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PREFACE

This mini-dissertation was written in article format in accordance with the specifications for the
journal Annals of Work Exposures and Health. This journal requires that references in the text
should be in the form Jones (1995), or Jones and Brown (1995), or Jones et al. (1995) if there
are more than two authors. References must be listed in alphabetical order by name of first
author, using the Vancouver style of abbreviation and punctuation. See Chapter 3: Guidelines

for authors, for a detailed description on the referencing style.

Chapter 1 consists of a general introduction and problem statement related to additive
manufacturing (AM). The research aim, objectives and hypotheses of the study are also
included in this section. Chapter 2 comprises of a literature review regarding binder jetting AM,
characteristics of the feedstock powder material and the binder liquid as well as particle
emissions and emission rates. Chapter 3: Particle emissions and respiratory exposure to
hazardous chemical substances, written in a format that meets the journal Annals of Work
Exposures and Health specifications. Chapter 4 is a concluding chapter with recommendations,

study limitations and future research suggestions.
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ABSTRACT

Title: Particle emissions and respiratory exposure to hazardous chemical substances
associated with additive manufacturing utilising poly methyl methacrylate.

Background: There is limited but growing information available regarding the health hazards
associated with additive manufacturing (AM). The study presented in this mini-dissertation is
significant considering that no other studies have explored particle emissions or the personal
exposure of AM operators to hazardous chemical substances (HCS), such as poly methyl
methacrylate (PMMA) powder particles, acetone and methyl methacrylate (MMA), during binder
jetting utilising PMMA and acetone.

Aims and objectives: To determine the physical characteristics and chemical composition of
PMMA powder. Assess particle emissions associated with binder jetting utilising PMMA powder.
Evaluate ambient workplace concentrations as well as personal respiratory exposure
concentrations of the AM operator, for particles and volatile organic compounds (VOCSs) (such

as acetone and MMA) when PMMA powder is utilised during binder jetting AM.

Methods: Physical and chemical characterisation of virgin and used PMMA powder samples
included particle size distribution (PSD), particle shape analysis, scanning electron microscopy
(SEM), X-ray diffraction (XRD) as well as X-ray fluorescence (XRF). Direct reading particle
counting instruments were used to measure particle emissions and emission rates during each
phase of the binder jetting process. Internationally recognised methods were used to monitor
HCSs in the ambient workplace environment and personal respiratory exposure of the AM

operator, during the entire binder jetting process.

Results: There were no noteworthy size differences found between median of the PSD of virgin
(58.32 £ 0.52 um) and used (58.40 £ 0.11 um) PMMA. From SEM images, the presence of < 10
pm, and a few < 4 um, sized particles were observed in both the virgin and used powders.
PMMA powders comprised mainly of amorphous elements (> 99.23% for virgin powder). In the
presence of high background ambient particle number concentrations particle emission rates as
high as 3.33 x 102 particles/min for 0.01 ~ 1.00 um sized particles were measured during the
processing phase. However, no significant differences between the AM phases were observed.
Ambient 8-hour Time Weighted Average (TWA) concentrations were measured at 3.83 + 2.12
mg/m? for inhalable particles, 0.77 + 0.20 mg/m? for respirable particles, 15.32 + 2.62 mg/m? for
acetone, 0.19 + 0.08 mg/m?® for pentane and 0.30 + 0.03 mg/m? for toluene. Personal TWA

concentrations were measured at 6.22 + 4.72 mg/m? for inhalable particles, 1.15 + 0.33 mg/m?



for respirable particles, 2.02 + 0.58 mg/m? for acetone, 0.16 + 0.07 mg/m? for pentane and 0.16

+ 0.05 mg/m3 for toluene.

Conclusions: In this study, a comprehensive analysis was performed in order to determine the
particle emissions and respiratory hazards, and the extent thereof, to which AM operators of
PMMA binder jetting are exposed. Particles sized 0.01 ~ 1.00 um were the most prevalent sizes
emitted. Inhalable, and respirable particles, acetone, pentane and toluene were detected in the
workplace atmosphere. All 8-hour TWA personal exposures were below the respective TWA
Occupational Exposure Limit Recommended Limit (TWA-OEL-RL), with the exception of
exposure to inhalable particles, where exposure exceeded the 10 mg/m® TWA-OEL-RL once
and averaged above 50% of the OEL. Recommendations for elimination, substitution,
engineering, administrative and personal protective equipment control measures were made to
reduce exposure to inhalable particles, which could also be applied to other AM facilities making
use of the same AM technology and PMMA powders. Study limitations and future studies were
also discussed.

Key words:
Particle emission rates; binder jetting; occupational exposure; particle size distribution; 3D

printing.
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CHAPTER 1 INTRODUCTION

1.1. Introduction and problem statement

Additive manufacturing (AM) was developed in the late 1980s in order to manufacture
models and prototype objects, and is currently regarded as the fastest growing
manufacturing method in the health care, electronics and aerospace sectors (Zhou, 2015;
Graff et al., 2016; Prasad and Devaiah, 2018). Compared to other methods of manufacturing
(traditional subtractive or deformation-based manufacturing), AM has fewer geometric
limitations which enables the construction of complex structures without the need to
assemble various parts (Kellens et al., 2017; Mantyjarvi et al., 2018). The AM process relies
on the fusion of raw materials (such as powders, liquid, or filamentous materials), layer upon
layer to construct a final three-dimensional (3D) object, without the necessity of moulds,
tools, or dyes (Khajavi et al., 2014; ISO/ASTM 2015; Kellens et al., 2017).

AM comprises of seven different process classifications that differ with regard to the
materials, technologies as well as the method of layering used, namely 1) direct energy
deposition (DED), 2) vat photo-polymerisation, 3) material jetting, 4) powder bed fusion
(PBF), 5) material extrusion, 6) binder jetting and 7) sheet lamination (ISO/ASTM, 2015).
The three most widely utilised AM technologies available, are fused deposition modelling
(FDM™) in the material extrusion classification, selective laser sintering (SLS) in the PBF
classification, and stereo lithography (STL) in the vat photo-polymerisation classification
(Bharti and Singh, 2017). The most common feedstock materials are polymers and metal
powders. Ceramics are also used as feedstock material; however, the use thereof is limited
to prototypes as a result of the inability of the printed objects to meet performance criteria
(Kunchala and Kappagantula, 2018). PMMA may be used as feedstock material for the
fabrication of biocompatible structures for medical implants during FDM™ AM (Espalin et al.,
2010).

The binder jetting process relies on a powder feedstock material that is fused together with a
binder liquid. For the purpose of this study the focus was on poly methyl methacrylate
(PMMA) as the feedstock material and acetone as the binder liquid (ISO/ASTM, 2015;
Kunchala and Kappagantula, 2018). Industrial scale binder jetting involves three process
phases (pre-processing, processing and post-processing) which may present different levels
of inhalation and dermal exposure risks to the AM operator (Kwon et al., 2017). During the
pre-processing phase, the object to be manufactured is designed using computer-aided

design (CAD) software, along with the preparation of the AM machine which includes sieving



the powder PMMA feedstock material and loading thereof and the acetone binder into the
machine (Kwon et al., 2017). This may pose a respiratory exposure risk as these hazardous
chemical substances (HCSs) may become airborne. The processing phase comprises of the
manufacturing of the designed object (Gibson et al., 2015). According to Junk and Matt
(2015) a roller generates a PMMA powder bed by compressing the powder material on top
of the build chamber. A print head sweeps over the surface and selectively deposits the
acetone bonding agent on top of the PMMA powder layer to bind loose powder materials,
forming an individual 2-dimensional layer (Meteyer et al., 2014). This procedure is repeated
until the entire object has been manufactured (Meteyer et al., 2014, ISO/ASTM, 2015). This
phase is automated and does not carry a high risk of exposure due to the enclosed building
chamber preventing the feedstock material of becoming airborne (Gibson et al., 2015). The
post-processing phase involves the removal and cleaning of the manufactured object
(referred to as a green part). It may also involve the infiltration of the manufactured object
with epoxy resin to yield a final product with sufficient strength, however this step is optional
(Dawes et al., 2015; Junk and Matt, 2015). During the post-processing phase there is
residual unbound powder surrounding the printed object (referred to as a green part) which
may be recycled; however, loose powder may pose an inhalation and dermal exposure risk
to the AM operator (Meteyer et al., 2014).

PMMA is a translucent thermoplastic and a synthetic polymer of the monomer methyl
methacrylate (MMA) (Odian, 2004). MMA undergoes polymerisation to produce PMMA by
means of solution, suspension, and emulsion methods. Respiratory exposure to PMMA
powder has been associated with acute adverse health effects such as respiratory tract
irritation and coughing (Stanczyk and Van Rietbergen, 2004; American Polymer Standards
Corporation, 2017). Acetone is used as a binder liquid for PMMA,; thus, the polymer-solvent
interaction favours contact between the polymer and solvent over polymer-polymer contact
(Zhou et al., 2001). Respiratory exposure to acetone vapour may cause coughing, a sore
throat, headache, confusion, dizziness and during severe exposure, unconsciousness
(NIOSH, 2015).

The physical characteristics of powder particles utilised for AM has an effect on the quality of
the final object that is manufactured. The more spherical a particle, the denser the final
product. Thus, AM favours the use of spherical particles to irregular morphologies (Dawes et
al.,, 2015). According to Tang et al. (2015), the remaining powder surrounding the
manufactured object may be reused. However; the particles become less spherical with
increasing reuse, which may result in a less dense final product. Particle size and shape is

relevant from a respiratory health perspective as it has an influence on where the particles



may deposit in the respiratory tract when inhaled (Plog and Quinlan, 2001; Hoet et al., 2004,
Mellin et al., 2016). According to Brown et al. (2013), size-selective monitoring is used to
sample for particle sizes that are related to specific pathological outcomes. Particles may be
categorised according to their location of deposition in the respiratory tract, namely the
thoracic fraction, tracheobronchial fraction, respirable fraction and inhalable fraction (ISO
7708:1995). The thoracic fraction is the mass fraction of the inhaled particles which may
penetrate beyond the larynx. The tracheobronchial fraction is the mass fraction of inhaled
particles which may penetrate beyond the larynx but not the unciliated airway. The respirable
fraction is the mass fraction of the inhaled particles which may penetrate the unciliated
airway, such as the alveolar region of the lung. The inhalable fraction is the mass fraction of
particles that is aspirated into the mouth and nose during normal breathing and may deposit
anywhere in the respiratory tract (British Standards Institution, 1993; ISO 7708:1995; Brown
et al., 2013). Therefore, it is important to consider the behaviour of different particle sizes
and shapes and the respiratory risk they may pose. Smaller particles, such as ultrafine
particles (UFPs, < 100 nm) that are inhaled, tend to penetrate deeper into the alveolar region
than larger particles, and macrophage-mediated clearance in the alveoli clears such fine
particles form the lungs, albeit is slower than mucocilliary clearance in the conducting
airways (Mellin et al., 2016).

Many AM machines and filament combinations have been shown to emit particles, whereas
others have been shown to emit hazardous volatile organic compounds (VOCs) such as
styrene and caprolactam (Azimi et al., 2016). According to Afshar-Mohajer (2015) and
Vaisanen et al. (2019), particles and VOCs are emitted during binder jetting. This is a result
of the feedstock powder material [zp®150 composite powder (gypsum, calcium sulphate),
<10 um] in the printing chamber moving continuously as well as the injection of the binder
liquid (zb®60 binder solution). Particle emission rates refer to the mass of particles that is
released by an entire object per unit of time. Particle emission rates from material extrusion
AM processes (i.e. FDM™ printers) have been reported extensively (Stephens et al. 2013;
Zhou et al. 2015; Azimi et al., 2016; Steinle, 2016; Deng et al., 2016; Yi et al., 2016; Azimi et
al., 2017; Zontek et al., 2017; Mendes et al., 2017). However, for binder jetting this is limited
to a single study utilising gypsum powder (Afshar-Mohajer et al., 2015). The highest particle
emission rate was 4.4 x 10* particles/min for particles 205 to 407 nm in size during the post-
processing (ejecting) phase. They did not consider personal exposure of the AM operator to
particles or VOCs. However, total volatile organic compound (TVOC) concentrations in the
manufacturing area were measured at 1725 ug/m3. The study presented in this mini-

dissertation is significant considering that no other studies have explored particle emissions



or the personal exposure of the AM operators to HCS (particles and VOCSs) during binder

jetting utilising PMMA and acetone.
1.2. Research aim and objectives
1.2.1. Theresearch aim:

To determine the physical characteristics and chemical composition of PMMA powder,
assess particle and VOC emissions as well as the workplace respiratory exposure of AM
operators to HCS (such as inhalable and respirable particles and VOCs including acetone

and MMA) when PMMA powder is utilised during industrial scale binder jetting AM.
1.2.2. The research objectives:

1. To determine the physical characteristics and chemical composition of the PMMA
powder utilised during binder jetting AM. The Malvern Morphologi G3 (Malvern
Instruments Ltd, UK) was used to quantify particle size distribution (PSD) and shape.
Scanning Electron Microscopy (SEM) was used to determine the physical
characteristics, external particle morphology, and structure of PMMA samples. X-ray
Powder Diffraction (XRD) and X-ray fluorescence (XRF) were used to determine the
elemental composition.

2. To determine particle emissions associated with binder jetting utilising PMMA powder by
means of direct reading particle counting instruments throughout the three phases of
binder jetting AM.

3. To assess ambient concentrations as well as personal respiratory exposure
concentrations of the AM operator, for particles and VOCs (such as acetone and MMA)
associated with binder jetting by means of area and personal sampling for the duration of
the AM process.

1.3. Hypotheses

Hypothesis 1:

Afshar-Mohajer et al. (2015) found that particles and VOCs were emitted during binder
jetting utilising gypsum powder. They have found that the AM phase with the highest particle
emissions is the (removal) post-processing phase. However, powder handling during the
pre-processing phase may also cause powder particles to become airborne. It is therefore,
hypothesised that inhalable particles are be emitted into the workplace environment during

the entire binder jetting AM process utilising PMMA as feedstock material.



Hypothesis 2:

According to Geiss et al. (2016), relying only on area sampling may underestimate the
concentrations of HCSs to which a person/worker is exposed. Additional personal exposure
monitoring must be conducted to quantify exposure to particles and VOC’s more accurately
(Azimi et al., 2016). It is hypothesised that the AM operators are exposed through inhalation
to quantifiable concentrations of HCSs (such as inhalable and respirable particles, MMA and

acetone) during binder jetting utilising PMMA and acetone.
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CHAPTER 2 LITERATURE REVIEW

2.1. Introduction

In this chapter the use of polymer powders in additive manufacturing (AM) as well as the
properties, use and adverse health effects of poly methyl methacrylate (PMMA), methyl
methacrylate (MMA) and acetone, the particles (powder) and volatile organic compounds
(VOCs) used during binder jetting, will be reviewed. Further, information on the
characterisation of particles and the importance thereof from an occupational hygiene
perspective will also be provided. The respiratory tract will be discussed for a better
understanding of the mechanisms of deposition and clearance of inhaled particles. Previous
studies involving emission rates of particles from AM machines/technologies, in particular
binder jetting, will be deliberated, whereas VOCs, and the importance thereof will be defined

together with the relevant occupational exposure limits (OELS).

2.2. Additive manufacturing

The AM process relies on the design of three-dimensional (3D) models by making use of
computer-aided design (CAD) data, and joining raw materials layer upon layer to produce a
final 3D product without the requirement of moulds, tools, or dyes (ISO/ASTM, 2015; Kellens

et al., 2017; Kwon et al., 2017). Therefore, it is differentiated from traditional subtractive or
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deformation-based manufacturing methodologies, such as conventional machining or
forming processes (Kellens et al., 2017). Awareness of AM has grown due to its potential to
increase the intricacy of designs and maodification of objects, while also decreasing the cost,
waste, and shipment that is related with the supply-chain activity (Meteyer et al., 2014; Bours
et al., 2017).

The health care, electronics and aerospace sectors recognise AM as a powerful source for
the manufacturing of intricate structures. However, this fact raises several uncertainties
regarding the emission of hazardous chemical substances (HCSs) as well as the possible
respiratory health risks to the AM operators (Zhou et al., 2015; Graff et al., 2016). Studies
have suggested that exposure to AM emissions could be related to certain health effects
such as allergic responses in persons sensitised to chemicals used in the AM industry (such
as epoxies and urethanes). Inhalation exposure of particles may cause decreased lung
function and respiratory tract inflammation (WHO, 1999). Ultra-fine particles (UFPS)
(particles with an aerodynamic diameter of less than 100 nm) to which AM operators are
exposed may accumulate in the alveolar and pulmonary regions of the lungs, causing
irritation of the airways and mucus membranes (Deak, 1999; Deng et al., 2016; Steinle,
2016).

AM comprises of seven different process classifications with differences regarding the
materials, technologies as well as the method of layering used. The process classifications
are 1) binder jetting, 2) vat photo-polymerisation, 3) material jetting, 4) powder bed fusion
(PBF), 5) material extrusion, 6) direct energy deposition (DED) and 7) sheet lamination
(ISO/ASTM, 2015). The three most widely utilised AM technologies available, are fused
deposition modelling (FDM™) in the material extrusion classification, selective laser sintering
(SLS) in the PBF classification, and stereo lithography (STL) in the vat photo-polymerisation
classification (Bharti and Singh, 2017). The focus of this study is on the binder jetting AM
technology utilising the polymer powder PMMA as feedstock material.

2.2.1. Binder jetting technology

Most polymers available for use during binder jetting AM such as PMMA, are based on
polyamide 12 and polyamide 11 basic polymers (Schmid and Wegener, 2016). Other
potential binder jetting feedstock materials include metal powder, calcium sulphate
(gypsum), ceramic powder and virtually any feedstock material in powdered form. Therefore,
binder jetting is an appropriate platform to devise material innovations (Afshar-Mohajer et al.,
2015; Bai and Williams, 2018; Mirzababaei and Pasebani, 2019; Ziaee and Crane, 2019).



The binder jetting process involves coupling structural powder materials on the powder bed
(also referred to as a filler material) with a binder liquid that is selectively deposited by a print
head (Figure 1) (ISO/ASTM, 2015; Kunchala and Kappagantula, 2018). The binder liquid
utilised during binder jetting determines if the green part (refers to a manufactured object
which has limited strength) will have the adequate green strength and density. Therefore, the
choice of binder liquid is critical. Potential binding liquids include, polymer-based ink,
solvents and colloids (Bai and Williams, 2018). A green part can be strengthened through
infiltration of epoxy resin or cyanoacrylate after the object has been manufactured and de-
powdered (Junk and Matt, 2015).

The binder jetting process comprises of a powder material and a liquid binder (Figure 1)
(ISO/ASTM, 2015). According to Junk and Matt (2015) a roller generates a powder bed by
compressing the powder material on top of the build platform. A print head sweeps over the
surface and selectively deposits a liquid binder on top of the powder layer (Meteyer et al.,
2014). The binder liquid droplets interact with powder particles to bind loose powder
materials to form an individual 2-dimensional cross-sectional layer (Figure 1) (Meteyer et
al., 2014; Bai and Williams, 2018). After depaosition of the liquid binder, the powder bed may
be exposed to thermal energy through heating lamps, however, this step is optional
depending on the AM machine used. This is done to introduce sufficient mechanical
strength into the object being manufactured aiming at enduring gravitational forces
involved in the following printing processes (Miyanaji, 2018). Thorough saturation from the
binder liquid is limited to the outline of the object being manufactured. The middle area of the
object is only saturated approximately 50% to prevent soaking of the powder. However,
there is a spatial framework of fully saturated areas applied to the inside of the object to
increase the strength of the manufactured object (Junk and Matt, 2015). Once the liquid
binder is deposited, movement of these droplets inside the powder pores occurs by means
of capillary pressure and the surface tension-induced pressure gradient between the liquid
binder and air. An equilibrious state in the process is established when a balance of the
capillary pressure across all binder-air interfaces is reached, thus the liquid binder stops
migrating within the powder bed. The binder saturation level is defined as the ratio of liquid
binder volume to the pore volume of the powder bed. Equilibrious saturation determines the
required saturation level for effective formation of green parts (objects) (Miyanaji, 2018). The
feed platform is elevated by the thickness of the successive layer while the build platform
is depressed by the same measure (Meteyer et al.,, 2014). An additional powder layer is
then spread over the preceding layer (Miyanaji, 2018). The 3D object is formed where the
powder is bound to the liquid, with reactive curing (ISO/ASTM, 2015). The procedure is
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repeated until the entire green part has been manufactured (Meteyer et al., 2014;
ISO/ASTM, 2015).

The residual unbound powder in the powder bed remains in position surrounding the
manufactured object to support the manufactured object during the building process
(Meteyer et al., 2014, Bai and Williams, 2018). According to Junk and Matt (2015) a resting
period of approximately 60 to 90 minutes after the printing process is necessary. However,
according to Rojas-Nastrucci et al. (2017) powdered stainless steel requires curing of the
binder liquid in the oven for four hours at a temperature of 185 °C. The excess powder is
then removed by vacuum or blown off using compressed air (de-powdering). De-powdering
is done in order to remove excessive powder causing inaccuracies in the linear dimension,
from the manufactured object (Wang and Zhao, 2017). The surplus powder may be reused
immediately without special treatment (Junk and Matt, 2015).

Optionally, following de-powdering, the green part may be put into an incinerator to burn off
the binder, to sinter powder particles together and to solidify the object (Figure 1) (Bai and
Williams, 2018; Wang and Zhao, 2017). This is done in order to gain ultimate strength and
density of the manufactured object (Junk and Matt, 2015; Wang and Zhao, 2017; Bai and
Williams, 2018; Kunchala and Kappagantula, 2018). Infiltration involves the submerging of
the manufactured object in a solution containing an infiltrant material. The infiltrant will fill the
pores between particles (also referred to as the inter-particle pores) of the object by means
of capillary action (Kunchala and Kappagantula, 2018). During binder jetting, the manual
infiltration of epoxy resin or cyanoacrylate only penetrates the inter-particle pores on the
surface area of the manufactured object, while the interior pores of the object is not reached
by the infiltrant (Junk and Matt, 2015). Thus, the efficiency of infiltration by the infiltrant is
dependent on the inter-particle pore network connectivity that has developed in the
manufactured object (Kunchala and Kappagantula, 2018). The manufactured object has
areas of inhomogeneity due to the inter-particle pore network not being connected
throughout the entire object (Kunchala and Kappagantula, 2018). Therefore, this process is
only appropriate for simple tools, and components that are mechanically highly stressed may
not be realised (Junk and Matt, 2015).
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Figure 1: Overview of binder jetting principles for polymer powder, and representation
applicable to this study. Optional infiltration is not included in this study (adapted from
Voxeljet, 2014; ISO/ASTM, 2015).

2.3. Potential respiratory exposure

AM consists of three production phases namely pre-processing, processing and post-
processing (Kwon et al., 2017). To date it is not yet known to what extent the AM operator
is exposed to particles and VOCs by means of inhalation during industrial scale binder
jetting AM utilising PMMA.

2.3.1. Pre-processing phase

During the course of the first phase (pre-processing), the object to be manufactured is
designed using CAD software (Shi et al.,, 2018). This is a computer-based activity and
therefore, there is no expected respiratory exposure to HCSs involved during this task.
However, there may still be a risk of inhalation of the hazardous substances if the CAD
process is being performed in the same room that the manufacturing task takes place. This
is followed by the preparation of the AM machine which includes sieving the powder
feedstock material (in this study, PMMA); the loading thereof into the machine, as well as

weighing and loading of the binder liquid (in this study, acetone) into the feed system (Kwon
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et al., 2017). This part of the pre-processing task may pose a significant respiratory

exposure risk when the particles become airborne during handling and loading.

2.3.2. Processing phase

The second phase (processing) comprises of the manufacturing of the 3D object that has
been designed. This phase of production is automated and does not carry a high risk of
exposure due to the process taking place inside an enclosed build chamber preventing
feedstock powder from becoming airborne (Aubin, 1994; Gibson et al.,, 2015). However,
respiratory exposure to airborne contaminants may still occur due to HCSs being
accidentally released from openings in the build chamber. Conversely, a study carried out by
Bours et al. (2017) indicated that the majority of the detectable HCSs were released during
the processing phase, and the exposure routes vary subject to the type of AM technology
utilised. Consequently, AM operators may be exposed to particles and VOCs during this
phase (Azimi et al., 2016; Bours et al. (2017).

2.3.3. Post-processing phase

The final phase (post-processing) is where the manufactured object is removed from the AM
machine, cleaned and refined to produce a product which may be (optionally) strengthened
with an infiltrant in order to yield a sufficiently durable final product (Dawes et al., 2015; Junk
and Matt, 2015). Techniques used for post-processing may potentially contribute to
exposure to hazards (Gibson et al., 2015). During the post-processing phase of binder
jetting there is residual unbound powder surrounding the manufactured object which may
be recycled. However, loose powder may pose an inhalation risk (Meteyer et al., 2014).
This is presumably the phase in which there is the highest levels of exposure to HCSs, due
to the building platform being opened (Graff et al., 2016). According to a study carried out
by Afshar-Mohajer et al. (2015), on binder jetting utilising gypsum, powder particles have the
highest emission rates during the period where the printer has just been turned off and the

top cover removed for the extraction of the manufactured object.

2.4. Poly methyl methacrylate feedstock material

This study focuses on PMMA powder as feedstock material during binder jetting. As stated
by Odian (2004), acrylics such as PMMA is a translucent thermoplastic with a high strength-
to-weight ratio and is not affected by moisture. It is a synthetic polymer of the monomer
methyl methacrylate (MMA). MMA undergoes polymerisation, producing PMMA by using

solution, suspension, and emulsion methods.
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Neoss Limited (2010) and the American Polymer Standards Corporation (2017), found that
PMMA is chemically stable, and no hazardous decomposition products are released under
standard conditions of use and storage. However, in environments where PMMA is exposed
to fire or ignition sources, carbon oxides such as carbon monoxide and carbon dioxide may
be released (Hoehn Plastics Inc, 2011; Neoss Limited, 2010). Decomposition products of
PMMA at a temperature of 260 °C include the formation of 2-methyl-oxirane, methyl ester,
carbonic acid, dimethyl itaconate and predominantly MMA (95.5%). Decomposition products
at a temperature of 300 °C include primarily MMA, and much smaller molecules, such as
water, carbon monoxide, carbon dioxide, methane and methanol. However, according to
Konda Gokuldoss et al. (2017) the binder jetting process does not necessarily involve the

use of heat during the building process, unlike some other AM processes.

2.4.1. Uses of poly methyl methacrylate

According to Odian (2004), bulk polymerisation and suspension polymerisation are used to
produce polymethacrylate moulding powders. Rigid methacrylate polymer products include
applications such as lighting, lenses (such as cell phone lenses, touch screens and
automobile light lenses), bathtubs, and shields surrounding hockey rinks (Campbell, 2015;
Odian, 2004). PMMA is used as a substitute for inorganic glass and was initially applied in
World War Il when it was used as aircraft windows and bubble canopies for gun turrets (Ali
et al., 2015). It was used for windows due to its 90% transparency and shatter resistant
characteristic that can endure weather conditions and ultraviolet radiation (Campbell, 2015).

Solution and emulsion polymerisations are used to produce acrylate and methacrylate
polymer products for non-rigid applications such as coatings, textiles and sealants. Trade
names for acrylate and methacrylate polymer products include Plexiglass®, Acrylate,
Rhoplex, Dicalite, and Lucite (Odian, 2004). PMMA has light transmitting properties that is
valuable as optical fibres that are used in telecommunications and endoscopy (Campbell,
2015).

Ligon et al. (2017) found that blocks utilised for computer numerical control (CNC) milling of
artificial teeth are frequently based on PMMA, this is attributable to its stability and durability.
For this reason, it is also used to manufacture furniture and jewellery (Campbell, 2015). In
prosthetic and orthopaedic applications, it may also be used as a substitute for screws to

adhere an implant to surrounding tissue (Campbell, 2015).
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PMMA is used as feedstock material during binder jetting AM (Polzin et al., 2013). According
to Espalin et al. (2010) PMMA may be used as feedstock material for the fabrication of
biocompatible structures for medical implants during FDM™ AM.

2.4.2. Adverse health effects of poly methyl methacrylate

Despite the beneficial properties of PMMA, adverse health effects have also been
associated with the use of, and exposure to this substance (Stanczyk and Van Rietbergen,
2004). Possible routes of exposure to PMMA include inhalation, skin and eye contact (Neoss
Limited, 2010). For the purpose of this study the focus will be on respiratory exposure of AM
operators. Acute adverse health effects of PMMA when inhaled include respiratory tract

irritation and coughing (American Polymer Standards Corporation, 2017).

PMMA requires more attention regarding its adverse health effects, due to the lack of
information available regarding teratogenicity, endocrine disrupter, mutagenic, reproductive
and developmental effects (American Polymer Standards Corporation, 2017). PMMA fillers
injected into the midface, used to reduce rhytids and treat hollows, is associated with chronic
inflammation, eyelid malposition, fibrotic nodules as well as yellowing of the skin (Limongi et
al., 2016). Findings from a study carried out by Anancharungsuk et al. (2010) showed that
the cytotoxicity of sulphur-prevulcanised natural rubber, a material for glove manufacturing,
can be considerably reduced by coating the rubber film with PMMA particles. The major
shortcomings of PMMA cement that is used in dental and orthopaedic procedures, are the
risks of thermal necrosis of surrounding tissue as a result of the generation of high heat in
the course of polymerisation and cytotoxicity/chemical necrosis owing to tissue exposure to
residual MMA release (Razuin et al., 2013; Stanczyk and Van Rietbergen, 2004).

MMA, the main decomposition product of PMMA, is a highly flammable substance. It
requires more attention regarding respiratory health effects. Repeated or prolonged
exposure may cause skin sensitisation and asthma and may have adverse effects on the
nervous system (Dormer et al.,, 1998). MMA has also been associated with bone cement
implantation syndrome. This syndrome is characterized by hypotension, hypoxia, cardiac

arrhythmias, as well as cardiac arrest (Razuin et al., 2013).

2.4.3. Particle emissions during AM

According to Azimi et al. (2016), the extent and shape of the submicron particles emitted

from AM is influenced by the type of printer, feedstock material used, shape of the object
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being manufactured and the print head. Zhang et al. (2017) conducted a study regarding
UFP (< 100 nm) emissions from a commercial material extrusion FDM™ AM machine
utilising acrylonitrile butadiene styrene (ABS) as feedstock material. It was found that the
maximum particle emissions were higher than 108 particles/cm® (102 particles/m®) for
particles in the size range of 20 nm to 40 nm. This occurred in the period of time that the AM
machine was switched on. Binder jetting utilising gypsum powder emitted fine particles due
to the continuous movement of powder particles inside of the AM machine chamber. They
have found that the highest particle concentration was 0.9-1.16 x 10* particles/cm?® (0.9-1.16
x 10 particles/m®) for submicron particles with sizes 205 nm to 255 nm during the

processing phase (Afshar-Mohajer et al., 2015).

Prolonged or repeated exposure to the PLA utilised in binder jetting may cause adverse
health effects such as lung diseases, chest pain, coughing as well as eye irritation and
exposure to the resin-like binder solution used may irritate mucous membranes, the upper
respiratory tract and cause nausea and headache (Afshar-Mohajer et al., 2015). UFPs may
effortlessly cross biological barriers and enter the bloodstream. This may affect several
different physiological systems in the body such as the gastrointestinal tract and the liver.
However, larger particles (100 — 1000 nm) may also be detrimental to health (Mellin et al.,
2016). Particles may coagulate during the first few minutes after emission of high
concentrations of UFPs, thus leading to larger particles being formed that would result in

deposition of these patrticles in different areas of the respiratory tract (Stephens et al., 2013).

Bharti and Sing (2017) performed a study to determine the health and safety effects when
using FDM™ printers, utilising ABS and polylactic acid (PLA) as feedstock material, in
libraries. This study indicated that the concentration of UFPs released during the AM
process is 36 to 60 times higher than the background concentration of UFPs. Exposure to
UFPs have been linked to adverse health effects as it may enter the pulmonary interstitium
and cause pulmonary inflamation (Oberddrster, 2000). Stephens et al. (2013) suggests that
environments where AM is carried out must be well ventilated due to the possible high
concentration of UFP emissions. Different types of materials used in AM each cause UFP
emissions with different chemical constituents. The variation may also be caused by the
condensation of the synthetic organic vapours from the thermoplastic feedstock. According
to a study carried out by Kim et al. (2015) the anticipated vast growth of AM requires that
more research and preventative control measures must be implemented to protect the health
of operators of such printers. Most studies emphasise the process phases of AM in order to
obtain information regarding the emissions of each phase. Therefore, there is a need for

information regarding the ambient concentration as well as personal exposure to HCSs
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during the complete AM process. However, it is also necessary to identify the phase or
phases of binder jetting utilising PMMA where there will be the highest level of particle

emissions as well as emission rates.

2.4.4. Particle emission rates

Emission rate refers to the mass of HCS that are released by an entire object per unit of
time, whereas, the specific emission rate refers to the emission rate that is normalised to the
area, length or mass of an object (CDPH, 2010). There is insufficient information available
regarding emission rates during the binder jetting process (Afshar-Mohajer et al., 2015).
Afshar-Mohajer et al. (2015) has conducted a study on the characterisation of particle
emissions from a binder jetting 3D printer utilising gypsum. An optical particle counter (OPC)
(model 1.108, Grimm Technologies Inc., Douglasville, GA) direct reading instrument was
used. The findings suggested that powder particles with sizes between 205 and 407 nm had
the highest emission rates (4.4 x10* particles/min) during the period where the printer had
just been turned off and the top cover removed for the extraction of the manufactured object.
UFP emissions were found to be four to five magnitudes lower for binder jetting with gypsum
powder than that of Fused Deposition Modelling (FDM™) AM processes using PLA.
Nevertheless, there was substantially higher emissions of particles larger than 200 nm.

A study carried out by Stabile et al. (2017) found that emission rates of particles increased
as a function of the increase in extrusion temperature during FDM™ with an inexpensive
material extrusion desktop 3D printer. Results from this study indicated that materials emit
UFP. However, super-micron particle (particles with an aerodynamic diameter > 1 pm)
emissions were not detected. It was predicted that emission rates of 102 particles/min might
cause large alveolar surface area dose (up to 200 mm? for a 40-minute printing time) in
workers during AM activities (Stabile et al., 2017). Stefaniak et al. (2018) carried out a study
to evaluate the workplace atmospheres in four different facilities that make use of desktop
fused filament fabrication (FFF) 3D printers. Direct reading particle counter instruments were
used in order to measure the concentration and diameter of airborne particles as well as the
total volatile organic compound (TVOC) concentrations. Particle emission rates for FFF 3D
printers ranged from 9.4 x 10°to 4.4 x 10 particles/min. Therefore, Stefaniak et al. (2018)
found that emission rates from different 3D printers, operating conditions and feedstock

materials may reflect variability (Stefaniak et al., 2018).

He et al. (2004) performed a study in which the emission characteristics (particle humber

and mass concentration) of indoor particle sources were measured and quantified in 15
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residential houses. It is suggested that the particle number concentration has a greater
relation to the probable health effects than the particle mass concentration (He et al., 2004).
He et al. (2004) found that indoor activities such as cooking, smoking and the use of fan
heaters can raise the number concentration of particles by 1.5 to more than 27 times.

Stabile et al. (2017) and Stefaniak et al. (2018) made use of an equation derived from He et
al. (2004), to describe the emission source in indoor environments, in order to calculate the

particle emission rates (particles/min).

ER=V - [% + AER+ K- Cyy — AER - Cou Equation 1

Where V is the volume of the room (m?), Cpeax is the peak contaminant concentration during
the AM phase (particle number/m?3), Cou represents the outdoor contaminant concentration
during the AM phase (it is assumed to be equal to the indoor background particle
concentration) (particle number/m3) (Stefaniak et al., 2018). At isthe time difference
between Cpeak and Couw (Min), AER represents the air exchange rate in the room (air
exchange/h), k is the contaminant loss rate due to surface deposition. C;, represents the
average contaminant concentration during the AM phase (particle number/m?). AER is taken
as 0.22/h if there is no mechanical air movement in the room and k is taken as 1/h in an

indoor environment (Stabile et al., 2017; Stefaniak et al., 2018).

2.5. Acetone binder liquid

According to Zhou et al. (2001) acetone and tetrahydrofuran are both solvents for PMMA
and may be used as a binder liquid during binder jetting. However, tetrahydrofuran has a
much weaker interaction with PMMA compared to acetone. Acetone is a strong solvent for
PMMA due to the polymer-solvent interaction that favours contact between polymer and
solvent over polymer-polymer contact. Acetone is a VOC and is a Lewis base, giving an
electron pair to a receiver compound, and a thermodynamically preferred solvent (Zhou et
al., 2001). The acetone diffuses into PMMA to yield a homogenous solution with the solvent.
This strong interaction between acetone and PMMA results in the formation of porous
particles (Zhou et al., 2001; Ali et al., 2015).

2.5.1. Uses of acetone

Occupational exposure to acetone typically occurs in conjunction with exposure to other
solvents. Acetone can be used as a chemical intermediate and solvent (Reisman, 1998). It is

used as a solvent in products such as anti-freeze, alkyd paints, varnishes, plastics,

18



modelling clay, adhesives and sealants, acrylic resins, rubber cements, nail polish removers
and paint removers (ECHA, 2018; Reisman, 1998). Acetone is used as an intermediate in
the production of methacrylate (such as MMA, methacrylic acid and higher methacrylate) via
the acetone cyanohydrin process. It is also used as a chemical intermediate in the
production of Bisphenol A, and as a solvent in the processing of cellulose acetate (Reisman,
1998).

An acetone vapour polishing system has been developed in order to smooth ABS objects
that have been manufactured by means of the material extrusion FDM™ AM technology
(Kuo and Mao, 2016). This vapour polishing treatment involves exposing acetone vapour to
the ABS object, the vapour absorbs into the object surface layer and reduces the surface
viscosity (Neff et al., 2018).

2.5.2. Adverse health effects of acetone

Acetone is considered to be a relatively non-toxic and non-explosive solvent, although it may
form explosive air/vapour mixtures. Acetone reacts dangerously with alkali hydroxides,
strong oxidising agents and strong reducing agents. During prolonged or repeated skin
contact with acetone, it can be absorbed by the skin and cause skin drying and defatting that
may result in dermatitis. However, the high volatility of acetone renders the dermal
absorption thereof insignificant and the main route of exposure is by means of inhalation
(Reisman, 1998).

Inhalation exposure to acetone may cause coughing, sore throat, headache, confusion,
dizziness and during severe exposure it may cause unconsciousness, because high
concentrations of acetone trigger central nervous system disorders (NIOSH, 2015; Institute

for Occupational Safety and Health of the German Social Accident Insurance, 2017).

Ingestion of acetone may cause nausea and vomiting. Acetone has been found to have an
acute oral LDso of 8400 mg/kg in rats, inhalation LDso of 50 000 mg/m® and a dermal LDsg
>15700 mg/Kkg in rabbits (Chemical Manufacturer's Association, 1998).

There is no information available regarding reproductive toxicity, teratogenicity, mutagenic

and developmental effects related to acetone exposure (Institute for Occupational Safety

and Health of the German Social Accident Insurance, 2017).
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2.5.3. Volatile organic compounds

According to Afshar-Mohajer et al. (2015), the binder jetting process utilising gypsum powder
emits VOCs due to the injection of the binder liquid during the processing phase. They have
found that the TVOCs reached a maximum value of 1725 pg/m3. Similar results were
attained by Ding et al. (2019) for desktop material extrusion FDM™ with PLA as feedstock
material. Du Preez et al. (2018a) conducted a study on industrial scale material extrusion
FDM™ AM machines with ABS, polycarbonate and ultem™ filaments as feedstock materials.
They have found that VOC and particle emissions correlate to the scale of the manufacturing

(i.e. desktop versus industrial scale AM), as well as the type of feedstock material used.

VOCs (such as acetone) are volatile compounds that contain carbon (this excludes carbon
monoxide, carbon dioxide, carbonic acid, metallic carbides and carbonates and ammonium
carbonate) that has low vapour pressures at standard conditions (CDPH, 2010). VOCs may
be man-made or naturally occurring, for instance when certain liquids or solids are able to
emit vapours, in the form of VOCs, at room temperature (EPA, 2015; Costelloe-Kuehn,
2018). VOCs comprise of a variety of chemicals (such as formaldehyde and benzene).
Some of these may result in short- and/or long-term adverse health effects (Costelloe-
Kuehn, 2018, EPA, 2015; EPA, 2017). Household products containing organic chemicals are
widely used and many of these have precautionary labels that stipulate the dangers of the
product and procedures that must be followed for safe use (EPA, 2015; EPA, 2017). These
items can release VOCs while in use as well as during the time that they are stored (EPA,
2017). Products containing VOCs can have a great impact on the air quality. This may result
in adverse effects on human health and the environment (Costelloe-Kuehn, 2018). Sources
that emit VOCs and produce indoor air pollution include adhesives, cleaning agents, and
pesticides (EPA, 2015). Indoor concentrations of VOCs are steadily higher than the outdoor
concentrations (EPA, 2017).

2.5.4. Adverse health effects of volatile organic compounds

Exposure to VOCs may cause acute and chronic health effects at high concentrations, and
some are known carcinogens. However, exposure to multiple VOCs at low to moderate
levels may also produce acute reactions (EPA, 2015). Some of the common adverse health
effects caused by VOC exposure include irritation of the eyes, nose and throat, nausea,

headaches, fatigue and loss of coordination and skin hypersensitivity reactions (EPA, 2017).
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2.6. Characterisation of particles

The type and size of the powder particles used in AM has an effect on the quality of the final
object manufactured as well as on the health of the AM operator (Dawes et al., 2015).
Physical characteristics of particles may play a role in the AM process as it has an influence
on the density of the final 3D manufactured object. The more spherical a particle, the denser
the final product. Thus, AM favours the use of spherical particles to irregular morphologies
(Dawes et al., 2015). According to Tang et al. (2015), the remaining powder after AM may be
reused, however, the particles become less spherical and coarser with the increasing reuse,
which may result in a less dense final product. The PMMA powder particle sizes were not
mentioned in the safety data sheet (SDS) for Polypor C (PMMA powder) utilised during
binder jetting AM (Voxeljet, 2014).

Particle size and shape is relevant from a respiratory health perspective as it has an
influence on the location in the respiratory tract where the particles may deposit when
inhaled (Hoet et al., 2004, Mellin et al., 2016). Therefore, the physical characteristics of the

particle have substantial effects on the respiratory hazards posed by powder patrticles.

Patrticle size distribution (PSD) has an influence on the thickness of layers manufactured and
thus the finer detail of the final product. The use of finer powders with a wide range of PSD is
preferred due to the accuracy of the final object rendered. However, this fact increases the
respiratory risks associated with AM utilising powders that may become airborne and
ultimately inhaled (Dawes et al., 2015). Exposure to materials, normally considered safe, has
a greater toxic effect on the human body when in UFP (< 100 nm) form (Mellin et al., 2016).
Inhaled UFPs can reach the alveoli of the lungs and may cause respiratory inflammation.
These particles may enter the bloodstream and may deposit in organs such as the heart,
bone marrow, spleen and lymph nodes. They may also interfere with deoxyribonucleic acid
(DNA) and cellular processes leading to disorders of the central nervous system (Mellin et
al., 2016; Bharti and Singh, 2017). Therefore, it is clear that the type of feedstock powder
selected for the use in AM plays an important role in the quality of the final product as well as

the effects that it could have on the health of AM operators involved.

Du Preez et al. (2018b) has conducted a study on titanium powder utilised during PBF and
its relevance to respiratory health. Characterisation of the AM powder feedstock was done
by making use of Scanning Electron Microscopy (SEM), X-ray Powder Diffraction (XRD),

particle size distribution and characterisation of the particle shape. The SEM images
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indicated the presence of particles in the thoracic and respirable size fractions. Particles in
the inhalable fraction may deposit anywhere in the upper respiratory tract when inhaled,
whereas the particles in the respirable fraction may penetrate to the alveolar region of the
lung (ISO 7708:1995; Brown et al., 2013). XRD analysis results differed from the chemical
composition stated in the safety data sheet (SDS) and the static image analysis indicated
that the titanium powder particles had a smooth surface and a spherical shape (du Preez et
al., 2018b). Particle shape also has an influence on where the particles may deposit in the

respiratory tract when inhaled (Hoet et al., 2004, Mellin et al., 2016).

2.7. Respiratory exposure to particles emitted from AM

In the following sections different particle sizes and deposition thereof in the respiratory tract
and defence mechanisms of the respiratory tract will be explored.

2.7.1. Particle size and deposition in the respiratory tract

Particle size and shape are the determining factors of where the particles may deposit in the
respiratory tract when inhaled (Hoet et al., 2004, Mellin et al., 2016). Particles may be
categorised according to their location of penetration in the respiratory system, namely the
thoracic fraction, the tracheobronchial fraction, the respirable fraction and the inhalable
fraction (ISO 7708:1995; Brown et al., 2013). The thoracic fraction is the mass fraction of the
particles inhaled, which may penetrate beyond the larynx. The tracheobronchial fraction is
the mass fraction of particle inhaled which may penetrate beyond the larynx but not the
unciliated airway. The respirable fraction is the mass fraction of the particles inhaled which
may penetrate the unciliated airway, the alveolar region of the lung. The inhalable fraction is
the mass fraction of particles aspirated into the mouth and nose during normal breathing and

may deposit anywhere in the respiratory tract (ISO 7708:1995; Brown et al., 2013).

Particles that are smaller in size, such as UFPs (< 100 nm), tend to penetrate deeper into
the alveolar region than larger particles and there is no natural mechanism that easily clears
such fine particles form the lungs. It is alleged that larger particles will remain in the lungs for

a longer period of time before it is released back through the airway (Mellin et al., 2016).
According to Frohlich and Salar-Behzadi (2014), there are for mechanisms by which inhaled

aerosol particles can be deposited in the respiratory tract, this includes: (1) inertial impaction;

(2) interception; (3) gravitational sedimentation; and (4) diffusion.
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Inertial impaction is a mechanism of deposition for particles with an aerodynamic diameter
greater than 2 uym (Frohlich and Salar-Behzadi, 2014). When airflow deviates from its
original direction, a particle (within the airflow) adjacent to the airway wall follows the initial
direction and does not adjust within the moving airstream (Plog and Quinlan, 2001). Large
particles are inclined to inertially impact on the extra thoracic and upper tracheobronchial
airways (Frohlich and Salar-Behzadi, 2014). Inertial impaction is relative to the particle
density, square of its diameter, and the airflow velocity and is therefore most efficient for

particles which are larger, denser, and in a high velocity airflow (Plog and Quinlan, 2001).

During deposition by means of interception, the particle is able to follow the air stream due to
the particles’ smaller size, low density, or low velocity of the air stream. However, it still
comes in contact with the surface of the airway wall. The particle intercepts with the airway
wall, and no longer follows the air stream (Plog and Quinlan, 2001). This deposition is also
dependent on the particle shape and therefore, interception is capable of trapping
intermediate-sized particles (Plog and Quinlan, 2001; Fréhlich and Salar-Behzadi, 2014).

Gravitational sedimentation is the mechanism of deposition for particles with an aerodynamic
diameter larger than 1 uym (Frohlich and Salar-Behzadi, 2014). All particles are attracted
towards the centre of the earth due to gravity. This causes the particles to settle in the
airway (Plog and Quinlan, 2001). Deposition usually occurs in the tracheobronchial tracts’
smaller conduction airways (Frohlich and Salar-Behzadi, 2014). Particle sedimentation is
relative to its mass, therefore larger particles will settle faster than smaller particles (Plog
and Quinlan, 2001).

Brownian diffusion is the mechanism of deposition for particles with an aerodynamic
diameter of 0.5 up to 1 ym (Frohlich and Salar-Behzadi, 2014). This refers to the irregular
movement of very small particles that react to individual air molecules. The particles tend to
collide with an airway wall (Plog and Quinlan, 2001). Collision may cause the particle to
deposit on the surface of the airway (Plog and Quinlan, 2001; Fréhlich and Salar-Behzadi,
2014). Diffusion is indirectly correlated to the particles’ square diameter, and the airstream
velocity and therefore, small particles that have a low velocity tend to diffuse (Plog and
Quinlan, 2001).

2.7.2. Respiratory defence mechanisms (clearance)

The inspired air is contaminated with toxic gases, particles and microbes (Lambrecht et al.,

2011). Respiratory clearance refers to the physical removal of these materials that deposit
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on airway surfaces (Schlesinger, 1985). The respiratory system has a number of ways of
filtering incoming air to protect the delicate gas exchange surfaces in the lung (Richardson,
2006). Clearance mechanisms involved are regionally distinct (Schlesinger, 1985).

Large particles (>10 um) that pass through the nose get trapped in the nasal hairs that
extend across the nares. Therefore, only a few percent of these particles will pass through to
the respiratory tract (Richardson, 2006; Wilkinson et al., 2012). Slightly smaller particles get
trapped in the bronchial tree and small particles (1-5 um) get trapped in bronchiole mucus or
in the alveolar fluid (Richardson, 2006).

Clearance in the conducting airways occurs by way of the mucociliary system (Schlesinger,
1985). The nasal passages and tracheobronchial airways to the terminal bronchioles are
lined with ciliated epithelium which secretes a thick mucus layer (Schlesinger, 1985;
Richardson, 2006). Particles that come into contact with the mucus get trapped and swept
by the cilia in the direction of the naso- and oro-pharynx. From there the particles are
removed from the respiratory tract by sneezing and coughing, or swallowed and destroyed
by gastrointestinal fluid (Richardson, 2006; Lambrecht et al., 2011; Wilkinson et al., 2012).
This is to prevent the particles from reaching deeper levels of the respiratory tract
(Richardson, 2006).

Clearance in the respiratory region (alveolar clearance) of the lung may occur via a number
of mechanisms (Schlesinger, 1985). Alveoli do not contain cilia and mucus, because this will
slow down the gas exchange rate of oxygen and carbon dioxide (Lechtzin, 2016). Alveolar
macrophages, residing on the alveolar surface, is part of the first line of defence
mechanisms to protect the lungs from carbon particles, bacteria and other debris
(Richardson, 2006; Lechtzin, 2016). These macrophages isolate, transport and detoxify the
deposited particles. They are part of the mononuclear phagocytic system in the body that
moves by means of ameboid motion (Schlesinger, 1985). Macrophages can assist in the
interference of infiltration of deposited particles through the alveolar epithelium and the
consequent translocation to other sites, by means of phagocytic ingestion (Schlesinger,
1985; Richardson, 2006). Proteolytic enzymes allow the macrophages to digest organic
materials, however, additional white blood cells (particularly neutrophils) can be recruited to
help bind, ingest and digest pathogens (Lechtzin, 2016). Afterwards macrophages are
cleared from the respiratory region by way of the mucociliary system. The efficiency of
clearance is determined by the integrated operation of the macrophages and mucociliary

apparatus (Schlesinger, 1985).
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2.8. Respiratory exposure monitoring

Short et al. (2015) found that AM manufacturer manuals have deficiencies in their guidelines
to protect the health and safety of their operators. It is necessary to conduct respiratory
exposure monitoring to assess the extent of occupational exposure during binder jetting and
compare it to the OEL, as required by the Occupational Health and Safety Act 85 of 1993
Regulations for HCS, 1995 of South Africa (Department of Employment and Labour, 1995;
Bours et al., 2017).

Methods used for personal respiratory exposure monitoring must represent the
concentration of the particles and VOCs present in the breathing zone of the AM operator.
Results acquired from these methodologies must be compared to the OELSs for the different
HCSs found. This is to determine the extent of the AM operators’ exposure to different
airborne HCS, with the aim of recommending appropriate control measures for improved

respiratory protection (HSE, 2006).

Area sampling may also be used for the monitoring of particles and VOCs concentrations in
the workplace atmosphere in order to evaluate the effectiveness of the controls and protect
the individuals that may be affected (HSE, 2006). Direct reading particle counter instruments
may be used to monitor the ambient particle emissions (Afshar-Mohajer et al., 2015).
Personal- and area monitoring can be used in conjunction with each other in order to
achieve a more comprehensive representation of the HCS in the environment to which the

AM operators may be exposed (HSE, 2006).

2.9. Occupational exposure limits for acetone and particles

The South African Department of Employment and Labour is the custodian of the
Occupational Health and Safety Act and the Regulations for HCS of 1995. With the
intention of protecting the health and safety of persons at work against excessive HCSs
exposure, these regulations state the HCSs airborne concentrations that may not be
exceeded (OELs) (Department of Employment and Labour, 1995). According to the
Regulations for Hazardous Chemical Substances (1995), the employer is obligated to
implement and uphold a measurement programme that consists of monitoring the HCSs
the workers are exposed to in order to ensure that the workplace is safe and free from
risks to the health of workers. The 8-hour Time Weighted Average-Occupational Exposure
Limit — Recommended Limit (TWA-OEL-RL) refers to the concentration of an airborne

substance that is averaged over the reference period of 8-hours not likely to cause adverse
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health effects if persons are exposed to day-to-day inhalation at that concentration. PMMA
has no available international 8-hour TWA-OEL-RL, however, it is used during binder jetting
in powder form. Therefore, the 8-hour TWA-OEL-RL concentration for respirable dust (5
mg/m?) and inhalable dust (10 mg/m?3) is applicable (Department of Employment and
Labour, 1995). MMA is recognised as a skin sensitiser and the main decomposition product
of PMMA. It has an 8-hour TWA-OEL-RL of 410 mg/m? (Borak et al., 2011; Department of
Employment and Labour, 1995). Acetone has a TWA-OEL-RL of 1780 mg/m? and a short-
term exposure limit (STEL) OEL-RL of 3560 mg/m® (Department of Employment and
Labour, 1995).

2.10. Conclusion

As application of AM is growing, it is important to emphasize the hazards that go hand in
hand with the process in order to protect the health of the AM operators that are exposed to
this environment. According to Zhang et al. (2017), the 3D printing materials most frequently
used appear to be ABS and PLA in material extrusion FDM™ AM. There is a necessity for
information concerning the emissions and respiratory exposure regarding binder jetting AM
utilising PMMA, as this is a powder material not often researched for this purpose. It is
necessary to determine the physical and chemical characteristics of the particles the AM
operators are exposed to. This is to determine where in the respiratory tract the particles can
penetrate and may deposit so that the correct control measures can be selected and
implemented in order to protect the AM operators from exposure to these substances. It is
important to understand the reaction between the feedstock material (PMMA) and the binder
liquid (acetone) in order to choose the correct monitoring method to determine which HCSs
the operators are exposed to as well as to select the correct methods of control to protect
the operators. It was found that SDSs for specific chemicals, utilised during AM, have
insufficient information available regarding potential hazards and safe operating practises.
This may place the health of the AM operators at risk as it may create a false sense of
security regarding the safety of the work environment is (du Preez et al., 2018b; Short et al.,
2015). It is essential to identify the particle and VOC emissions associated with binder jetting
utilising PMMA as feedstock material, to determine the magnitude of exposure of the AM

operators and compare it to the relevant OELSs.
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Abstract

Title: Particle emissions and respiratory exposure to hazardous chemical substances
associated with additive manufacturing utilising poly methyl methacrylate.

Background: There is limited but growing information available regarding the health
hazards associated with additive manufacturing (AM). During industrial scale binder jetting,
utilising poly methyl methacrylate (PMMA), there is potential for the emission of hazardous
chemical substances (HCSs) such as PMMA powder particles, methyl methacrylate (MMA)
and acetone. This may cause inhalation exposure that may bring about potential health
effects.

Aims and objectives: To determine the chemical composition and physical characteristics
of PMMA powder, to assess particle and volatile organic compound (VOC) emissions as well
as the respiratory exposure to HCSs (inhalable and respirable particles and VOCs including
acetone and MMA) of AM operators when PMMA powder is utilised during industrial scale
binder jetting.

Methods: Physical and chemical characterisation of virgin and used PMMA powder samples
included particle size distribution (PSD), particle shape analysis, scanning electron
microscopy (SEM), X-ray diffraction (XRD) as well as X-ray fluorescence (XRF). Direct
reading particle counting instruments were used to measure particle emissions and emission
rates. Internationally recognised methods were used to monitor HCSs in the ambient
workplace environment and personal respiratory exposure of the AM operator, during binder
jetting.

Results: There is no PMMA powder particle size or composition declaration in the
manufacturer’s safety data sheet (SDS). Therefore, PSD, SEM, XRD and XRF results could
not be compared to the SDS. There were no noteworthy size differences found between the
median PSD of virgin (58.32 + 0.52 um) and used (58.40 + 0.11 um) PMMA. SEM images
indicated the presence < 10 um and < 4 um sized particles in both virgin and used powders.
In the presence of high background ambient particle number concentrations particle
emission rates as high as 3.33 x 102 particles/min for 0.01 ~ 1.00 um sized particles were
measured during the processing phase. However, no significant differences between the AM
phases were observed. Ambient 8-hour Time Weighted Average (TWA) concentrations were
measured at 3.83 + 2.12 mg/m? for inhalable particles, 0.77 + 0.20 mg/m? for respirable
particles, 15.32 + 2.62 mg/m? for acetone, 0.19 + 0.08 mg/m? for pentane and 0.30 + 0.03
mg/m? for toluene. Personal exposure concentrations were measured at 6.22 + 4.72 mg/m?3
for inhalable particles, 1.15 + 0.33 mg/m?3 for respirable particles, 2.02 + 0.58 mg/m? for

acetone, 0.16 + 0.07 mg/m? for pentane and 0.16 + 0.05 mg/m? for toluene.
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Conclusions: Particles sized 0.01 ~ 1.00 um were the most prevalent sizes emitted.
Inhalable, and respirable particles, acetone, pentane and toluene were detected in the
workplace atmosphere. All 8-hour TWA personal exposures were below the respective Time
Weighted Average — Occupational Exposure Limit — Recommended Limit (TWA-OEL-RL),
with the exception of exposure to inhalable particles, where exposure exceeded the 10
mg/m® TWA-OEL-RL once and averaged above 50% of the OEL. Recommendations were
made to reduce exposure to inhalable particles, which could also be applied to other AM

facilities making use of the same AM technology and PMMA powders.
Introduction

Additive manufacturing (AM) is considered to be one of the fastest growing methods of
manufacturing (Prasad and Devaiah, 2018). This statement is particularly accurate in the
case of health care, electronics and aerospace sectors that recognise AM as a powerful
source for the manufacturing of intricate structures (Zhou, 2015; Graff et al., 2016). The AM
process relies on the design of three-dimensional (3D) models by making use of computer-
aided design (CAD) data, and joining raw materials layer upon layer to produce a final 3D
product (ISO/ASTM, 2015; Kellens et al., 2017; Kwon et al., 2017). The growth of the AM
industry has brought the emission of hazardous chemical substances (HCSs) and the
potential respiratory health risks to the AM operators involved under scrutiny (Zhou, 2015;
Graff et al., 2016).

The binder jetting process, one of the seven AM processes, involves the structural polymer
powder poly methyl methacrylate (PMMA) feedstock material being bonded with acetone as
the binder liquid (ISO/ASTM, 2015; Kunchala and Kappagantula, 2018). The three phases
(pre-processing, processing and post-processing) of the binder jetting AM process involve
different levels of inhalation risks to the AM operator (Kwon et al., 2017). The pre-processing
phase involves designing the 3D object by making use of CAD software and preparation of
the AM machine (i.e. sieving the powder PMMA feedstock material and loading the
feedstock material and the acetone binder into the machine) (Kwon et al., 2017). This may
pose a risk for respiratory exposure as the PMMA powder feedstock material and acetone
vapour may become airborne during the preparation of the machine. The processing phase
comprises of the manufacturing (printing) of the object that was designed (Gibson et al.,
2015). A print head sweeps over the powder bed and selectively deposits the acetone
binder liquid on top of the powder layer to bind loose PMMA powder materials (Meteyer et
al., 2014). This procedure is repeated until the entire object (also referred to as a green
part) has been manufactured (Meteyer et al., 2014, ISO/ASTM, 2015). According to Gibson

et al. (2015), this phase of AM is automated and does not carry a high risk of exposure due
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to the enclosed building chamber preventing the feedstock material from becoming airborne.
Post-processing involves the removal and cleaning of the manufactured object (green part).
It may also involve the infiltration of the manufactured object with epoxy resin to yield a final
product with increased strength, however, this step is optional (Dawes et al., 2015; Junk and
Matt, 2015). During this phase there is residual unbound PMMA powder surrounding the
manufactured object, as well as epoxy resin vapour, which may become airborne and pose

an inhalation risk to the AM operator (Meteyer et al., 2014).

The translucent thermoplastic PMMA is a synthetic polymer of the monomer methyl
methacrylate (MMA) (Odian, 2004). MMA undergoes polymerisation to produce PMMA by
means of solution, suspension, and emulsion methods. Respiratory exposure to PMMA has
been linked to acute adverse health effects such as respiratory tract irritation and coughing
(Stanczyk and Van Rietbergen, 2004; American Polymer Standards Corporation, 2017).
Acetone is used as a binder liquid for PMMA. Thus, the polymer-solvent interaction favours
contact between the polymer and solvent over polymer-polymer contact (Zhou et al., 2001).
Inhalation exposure to acetone vapour may cause coughing, a sore throat, headache,
confusion, dizziness and during severe exposure, unconsciousness (NIOSH, 2015).

The type and size of powder particles utilised for AM has an effect on the quality of the final
object that is manufactured (Dawes et al., 2015). The physical characteristics of particles
have an influence on the density of the final 3D manufactured object. Particle size and shape
is relevant from a respiratory health perspective as it has an influence on where the particles
may deposit in the respiratory tract when inhaled (Plog and Quinlan, 2001; Hoet et al., 2004;
Mellin et al., 2016). Therefore, it is important to consider the behaviour of different particle
sizes and shapes and the respiratory risk they may pose. Smaller particles, such as ultrafine
particles (UFPs, < 100 nm) that are inhaled, tend to penetrate deeper into the alveolar region
than larger particles, and there is no natural mechanism that easily clears such fine particles
from the lungs. It is alleged that larger particles will remain in the lungs for a longer period of

time before it is cleared by way of respiratory clearance mechanisms (Mellin et al., 2016).

Particle emission rates refer to the mass of particles that are released by an entire object per
unit of time. Particle emission rates and volatile organic compound (VOC) emissions from
material extrusion AM processes [i.e. desktop Fused Deposition Modeling (FDM™) printers]
have been reported extensively (Stephens et al., 2013; Zhou et al., 2015; Azimi et al., 2016;
Steinle, 2016; Deng et al., 2016; Yi et al., 2016; Azimi et al.,, 2017; Zontek et al., 2017;
Mendes et al., 2017). However, for binder jetting reporting is limited to a single study utilising
gypsum powder (Afshar-Mohajer et al., 2015). They have found that the highest particle

concentration was 0.9-1.16 x 10 particles/cm?® (0.9-1.16 x 10 particles/m?3) for particles
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with sizes 205 nm to 255 nm during the processing phase, whereas, the highest particle
emission rates (4.4 x 10* particles/min) were during the (removal) post-processing phase.
Afshar-Mohajer et al. 2015 also found that the total volatile organic compound (TVOC)
emissions reached a maximum value of 1725 ug/m?3. The aims of this study are to determine
the physical characteristics and chemical composition of PMMA powder, assess particle and
VOC emissions as well as the respiratory exposure to HCS (inhalable and respirable
particles and VOCs including acetone and MMA) of AM operators when PMMA powder is

utilised during industrial scale binder jetting AM.
Materials and methods

This quantitative study was performed at an AM facility located at a tertiary institution in SA.
This study involved the manufacturing of three identical objects (an impeller PMMA
investment casting pattern) with dimensions of; x-323.607 mm, y-323.610 mm and z-88.161
mm; and had a surface area of 1 688 402.5 mm?2. The binder jetting utilising PMMA printing
room contains a single AM machine that was used to build three prototype objects under the
same printing conditions over three days. Processing time for each build was approximately
four and a half hours, excluding pre-processing and post-processing.

Workplace description

The room in which binder jetting AM was conducted at this facility is an enclosed area
(113.73 m®) with closed windows and a ventilation system as well as a local exhaust
ventilation (LEV) system, leading directly to the outside environment (both not in working
order). This facility makes use of the binder jetting process for the manufacturing of 3D
objects with an industrial scale AM machine (Voxeljet VX500) (Voxeljet, Germany) 3D printer
utilising PMMA powders and acetone as the binder liquid at a temperature of 30 °C. There
was only one AM operator performing work in this area at the time of the study. The AM
operator initiated the pre-processing phase by opening the build chamber, cleaning the AM
machine using a vacuum, loading Polypor C (PMMA feedstock powder used during binder
jetting), weighing and loading the acetone binder into the AM machine. Then, the build
chamber was closed and work was performed at the computer workstation next to the AM
machine with the intention of commencing the processing (building) phase. During the
processing phase, the operator left the printing room, returning hourly to confirm the state of
the AM machine. In-between, the operator was involved with other tasks (i.e. office work and
operating other types of AM machines) that may have caused exposure to HCS not related
to binder jetting. Once the processing phase was completed, the manufactured object was

kept inside of the AM machine for 24 hours before post-processing took place. Therefore,
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post-processing of the manufactured object was only done the day after the object was
manufactured. Post-processing entailed the removal of excess powder surrounding the
object utilising a vacuum and compressed air within an enclosed de-powdering station in the
same room. No epoxy resin was used to infiltrate the manufactured object. The AM operator
did not make use of any personal protective equipment during the entire AM process.

Powder particle physical and chemical characterisation

Bulk samples of virgin and used PMMA feedstock powders (Polypor C, Voxeljet) were
collected in separate storage vials for analyses. Detailed investigations of PMMA powder
particle size distribution (PSD) and particle shape were performed using the automated
Malvern Morphologi G3 microscope (Malvern Instruments Ltd, UK). Each PMMA powder
sample (approximately 5 mm?3) was placed in the dispersion unit of the instrument, and then
dispersed. Images of individual particles were taken and automatic scanning then analysed
the images. Analysis was repeated three times for both virgin and used PMMA powders (du
Preez et al., 2018).

PMMA powders’ physical characterisation was further investigated using the Phenom pro-
desktop Scanning Electron Microscopy (SEM) (Phenom PRO Desktop SEM, Phenom-World
B., Netherland) at a 5 kV magnification power level in order to visualise particles with a size
smaller than 10 um. Approximately 5 mm? of virgin and used PMMA powders each were
separately dispensed on top of adhesive carbon strips. Samples were covered by a gold
palladium source with a SPI module sputter coater (SPI-Module™, Sputter Coater, SPI
Supplies, USA) (du Preez et al., 2018).

The chemical composition of virgin and used PMMA powders was analysed by means of X-
ray Diffraction (XRD) and X-ray Fluorescence (XRF) analysis. XRD analyses involved
pulverising powder samples to a finer powder and then placing these samples onto a spinner
stage inside the XRD. A powder diffractometer was utilised to conduct the XRD analyses
and a Cu X-ray tube was used to scan the samples (X’Pert Pro XRD, PANalytical, the
Netherlands., PW3376/00 Co LFF tube, PANalytical, the Netherlands) (du Preez et al.,
2018). XRF analyses involved the moulding of pressed pellets by adding a binding material
to the powder samples and pressing the moulded pellets under a weight of 20 tons. X-ray
tubes were used to scan the samples in order to yield information on the chemical

composition of the powder sample (AxiosM®, PANalytical, the Netherlands).
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Particle emission monitoring

In order to monitor and assess powder particle emissions in real-time during the different
phases of binder jetting AM, particles were counted using the airborne particle counter
(APC) (AeroTrak™ Portable Particle Counter 9310, TSI Inc., MN, USA) and the
condensation particle counter (CPC) (CPC Model 3007, TSI Inc., MN, USA). The CPC was
used to determine the particle number concentration in the size range of 0.01 ~ 1.00 um.
The CPC has a maximum detectable size range between 1 up to 3 um, however, it is
important to take into account that inert impaction may in all likelihood cause the loss of
particles larger than 1 um in size in the inlet (ISO 7708:1995). The APC was used to
determine the number concentration of particles in the size range of 0.30 to 10 um. Each
day before sampling took place ambient outdoor (background) particle number
concentrations were recorded prior to any activity in the AM room for approximately 10
minutes, as this was a requirement in order to perform the particle emission rate (ER)
calculations. The instruments were used to record particle humber concentrations during
each separate phase of the AM process. Data was collected (every 1 minute for the APC
and 10 seconds for the CPC) for the duration of each phase of the manufacturing process of
each object. All direct reading instrument measurements were taken at a distance of one
meter from the AM machine at a height of 1.50 meters.

The emission rates (particles/min) of particles were calculated by making use of the method
described in He et al. (2004) and Stabile et al. (2017) (Equation 1).

ER=V - [% + AER+ K- Gy, — AER - Coy Equation 1

Where V was the volume of the room (m?), Cpeak Was the peak contaminant concentration
during the AM phase (particle number/m®), Courepresented the outdoor contaminant
concentration during the AM phase (it was assumed to be equal to the indoor background
particle concentration) (particle number/m®) (Stefaniak et al., 2018). At was the time
difference between Cpeak and Cout (Min), AER represented the air exchange rate in the room
(air exchange/h), k was the contaminant loss rate due to surface deposition. C;, represented
the average contaminant concentration during the AM phase (particle number/m?). AER was
taken as 0.22/h as there was no mechanical air movement in the room and k was taken as

1/h in an indoor environment (Stabile et al., 2017; Stefaniak et al., 2018).
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Area and personal HCS exposure monitoring

Respiratory exposure of the AM operator to HCS (particles and VOCs) was assessed by
means of personal sampling. Area (static) sampling was also conducted to investigate the
HCS in the ambient workplace environment. Methods for the Determination of Hazardous
Substances (MDHS) 14/4 was used to determine emissions of inhalable and respirable
particles by utilising an Institute of Occupational Medicine (IOM) ‘multidust’ dual-fraction
respirable sampling device (International Occupational Medicine, SKC Inc., PA, USA) (HSE,
2014). The IOM sampler utilises a polyurethane foam insert to collect the larger particles,
and the smaller particles will pass through the foam insert and eventually deposit on a 25
mm diameter mixed cellulose ester (MCE) membrane filter (HSE, 2014). NIOSH method
2537 for methyl and ethyl methacrylate was used to determine the concentration of MMA to
which the operator was exposed, by making use of XAD®-2, 400/200 mg solid sorbent tubes
(226-153 SKC) (NIOSH, 2003). NIOSH method 2027 for ketones was used to determine
exposure to acetone during the AM process, by making use of silica gel, 500/1000 mg solid
sorbent tubes (NIOSH, 2016). Method MDHS 88 was used to monitor for other VOCs which
may have been present using 350 mg passive charcoal samplers (575-001 SKC) (HSE,
1997). The area samplers were placed at a distance of approximately 1.00 meter from the
AM machine, the de-powdering station and the post-processing station, at a height of 1.50
meter. Personal samplers were placed in the breathing zone of the AM operator. Due to
limited space in the printing room and only one AM operator performing the AM tasks, two
sets of area samples and one set of personal samples were taken. A set of samples was
collected for each entire object built (this included the pre-processing, processing and post-
processing phases). Each set of samples consisted of an IOM ‘multidust’ dual-fraction
respirable sample, XAD®-2 400/200 mg solid sorbent tube, silica gel 500 mg/1000 mg solid
sorbent tube and a 575-001 SKC 350 mg passive charcoal sample. Area monitoring
consisted of the use of 12 sets of samples, whereas 6 sets of personal samples were taken
and 4 sets of field blank samples. Therefore, a total of 88 samples were taken consisting of
22 I0M ‘multidust’ dual-fraction respirable samples, 22 XAD®-2 400/200 mg solid sorbent
tubes, 22 silica gel 500 mg/1000 mg solid sorbent tubes and 22 SKC 575-001 350 mg
passive charcoal samples, including field blanks. The VOC samples were refrigerated after

use until analysis could be performed.

GILAIr Plus (Sensidyne, FL, USA) exposure monitoring pumps were calibrated at 0.05 L/min
for acetone and MMA sampling and at 2 L/min for particle sampling, as required by the
respective methodologies. The calibration was performed prior to exposure monitoring, and

the flow rate was confirmed after monitoring, by making use of the Gillian Gilibrator-2 (Gillian
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Gilibrator-2, Sensidyne Inc., FL, USA). If the flow rate after monitoring deviated 5% from the
flow rate taken prior to monitoring, the sample would have been discarded. This information,
together with the blank samples and samples used for measurement analyses results, were
used to calculate the 8-hour Time Weighted Average (TWA) exposure concentration for
particle and VOCs using this formula.

CiT1+C,T1+ CyTh
Tg

TWA =

Equation 2

Where C refers to the concentration of the HCS measured during the AM phase (mg/m?), T
is the duration of exposure at the concentration of C (hours) and Ts is the total time of the
shift period, for the remaining time the concentration was assumed to be zero to make up 8-
hours (Schoeman and van den Heever, 2015).

Laboratory analyses

Analyses of all area and personal samples collected were carried out by a South African
National Accreditation System (SANAS) accredited laboratory. Gravimetric analysis for
inhalable and respirable particles was performed for the IOM ‘multidust’ dual-fraction
respirable sampler (MDHS 14/4). Gas Chromatography Flame lonization Detector (GC/FID)
analysis was performed for methyl methacrylate (MMA) in the XAD®-2 samples (NIOSH
2537) and acetone in the silica gel samples (NIOSH 2027) and sorbent desorption and
GC/FID were performed to analyse for VOCs (MDHS 88). The limit of detection (LOD) for
gravimetric weighing was < 0.30 mg for inhalable particles and < 0.03 mg for respirable
particles. Both acetone and MMA had a LOD of 0.0001 mg. The VOC results were converted
to air concentration; therefore, each sample presented a different limit of quantitation as the

exposure of each sample varied (Huber, 2010).
Statistical data analyses

Statistical analyses were performed using GraphPad Prism 8.2.1 (GraphPad Software, La
Jolla, USA). Basic descriptive statistics were used to determine the mean, minimum and
maximum range and standard deviation of the variables. Throughout a p-value of < 0.05 was
considered statistically significant. The particle size of virgin PMMA powders was compared
to used PMMA powders by making use of an independent t-test. The analysis of variance
(ANOVA) test, followed by the Dunn’s multiple comparisons test were used to determine if
there were significant differences in particle emission rates between the three AM phases
and particle sizes in each phase. Personal and area sampling results that were found to be

below the LOD were replaced with values that were calculated by the LOD divided by the
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square root of two substitution method (Ganser and Hewett, 2010). 8-Hour TWAs were
calculated from the concentration results (for each HCS measured in mg/m?) and the time
duration of exposure (hours) for the entire AM process (Equation 2). The AM operators’
personal 8-hour TWA exposures were compared to the Time Weighted Average -
Occupational Exposure Limit — Recommended Limit (TWA-OEL-RL) to determine whether
exposures were compliant with the South African Regulations for Hazardous Chemical

Substances (Department of Employment and Labour, 1995).
Ethics approval

This study was approved by the Health Research Ethics Committee (HREC) of the North-
West University (ethics number NWU-00123-18-A1). All AM operators involved with binder
jetting AM utilising PMMA were invited to take part in this study voluntarily as stated in the

informed consent.
Results

To begin with, PMMA powder particle characterisation (physical and chemical) is described,
followed by explanation of particle emissions and emission rates, area and personal
exposure monitoring of the AM operator to HCS.

Physical and chemical characterisation of powder particles

Powders used for AM are often recycled without treatment thereof before re-using it. The
median patrticle size for virgin and used powders was 58.32 + 0.52 um and 58.40 + 0.11 ym
respectively. Ten percent of particles were smaller than 46.91 ym for virgin PMMA powder
and 46.84 pm for used PMMA powder. PSD indicated no particles larger than 202.31 um for
virgin PMMA powder and 342.06 pm for used powder. At d(0.1) and d(0.5) there was no
significant difference in the size distribution for virgin and used PMMA powder (Table 1). At
d(0.9), a statistical significant difference was observed between virgin and used PMMA
powder particle size. The PMMA powder particle sizes measured could not be compared to
the safety data sheet (SDS) for Polypor C (PMMA powder) as it was not stated in the SDS
(Voxeljet, 2014).

From SEM images, the presence of < 10 ym, and a few < 4 ym, sized particles were
observed in both the virgin and used powders (Figure 1A and B). PMMA powder particles
appeared smooth with a spherical shape, with no observed differences between the virgin

and used powders (Table 1 and Figure 1).
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Table 1: PSD and particle shape analysis of PMMA powders. Data reported as mean *
standard deviation.

Powder n Particle size distribution (um) Shape
d(0.1) d(0.5) d(0.9) Circularity Convexity

Virgin 3 46.91+0.17 5832+0.52 85.59+3.72* 0.94 + 0.004 0.99 + 0.001

Used 3 46.84+0.24 58.40+0.11 90.73+4.48* 0.93 + 0.006 0.99 + 0.001

e d(0.1) 10%; d(0.5) 50%; d(0.9) 90% of the particles are smaller than the stated diameter.

e nrepresents the number of repeat analyses.

o * Statistically significant differences (p < 0.05).

e Circularity: Ratio of the perimeter of a circle with an area that is equivalent to the particle, divided

by the actual particle perimeter. Circularity of 1 represents a perfect circle.
o Convexity: Particle edge roughness measurement. A convexity of 1 represents a smooth surface.

Figure 1: SEM images from virgin (A) and used (B) PMMA powders visualised on a 30 ym scale.

According to the PMMA feedstock SDS, the powder consists only of a dibenzoyl peroxide
mixture. XRD and XRF chemical composition analyses revealed that both virgin and used
PMMA powders comprised of respectively 99.23% and 99.12% amorphous elements with
< 0.1% fluorine and 0.56% silicon dioxide in virgin PMMA powder and 0.68% silicon dioxide
in the used PMMA powder.

Particle emissions and emission rates

The duration of pre-processing, processing, and post-processing phases was approximately
37 £ 22.61 minutes, 270 minutes and 28 + 13.87 minutes respectively. Background particle
number concentrations before pre-processing and processing for particles in the 0.01 ~ 1.00
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pum, 0.3 um, 0.5 um and 1 um size fractions measured at 1.88 x 10'°, 5.83 x 107, 1.54 x 10’
and 5.51 x 108 particles/m® respectively (Figure 2A). The particle number concentration
decreased throughout the pre-processing phase for particles in the 0.01 ~ 1.00 pm size
fraction, whereas the particle number concentration for 0.3 um, 0.5 um and 1 pum sized
particles remained relatively unchanged during this phase. During the processing phase the
particle number concentration for 0.01 ~ 1.00 um, 0.3 um, 0.5 um and 1 um sized particles
decreased as the phase continued, and measured as low as 1.03 x 10° particles/m?3. It was
found that the particle number concentration increased during the processing phase for the
0.01 ~ 1.00 um particle size fraction. The AM operator struck the AM machine, with a rubber
hammer, to prevent the PMMA powder from adhering to the inside surfaces of the AM
machine. This may have caused particles adhering to the outside of the machine to become
airborne. The background particle number concentrations before the post-processing phase
commenced were at 1.11 x 10 (0.01 ~ 1.00 pm), 5.96 x 107 (0.3 pym), 7.15 x 10° (0.5 pm)
and 2.25 x 10° (1 pum) particles/m® (Figure 2B). The particle number concentration for
particles in the 0.01 ~ 1.00 um size fraction gradually increased to 1.48 x 10 particles/m?®
and decreased to 9.71 x 10° particles/m? at the end of the phase. Whereas particles in the
0.3 um to 1 um size fractions decreased before the post-processing phase commenced,
reaching a low of 1.84 x 10° particles/m3. This may be due to the use of the de-powdering

station as control measure to prevent particles from becoming airborne and being inhaled.

Figures 3 and 4 illustrate the particle emission rates during binder jetting AM utilising PMMA
in particle size ranges of 0.01 ~ 1.00 um and 0.3 um — 10 um respectively. High ambient
background particle number concentrations prevented the calculation of particle emission
rates during the post-processing phase (0.3 — 1 um). The maximum particle emission rate
for the 0.01 ~ 1.00 pm sized particles was 3.33 x 10'? particles/min (n=3), no significant
differences between AM phases were observed. Particle emission rates for 0.3 um sized
particles were 1.15 x 10° particles/min during pre-processing (n=1) and 8.88 x 10°
particles/min during processing (n=1). Particle emission rates for 0.5 um sized particles were
2.69 x 10° particles/min during pre-processing (n=1) and 1.58 x 10° particles/min during
processing (n=1). Particle emission rates for 1 um sized particles were 6.86 x 108
particles/min during pre-processing (n=2). The particle emission rates for 3 um to 5 pym sized
particles ranged between 1.67 x 107 particles/min during post-processing and 5.34 x 10’
particles/min during post-processing. The highest particle emission rate for 10 pm sized
particles was 1.93 x 107 particles/min during post-processing. The particle emission rates
during the post-processing phase were significantly higher than that of pre-processing and

processing phase for 10 um sized particles (n=3).
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Figure 2: lllustration of particle number concentrations during the pre-processing,

processing phases (A) and post-processing phase (B) for one binder jetting process.
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Area and personal HCS exposure monitoring

The ambient and personal HCSs exposure concentrations are presented in Table 2. The
ambient inhalable particle concentration ranged between below detection level (BDL) mg/m?
and 6.25 mg/m?3, and the respirable particle concentration between BDL mg/m?® and 2.36
mg/m3. The AM operator was exposed to inhalable particles at concentrations ranging from
BDL mg/m?3to 11.31 mg/m?® and for respirable particles from BDL mg/m? to 2.78 mg/m®. The
personal 8-hour TWA exposure of the AM operator to inhalable particles was higher than the
ambient concentration in the printing area. One of the personal exposure measurements
exceeded the TWA-OEL-RL of 10 mg/m® and another exceeded the action level (50% of
OEL) of 5 mg/m?,

The ambient acetone concentrations ranged between BDL mg/m?® and 4.08 mg/m?, whereas
the AM operator was exposed to acetone concentrations ranging from BDL mg/m? to 3.02
mg/m3. The ambient 8-hour TWA concentration (15.32 + 2.62 mg/m3) in the printing room
was considerably higher than the personal exposure (2.02 + 0.58 mg/m?® of the AM

operator.

No MMA was detected in the workplace atmosphere and the AM operator was not likely
exposed to MMA (all personal exposure samples were BDL mg/m?).

VOCs detected with passive samplers were pentane and toluene, however, most of the
ambient concentrations and personal exposure concentrations were BDL mg/m3. Ambient
concentrations ranged between BDL mg/m® and 1.60 mg/m? for pentane, and BDL mg/m?
and 1.76 mg/m?3 for toluene. Personal exposure of the AM operator during the entire AM
process ranged between BDL mg/m?® and 1.51 mg/m? for pentane, and BDL mg/m? and 1.25

mg/m?for toluene.
Discussion

The aim of this study was to determine the physical and chemical characteristics of the
PMMA powder utilised during binder jetting AM, to assess particle emissions and emission
rates, as well as to measure respiratory exposure of the AM operator to HCSs associated

with this process.

Particle size is relevant from a respiratory health perspective as it has an influence on where
the particles may deposit in the respiratory tract when inhaled (Hoet et al., 2004, Mellin et al.,
2016). The use of finer powders with a wide range of PSD is preferred in AM due to its

accurate rendering of the final object. However, this preference increases the respiratory
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Table 2: Summary of HCS concentrations during the entire binder jetting process utilising PMMA powder feedstock material and acetone.

Area Personal
HCS Sampling n Concentration Concentration 8-hour TWA n Concentration Concentration 8-hour TWA TWA-OEL-RL
time mg/m3 range mg/m?3 mg/m?3 range mg/m3 mg/m3
hours mg/m?3 mg/m?3
Inhalable 2.07 £ 2.39* BDL — 6.25 3.83+£212 3.90 £ 5.01* BDL —-11.31 6.22 £4.72 10
particles
- 512+054 12 6"
Respirable 0.58 + 1.00* BDL — 2.36 0.77 £0.20 1.03 + 1.24* BDL —2.78 1.15+0.33 5
particles
Acetone 512+055 12* 2.73 £ 0.84* BDL —4.08 15.32+2.62 6* 1.17 + 1.20* BDL — 3.02 2.02 £ 0.58 1780
MMA 512+ 055 12F BDL BDL BDL 6* BDL BDL BDL 410
Pentane 0.64 £ 0.53* BDL — 1.60 0.19 £ 0.08 0.61 £ 0.58* BDL - 1.51 0.16 £ 0.7 1800
515+ 050 12* 6"
Toluene 0.79 £ 0.51* BDL - 1.76 0.30£0.03 0.66 = 0.65* BDL — 1.25 0.16 £ 0.05 188

e nrepresents the number of samples taken.

e *area samples < LOD: Inhalable particles and Respirable particles 7 samples, Acetone 1 sample, MMA 12 samples, Pentane 9 samples, Toluene 6
samples.
e *personal samples < LOD: Inhalable particles and Respirable particles 2 samples, Acetone 4 samples, MMA 6 samples, Pentane 5 samples, Toluene 5
samples.
e *BDL concentration calculated from LODV2/volume (m3).

e Inhalable particle LOD — 0.3 mg, respirable particle LOD — 0.03 mg, MMA and acetone LOD — 0.0001 mg.
e South African TWA-OEL-RL (Department of Employment and Labour, 1995).
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risks associated with AM utilising powders that may become airborne and are ultimately inhaled
(Dawes et al., 2015). AM feedstock powders are often recycled without treatment thereof before
re-using it (Junk and Matt, 2015).

The PSD analysis results indicated similarities between the size ranges of the virgin and used
PMMA powder particles. It was found that ten percent of the virgin and used powder particles
were smaller than 46.91 ym and 46.84 um respectively. SEM images together with particle
shape analyses indicated that the virgin and used powder particles were smooth and spherically
shaped. Both virgin and used particle size ranges were < 100 nm. Therefore, all particles can be
categorised in the inhalable fraction of particles suspended in air that are able to be aspirated
into the mouth and nose during normal breathing and may deposit anywhere in the respiratory
tract (British Standards Institution, 1993; ISO 7708:1995). SEM imaging indicated the presence
of particles that are < 10 ym and <4 pym in size (Figure 1 A and B).

Particles suspended in the air that are in the < 10 um size fraction (thoracic fraction) may be
inhaled and reach beyond the larynx, whereas < 4 ym sized particles (respirable fraction) may
penetrate the unciliated airways (ISO 7708:1995; Brown et al., 2013).

The SDS indicated that the powder consists of a mixture of dibenzoyl peroxide as well as
substances of very high concern (SVHC), however the specific SVHC are not mentioned and
are presumed to be below 0.1% (Voxeljet, 2014). Our analysis found that PMMA powders
comprised mainly of amorphous elements (> 99.23% for virgin powder). The SDS has no
mention of the PMMA particle size or a comprehensive chemical composition for this specific
powder. This may cause a false sense of security for the AM operators as they are not aware of
the health risk involved with their operation. However, according to the PSD, all particles (virgin
and used) when suspended in air were in the inhalable fraction. To conclude, the type of
feedstock powder selected for the use in AM plays an important role in the quality of the final

product, but may also negatively affect the health of AM operators involved.

In the presence of high background ambient particle number concentrations (Figure 2 A and B)
particle emission rates as high as 3.33 x 10*? particles/min for 0.01 ~ 1.00 um sized particles
were measured during the processing phase (Figure 3). This facility makes use of other AM
processes. However, the binder jetting utilising PMMA printing room contains a single AM
machine that was used to build three prototype objects under the same printing conditions over
three days. There was no ventilation system or LEV system in working order to control particle
emissions in this room. It is suspected that the use of other AM processes, deficiency of

housekeeping in the binder jetting utilising PMMA printing room and the defective ventilation
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and LEV systems may be the reason for the high ambient background particle number

concentrations (Figure 2 A and B).

Over-all, the foremost particle emissions and particle emission rates measured were for particle
sizes in the range of 0.01 ~ 1.00 um at 3.3 x 102 particles/min during the processing phase
(Figure 3). Emission rates were calculated on the basis of the trends in particle number
concentration for each AM phase, specifically the average-, peak- and outside-concentration.
The post-processing phase occurred to some extent inside a de-powdering station for 24 hours
after the processing phases were completed. This may have caused lower particle emissions
and emission rates during this phase. No significant differences were found in the emission
rates during the different AM phases for particles in the size range of 0.01 ~ 1.00 ym and 5 pum.
However, a significant difference was found between the AM phases with post-processing being
the phase with the highest particle emission rates (1.93 + 1.00 x 10’ particles/min) for particles
in the 10 um size range. Afshar-Mohajer et al. (2015) has found that powder particles with sizes
between 205 and 407 nm had the highest emission rates (4.4 x10* particles/min) during the
post-processing phase of binder jetting using gypsum. Emission rates calculated in this study
(0.01 ~ 1.00 um) were comparable to those found in Stabile et al. (2017) during FDM™ utilising
polylactic acid (PLA) (9.98 x 10 particles/min).

According to Afshar-Mohajer (2015), particles and VOCs are emitted during binder jetting. This
is a result of the constant movement of the feedstock powder material in the printing chamber
as well as the injection of the binder liquid. Findings from area monitoring confirmed the
presence of inhalable and respirable particles, acetone, pentane and toluene in the workplace
atmosphere (Table 2). The ambient 8-hour TWA for inhalable particles was 3.83 + 2.12 mg/m3.
The VOC with the highest concentration in the ambient environment was acetone (BDL mg/m?® —
4.08 mg/m?3), the binder liquid used.

Personal exposure monitoring indicated that inhalable particles were the predominant particles
measured, reaching an average 8-hour TWA of 6.22 + 4.72 mg/m3. One of the measurements
exceeded the TWA-OEL-RL of 10 mg/m?and another the action level of 5 mg/m?3. The personal
exposure concentrations of the AM operator to acetone, pentane and toluene were far below
the TWA-OEL-RL, whereas MMA concentrations were all BDL mg/m3. According to a study
carried out by Steinle et al. (2016) on material extrusion FDM™ utilising acrylonitrile butadiene
styrene (ABS) and PLA, inhalable and respirable particle emissions were below the LOD when
measured gravimetrically. They have found that styrene was the predominant VOC emitted
when utilising ABS, whereas MMA was the foremost VOC emitted when utilising PLA. Due to

the TWA-OEL-RL and action level of inhalable particles that were exceeded, action should be
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taken and control measures implemented in order to decrease AM operator exposure
(Department of Employment and Labour, 1995). The AM operator at this facility had additional
responsibilities involving various different AM technologies utilising other forms of feedstock
materials such as nylon powders and silica sand. Co-exposure, to non-binder jetting feedstock
materials, may have caused personal exposure to inhalable and respirable particles that were
not only due to work with binder jetting AM. The personal exposure data collected from this
study represents the exposure of an AM operator when performing work as in a “real-world” AM
workplace, where more than one AM process may be ongoing simultaneously, but the longest
period of time is spent in the binder jetting room. However, it is presumed that the exposure to
acetone, pentane and toluene was mainly due to the binder jetting process as the ambient
workplace concentrations of these substances were higher than the personal exposure

concentrations.

According to the South African Occupational Health and Safety Act (Act 85 of 1993)
Regulations for Hazardous Chemical Substances, the employer is obligated to implement and
uphold a measurement programme that consists of monitoring the HCSs to which the workers
are exposed in order to ensure that the workplace is safe and free from risks to the health of
workers (Department of Employment and Labour, 1995). As indicated by this study, the
manufacturer's SDS has shortcomings on information that is significant from a health
perspective. Therefore, it is recommended that all AM facilities conduct physical and chemical
characterisation analyses for the feedstock powder utilised and compare the results with the
SDS provided by the manufacturer. Recommended control measures include; repairing the
ventilation system and maintain the LEV system in good working order, making use of LEV
and providing AM operators with information and training regarding the source of potential
exposure to HCS as well as the health risks that are related to exposure to these HCS. This
facility provided new appropriate respiratory protective equipment [Phuza Moya filtering
facepiece (FFP2)] each day. However, the AM operator did not make use of this. The employer
is therefore obligated to provide the AM operator with training on the use and importance of
respiratory protective equipment, a respirator fit test, enforcement of the wearing of the provided
respiratory protective equipment and medical surveillance (Department of Employment and
Labour, 1995).

A limitation to this study was that the facility, at which the monitoring took place, did not make
use of the infiltration procedure to strengthen the green part. This is therefore recommended as
a future study. Future studies should aim to investigate the relationship between personal
exposure of the AM operator to inhalable and respirable particles strictly during binder jetting
AM with no co-exposures of other non-binder jetting feedstock materials. Further investigation of
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emissions during binder jetting utilising other available feedstock materials (such as stainless

steel) is also recommended.
Conclusion

In this study, a comprehensive analysis was performed in order to determine the particle
emissions and respiratory hazards, and the extent thereof, to which AM operators of PMMA
binder jetting are exposed. In the presence of high background ambient particle number
concentrations particles sized 0.01 ~ 1.00 um were the most prevalent sizes emitted and
particle emission rates were comparable to that of other AM process types such as material
extrusion FDM™. Inhalable, and respirable particles, acetone, pentane and toluene were
detected in the workplace atmosphere. All 8-hour TWA personal exposures were below the
respective TWA-OEL-RL, with the exception of exposure to inhalable particles, where exposure
exceeded the 10 mg/m® TWA-OEL-RL once and averaged above 50% of the OEL.
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CHAPTER 4 CONCLUDING CHAPTER

4.1. Background

Additive manufacturing (AM) was developed to manufacture models and prototype objects. It is
experienced as one of the fastest growing manufacturing methods (Prasad and Devaiah, 2018).
AM has been applied in the aerospace, automobile and medicinal industries due to its ability to
reduce object production time, cost and material consumption, as well as a higher-level of
geometrical complexity (Khorram Niaki and Nonino, 2017; Gonzalez-Henriquez et al., 2019).
According to Gonzalez-Henriquez et al. (2019) polymers have been rendered the most widely
utilised feedstock material due to its adaptability.

From an occupational hygiene viewpoint, it is necessary to assess the health risks
involved/present in the workplace as well as to determine the potential exposure of the workers
to hazardous chemical substances (HCSs) (Department of Employment and Labour, 1995).
According to Chase (2019), particles with sizes < 10 ym are able to become airborne
effortlessly, and cause a potential inhalation risk to the AM operator. Furthermore, particles with
sizes < 4 ym have the capacity to penetrate deep into the gas exchange areas of the lungs
when inhaled. This study is the first to establish the particle emissions and emission rates, as
well as respiratory exposure to HCSs that is released during binder jetting AM that makes use of

poly methyl methacrylate (PMMA) as feedstock material.
4.2. Main findings

The general aim of this study is to assess the physical and chemical characteristics of the
PMMA powder feedstock, assess particle emissions as well as the workplace respiratory
exposure of AM operators to HCS [such as inhalable and respirable particles and volatile

organic compounds (VOCs) including acetone and methyl methacrylate (MMA)] when PMMA
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powder is utilised during industrial scale binder jetting AM. The aim has been achieved based

on the realisation of the following objectives.

In the first place the objectives for this study have been to determine the physical characteristics
and chemical composition of the PMMA powder utilised during binder jetting AM. This was
assessed by means of Particle Size Distribution (PSD), Scanning Electron Microscopy (SEM),
X-ray Powder Diffraction (XRD) and X-ray fluorescence (XRF) analyses of bulk virgin and used
PMMA samples. PSD analysis results indicated that the median particle size for virgin and used
powder was 58.32 + 0.52 um and 58.40 + 0.11 um respectively. However, 90% of the virgin
PMMA powder particles were smaller than 85.59 + 3.72 ym, whilst for the used power it was
90.73 £ 4.48 ym. This indicated a statistically significant difference between virgin and used
PMMA powder. SEM imaging illustrated the presence of small number of particles < 10 um and
< 4 uym sized particles. XRD analysis indicated that both virgin and used PMMA powder
comprises mainly (99.23% and 99.12% respectively) of amorphous elements. Consequently,

the first objective of this study has been met.

The second objective has been to determine particle emissions associated with binder jetting
utilising PMMA powder by means of direct reading particle counting instruments throughout the
three phases of binder jetting AM. This study has confirmed the emission of particles in the 0.01
to 10 um size fractions as well as inhalable and respirable particles in the workplace
environment (refer also to Objective 3). Some of the ambient inhalable and respirable particle
samples were found to be BDL (n=7). High ambient background particle number concentrations
and the effectiveness of the de-powdering station led to lower particle emissions preventing the
calculation of particle emission rates during the post-processing phase (0.3 — 1 um). Particle
emission rates as high as 3.33 x 10'? particles/min for 0.01 ~ 1.00 um sized particles was
measured during the processing phase. No evidence was found that there are statistically
significant differences amongst the particle emission rates during the various AM phases.
However, a significant difference was found between the size fractions during the AM phases
with post-processing being the phase with the highest particle emission rates (1.93 + 1.00 x 10
particles/min) for particles in the 10 um size range. Therefore, the second objective of this study

has been met.

The third objective has been to assess ambient concentrations as well as personal respiratory
exposure concentrations of the AM operator, for particles and VOCs (such as acetone and
MMA) associated with binder jetting by means of area and personal sampling for the duration of
the AM process. Ambient concentrations were assessed by collecting area (static) samples and

task-based direct reading instrument monitoring. Ambient inhalable and respirable
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concentrations of particles ranged between Below Detection Limit (BDL) to 6.25 and BDL to
2.36 mg/m? respectively (n=7 was BDL), acetone concentrations ranged between BDL to 4.08
mg/m® (n=1 was BDL), all MMA concentrations were BDL, pentane concentrations ranged
between BDL to 1.60 mg/m?® (n=9 was BDL) and BDL to 1.76 mg/m? for toluene (n=6 was BDL).
Personal respiratory exposure concentrations of the AM operator were assessed by means of
personal sampling during the entire task-based AM process. This was done by collecting
personal exposure samples within the breathing zone of the AM operator spending the majority
of the time in the binder jetting room. Findings from the sample analyses indicated that the AM
operator was exposed to inhalable particles in the range of BDL to 11.31 mg/m?3, respirable
particles in the range of BDL to 2.78 mg/m? (n=2 was BDL), acetone concentrations in the range
of BDL to 3.02 mg/m?® (n=4 was BDL) and MMA were all BDL. The 8-hour TWA personal
exposure results for VOCs (pentane and toluene), monitored with passive samplers, were below
their respective occupational exposure limits (OELs). The AM operator's exposure was
therefore lower than the time weighted average — occupational exposure limit — recommended
limit (TWA-OEL-RL) for all HCSs that were monitored except for inhalable particles. One of the
measurements taken was found to be above the TWA-OEL-RL of 10 mg/m?3, and the average
was found to be above the action level. Consequently, the third objective of this study has been

met.

Two hypotheses have been formulated for this study. The first hypothesis is that inhalable
particles are emitted into the workplace environment during the entire binder jetting AM process
utiising PMMA as feedstock material. This study has verified that ambient inhalable and
respirable particles were emitted into the workplace environment, however some samples were
BDL (n=7). Particles in the 0.01 ~ 1.00 pm size fractions were also emitted during the entire
binder jetting process. No significant differences were found between the particle emission rates
for the different binder jetting AM phases based on the 0.01 ~ 1.00 um particle size fraction.
This hypothesis is therefore partially accepted.

The second hypothesis is that the AM operators are exposed through inhalation to quantifiable
concentrations of HCSs (such as inhalable and respirable particles, acetone and MMA) during
binder jetting utilising PMMA and acetone. Inhalable and respirable particles (4 samples),
acetone (2 samples), all MMA samples were BDL, pentane (1 sample) and toluene (1 sample)
were detected in some of the personal exposures. All 8-hour TWA personal exposures were
below the respective TWA-OEL-RL, with the exception of exposure to inhalable particles, where
the 10 mg/m® TWA-OEL-RL exposure was exceeded once and averaged above 50% of the

OEL. This hypothesis is therefore partially accepted.
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4.3. Limitations of the study

This study was limited by the number of samples collected, as there is only one AM operator
performing the AM operations. This prevented the determination of personal exposure of
different AM operators performing different actions for the AM process. There is limited
information available regarding AM utilising PMMA as a feedstock material. Therefore, there is
limited information available regarding the occupational health of the AM operators. There is a
limitation on comparative studies for AM making use of binder jetting and PMMA. This is due to
only one facility in South Africa making use of this process and, therefore, there are very few
AM operators to assess. The AM operators are not in the AM room for the entire duration of the
AM process as they are also conducting work in other AM rooms making use of other AM
technologies and feedstock materials. Therefore, the personal monitoring results cannot be
detected as only originating from exposure to the HCSs investigated for the purpose of this
study, and may not be representative of personal exposure of AM operators only working with
binder jetting utilising PMMA. However, the personal exposure data collected for this study
represents the exposure of an AM operator when performing work as in a “real-world” AM

workplace where more than one AM process may be in progress simultaneously.
4.4, Recommendations

Observations made at the AM facility during exposure monitoring include the lack of adequate
ventilation and insufficient personal protective equipment (PPE) for the all persons entering the
room at some point during the AM process. It was also observed that AM operators involved
with other AM technologies entered the manufacturing room to make use of the scale used for
weighing manufactured objects as well as binder liquid. The PPE required to enter the AM room
is indicated on the door before entering, but not all of these recommendations are followed by
the AM operator or others visiting in this area. Therefore, stricter rules should be implemented at
this workplace by the employer. The dust respirator [Phuza Moya filtering facepiece (FFP2)],
provided is sufficient to protect against the other HCSs (VOCs), such as acetone, pentane and
toluene to which the operators are exposed, as personal exposure to these VOCs were
considerably lower than the OEL. There are windows in this PMMA AM room which open
directly into a corridor and others into a nylon AM room, probably causing exposure to other
HCSs not associated with AM utilising PMMA. Control measures should be implemented in
accordance to the sequence of the hierarchy of control, consisting of elimination, followed by

substitution, engineering control, administrative control and lastly PPE (HSE, 2013).
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4.4.1 Elimination and substitution

Eliminating the HCSs (PMMA feedstock powder and acetone) used during the binder jetting
process will not be possible. However, it is recommended that the use of other types of AM
process feedstock materials is prohibited in this PMMA AM room, and should be removed
during the manufacturing process. It is not possible to substitute any of the HCS materials used
in order to decrease the exposure of the AM operators. However, the cleaning method can be
substituted, as the facility makes use of industrial vacuum cleaners only once a week. This is
not effective and cause particles to build up on surfaces. Therefore, it is recommended that this
printing room should be cleaned daily with wet-methods such as wiping surfaces with a damp
cloth or making use of a vacuum cleaner utilising a water filtration system to prevent
resuspension of powder particles and causing unnecessary exposure to the AM operators

(Department of Employment and Labour, 1995).
4.4.2 Engineering controls

The release of HCSs in the AM room may be controlled by making use of ventilation systems,
enclosure methods and separation of workspaces in order to prevent AM operator inhalation of
HCSs. This may sequentially lower the concentration of HCS in the environment and, therefore,
inhalation exposure (Department of Employment and Labour, 1995; HSE, 2017). Specific

engineering controls are described in the paragraphs below.

It was observed that the ventilation and local exhaust ventilation (LEV) systems in the AM room
in which binder jetting utilising PMMA powder took place, were not in working order. LEV may
be used to reduce airborne HCSs in the form of particles and vapours by removing it from the
AM environment directly to the outside environment, also decreasing the AM operator’s
inhalation exposure. It is recommended that a movable receiving hood LEV system is used in
order to capture the airborne contaminants in the area where it is generated, such as above the
de-powdering station during post-processing phase, above the AM machine and during the
processing phase (HSE, 2017).

The door to the AM room opens many times during printing as the operator enters to ensure
that the printing process is stable as well as operators involved with other AM technologies
enter this room to use equipment stored in this area. This causes the excess loose powder
particles remaining around the manufactured object to become airborne as the door is right next
to the station where the finished part is kept before post-processing takes place. The
manufactured object remains in this area for approximately 24 hours. Therefore, the AM
operator may be exposed to airborne powder particles which can easily be avoided. It is
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recommended that the manufactured object (green part) is moved to another area of the room
where there is less air movement, or to enclose this bin to prevent the powder particles from

becoming airborne (Department of Employment and Labour, 1995).

Equipment used in this working environment should be stored in an enclosed cabinet in order to
prevent the build-up of powder on these items of equipment, sequentially avoiding these powder
particles of becoming airborne when disturbed and protecting the AM operator from the
respiratory hazard.

It is recommended that separate scales are provided for each AM technology and feedstock
material used. Currently only one scale is used for various AM technologies and this may cause
exposure of the AM operators to HCSs not related to AM utilising PMMA.

4.4.3 Administrative control

According to the South African Regulations for HCS (1995), the AM operators should receive
information and training regarding the source of potential exposure to HCS as well as the health
risks that are related to exposure to these HCSs. The AM operators should also be informed
about the precautionary measures that have been taken by their employer to protect against the
risks that are associated with exposure to the HCS present. They should be informed and
trained on the necessity, correct use and maintenance of the engineering control methods,
personal protective equipment (PPE) and respiratory protective equipment (RPE). It is important
to provide information and training on the significance of personal hygiene, good housekeeping
in the workplace as well as the necessary procedures that should be followed in case of
accidents or emergency situations to avoid excessive exposure to the HCS in the working
environment. Not all surfaces in the AM room were cleaned regularly, therefore, build-up of
powder particles occurred. Cleaning protocols should be improved to eliminate the chances of
powder build-up and consequently avoid inhalation risks to the AM operator if the powder
particles would become airborne when disturbed. It is recommended that the AM room is
thoroughly cleaned after each AM process (Department of Employment and Labour, 1995;
HSE, 2013).

As there is currently no working ventilation or LEV system in place in this printing room, it is
recommended that the exposure control measures already in place are repaired and maintained
in a good working order. After reparations it is required that the effectiveness is inspected and
thorough examinations are done every two years to ensure the control method is maintained
and in good working order. It is allowed that AM utilising PMMA feedstock material and acetone
as a binder liquid may be performed by one person. It is recommended that the other personnel
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that come and go in this area refrain from doing so and stay out of the AM room during the AM
process to limit the number of employees that are exposed, by way of inhalation, to airborne
HCS. The period of time that the AM operator is exposed to the airborne HCS by way of
inhalation may be decreased, so that they are only exposed during the times that they have to
prepare for pre-processing, checking in on the print hourly and during post processing.

4.4.4 Personal protective equipment

It was observed that the AM operators for binder jetting utilising PMMA have signage on the
door clearly indicating which PPE they are required to wear when entering the AM room. This
includes a respirator, safety eyewear, protective gloves and steel toe capped safety footwear.
The AM operator on duty only wore steel toe capped safety footwear. However, a box of active
carbon valved nuisance dust respirators [Phuza Moya filtering facepiece (FFP2)] was readily

available at the entrance of the AM room.

The employer should provide the AM operator with training on the use and importance of
respiratory protective equipment (RPE), and a respirator fit test and medical surveillance should
be carried out (Department of Employment and Labour, 1995). As this facility already provides
the appropriate RPE, it is recommended that the employer ensures that the supplied protective
equipment is used and regularly replaced, punitive measures should be in place if the

precautionary procedures are not followed.
4.5. Future studies

The intention of this study was to determine the chemical composition and physical
characteristics of PMMA powder utilised during binder jetting AM. To assess HCSs (such as
PMMA particles, MMA and acetone) emissions, and determine emission rates of HCSs
associated with binder jetting utilising PMMA powder. This was done by means of direct reading
instruments throughout the three different phases of AM. To assess personal respiratory
exposure of AM operators to VOCs (specifically MMA and acetone) and PMMA patrticle
emissions associated with binder jetting by means of personal sampling during the entire task-

based AM process.

e Future studies should aim to investigate the relationship between personal exposure of the
AM operator to inhalable and respirable particles strictly during binder jetting AM with no co-

exposures to other non-binder jetting feedstock materials.

¢ It was indicated by the findings of this study that toluene was present in the personal and

area samples taken. It is recommended that biological monitoring and medical surveillance
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are done as this is compulsory if an assessment indicated that the AM operator may be
exposed to HCSs listed, such as toluene, in Table 3 of the Regulations for Hazardous

Chemical Substances (Department of Employment and Labour, 1995).

e It is recommended that this study is repeated with the post-processing using epoxy resin or
cyanoacrylate. This could not be done in this study due to the AM facility not making use of

this process for the specific objects manufactured.

e Further investigation of emissions during binder jetting utilising other available feedstock

materials (such as stainless steel) is also recommended.
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ANNEXURE A

Binder jetting utilising PMMA AM room — Floorplan

The AM room had a triangular shaped double-height ceiling of 4.66 m.
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