is optimum for the range of compounds specified
by the definition of total volatile organic compounds (TVOC).

[SOURCE: ISO 16000-9:2006, 3.15]

3.2
aldehydes
organif compounds containing formyl families

Note 1 fo entry: Formaldehyde, acetaldehyde and vanillin are members of aldehyde families.
[SOURCE: ISO 21366:2019, 3.8]

3.3
ultrafine particles
UFP
particles with a partieleZdiameter less or equal 0,1 um

[SOURCE: ISO/IEG28360-1:2021, 4.36]

3.4
breakthrough volume
volumg¢ ofytest atmosphere that can be passed through a sorbent tube before the concentration of gluting
vapour reaches a predefined llmit value of the applied test concentration

Note 1 to entry: For hazardous substances in air, 5 % of the applied test concentration is a generally applied limit value.
[SOURCE: ISO 16017-1:2000, 3.1, modified — The definition was slightly reworded.]

3.5
active sampling
active sampling method in which sampling for collecting chemical substances is performed within an hour

© ISO/ASTM International 2024 - All rights reserved
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me sampling

real-time sampling method in which measuring the total number concentration of aerosol particles is
performed consecutively

4 Hazardous substance targets and major factors

VOCs, aldehydes, and UFP are currently identified as some of the potentially hazardous substances emitted
during operation of material extrusion type AM machines in schools and public places. The material
extrusion type AM machines which are currently used for AM process with filaments (ABS, PA, PC, etc.)
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Hustrial places. The risk of each hazardous substance can be confirmed by referring to the
ent of the MSDS of the substance.

he following factors can increase the concentration of hazardous substances in that place, appr
rmeasures are needed. See Annex A for information on considerations to peduce the er
trations of hazardous substances in the non-industrial place.

'tors are specified as follows:

nter-related factors (e.g. design - open frame, enclosed);

dstock-related factors (e.g. type of polymer, colour, infill materials);
bcess-related factors (e.g. extruder temperature, bed temperature, infill density);

ironmental-related factors (e.g. room size, presence @f doors/windows, ventilation, tempe
midity).

bcument covers three main classes (VOCs,;aldehydes, and UFP) of hazardous substances that
d in case of using material extrusion type 3D printers and filaments. Table 1 provides a list 9
ous substances and the recommended-sampling strategy and test methods for their analyg
ace or indoor environment. Users.should be aware that each type of emission can vary indiv|
ling on the duration of machine(operation, type of filaments, temperature, humidity of the pla

of the
hazard

bpriate
nission

rature,

can be
f these
isin a
idually
ce, etc.

1 they shall each be monitored individually and proper care should be taken to ensure the monjitoring

vers the worst-case scenarios. Currently, there is no test method to measure VOCs, aldehydes, a
hneously or for an extended period (such as the entire additive manufacturing process). Thd
h-industrial places wheré& material extrusion type 3D printers are in operation require an int¢
s method to monitor each substance that is relevant to the process.

Table 1 — Relevant test standards for some hazardous substances

hd UFP
refore,
grated

Requirements

VOCs

Aldehydes

UFPs

mpling method

[SO 16000-5
ISO 16000-6
ISO 16017-1

ISO 16000-2
ISO 16000-3

ISO/TR 27628

[SO 16017-2
ISO 16200-1

I50 16000-4
ISO 16200-2

I50 26439

Analysis method

ISO 16000-6
ISO 16017-1
ISO 16017-2

ISO 16000-4

ISO/TR 27628
ISO 28439
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6 Sampling conditions

6.1 Sampling location

Sampling of hazardous substances during the AM process shall be carried out simultaneously and the VOCs,
aldehydes sampler and the UFP analysis equipment shall be placed in separate spaces to sample each of the
substances. Figure 1 shows an example of one possible spacing of samplers relative to 3D printers. Two VOCs
and aldehyde sampler shall be installed for cross-check. In addition, the sampler location is usually installed
at the centre of the non-industrial place and is installed at 1,0 m to 1,8 m height from the floor.

UFP sampling tube shall consist of a conductive silicon tube or stainless steel, not exceeding 3 m in length,
and avpid bends in the tube.

Key

1  material extrusion 3D printer (example)
2 VJCs sampler

3 aldehyde sampler

4  UHP analytical equipment

5  UHP sampling tube

Figure 1 — Schematic diagram of the non-industrial place for sampling strategy

In casg of UFP analytical equipment that condenses nanoparticles by using butanol, isopropanol, andl other
organif solutions)’the substances can be spontaneously volatilized in the non-industrial place while the
equipment is.in‘operation. Accordingly the final concentration of VOCs would be affected. Therefoie, UFP
analyt]cal equipment that uses organic solvents, should be placed outside the additive manufacturipg site,
ensuring-no occurrence of cross-contamination from outside.

6.2 Sampling planning

The sampling conditions need requirements shown in Figure 2 according to the active, time-integrated and
real-time sampling methods.

© ISO/ASTM International 2024 - All rights reserved
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Key
1 start to operate the 3D printer
2 sulspend the 3D printer
3 expmple of active method
4  expmple of time-integrated method
5  expmple of real-time method
a Prie-operation phase.
b O:Eration phase.
¢ Sampling phase.
Figure 2 — Sampling planning in the non-industrial place
a) Pre-operation phase
As a pifeparation step for feeding the filament before the operation of the 3D printer, it is necessary t
doors and windows and operate the.ventilation system for 60 min or longer to emit the toxic subs
released from this process. If external air quality is rather suspicious, the place should be ventilated t}
a forceld circulation way or meclahnical circulation equipment instead of opening the windows.
b) Ogperation phase
In the pperation phase/where the 3D printers are running, all doors and windows shall be closed to
the external air from.coming in. If there is a ventilation system or a heating or cooling facility in tk
industrial place, ruf the printer under the same condition as usual. However, if the test is expecte
condugted unde€rthe most adverse condition in the non-industrial place, the ventilation and air condi
systen)s can be'shut down during the evaluation.
¢) Sampling phase

0 open
tances
hrough

revent
le non-
1 to be
fioning

In this phase, each of the hazardous substances is sampled. This phase is divided into active, time-integrated,
and real-time sampling methods according to the sampling strategy:

active method.

The sampling of VOCs and aldehydes is performed only for one hour in a specific phase among the

op

eration phase b) during the 3D printer operation.

© ISO/ASTM International 2024 - All rights reserved
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— time-integrated method.

The sampling of VOCs and aldehydes is performed consecutively at one hour intervals in operation

ph

ase b) after the 3D printer is operated.

— real-time methods.

To measure the amount of UFP generated during operation, start collecting gases from phase a) to phase

b)

consecutively and perform collecting for more than 30 min after suspending the 3D printers.

7 Measurement methods

7.1 4

7.1.1

The ad
metho
substa
on ISO

7.1.2

7.1.2.1

Conne
(50 to
a flow
same f

In case

with ajn ozone scrubber because benzaldehyde, phenol and acetophenone artifacts would be forn

oxidat

Due to
indust
and ald

Eventy
Theref]
failure

To ideq]
the flo

The ot
breakt]

Active and time-integrated methods

Purpose

tive and time-integrated methods are intended to measure VOCs and aldehydes. Active sa
H using pumps and sorbent is recommended for assessing the highest coneentration of haz
nces or a specific concentration during operation. The method of active sampling was selected
16000-6, SO 16017-1, and ISO 16000-3.

VOCs analysis

Sampling

't Tenax ® TAD as a sorbent tube, to a pump that is capable of collecting VOCs at a constant sj
200) ml/min and install the sampler according to 64 \For time-integrated method, collect vap
rate of (50 to 80) ml/min consecutively on an hourly basis. For a active method, collect vapour
ow rate only for one hour within the operation phase (b) shown in Figure 2.

of sampling high concentration (100 nl/L£¢’500 nl/1) ozone atmospheres, Tenax ® should H

on of the polymer Tenax®.

Fial place may continue to rise./Asa result, this may cause continuous increase of the emission
lehyde from 3D printers and.Surrounding building materials.

ally, the concentration\increase over time during printing may cause breakthrough of abs
pre, two pumps should be used simultaneously at different flow rates in order to avoid sa
due to the breakthrough volume.

tify any breakthrough volume of the sorbent tube, connect the two sorbent tubes using a uniof
v rate of thepump at 80 ml/min.

her pump should be simultaneously collected at 50 ml/min in case of a sampling failure du¢
hrotgh volume.

mpling
ardous
based

beed of
burs at
b at the

e used
led via

continuous nozzle heating during;operation of the 3D printer, the room temperature inside the non-

fVOCs

brbent.
mpling

L to set

to the

See IS
breakt

N 10NN Jq 1
U 1UUUUTU dlilu 1

hrough volume.

1€ 13t 43 +] A®/aVal £ 1L 1 H
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H
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P
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For the time-integrated method, sampling shall be done consecutively on an hour basis until the suspension
of the printers. For the active method, sampling shall be done for at least one hour before the suspension of
AM machines unless there are specific requirements from AM users.

All the sorbent tubes should be sealed using metal screw-cap fittings with PTFE ferrules and stored in an
air-tight container at room temperature.

1) Tenax ® TA is a trademark of “Tenax international B.V”. This information is given for the convenience of users of this
document and does not constitute an endorsement by ISO of the product named.
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The temperature inside the non-industrial place may arise during operation of the 3D printer, which may
result in a change in the actual sampling volume collected. Therefore, the actual volume of VOCs sampling
shall be adjusted to the temperature of 25 °C and pressure of 101,3 kPa by keeping track of the temperature
and pressure every hour in the non-industrial place.

7.1.2.2 Preparation of calibration curve

When preparing the calibration curve by manufacturing a liquid standard solution, ISO 16000-6:2021, 6.4
can be referred to. However, if a standard gas mixtures (e.g. 1 pmol/mol containing toluene, within 10 % as
tolerance) is used, a calibration curve can be prepared as follows:

a) pr
p

Key

S U1 A W N

b)

Py
m

ga
Te

py
Fi

Ca
tu

Fig

rge gases (e.g. nitrogen and helium) as shown in Figure 3;

hss flow regulator

S-type syringe

pare a heat-treated sorbent tube to Ilow at a constant rlow rate of (oU to 10U} mlI/min using inert

2 3 A,n&_ OH 6

rge gas
ype connector

nax-TA
mp

pure 3 — Example of manufacturing a standard sorbent tube using standard gas mixtur

culate a linear equation of y = ax by using the toluene mass (ng) of analyte present in each 3
be injected and.the toluene total ion chromatogram area of the GC-chromatogram as sh
yure 4. Howevery the correction coefficient (r2) shall be determined as 0,999 or higher.

orbent
wn in
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Toluene TIC Calibration Curve

Name : Toluene

Mass : TIC

f(x)=22 998,741 719 x x + 0,000 000 11l =0,999931 rr2=0,999 861
CurveType : Least square method

ZeroThrough : Through

WeightedRegression : None

External Standard

Area 7
[x107]

7.1.2.3

VOCs, ¢
by usif

7.1.2.4

1,0+

T
ol

0,5

0,0 3,0 6,0
(ng) Cong, [x107?]

Figure 4 — Example of creating a ecalibration curve

Analysis method

ollected via a sorbent tube during operation of'the 3D printer in the non-industrial place, are an
1g a GC/MS analysis equipment specified inISO 16000-6.

Determination of VOCs concentration
ASl + A52
2
V(25 °C, 1 atm)

_Ab

A are the mass in nanograms of VOCs analyte collected from the sorbent tube, in ng;

is thesmass concentration of VOCs analyte collected from the sorbent tube, in pg/m3;

59C)1atm)  iS the sampling volume at 25 °C and 101,3 kPa, in l.

alysed

1)

is the mass in nanograms of VOCs analyte collected from the blank sorbent tube, il ng;

The sampling volume of VOCs shall be adjusted to conditions of the temperature of 25 °C and the pressure of
101,3 kPa according to the following formula.

Vi25°c,1atm)

T 101,3

© ISO/ASTM International 2024 - All rights reserved
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where
V(25 °C, 1atm) is the sampling volume corrected to 25 °C and 101,3 kPa, in [;
% is the sampling volume of the air sampled, in I;
T is the average indoor temperature over the course of the sampling, in Kelvin (K);
p is the average indoor pressure over the course of the sampling, in kPa.
The relative percentage difference of the two VOCs samples analysed under the same condition shall not
exceed-20-%-
The avierage concentration of VOCs emitted from the non-industrial place is determined as follows. The
maximum concentration of VOCs in the non-industrial place can be checked through the cofa¢entrdtions (
le - ?mn ) of each phase sampled continuously on a regular basis
C_V_c _ Cmy TCm, T+ Cry ®
n
where
C_v; is the average mass concentration of VOCs analyte collected,in pg/ms3;
Coy, is the mass concentration of VOCs analyte collected from the sorbent tube for first 1 § while
selected time-integrated method period in pg/m3;
sz is the mass concentration of VOCs analyte collected from the sorbent tube for second 1 I while
selected time-integrated method period in pg/m?3;
Cnln is the mass concentration of VOCs analyteeollected from the sorbent tube for last 1 h while se-
lected time-integrated method period in‘pig/m3;
n is the total number of samples from C, to Cj, .
7.1.3 | Aldehyde method
7.1.3.1 Sampling
Conne(t a cartridge coated with 2,4-dintrophenyhydrazine with an ozone scrubber and use a punllrp that
is capgble of collecting aldehydes at a constant speed of (0,5 to 1,2) 1/min to collect aldehydes of aifr. Each
samplgrinstalled according'to 6.1 should be pumped at a flow rate of (0,5 to 1,0) I/min to sample contiruously
on an hourly basis forthe time-integrated method.
As with VOCs sampling in 7.1.1, the increased concentration of the sample resulting from the risingfindoor
temperature may cause the cartridge to reach the breakthrough volume. It is better to use two |union-
connedted cartridges to prevent sampling failure, and the flow rate of the pump shall be 1,0 I/min to ¢heck if
there i ahybreakthrough volume.

For the time-integrated method, sampling shall be done consecutively on an hour basis until the suspension
of 3D printers. For the active method, sampling shall be done for at least one hour before the suspension of
AM machines. All cartridges shall be sealed by using caps and kept refrigerated until the start of analysis.

According to ISO 16000-3:2022, 5.1, acrolein and crotonaldehyde cannot be accurately quantified by the
method. Inaccurate results for these compounds can result from the formation of multiple derivative peaks
and the instability of the peak ratios.

The actual volume of aldehyde sampling shall be adjusted to the temperature of 25 °C and pressure of
101,3 kPa just as VOCs sampling in 7.1.1.
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7.1.3.2 Preparation of calibration curve

When preparing the calibration curve, ISO 16000-3:2022, 10.3.3 can be referred to.

7.1.3.3 Analysis method

Aldehyde collected via DNPH cartridge during operation of the 3D printer in the non-industrial place is
analysed in accordance with ISO 16000-3:2022, 8.3.

7.1.3.4 Determination of aldehyde concentration

w only

A)

hce the

ter 2 h

bre the

1all not

b)

ng/ml;

tridge,

Refer tfo [SO 16000-3 for the type of aldehyde compound and analysis method. The Formula (4) belo
relateq to formaldehyde.
C, +C, +..+C
Calg =—— = (
n
where
C_ag is the average mass concentration of formaldehyde analyte collected, in ng/ml;
Cj,  is the concentration of formaldehyde analyte collected from the.BNPH cartridge for 1 h si
start of the 3D printer operation, in ng/ml;
Gy,  is the concentration of formaldehyde analyte collected-from the DNPH cartridge for 1 h af
of 3D printer operation, in ng/ml;
()| isthe concentration of formaldehyde analyte collected from the DNPH cartridge for 1 h bef
stopping of 3D printer, in ng/ml;
n is the total number of samples from C, to'C, .
The relative percentage difference of the two aldehyde samples analysed under the same condition sk
exceed 20 % as given by Formula (5):
A, +A
{u " ij
2
C,l= {
Vi25°¢,1atm) ¥1,000
where
Ag A, arethe concentrations of formaldehyde analyte extracted from the DNPH cartridge, in
Ay is the concentration of formaldehyde analyte extracted from the blank DNPH car
in ng/ml;
Vizs2€ ratm)  is the sampling volume corrected to 25 °C and 101,3 kPa, in [;
L is the final volume extracted with acetonitrile, in ml.

The actual volume of aldehyde sampling shall be adjusted to the temperature of 25 °C and the pressure of
101,3 kPa by using Formula (3).

NOTE

DNPH cartridge means an air-sampling media device for sampling carbonyls, which is coated with
2,4-dinitrophenylhydrazine.
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7.2 Real-time method

7.2.1 Purpose

The real-time method is intended to measure fine particles and ultra-fine particles while using the material
extrusion 3D printers in the non-industrial places. The calculation methods for particle concentration are
based on the ISO/IEC 28360-1 and RAL-UZ 205(8],

7.2.2 Sampling

r time.

rential
sed as
higher
than 50 %. In the case of the combination of aerosol instruments, consistency between the two different

To check the consistency between the two different aerosol measurement\instruments, the example is
as follpws. The CPC should be capable of counting particle sizes ranging from 7 nm to 3 um at leapt. The
DMAS [can measure particle number distribution for particle optical diameter of 7 nm to 420 nm gnd the
LSAPC[should measure particle number distribution for particle optieal diameter of 300 nm to 3 uny. Thus,
the combination of DMAS and LSAPC can be capable of counting particle sizes ranging from 7 nm tq 3 um.
Therefpre, the result of the total particle number concentratieinyesult of a CPC and the combinatipn of a
DMAS pnd a LSAPC are comparable. The comparison results of the classified particles by their size shguld be
correlgted.

7.2.3 | Determination of particles concentration

The arjthmetic average particle concentration, C»1S calculated by using the particle number concenfration

based pn time and the index n which stands forthe number of measured values between emission time ¢t

. stop

- torare[as given by Formula (6):

n

211
':1( pil
C,| =iz ) (9)
n

where|C,, is the arithmetic average of accumulated particle number concentration from ¢, to £y, i cm™;

The tofal particle numbef-shall be calculated by the sum of each particle number concentration oyer the
extruding phase.

The formula for calculating the total particle concentration and the total particle number emitted frpm the
materipl extruSion type 3D printer using CPC can be equally applied to the measurement of the garticle
concentratieon of a specific size as follows. In order to analyse the emission amount for specific partidle size,
DMAS measuring equipment can be used, and particles of 100 nm or less, which are commonly emitted in
the matetial extrusion type 3D printer, can be calculated for each specific size with Formula (7):

Z :-1:1 (Cp,size,i )

Cav,size = (7)
n
where
Cov size is the arithmetic average of accumulated particle number concentration for specific particle
size from tg,. tO gy, in cm3;
Co size,i is the accumulated particle number concentration for nth of specific particle size, in cm-3.
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Figure 5 is an example of using each CPC and DMAS measuring equipment when the material extrusion type
3D printer is used in a non-industrial space. The upper graph is about the total particle concentration, and
the bottom is an example of concentration for each specific size particle.
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NOTE This method requires the extruding phase to last at least 240 min for the calculation

Figure 5 — Total particle and specific size particle concentration diagram
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8 Testreport

The following information shall be recorded and included:

a)
b)

)
d)

f)

g)

h)

areference to this document, i.e. ISO/ASTM 52933:2024;

the date of the test

name of the responsible person

information of the sampling location:

1)
2)
3)
4)
5)

6)
7)
8)

TTame and full address of the test location.

the size of the sampling area [e.g. 5 m (width) x 10 m (depth) x 3 m ( height)];
distance of samplers from the AM machines;

specification of AM machines (model name, the number of each models, etc.)

parameters of AM machines (description of printed sample design, extrusion temperature, p
temperature, etc.)

specifications of materials (the exact name, manufacture, SDS, etc]
height of samplers from the floor;

sampling start time and end time.

applied measurement methods (active method, time-integrated method, real-time method);

descriptions of the sampling procedure:

1y
2)
3)

4)
sa
1)
2)
3)

sampling plans for pre-operation phase;
environmental conditions for operation-phase(temperature, relative humidity);

the characteristics of sampling area(windows and doors(open/closed), mechanical air ex
and room air change rate per hout)

sampling plans and sampling strategy for sampling phase.
mpling method used for VOC and aldehydes:

sorbents used;

sampling volufme and flow rate of pump;

sampling.start time and duration.

depcription.of the aerosol measurement instrument used:

iy
2)
3)
4)

5)

manufacturer, model and serial number;

rt bed

rhange

name and version of the software;

date of last factory calibration and maintenance (date, time and results of last field calibration);

aerosol measuring system set-up values used for measurement (count mode, sampling flow rate,

reaction velocity, etc.);

particle size range.

description of the analysis procedure:

iy

VOC and aldehyde measuring equipment used;
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2) standard gas volume injected for calibration curve;

3) detection limits of VOC, aldehydes and particular matter;

test results:

1) average mass concentration of VOCs presented in the sorbent tube, in pg/m3 (see 7.1.2.4);

2) average concentration of formaldehyde analyte presented in the DNPH cartridge, in ng/ml (see
7.1.3.4);

3) total number concentration of particles, in #-cm=3 (see 7.2.3);

4)| any unusual features observed;

5)| any deviations from the procedure.
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Annex A
(informative)

Considerations for reducing the emission of hazardous substances

A.1 Environment in the non-industrial place

A1l1

Since t
on env

to redfice hazardous substances before machine operation, during machine operation, ,and after m

operat

A1.2

Dust in]
which
place s
compo

When
with a

A.13

There
within

ventilation system should be operated during‘operation of the material extrusion 3D printer. It is pre

to venf
outdod

Al1.4

After {1
substa
to stay
period
recom

A.2 Material extrusion - 3D printer

General

he emission concentration of UFP and chemical compounds (VOCs and aldehydes) mayvary dep
ironmental and cleaning conditions of the educational place, machine users make-efforts i

101.

Before material extrusion process

the educational place may be combined with ultrafine particles generated during machine opg
increase the number of ultrafine particles in the place. In addition, the cleaning of the educ
hould be performed before starting working the machine because'the concentration of initial ch
unds can increase depending on the cleaning conditions of the place where the machine is opef

vacuum cleaner and a water mop.

During material extrusion process

is a possibility that ultrafine particles and €hemical compounds emitted during machine op
a closed space continuously increase according to the operation time. Therefore, the mec]

ilate the air in the educational placé by opening the windows and doors regularly consider
r air if there is no mechanical vefitilation system in the place.

After material extrusion'\process

he operation of the material extrusion 3D printers is completed, the concentration of haz
nces will decrease over time. However, since ultrafine particles and chemical compounds ar{
in the air for adong time, the mechanical ventilation equipment should be operated for a ca
after the 3D printer is shut down. Enabling natural ventilation by opening windows and doors
mended at the-same time.

Most g

ending
order
achine

ration,
htional
emical
ated.

Cleaning, it is recommended to clean the floor and windows of the educational place by removing dust

eration
nanical
ferable
ng the

ardous
e likely
nstant
is also

f"desktop-3D printers can be used regardless of the filament type of each manufacturer wj

ith the

exception of some manufacturers. The emission of ultrafine particles and chemical compounds may vary
depending on the nozzle temperature and nozzle thickness set-up values since the melting tolerance
temperature range provided by the manufacturers are different while machine users can set up different
operation values.

Therefore, the following factors in Table A.1 should be considered in advance and the machine operating
conditions should be planned according to the operating conditions of the desktop 3D printer, so as not to
affect the quality of the final product.
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Table A.1 — Machine set-up items and considerations

Set-up items Considerations

Although the same filament is used, the acceptable of melting temperature range varies
depending on the nozzle set-up conditions. The higher the nozzle temperature, the higher
the possibility of ultrafine particle emission increases[e.g. Melting temperature of ABS
filament is (210 to 250) °C]. (See Table A.2)

Depending on the machine manufacturer, the nozzle thickness set-up values can be dif-
Nozzle thickness (mm) |ferent. Therefore, the thicker the nozzle thickness, the higher the possibility of ultrafine
particle emission increases.

Nozzle temperature (°C)

If the filamentis stuck around the nozzle after feeding filament, the emission of ultrafine
particles can increase at the beginning of the machine operation.

N Al 1 H ot
OZgte CTCAaTITTrg Statas

Type of filament

(ABY, TPU, PA, PLA, etc) If the VOCs content per filament is high, the concentration of VOCs emissien iricr¢ases.

Infill density can be set up with different filling percentage depending on the(slicing
program. In general, the lower the infill density, the higher particle-eémiSsion is obgerved.

—

1fill density (%)

There are many different infill patterns depending on the slicing)program. It is fecom-
Infill pattern mended setting up the infill pattern for the highest density in-consideration of the infill
density because the infill pattern for the lowest density tends to emit more partigles.

After the machine starts, the emission of hazardous substances may increase depending

Inteynal cleaning status on the filament residues remaining inside the machiné and cleaning conditions.

Table A.2 shows a relationship between particle number concentration and nozzle temperature for $everal
filaments. This is an example from the reference, so it shall not berused as health and safety guidelines. In
the reflerence for Table A.2 (in Table A.1), Several papers have anigasured the particle concentration with
respect to nozzle temperature. Each printing scenario (equipment, material, process) can be evgluated
independently to gauge levels of particle concentration.

Table A.2 — Example of relationship betweenparticle number concentration and nozzlg
temperature for several filaments (example)[12]

Nozzle temperature
°C
Material 220 | 230 | 240
particle number concentration (N}, part.cm3)

PLA (5,15 + 0,55) x 103 (8,21 + 3,27) x 103 (4,87 +2,29) x 0%
WO00D1 (1,45 + 0,88) x 104 (3,95 + 2,20) x 104 (9,27 + 1,95) x 10*
WOOD2 — (6,97 +2,26) x 105 (9,51 + 2,45) x 105
COPPER (3,61 £1,5) x 10° (4,53 +3,37) x 10° (6,67 +0,63) x 10>
BAMBOO (1,11 + 0,02) x 105 (4,13 + 0,09) x 105 (9,54 + 3,83) x 105
FLEX PEA — — (2,53 +0,39) x 10*
CP, (8,93 + 0,74) x 104 (1,78 +0,02) x 105 (5,62 + 0,85) x 105
GPSCARBON (1,09 + 0,15) x 105 (2,30 + 0,44) x 105 (4,84 + 0,40) x 105
PA Negligible (1,28 +£0,68) x 104 (1,41 £0,28) x 104

FPY Negligibte (5768+1HH3 =164 (5-78++86)<10%

A.3 Filament

The filaments of MEX type 3D printer are made of various organic compounds depending on the type of
materials. The emission concentration of chemical compounds(VOCs and Aldehydes) may be affected
depending on the type and content of the main substances of filaments. Therefore, the customer should check
the major chemical composition and content of the filament based on SDS provided by the manufacturer
when choosing the filament.
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In addition, filament selection should take into consideration the TLV(Threshold Limit Values) of chemical
substances provided by the ACGIH besides OSHA's PELs (Permissible Exposure Limits) and DFG's
MAKs(Maximum Concentrations at the Workplace) for the anticipated substances that can be released into
the air during additive manufacturing process melting filament.

A.4 Additive manufactured product

Figure A.1 below shows that the VOCs content in the final product manufactured by raw filament is higher
than the VOCs content of the raw material. It means that when the final product is placed in the open space
of the educational place, VOCs may be released into the air and deteriorate air quality. Therefore, the raw
filamey ertsersnrake irfirs os

an enc

d d A" U C Al C LU d C d
osed container or in a separate space rather than in the educational place.

—1
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FigureA.1 — The chromatogram of the raw filament and final product analysed by GC-M§

A.5 Environmental status consideration in the non-industrial place

A.5.1 Ventilation status

AIVC (air infiltration and ventilation centre), ASHRAE, and other advanced organizations have set ventilation
performance and installation standards in accordance with the building equipment standard of their
respective countries and set the minimum ventilation standard in buildings to maintain indoor air quality.
However, the emission of chemical compounds and ultrafine particles would be significantly different
depending on the selection of the number of desktop 3D printers and filaments for an educational place.
Local and national regulations for installing ventilation standards apply. Additionally, natural ventilation
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or simple mechanical equipment (e.g. portable local exhaust ventilation unit) should be installed in order to
evaluate the adequacy of ventilation in the non-industrial place depending on the number of operations of
the desktop 3D printers. Ventilation conditions and average air retention time for contaminants in the air
can be assessed in accordance with ISO 16000-8.

A.5.2 Temperature and humidity control

MEX type 3D printers maintain the nozzle temperature at over 200 °C depending on the type of filaments
and operate the machine for one hour for a short time and 6 h or longer depending on the educational
environment. For this reason, there would be a rise in temperature and a decrease in humidity depending
on the space, environment, and number of machine operations. Therefore, it is recommended to install a

tempe}
humid
manag

A5.3

Buildi

Facilities and equipment

g materials (paint, wallpaper, wooden furniture, etc.) are basically used for the’facility of ME

3D pripters at the educational place. These building materials are characterizeddby the continuous

of che

ical compounds according to the environmental conditions of the place. Therefore, the b

materipls in the place should be installed at a minimum, and the desk used for the 3D printers shc
compoped of materials made of non-volatile organic compounds as much as_possible. If the material i
of wood, the material should be purchased considering the test result of the chemical compounds tl

GREENGUARD AGBB, California Air Resources Board, EN 16516 and the‘other relevant test evaluation.

Fature and humidity control mechanism such as a thermo-hygrostat so that the temperature and
ty in the place should be maintained constantly. If it is difficult to install such equipment, it)sh
ed to maintain constant temperature and humidity through natural ventilation.

uld be

X type
release
nilding
uld be
5 made
hrough

safety

questipns with different control options and informatiofn-to reduce exposure to potential hazards.
Table A.3 — 3D Printing with filaments: health and safety questions to ask (NTRC)
Conpsiderations Questions Information to reduce exposure

a) Potential hazards may include:

— Breathing and skin contact with volatile organic
chemicals(VOCs) and particulates(printing) and
other chemicals(post-printing)

— Hotsurfaces and moving parts

b) Printing considerations:

a)~"*What are the potential hazards
associated with 3D printing? — Printing material(e.g., use polylactic acid[PLA]
filament rather than acrylonitrile butadieng
b) Are there known health Styrene[ABS] if possib]e)
Charadterization of effects from the filaments
(for example, see safety data — Filaments with additives(e.g., metals,
potentjal hazards
sheets)? nanomaterials, carbon fibers)
c¢) Whatis the form of work — Frequency and duration of printing
environment (for example,
open or isolated area)? — Manufacturer's recommendations for bed and
nozzle temperatures
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