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PREFACE  

This dissertation is submitted in article format and written in accordance with the guidelines 

outlined for the journal Annals of Work Exposures and Health. The content of the dissertation is, 

therefore, referenced in Harvard style of abbreviation and punctuation. Reference lists are 

provided at the end of each chapter and in alphabetical order by the first name of the author. The 

dissertation is written according to the United Kingdom English spelling which is kept consistent 

throughout with exceptions on names or references used. 

This dissertation comprises four chapters which are outlined as follows: 

• Chapter 1: In this chapter, the general introduction and problem statement related to dermal 

exposure and surface contamination associated with the use of a cobalt-chrome (CoCr) alloy 

during additive manufacturing is provided. This chapter also introduces the aims, objectives, 

and hypotheses of the dissertation. 

• Chapter 2: In this chapter, a literature study on topics relevant to this dissertation is provided. 

This includes an overview of additive manufacturing (AM), its process categories, processing 

phases, and feedstock powders used in AM, with a specific focus on CoCr alloy feedstock 

powders. Occupational exposure to metal feedstock powders is discussed, including the 

exposure routes with a focus on dermal exposure. A brief overview of dermal absorption and 

the factors influencing dermal absorption of metals in CO-538 feedstock powders are 

provided. Literature regarding the potential health effects of exposure, legislation regarding 

dermal exposure, and methodologies to assess dermal exposure are discussed. 

• Chapter 3: In this chapter, an article on the topic “Dermal exposure and surface contamination 

associated with the use of a CoCr alloy during additive manufacturing” is provided and set out 

in accordance with guidelines for the journal Annals of Work Exposures and Health. 

• Chapter 4: In this final chapter, the conclusion of the main findings of the dissertation 

according to the aims, objectives, and hypotheses, along with the limitations, 

recommendations, and potential future studies are discussed. Recommendations based on 

the findings of this study as well as recommendations regarding necessary control measures 

to eliminate or reduce dermal metal exposure and surface contamination within the AM facility 

are made. Limitations of this study are addressed, and potential future studies are suggested. 

• Annexure A: In Annexure A, the ethics approval letter for this dissertation is provided. 

• Annexure B: In Annexure B, proof of language editing of this dissertation is provided. 
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ABSTRACT 

Introduction: Additive Manufacturing (AM) is a layered-based technology that is used to 

manufacture three-dimensional products from computer-aided design. AM offers many 

advantages over traditional methods of manufacturing which have led to an increase in the 

application of the technology in many industries, homes, and schools. 

Metal powders such as cobalt-chrome (CoCr) alloys can be used as feedstock materials for the 

powder bed fusion (PBF) AM processes. During the activities that form part of the three 

processing phases of AM (pre-processing, processing, and post-processing), dermal exposure 

may occur when the AM operators come into direct contact with the feedstock powders, or when 

the powder particles become airborne and settle onto their skin or onto surfaces within the 

workplace with which they have contact.  

Dermal exposure is often overlooked due to the perception that respiratory exposure is the main 

route of concern. To date, only one study has assessed dermal exposure during AM. This study 

found detectable concentrations of nickel (Ni), Co, and Cr on the index fingers of AM operators. 

Metals such as Ni, Co, and Cr are known dermal sensitisers that may lead to adverse health 

effects following dermal exposure.  

Due to the limited amount of information available, and the adverse health effects associated with 

dermal exposure to metals such as Co and Cr, there is a need for further investigation into dermal 

exposure during metal AM. This study, therefore, aimed to expand on the information available 

by characterising virgin and used samples of a CoCr alloy feedstock powder (CO-538) in terms 

of its particle size, shape, and elemental composition, and by assessing dermal exposure and 

workplace surface contamination when the CoCr alloy feedstock powder was used during PBF. 

Method: To establish the particle size distribution (PSD) and shape of the virgin (new) and used 

CO-538 feedstock powder, static image analysis (Malvern Morphologi G3) and scanning electron 

microscopy (SEM) analysis were used. Inductively coupled plasma-optical emission spectrometry 

(ICP-OES) analysis was used to establish the elemental composition of the virgin and used CO-

538 feedstock powder samples. A removal wipe sampling method using GhostwipesTM was used 

to assess dermal exposure and surface contamination when the CO-538 feedstock powder was 

used during PBF. All AM operators at the facility (n=2) volunteered to participate in this study 

which was conducted over a period of eleven days during which six of the same products were 

manufactured. Anatomical areas such as the index finger, palm, wrist, back of the hand, and neck 

were sampled before and after each AM processing phase (7 pre-processing, 5 processing, and 
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7 post-processing phases). Operating (AM) and non-operating (non-AM) workplace surfaces 

were sampled before and after each shift to quantify surface contamination (35 samples). All 

dermal and surface wipe samples were analysed using ICP-mass spectrometry (ICP-MS). 

Results: The PSD analysis indicated a statistically significant difference (p ≤ 0.05) at d(0.1) 

between virgin and used powder with the used powder particles generally smaller in size than 

those of virgin powder particles based on the mean. Statistically significant differences (p ≤ 0.05) 

were also observed in the mean circularity and convexity of virgin and used powders, indicating 

that the used powders consisted of more particles that were irregularly shaped and less smooth-

surfaced than the virgin powder particles. Co, Cr, molybdenum, aluminium, iron, and Ni were 

detected in the new and used CO-538 feedstock powder. Dermal exposure to CO-538 

constituents occurred during all three processing phases, on all the sampled anatomical areas, 

with the highest total metal concentration detected on the index finger during the post-processing 

phase of AM with a geometric mean (GM) and 95% lower and upper confidence intervals (CI) of 

3.160 µg/cm2 (CI: 0.703-14.210 µg/cm2). The metal with the highest detected concentration was 

Co, with a GM of 1.224 µg/cm2 (CI: 0.280-5.336 µg/cm2) on the finger during the pre-processing 

phase. The highest full shift GM concentration of each metal was detected on the finger and 

followed a trend of Co > Cr > Fe > Al > Mo > Ni. Surface contamination was detected on all AM 

and non-AM operating sampling areas with concentrations ranging from 0.106 µg/cm2 on operator 

2’s office desk to 19.695 µg/cm2 on workbench 1.  

Conclusion: When CO-538 feedstock powder are used during AM, dermal exposure to metals 

such as Co, Cr and Ni, which are known dermal sensitisers, does occur. Therefore, a risk of 

developing adverse dermal health effects following exposure during AM does exist. Furthermore, 

it is shown that cross-contamination between AM and non-AM areas occurs, and, therefore, all 

sampled surfaces may act as a secondary source of exposure. There is thus a need for control 

measures to be implemented in AM facilities to eliminate or reduce dermal exposure and to limit 

the spread of contaminants within the facility. Comprehensive standard operating procedures 

regarding housekeeping and personal protective equipment should be developed and 

implemented in AM facilities. Furthermore, controls such as local extraction ventilation should be 

used during manual handling activities, and high-risk activities such as using compressed air 

should be prohibited. 

Word count: 827 

Key terms: Powder Bed Fusion, 3D printing, skin, cobalt, chromium, molybdenum, CO-538. 
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Introduction and problem statement 

Additive Manufacturing (AM) refers to the process of creating three-dimensional (3D) products 

from computer-aided design (CAD) by using techniques that involve adding and fusing 

consecutive layers of material (ISO/ASTM: 2021; Ljunggren et al., 2019). The increased 

application and continued relevance of AM in various industries are attributed to the advantages 

it offers over traditional manufacturing methods (Alimi and Meijboom, 2021; Campbell et al., 2012; 

Gibson et al., 2021). These advantages include the ability to design and manufacture complex 

and customised products at a faster pace, with fewer processing steps, while utilising materials 

more sustainably by using smaller amounts thereof and reusing leftover materials (Attaran 2017; 

Campbell et al., 2012; Gibson et al., 2021). 

There are seven types of AM process categories described by the American Society for Testing 

and Materials International (ASTM), namely binder jetting, directed energy deposition, material 

extrusion, material jetting, powder bed fusion (PBF), sheet lamination and vat 

photopolymerisation (ISO/ASTM: 2021). These AM process categories differ from each other 

regarding the feedstock material that is used and the method by which these feedstock materials 

are deposited (Monzón et al., 2015). According to Matthews et al (2016), the leading AM process 

category used to produce 3D products from metal feedstock powder is PBF. The feedstock 

powder that is not fused can be collected after the build and reused for future builds (Contaldi et 

al., 2019; Tang et al., 2015). 

There are several different metal and alloy feedstock powders that can be applied in PBF AM 

(Mutchler, 2019; Qian, 2015). Metal alloys are often preferred over pure metals due to the 

individual characteristics of the alloy components that provide desirable properties to the end 

product (UN, 2019; Renneboog, 2016). Cobalt-chrome (CoCr) is often used due to it being a 

strong alloy that is resistant to heat, corrosion, and discolouration (Al Jabbari, 2014).  

AM can be divided into three processing phases namely pre-processing, processing, and post-

processing. During the pre-processing phase, the desired 3D product is designed, the AM 

machine is set up and loaded with feedstock powders, and the baseplate is levelled. During the 

processing phase, the 3D product is manufactured within the enclosed chamber of the AM 

machine. During the post-processing phase, the manufactured 3D product is removed from the 

AM machine and the AM machine along with the manufactured product is cleaned (Gibson et 

al., 2015). During these activities, especially where manual handling of the powders is required 

(pre- and post-processing), feedstock powders can be released into the workplace environment 



 

2 

where operators may potentially become exposed (Afshar-Mohajer et al., 2015; Graff et al., 2017; 

Ljunggren et al., 2019).  

Most exposure studies that have been conducted within AM have focussed only on respiratory 

exposure and, therefore, limited information is available regarding alternative routes of exposure. 

Dermal exposure can occur through three typical pathways namely the deposition of substances 

from the air directly onto the skin, the immersion of the body into the substance, or direct contact 

with surfaces or clothing that have been contaminated by the substance (Schneider et al., 1999). 

To date, only one study has investigated dermal exposure to metal feedstock powder during AM. 

This study found measurable concentrations of Nickel (Ni), Co and Cr at the end of a workweek 

on the index fingers of AM operators who worked with Hastelloy® X Ni-based feedstock powders 

(Hayenes International, Idaho, USA) during PBF (Ljunggren et al., 2019). Three cases of 

occupational allergic contact dermatitis caused by dermal exposure to epoxy resin compounds 

that were used during vat photopolymerisation and another unspecified AM process have been 

reported (Creytens et al., 2017; Chang et al., 2004). In the first case, the patient’s symptoms 

presented on the wrist, hands, and forearms, and spread further to the face, neck, ears, legs, and 

abdomen. In the second case, the symptoms presented on the back of the hands and spread to 

the forearms, axillae, and abdomen (Creytens et al., 2017). The third case presented on both 

sides of the hands including the finger tips (Chang et al., 2004). 

When exposure to metal powders occurs, the adverse health effects associated with the exposure 

depend on factors such as particle size, shape, and elemental composition (Chen et al., 2020). 

Several AM feedstock powder’s safety data sheets (SDSs) which should contain information on 

these characteristics have failed to disclose sufficient information regarding particle size 

characterisation, and elemental composition (du Preez et al., 2018; Mellin et al., 2016). Since 

reusing powders may alter the chemical and physical characteristics of the feedstock powders 

both virgin (new) and used feedstock powders should be characterised according to size, shape, 

and elemental composition (Tang et al., 2015). 

CO-538 is a commercially available CoCr alloy feedstock powder that was investigated in this 

study. According to its SDS, this alloy consists of 50-70% Co, 20-50% Cr, 5-20% molybdenum, 

and less than 1% of both nickel (Ni) and carbon (Praxair Surface Technologies, 2015). When 

dermal exposure to metal alloys occurs, exposure to the individual alloying elements (metals) or 

a combination of metals may occur (Julander et al., 2009). In vitro, Co and Cr can permeate 

through the intact skin (Larese Filon et al., 2004; Larese Filon et al., 2008). Co and Cr are known 

sensitisers that can cause adverse dermal health effects such as allergic contact dermatitis (Tokar 

et al., 2013). When simultaneous dermal exposure to Co, Cr, Ni, or a combination of these metals 

occurs, sensitisation may occur more frequently than it would when exposure to the individual 
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metals occurs (Ruff and Belsito, 2006). It is, therefore, important to assess dermal exposure to 

CoCr alloy powders used in AM, and to establish the elemental composition and physical 

characteristics (shape and size) thereof, in order to understand the potential risk of adverse 

dermal health effects developing. 

Removal wipe sampling methods with commercially available GhostwipesTM have successfully 

been used to assess dermal exposure and surface contamination of metals including Al, Co, Cr, 

Ni, platinum, and other platinum group metals (du Plessis et al., 2010; du Plessis et al., 2013; 

Gorman Ng et al., 2017; Linde et al., 2018; Linde et al., 2021; OSHA, 2002). Removal wipe 

sampling can be defined as the removal of substances from the skin (or workplace surface) by 

applying a force with a sampling medium that is equal to or larger than the adhesion force of the 

substance on the surface (Brouwer et al., 2000; ISO/TR, 2011). Dermal wipe sampling indicates 

the exposure concentration detected on an anatomical area at the time of sampling 

(ISO/TR, 2011).  

Dermal wipe sampling is an effective tool in determining full shift exposure as well as 

distinguishing between the exposure potential of different activities. Assessment of dermal 

exposure can also assist in identifying processes that may lead to exposure, identifying exposure 

pathways, and determining the effectiveness of or need for control measures. Surface wipe 

sampling also serves many purposes within occupational hygiene, including the ability to evaluate 

the effectiveness of control measures, to indicate the potential of a surface to act as a secondary 

source of exposure, and to determine the effectiveness of housekeeping (Ashley et al., 2011). 

The limited available information regarding dermal exposure during AM and the reported 

occurrence of adverse dermal health effects following exposure during AM as well as the adverse 

health effects associated with dermal exposure to Co and Cr, highlight the need for further 

investigation into dermal exposure during metal AM. This study provides much-needed 

information regarding the dermal exposure concentrations on different anatomical areas during 

each AM processing phase. This study also identifies potential workplace surfaces within AM 

facilities that may act as secondary sources of exposure. This information could assist in 

establishing operating procedures and control measures that need to be implemented to protect 

AM operators’ health within the AM industry in the future.  
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1.2 Research aims and objectives  

1.2.1 Research aims 

The first aim of this study was to characterise virgin and used samples of a CO-538 alloy feedstock 

powder in terms of its particle size, shape, and elemental composition. The second aim of this 

study was to assess dermal exposure of AM operators as well as workplace surface 

contamination when the CO-538 alloy powder was used during PBF. 

1.2.2 Specific research objectives 

The objectives of this study were:  

1. To perform static image analysis using the Malvern Morphologi G3 (Malvern Instruments Ltd, 

UK) and scanning electron microscopy (SEM) to establish the particle size distribution (PSD) 

and shape of the virgin and used CO-538 alloy powder particles. 

2. To utilise Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) to establish 

the elemental composition of the virgin and used CO-538 alloy powders. 

3. To utilise a removal wipe sampling method using GhostwipesTM to assess dermal exposure 

of AM operators and contamination of workplace surfaces when the CO-538 alloy powder is 

used during AM.  

1.3 Hypotheses 

1. The elemental composition and physical characteristics of the metal alloy feedstock powder 

are important when assessing the potentially harmful effects that the feedstock powder may 

have on the health of AM operators (Chen et al., 2020). SDSs of AM feedstock powders, 

which should contain information on these characteristics, have in several instances failed to 

completely disclose particle size and elemental composition (du Preez et al., 2018; Mellin et 

al., 2016).  

It is hypothesised (Hypothesis 1) that the SDS of the CO-538 metal feedstock powder does 

not disclose all the necessary information regarding particle size and elemental composition 

which is essential to evaluate the potential risk of dermal exposure and health of AM 

operators. 

2. The AM facility investigated in this study uses a CoCr alloy feedstock powder (CO-538) in a 

PBF AM process. PBF AM consists of three processing phases, namely pre-processing, 

processing, and post-processing. Activities during these three phases can lead to powder 
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particles being released into the work environment. Two studies that investigated metal 

particle emissions during PBF found that the highest rate of particle emissions during PBF 

was during activities that form part of the pre- and post-processing phases (Graff et al., 2017; 

Ljunggren et al., 2019). Dermal exposure may occur when powder particles emitted into the 

air due to different processing phases settle on the skin of AM operators, when the particles 

settle on surfaces with which the AM operators come into contact, or when AM operators 

come into direct contact with the feedstock powders during manual handling activities. To 

date, only one study has investigated dermal exposure to metals during AM, and found 

measurable concentrations of Co, Cr and Ni on the index fingers of AM operators who worked 

with a Hastelloy® X Ni-based feedstock powders (Hayenes International, ID, USA) (Ljunggren 

et al., 2019).  

 

It is hypothesised (Hypothesis 2) that measurable concentrations of metals are detected on 

dermal surfaces such as the wrist, palm, back of the hand, finger and neck, with the highest 

total metal concentrations being detected during the pre- and post-processing phases where 

the majority of manual handling activities take place. Furthermore, it is hypothesised 

(Hypothesis 3) that measurable concentrations of total metals are detected on surfaces within 

the AM facility indicating surface contamination during the AM process. 
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CHAPTER 2 LITERATURE STUDY 

2.1 Introduction 

In this chapter literature relevant to this study is discussed. This includes an overview of AM, its 

process categories, processing phases, and feedstock powders used in AM, with a specific focus 

on CoCr alloy feedstock powders. Occupational exposure to metal feedstock powders is 

discussed, including the exposure routes with the focus on dermal exposure. A brief overview of 

dermal absorption and the factors influencing dermal absorption of metals in CO-538 feedstock 

powders are provided. Literature regarding the potential health effects of exposure, legislation 

regarding dermal exposure, and methodologies to assess dermal exposure are discussed. 

2.2 Additive Manufacturing 

Additive manufacturing (AM), three-dimensional (3D) printing, rapid prototyping, layer-based 

manufacturing, stereolithography, automated fabrication, freeform fabrication, and solid freeform 

fabrication are all terms that have been used interchangeably when describing a similar 

technology. As this technology has grown and evolved, many of these terms have fallen short of 

describing this technology sufficiently. In 2014 a technical committee (Committee F42 on Additive 

Manufacturing Technologies) within the American Society for Testing and Materials (ASTM) 

International recognised the need for new and standardised terminology when referring to this 

technology (Gibson et al., 2015). The committee then developed an international standard 

(ISO/ASTM 52900) in which AM is used as the official term when referring to the technology and 

process where computer-aided design (CAD) is used to create 3D products by adding and fusing 

consecutive layers of material (ISO/ASTM: 2021).  

2.2.1 Advantages and application of AM 

AM technology offers many advantages over traditional methods of manufacturing that have led 

to the use of AM technologies in a vast range of manufacturing industries (Campbell et al., 2012). 

The advantages of AM include, amongst others, speed, fewer processing steps and fewer 

resources required, accurate data and design interpretation, the ability to produce individually 

customised and complex designs, as well as the ability to utilise materials sustainably by using 

smaller amounts of material and reusing leftover materials (Attaran 2017: 682-683; 

Campbell et al., 2012; Gibson et al., 2021). 

AM offers the advantage of a fast turnaround time in terms of the pace at which new products can 

be developed and manufactured (Gibson et al., 2015; Gibson et al., 2021). This has appealed to 

many automotive manufacturing industries that strive to get new products into the market faster 
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with reduced time and lowered development costs (Campbell et al., 2012). The production volume 

of parts in automotive industries is extremely high, which makes the use of AM less cost-effective 

when compared to traditional manufacturing. However, AM is still used widely within this industry 

for the design and manufacturing of prototypes, jigs, fixtures, tooling, and other highly specialised 

applications (Gibson et al., 2021). 

One of the first industries to implement the use of AM technology was the aerospace industry. 

This industry took interest in AM due to its ability to create lightweight, mechanically functional, 

and complex structures (Campbell et al., 2012). By adopting AM technology, the aerospace 

industry gained the ability to produce components from specifically tailored materials that can 

withstand high temperature variations and that have high strength-to-weight ratios. In contrast 

with the automotive industries, the production volume in the aerospace industries is very low. 

Low-volume production manufacturing is more cost-effective when using AM, and it removes the 

need for complicated design and production of moulds, fixtures, and dyes that would be required 

in traditional manufacturing. Furthermore, AM eliminates the need to store large spares over the 

long lifespan of an aircraft by digitally storing the designs of spare parts that can be manufactured 

on demand (Gibson et al., 2021).  

AM is also being applied in medical industries due to its ability to create customised prosthetics 

and dental equipment to suit the needs of individual patients (Campbell et al., 2012; 

Dutta and Froes, 2017). The medical industry has used AM to produce models of human bodies 

and organs, sometimes specific to certain patients, that may be used as a visual aid in diagnostics 

and surgical procedure planning. CAD software from AM has also been used in dentistry to create 

3D imaging that can be measured and used to determine locations for implants, to produce 

surgical and drill guides, and to assist in the design of dental prosthetics. Furthermore, extensive 

research in tissue manufacturing and organ printing is also being done with a focus on combining 

AM with the use of living cells, proteins, bone tissues, and other materials that may assist in the 

manufacturing of tissue structures (Gibson et al., 2021).  

2.2.2 AM process categories 

AM processes can be categorised according to the type of material that is used, the method by 

which these materials are deposited, and the manner in which the materials are fused together 

(Monzón et al., 2015). The ASTM International terminology describes the seven different types of 

AM process categories as binder jetting, directed energy deposition, material extrusion, material 

jetting, powder bed fusion (PBF), sheet lamination, and vat photopolymerisation 

(ISO/ASTM: 2021). For the purpose of this study, the focus is placed on the PBF process 

category. 
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2.2.2.1 Powder bed fusion (PBF) 

PBF was one of the first AM processes to be developed and commercialised and has been 

described as the leading AM process category when it comes to producing 3D products from 

metal feedstock powder (Gibson et al., 2021; Matthews et al., 2016). PBF can utilise just about 

any powdered feedstock material as long as it can return to a solid state after being melted. 

Materials such as polymers, metals, and ceramics are, therefore, often used in PBF 

(Gibson et al., 2015; Gibson et al., 2021). 

PBF works on the layered-based principles of AM. The PBF build process starts with fixing a thin 

layer of powdered material onto the baseplate. Consecutive layers of the feedstock powder are 

then added and levelled over the previous layer. After each layer has been added, one or more 

thermal energy source, either in the form of a laser or electron beam, is used to melt and fuse 

specific areas of the layered feedstock powders. Powders that aren’t fused remain loose around 

the product being manufactured and act as support for the following layers of feedstock powders 

(Dutta and Froes, 2017; Gibson et al., 2015). The excess loose powders left over after the build 

can be collected and reused in future builds (Contaldi et al., 2019). The thin layers of powders, 

small beam sizes, and the support from the powder bed, allow PBF technologies to accurately 

create complex 3D products (Dutta and Froes, 2017). 

Many different PBF technologies have been developed, and while they share the basic set of 

principles that classify them as PBF, they all differ from each other in some way. These differences 

between the technologies arise from the modification of the PBF process to either enhance the 

efficiency of the machine, to focus on utilising specific materials more efficiently, and/or due to 

avoiding the use of patented features of other technologies (Gibson et al., 2015; 

Gibson et al., 2021). The different PBF technologies include direct metal laser sintering (DMLS), 

electron beam melting, selective heat sintering, selective laser melting, and selective laser 

sintering (Herzog et al., 2016; Sing et al., 2016). For this study, the focus is placed on DMLS. 

2.2.2.1.1 Direct metal laser sintering (DMLS) 

DMLS is the terminology used by the manufacturer (EOS GmbH Electro Optical Systems) to 

describe the metal laser sintering technology used in their AM machines. DMLS is a PBF 

technology that uses only metal powders as feedstock material. Fibre lasers are used in DMLS 

as a thermal energy source offering advantages such as being compact, having low initial and 

maintenance costs, being energy efficient, and having better beam quality than other laser types 

(Gibson et al., 2015). DMLS machines use a fusion mechanism called “partial melting” or liquid-

phase sintering (LPS). LPS refers to the fusion that occurs between powder particles when a heat 

source is applied that causes a certain portion of the constituents to become molten and act as 
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an adhesion agent to bind the remaining portion of solid particles together. With metal alloys used 

in DMLS, areas with higher concentrations of low-melting-point constituents melt first and 

therefore, fuse the solid high-melting-point constituents together (Gibson et al., 2015; Kruth et 

al., 2005).  

2.2.3 AM processing phases 

According to Gibson et al (2015), there are eight basic steps in the AM process chain. These 

steps can further also be divided into three processing phases, namely, pre-processing, 

processing, and post-processing (see Figure 2-1). 

 

Figure 2-1:  The eight basic steps of AM, as described by Gibson et al (2015) and grouped 

into the three processing phases (du Preez, 2019).  

2.2.3.1 Pre-processing phase 

The pre-processing phase consists of the first four steps as described by Gibson et al (2015). The 

first step in the pre-processing phase is conceptualising an idea of what the manufactured product 

should look like and how it should function. This idea must then be converted into 3D CAD 

information; either by designing the product using 3D CAD software, or by 3D scanning an already 

existing product, or by using a combination of these methods. The second step in this phase is to 

convert the 3D CAD information into either an STL (derived from stereolithography) or AMF 

(Additive Manufacturing Format) file format. This step is usually automated within the CAD 

system. The third step is the transferring of the STL/AMF file to the AM machine. The final step 

in the pre-processing phase is setting up the AM machine to print the desired part. During this 

step, the AM operator must manually sift the feedstock powders, load sufficient amounts of 

feedstock powder into the AM machine, and level the base plate (Gibson et al., 2015).  

•Step 1 → The conceptualisation of an idea and the conversion therof into 
3D CAD.

•Step 2 → The convertion of information into an STL/AMF file format.

•Step 3 → The transferral of the STL/AMF file to the AM machine.

•Step 4 → The setup of the AM machine.

Pre-processing

•Step 5 → The build/manufacturing process.

Processing

•Step 6 → The removal of the finished product from machine and initiation 
of the cleaning process.

•Step 7 → The manually finishing of the object.

•Step 8 → The application/use of the finished object.

Post-processing
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2.2.3.2 Processing phase 

The processing phase consists of the fifth step as described by Gibson et al (2015). This is an 

enclosed, computer-automated step where the actual manufacturing of the 3D product takes 

place within the AM machine. During manufacturing, consecutive layers of material are added 

and fused to form the product (Gibson et al., 2015).  

2.2.3.3 Post-processing phase 

The post-processing phase consists of all the tasks performed after the completion of the build in 

order to achieve the desired properties in the final manufactured product (ISO/ASTM: 2021). The 

post-processing phase consists of the last three steps (steps 6-8) as described by 

Gibson et al (2015). The first step in the post-processing phase is the removal of the 

manufactured product from the AM machine, the removal of the excess feedstock material from 

the product, and the removal of support structures (Gibson et al., 2015). The second step in the 

post-processing phase is the manual finishing of the manufactured product. This may include, but 

is not limited to, activities such as abrasive finishing, polishing, sanding, surface coating, and 

chemical or thermal treatments. The post-processing phase may also include the final cleaning 

of the AM machine, the manufactured product, and the workplace. The final step is the application 

or use of the manufactured product (Gibson et al., 2015). 

2.2.4 AM feedstock materials  

AM feedstock material is defined as the bulk raw material that is introduced into the AM building 

process from which the product is manufactured. The feedstock material is available in various 

forms (powder, liquid, filaments, sheets, etc.) depending on the AM process that it is used for 

(ISO/ASTM: 2021). AM technology was originally developed for the production of paper 

laminates, waxes and polymeric materials, but as the technology developed, materials such as 

metals, ceramics, and composites have been introduced (Gibson et al., 2021). This study focuses 

on PBF DMLS and, therefore, only metal feedstock material in powdered form is discussed. 

2.2.4.1 Metal feedstock powders 

Several different metal feedstock powders can be applied in PBF. These metals include, but are 

not limited to, stainless steel, tool steel, precious metals such as platinum, palladium, gold and 

silver, as well as alloys such as nickel-cobalt (NiCo), iron-nickel (FeNi), and cobalt-chrome (CoCr) 

(Mutchler, 2019; Qian, 2015). An alloy is a metallic material consisting of a mixture of two or more 

metals (which may include non-metallic elements) that can’t be separated from one another 

through mechanical processes. Metal alloys are often used instead of pure metals due to their 

individual component characteristics that give the alloy the desirable properties (UN, 2019; 
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Renneboog, 2016). In this study, the focus is placed on CoCr alloys that are used as feedstock 

powders. 

2.2.4.2 CoCr alloy feedstock powders 

CoCr alloys are known to be strong materials and are often reinforced even more by the addition 

of other elements such as molybdenum (Mo) and tungsten. CoCr alloys also possess 

characteristics such as being non-magnetic and resistant to heat, wear, corrosion, and 

discolouration (Al Jabbari, 2014). These characteristics make CoCr(Mo) alloys biocompatible 

(Al Jabbari, 2014; Mordas et al., 2020), and it has, therefore, been used to replace less 

biocompatible Ni-based alloys. The biocompatibility of CoCr alloys has made it highly favourable 

within medical industries such as orthopaedics where it is applied to construct shoulder, knee, 

and hip replacements, and in dentistry where it is used to produce removable partial denture 

framework (Al Jabbari, 2014). Even though medical products manufactured from CoCr alloys are 

considered biocompatible, the CoCr alloy feedstock powder from which it is manufactured, may 

not be biocompatible. The potential risk to health associated with exposure to the alloy in solid 

form (implants and dental frameworks) may differ from the risk to health associated with the alloy 

in powdered form (Wang et al., 2019). Health risks associated with occupational exposure to CoCr 

alloys are discussed in Section 2.7.4 of this chapter. 

2.3 Occupational exposure during AM 

As AM technology has expanded, it has become increasingly accessible and has made its way 

into more workplaces, schools, and homes. The wide use of AM technology has led to the 

potential exposure of not only the AM workforce but also general users (Bours et al., 2017). This 

has elevated the importance of information being made available regarding the health risks 

associated with the use of AM.  

Occupational exposure during AM can occur during activities that form part of the three 

processing phases of AM (as discussed in Section 2.2.3). These activities may lead to the release 

of the feedstock powders into the workplace environment where AM operators may come into 

contact with them.  

2.3.1 Routes of exposure 

Occupational exposure can occur through inhalation, ingestion, or dermal contact. The main focus 

within occupational hygiene has predominantly been on inhalation as it is perceived to be the 

most important route (Schneider et al., 2000). This perception has led to the bulk of exposure 

studies within AM focussing on respiratory exposure.  
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Currently, there are only two published studies that report on dermal health effects due to AM 

(Chang et al., 2004; Creytens et al., 2017). Chang et al (2004) described one case of contact 

dermatitis that presented on both sides of the hands and the fingertips following exposure to 

epoxy resin compounds used in a vat photopolymerisation AM process. Similarly, 

Creytens et al (2017) described two cases where dermal exposure to epoxy resins used in an 

unspecified AM process resulted in allergic contact dermatitis. In the first case, the patient’s 

symptoms presented on the wrist, hands and forearms, and spread further to the face, neck, ears, 

legs and abdomen. In the second case, the symptoms presented on the back of the hands and 

spread to the forearms, axillae, and abdomen. This study concluded that there is a need for the 

use of non-sensitising materials in AM and a need for improved protective measures 

(Creytens et al., 2017).  

There is currently only one published study that reports on dermal exposure following AM. This 

study, conducted by Ljunggren et al (2019), focussed on biomonitoring of exposure to metals 

during PBF AM. Dermal exposure, amongst other exposures of AM operators, was measured at 

an AM facility on two separate occasions, one year apart, before and after control measures had 

been implemented. The control measures included the requirement of wearing personal 

protective equipment (PPE) during the manual handling of metal feedstock powders. The required 

PPE included nitrile gloves, overalls, shoe covers, and full-face powered air-purifying respirators 

with P3-rated filters (filtering at least 99.95% of airborne particles). Restrictions were also 

implemented prohibiting the removal of manufactured products from the facility before post-

processing and cleaning activities had been carried out. The study found that AM operators had 

measurable concentrations of Co, Cr, and Ni on the index fingers of their dominant hands on the 

first occasion of sampling, and no measurable concentrations on the second occasion after 

control measures had been implemented. The study concluded that the control measures 

reduced operators’ exposure, which indicated the need for cautious design and control measures 

to be implemented at AM facilities (Ljunggren et al., 2019). The dermal exposures identified in 

these studies highlight the need to further investigate dermal exposure in AM.  

2.4 The basic structure of the skin 

With a surface area of approximately 1.8 m2, the skin is the largest organ of the human body 

(WHO, 2006). The skin consists of two layers: the underlying dermis and the outer epidermis. The 

dermis is the inner layer of the skin and consists of two main layers, the papillary layer which 

contains the capillaries, lymphatic vessels, and sensory nerves, and the reticular layer which 

contains the connective tissue that binds the skin to the deeper subcutaneous layers. The 

epidermis is the outermost layer of the skin and consists of four or five layers depending on the 

anatomical area. The layers of the epidermis are the stratum basale, stratum spinosum, stratum 
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granulosum, stratum lucidum (only found in anatomical areas with thick skin), and the stratum 

corneum (Martini et al., 2018). The stratum corneum is the outermost layer of the epidermis and 

consists of metabolically dead cells named corneocytes that are held tightly together by 

desmosomes (Martini et al., 2018; WHO, 2006). The tightly joined corneocytes provide chemical 

and mechanical protection (Proksch et al., 2008).  

The skin functions as a barrier, keeping the inside in and the outside out. The inside barrier 

regulates transepidermal water loss, while the outside barrier prevents the penetration of 

substances from the outside environment (Proksch et al., 2008). The stratum corneum plays a 

vital role as the main physical protective barrier against the absorption of chemical and 

microbiological substances into the skin (Proksch et al., 2008; WHO, 2006). The skin, however, 

is not an impenetrable barrier. When the barrier function of the skin is compromised, penetration, 

permeation, and absorption of substances through the skin may readily occur. The large surface 

area of the skin also allows for a greater probability of exposure and permeation of substances, 

making the skin a significant route of exposure (WHO, 2006). 

2.5 Dermal exposure 

Dermal exposure can occur through three typical pathways namely the deposition of substances 

from the air directly onto the skin, the immersion of the body or parts of the body into the 

substances, or direct contact with surfaces that are contaminated with the substance 

(Schneider et al.,1999). With consideration of the conceptual model for the assessment of dermal 

exposure as developed by Schneider et al (1999), it is possible to anticipate the pathways through 

which dermal exposure in the metal AM industry can occur (see Figure 2-2).  
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Figure 2-2:  The conceptual model for assessment of dermal exposure as developed by 

Schneider et al (1999). 

Abbreviations used to indicate dermal exposure pathways: 

• E= emission;  

• Dp= deposition;  

• L= resuspension or evaporation;  

• T= transfer; 

• R= removal;  

• Rd= redistribution;  

• D= decontamination;  

• P= penetration and permeation 
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Dermal exposure to metal feedstock powders can potentially occur during activities that form part 

of the different processing phases of AM. Studies have reported that respiratory exposure 

predominantly occurs during pre- and post-processing phases (Graff et al., 2017; 

Ljunggren et al., 2019), and the same can be expected for dermal exposure. During activities that 

form part of the pre- and post-processing phases, AM operators may come into direct contact 

with feedstock powders due to the manual handling thereof. Manual handling activities may 

include sieving powders, loading them into the AM machine, and removing excess powders from 

the AM machine after the build is complete (Gibson et al., 2015). These manual handling activities 

and emissions from the AM machine during the processing phase may lead to the metal powder 

particles and fumes becoming airborne. When particles and fumes are airborne, it may lead to 

dermal exposure when they settle directly onto the skin of the AM operator, onto the clothing of 

the AM operator, and/or onto surfaces in the workplace with which the AM operator may come 

into contact with (Schneider et al., 1999). 

When particles settle on operating surfaces, skin surfaces, or clothing, they create a surface 

contaminant layer. Secondary dermal exposure can occur when AM operators come into direct 

contact with the surface contaminant layer or when mechanical forces disturb the surface 

contaminant layer causing resuspension of the particles into the air. Secondary dermal exposure 

may also occur when the surface contaminant layer comes into contact with and contaminates a 

different surface with which the AM operator may come into contact (Schneider et al., 1999). 

When particles settle on clothing, PPE, or dermal surfaces, exposure due to the surface 

contaminant layer as described above may occur, however, exposure from the contaminant layer 

may also occur depending on the type of material the clothing/PPE is made of. Particles are 

capable of permeating through some materials. When particles permeate through these materials 

they may come into direct contact with the skin (Schneider et al., 1999). Further exposure due to 

the contamination layer may also occur if particles are still present on the skin or clothing after 

the AM operator has left the workplace. This may lead to cross-contamination of surfaces in non-

operational areas. Since PPE is not required outside AM operational areas, dermal exposure may 

be more prevalent in such areas. When AM operators leave AM areas with contamination still 

present on skin or clothing, it may also lead to dermal exposure of other persons sharing facilities 

such as offices, kitchens, or bathrooms. Furthermore, the surface contamination layer may lead 

to accidental exposure via ingestion. Accidental ingestion may occur when food and drinks are 

consumed after being contaminated either due to contact with surface contamination layers or 

due to direct deposition of substances onto the food/drinks. Accidental ingestion may also occur 

when powders are transferred from the contamination layer on products or hands, into the mouth 

(Cherrie et al., 2006). 
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2.6 Dermal absorption  

Dermal absorption is defined as the transport or diffusion of a substance from the outside of the 

skin to the inside of the skin and/or into the inner systemic circulation 

(McDougal and Boeniger, 2002; WHO, 2006). Dermal absorption can be divided into three parts: 

penetration, permeation, and absorption. Penetration occurs when a substance enters a specific 

layer or structure of the skin, permeation occurs when a substance penetrates through one layer 

into a completely different layer, and absorption occurs when a substance has moved through the 

skin into the lymph or vascular system of the skin and is circulated through the body (WHO, 2006). 

2.6.1 Mechanisms of dermal absorption 

A substance can be transported through the skin by either the transcellular route, the intercellular 

route, or the appendageal route. Transcellular absorption occurs when a substance is transported 

through the skin by moving through the cell membranes of corneocytes. Intercellular absorption 

on the other hand occurs when a substance is transported through the skin by moving through 

the extracellular space around the corneocytes. Appendageal absorption occurs when a 

substance is transported through openings in the skin caused by hair follicles, sebaceous glands, 

or sweat glands (Scheuplein, 1965; Scheuplein, 1967; WHO, 2006).  

2.6.2 Factors influencing dermal absorption 

Many factors may impact a substance’s ability to be absorbed through the skin. These factors 

can either be related to the substance itself, or to the skin, or to the manner of exposure. For the 

purpose of this study, a few important factors are briefly discussed, focussing on factors related 

to the absorption of metals relevant to this study. The reader is referred to Semple (2004) and 

Hostýnek et al (2003) for more details regarding these factors. 

2.6.2.1 Skin-related factors 

Skin-related factors such as the anatomical area of exposure may impact dermal absorption due 

to the differences in the physiological structure and function of the skin in different anatomical 

areas. In anatomical areas such as the soles of the feet and palms of the hands, the skin is 

remarkably thicker, and, therefore, absorption of substances through these areas is significantly 

lower than in anatomical areas with thinner skin (Larese Filon et al., 2018; Semple, 2004). 

Hostýnek et al (2003) described a decreasing trend in the permeability of metals through 

anatomical areas in the order; “scrotum > forehead > postauricular > abdomen > forearm > leg > 

back”, and ascribed these permeation differences to the differences in stratum corneum 

thickness, shunt density and intercellular lipid composition of these anatomical areas. 
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Another skin-related factor that influences the permeation of substances through the skin, is the 

condition of the skin. The permeation of substances through mechanically damaged or diseased 

skin may differ from the permeation through intact healthy skin. A study by 

Kezic and Nielsen (2009) found that larger compounds that would normally not be able to 

permeate the skin had the capability of permeating through damaged skin. A study done by 

Larese Filon et al (2009) investigated the in vitro permeation of metal powders through both intact 

and damaged skin. This study found that metal powders (Co, Ni, and Cr) were able to permeate 

through intact and damaged skin, with permeation increasing significantly for Co and Ni through 

damaged skin. This study also investigated the metal content of the skin and found significantly 

higher amounts of Co, Ni and Cr in damaged skin than in intact skin. 

2.6.2.2 Exposure-related factors  

Exposure-related factors such as the concentration of a substance on the skin can influence 

dermal absorption of the substance (Hostýnek, 2003; Semple, 2004). Several studies have 

indicated that a higher concentration of Cr results in increased permeation thereof through the 

skin (Gammelgaard et al., 1992; Samitz et al., 1967; Van Lierde et al., 2006). 

Another exposure-related factor that may influence the absorption of a substance is the use of 

PPE. While PPE is an important factor in controlling occupational exposure, the incorrect type of 

PPE and the incorrect use thereof may result in higher exposure and absorption of substances. 

This is because substances may break through the PPE if the incorrect type is used, it may enter 

the inside of the PPE if not used, donned, or doffed correctly, or the substances may already be 

on the skin surface before the PPE is donned. Contaminants on the inside of PPE may result in 

higher exposure for several reasons. Firstly, when substances are trapped inside the PPE, there 

is less opportunity for them to be removed from the skin through evaporation or other mechanical 

forces. This increases the duration that the persons are exposed to the contaminant. Secondly, 

wearing PPE such as gloves may result in occlusion of the skin. When this occurs, higher 

absorption of the substances can occur due to increased blood flow and sweating of the hands 

inside the gloves. Lastly, wearing PPE may grant a worker a false sense of protection when 

carrying out tasks. When they believe that they are protected, they will operate less cautiously 

than they would have without the PPE (Cherrie et al., 2010; Semple, 2004). 

2.6.2.3 Substance-related factors 

In vitro experiments have reported that Co and Cr powders can permeate through the skin 

(Larese Filon et al., 2004; Larese Filon et al., 2008), however, many factors may influence the 

degree of permeation. One such factor is the valence or oxidation state of a substance 

(Hostýnek, 2003). Although metal Cr is inert, hexavalent Chromium [Cr(VI)] and trivalent 
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Chromium [Cr(III)] are capable of permeating through the skin (Firth and Rhyder, 2013; 

Larese Filon et al., 2008). Cr(VI) ions can permeate through the skin without any difficulty 

however, they may be reduced to Cr(III) in the skin (Mali et al., 1963; Samitz and Katz, 1964; Van 

Lierde et al., 2006). Less Cr(III) permeates through the skin when compared to Cr(VI) due to a 

greater rejection of positive Cr(III) ions by the skin and Cr(III) ions’ ability to bind with the dermal 

and epidermal structures (Gammelgaard et al., 1992; Van Lierde et al., 2006). 

Vehicles (sweat) and the subsequent pH thereof are other substance-related factors known to 

influence dermal absorption. A high alkaline pH can reduce the barrier function of the stratum 

corneum leading to higher permeation of substances through the skin 

(Gammelgaard et al., 1992), while a low acidic pH can cause oxidation of metal substances 

allowing them to permeate through the skin (Larese Filon et al., 2004; Larese Filon, 2018). 

A study done by Larese Filon et al (2004) investigated the in vitro percutaneous absorption of Co 

powders (2-5 µm in size) suspended in synthetic sweat with a pH of 6.5. The study found that 

synthetic sweat solution oxidised Co powder to form Co ions that were capable of permeating 

through the skin. Another study conducted by Larese et al (2007), found that metallic Cr did not 

oxidise in a synthetic sweat solution with a pH of 6.5. However, a follow-up study by 

Larese Filon et al (2008) investigated the in vitro percutaneous absorption of Cr powder 

(< 10 µm), and found that in a synthetic sweat solution with a pH of 4.5, the Cr powder could 

permeate through the skin. The permeation was due to the acidic pH that oxidised the Cr powder 

into soluble Cr III ions. Cr(VI), which can permeate much better than Cr(III), is also influenced by 

pH. At a higher pH (pH > 6) Cr(VI) exists as the small chromate ion that can permeate easier than 

the larger dichromate ion of Cr(VI) at a lower pH (pH 2-6). Van Lierde et al (2005) found that 

sweat constituents also play a role in the reduction of Cr(VI) to Cr(III), therefore, reducing the 

permeation of Cr(VI). 

Particle size and shape are other factors that can influence the permeation of a substance. Even 

though data on the influence of particle size on permeation is limited, it can be expected that 

smaller particles will absorb faster than larger particles (WHO, 2006). Smaller particles have a 

higher surface-to-volume ratio and, therefore, ion release can occur faster, leading to higher 

dermal permeation (Larese Filon et al., 2013). Larese Filon et al (2013) compared Co permeation 

results from different studies and found that cells exposed to Co nanoparticles (80 nm in size) 

had higher Co content than those exposed to larger Co powders (2 µm in size).  

While particles larger than 45 nm (0.045 µm) may not be able to permeate and penetrate the skin 

directly (Larese Filon et al., 2015), they may be able to enter into hair follicles where they can act 

as a long-lasting “reservoir” (Lademann et al., 2015). Schaefer et al (1990) found that fluorescent 

polystyrene microbeads of approximately 7 µm were able to enter the hair follicles 
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(Toll et al., 2004). When metals such as Ni and Cr enter hair follicles and form a reservoir, there 

may be an increased risk of adverse dermal health effects such as allergic contact dermatitis 

developing due to prolonged ion release (Lademann et al., 2015; Larese Filon et al., 2015)  

2.7 Physical and chemical characteristics of AM feedstock powders 

When occupational exposure to a particulate matter is of concern, the route of exposure and risks 

associated with exposure could depend on the physical and chemical characteristics of the 

particles such as elemental composition, particle shape, and particle size of the specific feedstock 

powder.  

2.7.1 Particle size 

The particulate size of the AM feedstock powder particles is an important characteristic when 

evaluating the health effects of exposure. The size of the particles will determine where in the 

respiratory tract system the particles will settle when respiratory exposure occurs 

(Pickford et al., 2013). It will also determine how long a particle will remain suspended in the air, 

and, therefore, how far it can be dispersed before settling on surfaces in the workplace or on the 

skin. Lastly, the size of particles, amongst other factors, will influence the substance’s ability to 

permeate through the skin (factors influencing absorption were discussed in more detail in 

Section 2.6.2) (Larese Filon et al., 2013).  

2.7.2 Particle shape 

The particulate shape of the AM feedstock powder particles is another important characteristic 

when evaluating the health effects of exposure. Particles with irregular shapes have a higher 

surface-to-volume ratio when compared to perfectly spherical shapes (which are known to have 

the lowest surface-to-volume ratio) and thus may permeate the skin more readily (Lu et al., 2010).  

A study by Tak et al (2015) investigated shape-dependant skin penetration of silver (Ag) 

nanoparticles (NPs), (45-50 ± 10 nm) in rat skin. This study found that the in vitro absorption of 

rod-, spherical- and triangular-shaped Ag NPs after 12 hours were 1.82 µg/cm2, 1.17 µg/cm2, and 

0.52 µg/cm2 respectively. Furthermore, it was found that (after 30 hours) rod-shaped Ag NPs have 

penetrated to the dermal layer, while spherical-shaped Ag NPs have penetrated to the epidermal 

layer, and triangular-shaped Ag NPs have penetrated to the stratum corneum layers. Therefore, 

the particle shape of Ag NPs influences the skin penetration rates and depth of penetration into 

the skin. 
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2.7.3 Elemental composition 

When dermal exposure to the metal alloy in powdered form occurs, it can lead to exposure to the 

individual elements of the powdered sample (Julander et al., 2009). Various metal elements cause 

different types of health effects, and it is important to determine the elemental composition and to 

investigate the toxicity of the individual component elements of the feedstock powder. The AM 

process may also affect the composition and exposure of the feedstock powders. The sintering 

of metal powders can lead to the formation of metal fumes. The heating/melting of Cr-containing 

materials can cause oxidation and subsequent formation of and exposure to Cr(VI) (OSHA, 2008). 

Furthermore, different AM processes in the same area or previous AM processes that were 

conducted in the same area may lead to contamination of other elements in the feedstock powder 

being used. 

2.8 Health effects associated with CO-538 metal constituents 

The feedstock powder investigated in this study is a commercially available CoCr alloy powder 

(CO-538). The safety data sheet (SDS) for this product describes its elemental composition as 

50-70% Co, 20-50% Cr, 5-20% Mo and <1% for both Ni and carbon (Praxair Surface 

Technologies, 2015). An overview of the health effects associated with exposure to the metal 

elements of the feedstock powder is described in this section. 

2.8.1 Cobalt 

Co is a relatively rare metal, that seems to be produced mainly as a by-product from the mining 

of copper and Ni. While Co in small amounts is an essential nutrient, exposure to higher 

concentrations thereof may lead to adverse health effects. Co is a known skin sensitiser that 

results in allergic contact dermatitis (Tokar et al., 2013). Occupational exposure to Co has also 

been associated with other adverse health effects such as respiratory irritation and hard metal 

pneumoconiosis after respiratory exposure has occurred, cardiomyopathy and goitrogenic effects 

after ingestion and, elevated blood pressure, slowed respiration, nerve damage and tinnitus after 

intravenous exposure (Firth and Rhyder, 2013; Tokar et al., 2013). In addition to this, the 

International Agency for Research on Cancer (IARC) has classified Co as a group 2B carcinogen 

(possibly carcinogenic to humans), which poses a risk of lung cancer in exposed persons 

(IARC, 2006).  

2.8.2 Chromium 

Natural occurring Cr is most commonly found in its trivalent state. Cr(III) is an essential nutrient 

that plays an important role in glucose metabolism (Tokar et al., 2013). When exposure to Cr(III) 

occurs, its potential to induce adverse health effects may be considerably lower when compared 
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to Cr(VI) due to its lower ability to be absorbed into the body. Much higher concentrations of 

Cr(III), when compared to Cr(VI), are needed to elicit allergic contact dermatitis in exposed 

persons (Van Lierde et al., 2005). Cr metal, raw chromite ore, and some Cr(III) salts are 

associated with skin irritation and dermatitis but are not considered carcinogenic 

(Firth and Rhyder, 2013). Cr(III) and metallic Cr are classified as group 3 carcinogens, indicating 

that there is insufficient information to classify the substances as carcinogenic or non-

carcinogenic to humans (IARC, 1990).  

Cr(VI) rarely exists naturally and is formed mostly due to the use of Cr in industrial processes. 

Cr(VI) can bring about allergic contact dermatitis in previously exposed persons (sensitivity to Cr 

is prevalent in 1% of the general population). Allergic contact dermatitis due to Cr(VI) can induce 

skin erythema, oedema, papule, pruritus, and scars (Tokar et al., 2013). In addition to this, dermal 

exposure to Cr(VI) salts such as chromic acid and potassium dichromate can also lead to local 

effects such as chemical burns, dermatitis, and chrome ulcers. After being absorbed through the 

skin, it may also lead to systemic effects such as liver damage, renal failure, gastrointestinal 

bleeding, intravascular haemolysis, coma, shock, or death (Alikhan and Maibach, 2011; 

Anderson and Meade, 2014; Lin et al., 2009; Matey et al., 2000; Terrill and Gowar, 1990; 

Tokar et al., 2013). Acute severe Cr poisoning due to dermal exposure is highly uncommon, but 

a case study by Lin et al (2009) reported the occurrence thereof in a young man as a result of 

chemical burns across 15% of his body after short-term exposure to an electroplating solution 

containing Cr(VI). This led to symptoms such as nausea, vomiting, abdominal pain, dizziness, 

and dyspnoea, and later resulted in oliguria, pulmonary oedema, anaemia, and multiple organ 

failure. Although the patient recovered, adverse health effects of the exposure such as acute renal 

failure and skin chrome ulcers persisted (Alikhan and Maibach, 2011; Anderson and Meade, 

2014; Lin et al., 2009). IARC has classified Cr(VI) compounds as a group 1 carcinogen 

(carcinogenic to humans) associated with respiratory exposure (IARC, 2012a). Exposure to Cr(VI) 

can lead to lung cancer and may be associated with cancer of the nose and nasal sinuses 

(IARC, 2012a). There is also increasing evidence suggesting that due to Cr’s ability to permeate 

through body tissues (such as the skin or lungs) it may be associated with cancers of the bones, 

stomach, prostate, kidney, bladder, and hematopoietic system (Tokar et al., 2013).  

2.8.3 Molybdenum 

Mo is a metal that is used in industries to create high-temperature-resistant alloys for the 

manufacturing of gas turbines and jet aircraft engines. It is also used in the manufacturing of 

lubricants and dyes and is added in trace amounts to fertilisers to stimulate the growth of plants. 

Mo is an essential element that is understood to have low toxicity, however, it may cause some 

adverse health effects after chronic or high exposures. Respiratory exposure to metallic Mo and 
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Mo trioxide has been reported to cause pneumoconiosis, and high levels of environmental 

exposure have been associated with a gout-like syndrome (Tokar et al., 2013). Mo trioxide is 

classified as a group 2B carcinogen (possibly carcinogenic to humans) associated with cancer 

due to inhalation (IARC, 2018). Limited information is available on the effects of dermal exposure 

to Mo, however, a recent study describes a case of allergic contact dermatitis in a 34-year-old 

woman after exposure to Mo-containing fibreglass dust which was present on the work clothes of 

the patient’s husband who works in a fibreglass manufacturing plant (Navarro-Trivino et al., 2021).  

2.8.4 Aluminium 

Al is the third most abundant element in the earth’s crust and, therefore, it is not surprising that 

this metal has found many uses in different industries. Al is mainly used in the form of alloys in 

transportation, packing, construction, electrical applications, and in the beverage can industry. 

Occupational exposure to Al can mostly be expected to occur during mining, processing, and 

welding activities. Occupational exposure to Al predominantly occurs via inhalation of Al-

containing dust particles which can lead to lung fibrosis. However, Al is poorly absorbed following 

inhalation, ingestion, and dermal exposure (Tokar et al., 2013). A study by Flarend et al (2001) 

found that Al can be absorbed following dermal application of Al chlorohydrate that is present in 

antiperspirants. However, the average absorption rate (0.25 µ/day) and the amount of Al (3.6 µg) 

that entered the body following a single application to both underarms under occlusion was very 

low and did not significantly increase the body burden of Al. IARC (2012b) states that there is 

enough evidence that occupational exposure during Al production causes cancer of the bladder 

and lungs, to classify it as carcinogenic to humans (Group 1). 

2.8.5 Iron 

Fe is an essential metal with a potential for toxicity when too little or too much is available in the 

body. An Fe overload in the body generally occurs due to excess Fe ingestion, repeated blood 

transfusions, or due to hereditary hemochromatosis that causes an abnormal absorption of Fe 

from the intestines (Tokar et al., 2013). In occupational settings, exposure to Fe can occur during 

the manufacturing and processing of Fe-containing products (Oppel et al., 2022). Very little 

information regarding dermal exposure to Fe exists, however, studies have reported cases of 

occupational allergic contact dermatitis developing in enamellers, toolmakers, and steel welders 

who were exposed to Fe (Baer, 1973; Motolese et al., 1993; Oppel et al., 2022). IARC (2012) 

states that there is sufficient evidence that occupational exposure during iron and steel founding 

can cause cancer of the lung and has, therefore, classified it as carcinogenic to humans 

(Group 1). 
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2.8.6 Nickel 

Ni is a strong metal that is resistant to corrosion and has high thermal and electrical resistance. 

These properties have made Ni a common addition to alloys such as stainless steel. Occupational 

exposure to Ni can occur in a variety of workplaces such as in mining, milling, and in a refinery, 

where Ni is produced, and in processes such as battery manufacturing, welding, electroplating, 

and smelting where Ni is used. Occupational exposure to Ni can occur via inhalation of airborne 

Ni particulates, or through dermal exposure when particulates settle on the skin, when workers 

come into contact with Ni-containing metal structures, or when they are exposed to Ni-containing 

liquid solutions. The most common health effect following exposure to Ni is contact dermatitis, 

which is found in 10 – 20 % of the general population (Tokar et al., 2013). IARC (2012) has 

classified Ni compounds as a group 1 carcinogen (carcinogenic to humans). 

2.9 Legislation relevant to dermal exposure  

Occupational exposure limits (OELs) for various substances have been developed and 

implemented in different legislations and guidelines across the world. OELs are quantitative 

values that describe the maximum concentration of a specific substance that a person may be 

exposed to over a working life period without the risk of adverse health effects occurring 

(McDougal and Boeniger, 2002). OELs have only been developed for respiratory exposure, and 

limits on concentrations for dermal exposure are still non-existent. Instead, substances that may 

cause sensitisation are assigned sensitisation (SEN) notations, while substances that may 

contribute to overall exposure through dermal absorption, are assigned a skin notation 

(ACGIH, 2021; DOEL, 2022).  

An SEN notation is a qualitative indicator used in legislation and guidelines to indicate that a 

substance has the ability to cause sensitisation. Substances with the potential of causing 

respiratory sensitisation through inhalation are assigned a RSEN or SEN notation, while 

substances with the ability to cause sensitisation through dermal contact are assigned a DSEN 

notation (ACGIH, 2021; DOEL, 2022). Skin notations are also assigned to indicate that there is a 

danger of dermal exposure, that dermal exposure has the potential to contribute significantly to 

overall exposure and that dermal contact may lead to overexposure even when airborne exposure 

is at or below the OEL (DOEL, 2022). A skin notation is also a qualitative indicator that is used to 

alert occupational hygienists and employers of the risks associated with dermal exposure and to 

indicate that control measures should be implemented (ACGIH, 2021; Bos et al., 1998).  

Table 2-1 indicates the skin and DSEN notations that have been assigned to CO-538 metal 

constituents in different legislation and recommendations (ACGIH, 2022; DOEL, 2022; 

MHSC, 2018). The American Conference of Governmental Industrial Hygienists (ACGIH) was the 
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first to develop skin notations (Boeniger, 2003) and exposure limits which later changed to 

Threshold Limit Values (TLVs) (Borak and Brosseau, 2015; ICMM, 2007). Even though limits set 

by the ACGIH are only recommendations and not legally binding in the USA, many countries 

around the world have opted to implement these recommendations in their legislation 

(Bos et al., 1998; ICMM, 2007). The ACGIH has assigned a skin notation to Cr(VI) and a DSEN 

notation to Cr(VI), Cr(III) and Co. No notations have, however, been assigned to metallic Cr, Mo, 

Al, Ni or Fe (ACGIH, 2022). 

In South Africa, legislation regarding exposure to substances in the workplace is laid out in the 

Regulations for Hazardous Chemical Agents, 2021 (RHCA), as promulgated under the 

Occupational Health and Safety Act (Act 85 of 1993) and in the Mine Health and Safety Act No.29 

of 1996, Regulation 22.9, 2006. In both these regulations, skin notations are assigned to 

substances, however, only the RHCA assigns DSEN notations to substances with the ability to 

cause dermal sensitisation. In the RHCA skin notations are assigned to Cr(VI) and Ni, while no 

skin or DSEN notations are assigned to Co, Mo, Al, or Fe (DOEL, 2022; MHSC, 2018). In 

Regulation 22.9 no skin notations have been assigned to any of the CO-538 metal constituents 

(Table 2-1) (MHSC, 2018).  

It is important to note that for many substances insufficient information on dermal absorption and 

toxicity exists. Therefore, the absence of a skin notation does not indicate that a substance poses 

no risk to health following dermal exposure, but rather that there is not enough information 

available to assign a skin notation to the substance (McDougal and Boeniger, 2002). Even though 

no legislation requires the assessment of dermal exposure, quantifying dermal exposure to 

substances in the workplace can give occupational hygienists and employers an indication of the 

effectiveness or need for control measures. 

Table 2-1:  Indication of skin and DSEN notations for relevant metal constituents of CO-538 in 

various legislation and recommendations (ACGIH, 2022; DOEL, 2022; 

MHSC, 2018). 

 OHS Act 85 of 

1993 

RHCA 2021 

MHS Act 29 of 

1996 

Section 22.9 

ACGIH 

(2022) 

Cobalt (Co) - - DSEN 

Metallic Chromium (Cr) - - - 

Trivalent Chromium [Cr(III)] - - DSEN 

Hexavalent Chromium [Cr(VI)] Skin - Skin, DSEN 

Molybdenum (Mo) - - - 

Aluminium (Al) - - - 
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Nickel (Ni)  Skin - - 

Iron (Fe) - - - 

2.10 Methods for assessing dermal exposure and surface contamination 

There are three categories of methods for assessing dermal exposure. They are in situ detection 

methods, interception methods, and removal methods. Each method that falls under these 

categories presents its advantages and disadvantages, and it is important to consider these when 

choosing a suitable dermal sampling method (Behroozy, 2013; du Plessis et al., 2008). For the 

purpose of this study, removal methods are discussed with a specific focus on wipe sampling as 

a removal method. 

2.10.1 Removal methods 

Removal methods are used to establish the actual exposure of the skin to substances. During 

removal methods, the substances are removed from the skin either by washing, tape stripping, 

wiping, or by using specialised removal devices such as suction samplers. The removed 

substances can then be analysed to determine the actual amount that was present on the skin 

(Brouwer et al., 2000; du Plessis et al., 2008) Removal methods are most suited for substances 

that have low volatility as well as substances that remain on the skin for longer periods 

(Behroozy, 2013; du Plessis et al., 2008). 

2.10.1.1 Removal wipe sampling 

Wipe sampling as a removal method has been proven to be effective in the detection and 

measurement of metals on skin and workplace surfaces (du Plessis et al., 2013; 

Erfani et al., 2015; Erfani et al., 2017; Lidén et al., 2006). Wipe sampling can be defined as the 

removal of substances from a surface by applying a force with a sampling medium (wipe) that is 

equal to or larger than the adhesion force of the substance on the surface (Brouwer et al., 2000; 

ISO/TR, 2011).  

Sampling media wipes can differ from each other with regard to shape, size, material, and whether 

it is dry or moistened. These differences make some types of wipes more suitable for specific 

substances and/or surfaces than others. Moistened wipes have proved to be more efficient than 

dry wipes when sampling metals (Ashley et al., 2011; du Plessis et al., 2008). Some wipe 

sampling media such as GhostwipesTM are commercially available. GhostwipesTM are individually 

wrapped wipes made from nonwoven polyvinyl alcohol fibre and moistened with deionised water 

(Boeniger, 2006; du Plessis et al., 2008; OSHA, 2002). GhostwipesTM have been validated for 

surface sampling of 13 different metals (OSHA, 2002). GhostwipesTM have successfully been 

used for dermal sampling of metals including, amongst others, Co, Cr, Ni, Aluminium (Al), 
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Platinum (Pt), and other Pt group metals (du Plessis et al., 2010; du Plessis et al., 2013; 

Gorman Ng et al., 2017; Linde et al., 2018; Linde et al., 2021).  

Standardisation of wipe sampling and analysis methods is necessary to obtain consistent and 

comparable results. If standardisation is not achieved, results from wipe sampling and analysis 

performed by different persons, or at different periods or locations, may not be comparable. To 

achieve this standardisation, different organisations such as The Occupational Safety and Health 

Association (OSHA), the National Institute for Occupational Safety and Health (NIOSH) and, 

ASTM International, have developed standard operating procedures that describe the 

methodology of wipe sampling and analysis of different substances on surfaces including the skin 

(Ashley et al., 2011; NIOSH, 2003; OSHA, 2002). OSHA developed method ID-125G for the 

collection and analysis of metal and metalloid particles on surfaces using GhoswipesTM and 

NIOSH developed method 9102 for the collection and analysis of elements on surfaces using 

wipes (NIOSH, 2003; OSHA, 2002). In these methods, the standard operating procedure for the 

wipe sampling of a demarcated surface area with a moistened wipe, like a GhostwipeTM, is 

described. This procedure involves wiping a demarcated surface three times, first in a horizontal 

“S” shaped motion, followed by a vertical “S” shaped motion, and ending in a horizontal “S” 

shaped motion. After each wipe pattern, the wipe is folded with the exposed area inwards. When 

this procedure is done, the wipe samples are placed in a sterile sample storage vial. The samples 

are then analysed using Inductively Coupled Argon Plasma-Atomic Emission Spectroscopy (ICP-

AES) (NIOSH, 2003; OSHA, 2002). 

It should be taken into consideration that even while following these standardised methodologies, 

variation may still occur due to several factors. Since there is no standard description for the 

number of wipes per pattern or the amount of pressure that should be exerted on the surface 

while sampling, it is subject to the researcher’s interpretation. It is, therefore, recommended that 

the same operator should conduct all wipe sampling within a study to minimise inter-person 

variability (Behroozy, 2013; du Plessis et al., 2008; Wheeler et al., 1998). For comparable results, 

the size of the surface area that is sampled needs to be known, however, this may become 

problematic when irregularly shaped surfaces need to be sampled. Skin wipe sampling can be 

carried out on anatomical areas such as the hands, which include the palms and fingers as well 

as the back of the hands, the forearms, the forehead, the perioral region of the face, the chest, 

and the neck (du Plessis et al., 2008; Hughson et al., 2010). Templates with openings of defined 

sizes can be used to demarcate the surface areas that need to be sampled, however, it is not 

always possible to use a template on certain irregularly shaped surfaces. When sampling 

irregularly shaped dermal surfaces such as the perioral area, the area where sampling must be 

done can be determined by keeping within anatomical markers. When sampling irregular 

workplace surface areas such as door handles, handheld tools, or computer mice or keyboards, 
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the dimensions of the wiped surface may be difficult to determine. If possible, the area can be 

measured and calculated before sampling, or when not possible, sampling can be kept within 

physical markers (Day et al., 2009; Hughson et al., 2010). 

It is also necessary to validate the sampling method and sampling media that are used to 

determine exposure to specific substances before the commencement of exposure monitoring. 

The validity of a method is determined by conducting removal and recovery efficiency studies in 

controlled laboratory environments (du Plessis et al., 2008; Fenske: 1993). Removal efficiency, 

also referred to as sampling efficiency, is defined as the measure of how well the sampling method 

can collect a substance on the sampling media (ISO/TR, 2011). The removal efficiency is 

determined by calculating how much of a substance, that was initially deposited onto the skin (or 

surface), has been removed by the wipe (Galea et al., 2014). Recovery efficiency is defined as 

the measure of how well an analytical laboratory can recover a substance from the sampling 

media (ISO/TR, 2011). The recovery efficiency is determined by dividing the amount (mass) of a 

substance that is recovered from the sampling media by the amount (mass) of the substance that 

was initially deposited onto the sampling media (Galea et al., 2014). Recovery efficiencies 

between 70% and 120% with coefficients of variation of up to 20% indicate that the method is 

valid and that an analytical laboratory can accurately recover a substance from the sampling 

media (ISO/TR, 2011). OSHA (2002) indicates the validity of wipe sampling (OSHA method ID-

125G) using GhostwipesTM when sampling for 13 different substances including metals such as 

Co, Cr and, Mo. 

2.11 Conclusion 

In this chapter, an overview of AM, its process categories, processing phases, and feedstock 

powders was given. Occupational exposure to metal feedstock powders was discussed focusing 

on dermal exposure as an exposure route. A brief overview of dermal absorption and the factors 

influencing dermal absorption was provided, and literature regarding exposure to metal 

constituents of CO-538 including the potential health effects, legislation, and methodologies to 

assess dermal exposure was discussed. 

Following the review of literature relevant to this study it is clear that amidst the rapidly emerging 

AM industry, not enough attention has been given to dermal exposure. The limited available 

information regarding dermal exposure during AM, the occurrence of adverse health effects 

following dermal exposure during AM, and the adverse health effects associated with dermal 

exposure to CO-538 metal constituents, highlight the need for further investigation into dermal 

exposure during AM. 
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CHAPTER 3 ARTICLE 

3.1 Guidelines for authors 

3.1.1 Annals of Work Exposures and Health 

Annals of Work Exposures and Health publishes original research and development material that 

helps reduce risk of ill-health resulting from work, and welcomes submissions in these areas. 

Language. Manuscripts must be in English and authors should try to write in a way which is 

simple and clear. British or American styles and spelling may be used, but should be used 

consistently, and words or phrases which might be unclear in other parts of the world should be 

avoided or clearly explained. It is the authors’ responsibility to provide a text in good English, and 

authors whose first language is not English should seek help from a native speaker or competent 

translator. This must be done before first submission to ensure a thorough peer review.  

Brevity. The necessary length of a paper depends on the subject, but any submission must be 

as brief as possible consistent with clarity. The number of words, excluding the abstract, 

references, tables and figs, must be stated as a message to the Editor at the time of submission. 

Section 2 details the word count for each category. If this length is more than 5000 words, a 

statement must be included justifying the extra length.  

Title, abstract and keywords. These are important because most readers find papers by internet 

search of subjects, not by browsing the journal. Titles should be constructed to succinctly describe 

the major issue or question examined by the paper and should not assert the research findings 

as a truth. Recognisable, searchable terms and keywords must be included to enable readers to 

more effectively find your paper. To optimise the visibility of your paper we advise you to make a 

list of the 10 most likely search terms (words and phrases) that your intended readers will use to 

find your work, and to ensure that these appear in your title, the abstract and the keywords. The 

'number one' search term from your list should appear somewhere in the paper's title. This will 

usually not be just a single word; rather a short phrase summarising the main subject of the paper. 

The 'top 5' search terms (including 'number one') should each appear at least once in the abstract, 

with the 'top 3' appearing more than once if possible. It is important that your abstract is written in 

a naturalistic and engaging style that will encourage readers to follow up by reading the full paper. 

The 'bottom 5' search terms can then be added as keywords. It is important to include variants of 

the 'top 5' here if they exist, e.g. alternative names for chemicals or processes. 

Structure of paper. Papers should generally conform to the pattern: Introduction, Methods, 

Results, Discussion, and Conclusions, unless these are clearly inappropriate. A paper must be 
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prefaced by an abstract of the argument and findings, which may also be arranged under the 

same headings. As with many other journals, we are unable to publish footnotes to the text. 

Please therefore incorporate this sort of material into the body of the paper, in brackets if 

appropriate. 

Design and analysis. The quality of the data and analysis must always be good enough to justify 

the inferences and conclusions drawn. Particular attention should be given to design of sampling 

surveys, which should be planned using modern statistical principles, and to the treatment of 

results below the limit of detection (see this page). 

Units and symbols. SI units must be used, though their equivalent in other systems may be 

given as well. 

Figures. These include photographs, diagrams and charts. The first submission should include 

good quality low resolution copies of Figures, and may be incorporated into the text or at the end 
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Tables. Tables should be numbered consecutively and given a suitable caption. As with Figures, 

it is helpful to incorporate them into the text of the first submission, but in the revised version each 

table should be presented on a separate page. Footnotes to tables should be provided below the 

table and should be referred to by superscript lowercase letters. 

References. References should only be included which are essential to the development of an 

argument or hypothesis, or which describe methods for which the original account is too long to 

be reproduced. 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, and they should be incorporated 

naturally into the text.  

For example:  

Jones and Brown (1995) and Hospath et al (2006) observed total breakdown of control..., or  

Total breakdown of control has sometimes been observed (Jones and Brown, 1995; Hospath et 

al., 2006). 

Papers whose references are not properly arranged may be returned for revision without review. 

At the end of the paper, references should be listed in alphabetical order by name of first author, 

using the Harvard Style of abbreviation and punctuation. ISBNs should be given for books and 

other publications where appropriate. Material unobtainable by readers should not be cited. 

Personal Communications, if essential, should be cited in the text (e.g., Professor O.H. Poobah, 

Institute for Dusty Sciences). Internet material can be referred to if it is likely to be permanently 
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3.2 Abstract 

Background: Amidst the rapidly emerging Additive Manufacturing (AM) industry, not enough 

attention has been paid to dermal exposure, with only one study that has investigated dermal 

exposure to metals when a nickel (Ni) based alloy was used. This study aimed to characterise a 

cobalt (Co) – chrome (Cr) alloy feedstock powder (CO-538) in terms of particle size, shape, and 

elemental composition, and assess dermal exposure and workplace surface contamination when 

the CO-538 feedstock powder was used during powder bed fusion (PBF) AM. 

 

Methods: Particle size distribution (PSD) and shape of the virgin (new) and used feedstock 

powder was established using static image analysis (Malvern Morphologi G3) and scanning 

electron microscopy (SEM) analysis. The elemental composition of powders was established 

using inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis. A removal 

wipe sampling method using GhostwipesTM was used. All AM operators at the facility participated 

(two in total), and metals were removed from the index finger, palm, wrist, back of the hand, and 

neck, before and after each AM processing phase (7 pre-processing, 5 processing, and 7 post-

processing phases). Operating (AM) and non-operating (non-AM) workplace surfaces were wiped 

before and after each shift to quantify surface contamination (35 samples). All dermal and surface 

wipe samples were analysed using ICP-mass spectrometry (ICP-MS). 

 

Results: PSD analysis indicated a statistically significant difference (p ≤ 0.05) at d(0.1) between 

virgin and used powder with the used powder particles generally smaller in size than that of virgin 

powder particles based on the mean. Statistically significant differences (p ≤ 0.05) were also 

observed in the mean circularity and convexity of virgin and used powders, indicating that the 

used powder particles were more irregularly shaped and less smooth-surfaced than that of virgin 

powders. Co, Cr, molybdenum, aluminium, iron, and Ni were detected in the CO-538 feedstock 

powder. These metals were also detected on the skin of AM operators and on surfaces within the 

AM and non-AM areas of the facility. Dermal exposure occurred on all the anatomical areas, with 

the highest total metal concentration detected on the index finger during the post-processing 

phase of AM with a geometric mean and 95% lower and upper confidence intervals (CI) of 3.160 

µg/cm2 (CI: 0.703-14.210 µg/cm2). The highest full shift GM concentration of each metal was 

detected on the finger and followed a trend of Co > Cr > Fe > Al > Mo > Ni. Surface contamination 

occurred on all AM and non-AM sampling areas after a full shift with metal concentrations ranging 

from 0.106 µg/cm2 on operator 2’s office desk to 19.695 µg/cm2 on workbench 1.  

 

Conclusion: Dermal exposure to all CO-538 metal constituents occurred on all sampled 

anatomical areas during all three processing phases. This finding indicates that a risk of adverse 

dermal health effects following exposure during metal AM exists. Measurable concentrations of 
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metals that were detected on all sampled surfaces indicate that cross-contamination between AM 

and non-AM areas occur and that these surfaces may act as a secondary source of exposure. 

There is thus a need for control measures to be implemented in AM facilities to eliminate or reduce 

surface metal contamination and dermal exposure.  

3.3 Introduction 

Additive Manufacturing (AM) is the term used to describe the technology where three-dimensional 

products are created from computer-aided design (CAD) by adding and fusing consecutive layers 

of feedstock material (ISO/ASTM: 2021; Ljunggren et al., 2019). Powder Bed Fusion (PBF) has 

been described as the leading AM process category in industries where metal products are 

manufactured (Matthews et al., 2016). PBF makes use of an increasing number of different metals 

and metal alloy powders as feedstock materials (Mutchler, 2019; Qian, 2015). During PBF 

consecutive layers of these metal feedstock powders are added and predetermined areas are 

fused using either lasers or electron beams (Dutta and Froes, 2017; Gibson et al., 2015).  

AM can be divided into three processing phases, namely pre-processing, processing, and post-

processing. During the pre-processing phase, the desired product is designed using a CAD 

system and the AM machine is set up, loaded with feedstock powders and the baseplate is 

levelled. During the processing phase, the actual manufacturing of the designed product takes 

place within the enclosed chamber of the AM machine. During the post-processing phase, the 

product is manually removed from the AM machine and the AM machine along with the 

manufactured product is cleaned (Gibson et al., 2015).  

When considering the conceptual model for the assessment of dermal exposure, dermal 

exposure due to PBF AM using metal feedstock powder can be anticipated to occur when AM 

operators come into direct contact with feedstock powders during manual handling activities of 

the pre- and post-processing phases (Schneider et al., 1999). Powder particles may also become 

airborne during the different processing phases, leading to dermal exposure when airborne 

particles settle directly onto the skin. Airborne particles may also settle onto surfaces within the 

workplace creating a surface contaminant layer. Furthermore, dermal exposure may occur when 

AM operators come into contact with the surface contaminant layer, or when mechanical forces 

cause settled particles to become re-suspended into the workplace environment. 

To date, only one study has assessed dermal exposure during AM when a nickel (Ni) based alloy 

Hastelloy® X (Haynes International, ID, USA) was used. The study found measurable 

concentrations of Ni, cobalt (Co), and chrome (Cr) on the index fingers of AM operators 

(Ljunggren et al., 2019). Three cases of occupational allergic contact dermatitis have been 

reported following dermal exposure to epoxy resin compounds that were used during a vat 
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photopolymerisation AM process (Chang et al., 2004) and another unspecified AM process 

(Creytens et al., 2017). The limited available information and the occurrence of adverse health 

effects following dermal exposure highlight the need for further investigation into dermal exposure 

during AM. 

The adverse health effects associated with exposure to metal feedstock powders depend on 

factors such as particle size, shape, and elemental composition (Chen et al., 2020). Safety data 

sheets (SDSs) should contain information on these characteristics. However, several SDSs of 

different AM feedstock powders have failed to disclose this information adequately 

(du Preez et al., 2018; Mellin et al., 2016). Furthermore, the information provided in SDSs only 

applies to virgin feedstock powders. When leftover feedstock powders are reused, the chemical 

and physical characteristics of the feedstock powders may be altered (Tang et al., 2015). 

Therefore, when assessing the potential adverse health effects associated with exposure to AM 

feedstock powders, it is necessary to characterise both virgin and used feedstock powders 

according to size, shape, and elemental composition. 

The feedstock powder investigated in this study was a commercially available Cobalt-Chrome 

(CoCr) alloy powder (CO-538) that, according to its SDS, consists of 50-70% Co, 20-50% Cr, 5-

20% Molybdenum (Mo) and <1% for both Ni and carbon (Praxair Surface Technologies, 2015). 

CoCr alloys are often used as feedstock powders due to it being a biocompatible alloy that is 

strong and resistant to heat, corrosion, and discolouration. These characteristics of CoCr alloys 

make it ideal for use in biomedical industries such as orthopaedic prostheses and dentistry where 

the application of AM is rapidly increasing (Al Jabbari, 2014). Although products manufactured 

from CoCr alloys are considered biocompatible, exposure to the individual constituents of the 

alloy in powdered form may pose risks to the health of AM operators. In vitro permeation of Co 

and Cr through human skin has been described (Larese Filon et al., 2004; Larese Filon et al., 

2008) and dermal exposure to Co and Cr may cause allergic contact dermatitis (Tokar et al., 

2013).  

This study aims to expand the information available on the health risks associated with metal AM 

by characterising virgin and used CO-538 feedstock powder according to size, shape, and 

elemental composition and assessing dermal exposure and surface contamination when the CO-

538 powder was used during PBF AM. 

3.4 Method 

This study was conducted at a South African AM facility where CO-538 alloy feedstock powders 

are used during the process of PBF using an ORLAS CREATOR (O.R. Lasertechnologie GmbH) 

AM machine. A schematic layout of the AM and non-AM operating areas within the facility is 
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provided in Section 3.11 Supplementary information (Figure S3-4). Ethics approval for this study 

was obtained from the North-West University Health Research Ethics Committee (NWU-00152-

21-A1). The two AM operators volunteered and provided informed consent to participate in this 

study which was conducted over a period of eleven days. During this period, six of the same 

products were manufactured and the print duration (the processing phase) of each product ranged 

between 11 hours 41 minutes and 13 hours 47 minutes.  

Each manufacturing process was divided into three processing phases: pre-processing, 

processing, and post-processing. During the pre-processing phase, the AM operator loaded used 

feedstock material into the AM machine and where necessary topped it up with virgin feedstock 

powder. The AM operator then levelled the baseplate and set the height of the powder scraper. 

The AM operator then closed the AM machine and started the print using the computer located 

on top of the AM machine. During the processing phase, the AM operator left the AM area and 

monitored the print virtually via a camera mounted on the AM machine’s window. The AM operator 

returned to the AM area occasionally for the remainder of the work shift to monitor the progress 

or to make minor adjustments using the computer. In other instances, the AM operator only 

returned for the post-processing phase. During the post-processing phase, the excess powder 

around the manufactured product was removed, and then the manufactured product was 

removed from the AM machine. Next, the AM machine and product were cleaned using a vacuum 

cleaner and leftover (used) powder was sifted to be re-used in the following prints. The sieve was 

cleaned when necessary, using compressed air to remove excess particles.  

In total, seven pre-processing phases, five processing phases, and seven post-processing 

phases were monitored. Operator 1 carried out five of the pre-processing phases, one processing 

phase, and three post-processing phases, and the remainder of the phases was carried out by 

Operator 2. The uneven number of the different processing phases was due to unplanned 

breakdowns or maintenance and AM operators not returning during the processing phase.  

Personal protective equipment (PPE) available to the AM operators included full-face respirators 

that cover the eyes, nose, and mouth, with reusable filtering face piece 3 (FFP3) particulate filters 

as well as standard disposable nitrile gloves and laboratory coats. During all pre- and post-

processing phases both AM operators wore respirators, but nitrile gloves were worn inconsistently 

depending on the AM operator and the activity being carried out. During the processing phase, 

no PPE was worn by either of the AM operators and laboratory coats weren’t worn during any of 

the processing phases. 
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3.4.1 Powder size, shape, and elemental composition 

Samples of both virgin and used CO-538 feedstock powder along with the relevant SDS were 

collected from the AM facility. Static image analysis was used to determine the particle size and 

shape of both the virgin and used CO-538 feedstock powders using a Malvern Morphologi G3 

instrument (Malvern Instruments Ltd, United Kingdom). The particle size distribution (PSD) was 

based on the Circle Equivalent (CE) diameter of each particle as measured by the Malvern 

Morphologi G3. The shape of the powder particles was based on the circularity (measurement of 

how close the particle shape is to that of a perfect circle) and convexity (measurement of particle 

edge roughness) of all particles as calculated by the Malvern Morphologi G3 software (Malvern 

Panalytical, 2021). A sample of 5 mm3 feedstock powder was dispersed onto the microscope slide 

and scanned by the instrument using 10x, 20x, and 50x optics. Images of representative particles 

in each sample were captured and analysed by the instrument. All samples were analysed a 

minimum of five times, however, due to variation in d(0.1) of virgin powders a further three repeats 

of virgin powder analysis were conducted.  

Scanning electron microscopy (SEM) analysis was conducted on both virgin and used CO-538 

samples using a Phenom pro-desktop (Phenom Pro Desktop SEM, Phenom-world B., Eindhoven, 

Netherlands) SEM instrument. A sample of 3 - 5 mm3 of CO-538 powder was applied onto one 

side of double-sided adhesive carbon tape and loaded into the SEM sample chamber. 

Representative images of each sample were taken at different magnifications to visualise particles 

at 1950x and 590x magnification (du Preez et al., 2018). Images of the powders were used as a 

qualitative indication of particle size, shape, and surface characteristics. 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) analysis was conducted 

on two powder samples (one virgin and one used) using a Spectro Arcos (AMETEK, Inc. Materials 

Analysis Division, USA) ICP spectrometer. The powder samples were prepared using microwave 

digestion and injected into the instrument’s burner from where they entered, as fine-droplet 

aerosols, into the plasma. The plasma within the ICP instrument is heated to extremely high 

temperatures (approximately 10000°C) and causes elements to emit light of characteristic 

wavelengths. The light emitted was captured by light sensors and used to analyse the 

concentration of the elements in the samples (Worden, 2005). 

3.4.2 Dermal exposure 

Dermal exposure samples were collected by means of a removal wipe sampling method using 

commercially available GhostwipesTM (SKC, Eighty-Four, Pennsylvania, USA). GhostwipesTM are 

individually wrapped and moistened (with deionised H2O) sampling media that have been 

validated for surface sampling of 13 different metals (OSHA, 2002). GhostwipesTM have 
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successfully been used for dermal sampling of metals including, amongst others, Co, Cr, Ni, 

Aluminium (Al), Platinum (Pt), and other Pt group metals (du Plessis et al., 2010; du Plessis et 

al., 2013; Gorman Ng et al., 2017; Linde et al., 2018; Linde et al., 2021). When one AM operator 

carried out a full shift, samples were collected before the shift and subsequently after each 

processing phase. However, when different AM operators carried out different processing phases 

within a shift, samples were also collected before each processing phase. For example, if operator 

1 started the shift with the pre-processing phase, but then operator 2 conducted the processing 

phase, samples were collected before the shift and after the pre-processing phase from operator 

1, and before and after the processing phase from operator 2.  

Samples were collected from the wrist, palm, back of the hand and ventral side of the index finger 

of the dominant hand and the right-hand side of the neck. A clean acetate template with a defined 

rectangular opening of 24 cm2 (6 x 4 cm) was used to ensure that a constant surface area was 

sampled. For the index finger, the ventral side of the finger was sampled. The sampled surface 

area of the index finger was calculated in accordance with the method used by du Plessis et 

al (2010). A trace of the operator’s index finger along with a trace of a 1 cm2 reference area was 

made on paper, cut out, and weighed repeatedly (n = 5) on a Sartorius microbalance to determine 

the average mass of each. The surface area of the index finger was then calculated by dividing 

the mass of the finger trace by the calculated mass of the 1 cm2 paper.  

The researcher wore a clean pair of gloves, removed the wipe from its packaging and used it to 

wipe the dermal surface area while keeping within the perimeters of the template or 

predetermined anatomical markers. Each surface area was wiped three times consecutively, first 

in a horizontal “S” shaped motion, followed by a vertical “S” shaped motion, and ending again in 

a horizontal “S” shaped motion. After each wipe pattern, the wipe was folded with the exposed 

area inward. After this procedure, each wipe sample was placed in a separate clean and labelled 

hard-walled vial where it was stored and sent to a South African National Accreditation System 

(SANAS) accredited laboratory for analysis using Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) in accordance with OSHA method ID-125G (OSHA, 2002). Each wipe sample was 

prepared using acid digestion and introduced into the ICP-MS instrument. The ICP-MS instrument 

uses an inductively coupled plasma as describe above for ICP-OES, however, in ICP-MS it is 

used to convert elements into ions. These ions then enter a high vacuum chamber within the 

mass spectrometer where ions are separated by mass. This allows for elements in a sample to 

be separated and concentrations determined (Worden, 2005). 

Four field-blanks (unexposed wipes that were removed from their packaging and placed into 

separate hard-walled vials) and two media-blanks (unopened wipes) were stored and analysed 

as described for dermal wipe samples. 
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3.4.3 Workplace surface contamination  

The workplace area was observed before sampling commenced to identify surfaces that the AM 

operator came into contact with most often and, therefore, had the highest potential risk of leading 

to dermal exposure. Ten workplace surfaces were identified for sampling, namely 1) the door 

handle of the AM machine; 2) the tablet computer mounted on the front of the AM machine; 3) 

the computer mouse located on top of the AM machine; 4) the general workbench where most 

post-processing activities took place (Workbench 1); 5) the general workbench next to the AM 

machine (Workbench 2); 6) the sieve used to sift leftover powders before they are reused; 7) the 

door handle between the non-AM and AM area; 8) the door handle between the non-AM area and 

the corridor leading to the operators’ offices; 9) the desk area in front of the computer in Operators 

1’s office, and; 10) the desk area in front of the computer in Operator 2’s office (Figure S3-4 in 

Section 3.11 Supplementary information). 

Samples were collected before the shift on the first day and thereafter after each post-processing 

phase. The wiping procedure was carried out as described for dermal wipe sampling. For flat 

surfaces, a clean pair of gloves and a clean acetate template with a defined opening of 100 cm2 

(10 x 10 cm) were used to ensure that a constant surface area was sampled. Irregularly shaped 

surfaces were sampled in a similar manner but without the use of a template. All samples were 

stored and selected samples (n=17 after shift samples and n=18 before shift samples) were 

analysed as described for dermal wipe samples. 

3.5 Data analysis 

All data sets obtained during this study were statistically analysed using GraphPad Prism, Version 

8.0 (GraphPad Software Inc., San Diego, California, USA). All p values ≤ 0.05 were considered 

to be statistically significant. 

Basic descriptive statistics were used to analyse data sets obtained from the results of PSD and 

shape analysis. Data sets of PSD and shape of virgin and used powders were normally 

distributed. Due to the normal distribution and the unequal number of repeats of virgin and used 

data, the data sets were compared using unpaired t-tests with Welch’s correction. 

Wipe samples mass were blank corrected for each metal by subtracting the average mass of 

each metal found on the blanks from the mass of the metal on the specific wipe. The concentration 

in µg/cm2 was calculated by dividing the mass of the metal powders detected on each sample by 

the area sampled. Samples containing less than 1 µg, the limit of detection (LOD) mass of the 

metals, as well as samples that had negative (-) mass after being blank corrected, were reported 

as below the detection limit (BDL). For statistical analysis, all BDL values were substituted using 

NDExpo version 1.0 (ExpoStats Bayésian Calculator, Montreal, Canada). The total metal 
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concentration was calculated as the sum of all metals that were detected in 20% or more of the 

samples which included Co, Cr, Mo, Al, Iron (Fe) and Ni. Metals that were detected in less than 

20% of the samples and/or were not detected or SDS reported in the feedstock powders, were 

excluded from the results. Detected metals that are not reported include Copper (Cu), Magnesium 

(Mg), Manganese (Mn), Titanium (Ti), Tungsten (W), and Zinc (Zn). 

Dermal metal concentration data was not normally distributed and was log-transformed for 

statistical analysis. Concentrations of Co, Cr, Mo, Al, Fe and Ni were summed to calculate the 

total metal concentration on each wipe. The geometric mean (GM) and 95% lower and upper 

confidence intervals (CI) concentrations were calculated for total metal concentration on each 

anatomical area during each processing phase. A one-way ANOVA with Tukey’s multiple 

comparison test was performed to determine statistically significant differences in exposure on 

anatomical areas during the different processing phases. The GM and 95% lower and upper CI 

for each metal’s concentration on each anatomical area were calculated for all three processing 

phases. The full shift GM concentration for each metal on each anatomical area was calculated 

as the sum of the GM concentrations of each processing phase. 

For workplace surface contamination, the total metal concentration was calculated as the sum of 

the metal elements (Co, Cr, Mo, Al, Fe and Ni) that were detected on each surface. Metals that 

were detected but are not included in the results for reasons as stated for dermal wipe analysis 

are Cu, Mg, W, and Zn. Where the sampling area was known, results are reported in µg/cm2, 

however, for irregularly shaped surfaces such as the computer mouse and door handles, the 

surface area could not be calculated, and total metal contamination is, therefore, reported as 

µg/sample. 

3.6 Results 

3.6.1 PSD and shape analysis 

The particle size distribution (PSD) and shape analysis of virgin and used CO-538 powders are 

presented and compared in Table 3-1. No information regarding the PSD or shape of the virgin 

powder was reported in the SDS (Praxair Surface Technologies, 2015). Results from the PSD, 

circularity, convexity and SEM could, therefore, not be compared to the SDS.  

The median d(0.5) diameter (± SD) of the virgin and used powder particles were 23.710 ± 1.560 

µm and 17.270 ± 4.068 µm respectively. For virgin powders, 10% of the particles [d(0.1)] had 

diameters smaller than 4.844 ± 4.909 µm. Virgin powders contained no particles larger than 

119.530 µm. For the used powder, 10% of the particles had diameters smaller than 0.242 ± 0.018 

µm. Used powders had no particles larger than 111.250 µm. At d(0.1) the mean particle size of 

the used powders was significantly smaller than that of the virgin powders (p ≤ 0.05). 
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SEM images (Figure 3-1; A-F) gave a visual representation of the size and shape of the virgin 

and used CO-538 powder particles. SEM, circularity and convexity results indicated that the CO-

538 powder particles consisted of a mixture of spherical particles with smooth surfaces, and 

irregularly shaped particles with less smooth surfaces. Statistically significant differences were 

observed between the mean circularity of the virgin and used powders and between the mean 

convexity of virgin and used powders. This indicates that the used powders consisted of more 

irregularly shaped and less smooth surfaced particles than the virgin powders. 

Table 3-1:  PSD and shape of virgin and used CO-538 powder reported as mean ± 

standard deviation. 

d(0.1) indicates 10% of particles are smaller than the given diameter; d(0.5) indicates 50% of particles are smaller than the given diameter; d(0.9) 

indicates 90% of particles are smaller than the given diameter. a-c indicates statistically significant differences where p ≤ 0.05. Circularity is the ratio of 

the perimeter of a circle with an area equivalent to the particle, divided by the actual particle perimeter. A circularity of 1 represents a perfect circle. 

Convexity is the measurement of particle edge roughness. A convexity of 1 represents a smooth surface. 

 

Powder n 
PSD (µm) 

Circularity Convexity 
d(0.1) d(0.5) d(0.9) 

Virgin 8 4.844 ± 4.909a 23.780 ± 1.306 39.690 ± 1.288 0.874 ± 0.017b 0.981 ± 0.002c 

Used 5 0.242 ± 0.018a 19.720 ± 3.441 36.400 ± 2.904 0.808 ± 0.045b 0.973 ± 0.006c 
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Figure 3-1:  SEM images of virgin (A & C) and used (B & D) CO-538 powders at 590x (A & 

B) and 1950x (C & D) magnification. 

3.6.2 Elemental composition 

Table 3-2 presents the elemental composition of virgin and used samples as detected through 

ICP-OES analysis and the elemental composition ranges as reported in the standard and SDS 

for the CO-538 feedstock powder (ASTM, 2019; Praxair Surface Technologies, 2015). All 

elements that were detected through ICP-OES fell within the percentage ranges as reported in 

ASTM standard and SDS for the CO-538 feedstock powder, except for Mo which was detected 

at slightly lower concentrations in the used powder sample. The SDS, however, failed to report 

the presence of metals such as Mn, Fe, Ni and Al which were detected through ICP-OES. ICP-

30 µm 30 µm 

100 µm 100 µm 

A B 

C D 
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OES analyses for virgin and used CO-538 were similar, with all metals detected in the virgin 

powder, also detected in the used powder samples.  

Table 3-2:  Elemental composition of virgin and used CO-538 feedstock powders. 

Elements 

Reported in 

ASTM % (m/m) 

Reported in 

SDS % 

Analysed by ICP-OES  

% (m/m) 

Maximum Virgin Used 

M
e

ta
l 

 

Cobalt Balance 50-75 64.10 65.00 

Chrome 27-30 20-50 28.50 28.70 

Molybdenum 5-7 5-20 6.39 4.97 

Manganese 1.00 - 0.12 0.12 

Iron 0.75 - 0.35 0.57 

Nickel 0.50 - 0.21 0.21 

Aluminium 0.10 - 0.06 <0.05 

Tungsten 0.20 - - - 

Titanium 0.10 - - - 

N
o

n
-m

e
ta

l 

Silicon 1.00 - 0.27 0.36 

Carbon 0.35 <1 - - 

Nitrogen 0.25 <1 - - 

Phosphorus 0.02 - - - 

Boron 0.01 - - - 

Sulphur 0.01 - - - 

% (m/m) = Composition, % (Mass/Mass); Balance is the difference of 100% and the sum of the percentage of other elements specified. 

3.6.3 Dermal exposure 

Measurable concentrations of metals were detected on all the anatomical areas during all the 

processing phases. Figure 3-2 indicates the GM and 95% lower and upper CI of total metal (Co, 

Cr, Mo, Al, Fe and Ni) exposure during each processing phase.  

 



 

57 

 
 

Figure 3-2: GM ± 95% CI of total metal concentration (µg/cm2) on different anatomical areas after pre-processing (n = 7) processing (n = 5) and 

post-processing (n = 7) phases of AM, and the full shift total metal concentration as the sum of the GMs of all three processing phases. 

a-c Indicates statistically significant differences (p ≤ 0.05). 
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After the pre-processing phase, measurable total metal concentrations were detected on all 

anatomical areas with a GM of 0.503 µg/cm2 and 95% lower and upper CI of 0.203-1.247 µg/cm2 

on the back of the hand. On the palm the total metal concentration detected was 1.108 µg/cm2 

(CI: 0.440-2.788 µg/cm2), 2.884 µg/cm2 (CI: 0.889-9.359 µg/cm2); on the finger, 0.665 µg/cm2 

(CI: 0.249-1.776 µg/cm2); on the wrist, and 0.271 µg/cm2 (CI: 0.125-0.586 µg/cm2); on the neck.  

 

After the processing phase, total metal concentrations were detected on all anatomical areas with 

0.145 µg/cm2 (CI: 0.080-0.264 µg/cm2) on the back of the hand; 0.306 µg/cm2 (CI: 0.069-1.362 

µg/cm2) on the palm; 0.735 µg/cm2 (CI: 0.206-2.623 µg/cm2) on the finger; 0.273 µg/cm2 

(CI: 0.064-1.161 µg/cm2) on the wrist; and 0.155 µg/cm2 (CI: 0.081-0.296 µg/cm2) on the neck.  

 

Metals were detected on all anatomical areas after the post-processing phase with total metal 

concentrations of 1.577 µg/cm2 (CI: 0.566-4.394 µg/cm2) on the back of the hand, 1.533 µg/cm2 

(CI: 0.307-7.858 µg/cm2) on the palm; 3.160 µg/cm2 (CI: 0.703-14.210 µg/cm2) on the finger; 

0.940 µg/cm2 (CI: 0.471-1.890 µg/cm2) on the wrist, and 0.717 µg/cm2 (CI: 0.306-1.679 µg/cm2) 

on the neck.  

 

Statistically significant differences were found between the total metal concentrations after the 

processing and post-processing phases on the back of the hand, wrist and neck indicating that 

GM total metal concentrations were significantly higher during the post-processing phase when 

compared to the processing phase. In Figure 3-2 the full shift total metal concentration is indicated 

as the sum of the GMs of all three processing phases. The anatomical areas with the highest full 

shift exposure were the finger > palm > back of the hand > wrist > neck.  

 

Figure 3-3 indicates the full shift GM concentrations (sum of GM of each processing phase) of 

each of the metals on the different anatomical areas. The highest full shift GM concentration of 

each metal was detected on the finger and followed a trend of Co > Cr > Fe > Al > Mo > Ni. The 

lowest GM full shift concentration of Co, Cr, Al and Fe was detected on the neck and the lowest 

GM full shift concentration of Mo and Ni was detected on the wrist. 

 

For all metals, the highest GM (and 95% lower and upper CI) concentrations were detected on 

the finger. The highest concentration detected was that of Co with a GM of 1.224 µg/cm2 

(CI: 0.280-5.336 µg/cm2) on the finger during the pre-processing phase and the lowest 

concentration detected was Ni, with a GM of <0.001 µg/cm2 (CI: 0.0002-0.0007 µg/cm2) during 

the pre-processing phase on the wrist.  
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Figure 3-3: GM of full shift dermal exposure concentration (µg/cm2) of each metal on different 

anatomical areas. 

3.6.4 Workplace surface contamination 

The surface areas where wipe samples were collected in the AM and non-AM areas are indicated 

Figure S3-4 in Section 3.11, Supplementary information. Measurable concentrations of metals 

were detected on all surfaces sampled in AM and non-AM areas (Table 3-3). Total metal 

concentrations detected before shift on the first day of sampling ranged from 0.002 µg/cm2 (printer 

tablet) to 45.060 µg/cm2 (Workbench 2) (data not shown). Total metal concentrations detected 

after a full shift ranged between 0.106 µg/cm2 (Office: Operator 2) to 19.695 µg/cm2 (Workbench 

1). Total metal concentrations detected on irregularly shaped surfaces ranged from 1.739 

µg/sample on door handle 2 (non-AM area) to 59.027 µg/sample on door handle 1 (AM area). 
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Table 3-3:  Total metal concentration (µg/cm2) detected after shift on workplace surfaces 

(n=17 samples). 

* indicates the surface is in a non-AM area. 

3.7 Discussion  

While the application of AM is rapidly expanding and new AM materials are being developed, 

information regarding the risk to the health of AM operators remain limited (Chen et al., 2020; 

Roth et al., 2019: 321). This study aims to expand on the information available regarding the 

health risks associated with metal AM by characterising a CO-538 feedstock powder according 

to its particle size, shape and elemental composition and by assessing dermal exposure and 

surface contamination when the CO-538 powder is used during PBF AM. 

Virgin and used powder particle sizes corresponded with one another at d(0.5) and d(0.9), 

however, at d(0.1) the used powder particles mean was statistically significantly smaller than that 

of the virgin powders (Table 1). These findings are in agreement with that of Mellin et al (2016) 

who reported the presence of smaller particles in used samples of Inconel 939 (IN939) feedstock 

powder and suggested that these smaller powder particles detached from larger powder particles 

during manual handling of the powders, or due to the heat during the processing phase (Mellin et 

al., 2016). A statistically significant difference was observed between the mean circularity and 

convexity of the virgin and used powders (Table 3-1). This indicated that the used powders 

consisted of more irregularly shaped and less smooth surfaced particles than the virgin powders. 

These findings are in agreement with that of Tang et al (2015) who investigated the effect that the 

Workplace surfaces 
Total metal concentration after shift 

(µg/cm2) 

Workbench 1 4.733 - 19.695 

Workbench 2 4.043 - 8.435 

Printer door 0.188 - 0.275 

Printer tablet screen 0.159 

Sieve 2.826 

Office desk: Operator 1* 0.138 - 0.367 

Office desk: Operator 2* 0.106 - 0.245 

Irregularly shaped workplace surfaces 
Total metal concentration after shift  

(µg/sample) 

Computer mouse 25.933 - 40.886 

Door handle 1 42.087 - 59.027 

Door handle 2* 1.739 



 

61 

number of times a feedstock powder is reused, would have on its physical characteristics and 

found that titanium feedstock powder (Ti-6Al-4V) particles became less spherical and less smooth 

after each reuse. 

There is limited information available regarding the effect of physical characteristics such as 

particle size and shape on dermal exposure. However, it is known that a larger surface-to-volume 

ratio of certain metal particles such as Co and Cr allows for increased oxidation (in the presence 

of sweat) and subsequent release of soluble ions that can permeate through the skin (Larese 

Filon et al., 2013; WHO, 2006). Particles with irregular shapes have a higher surface-to-volume 

ratio when compared to perfectly spherical shapes (which are known to have the lowest surface-

to-volume ratio) and thus may permeate the skin more readily (Lu et al., 2010). Similarly, smaller 

particles have a higher surface-to-volume ratio when compared to larger particles and, therefore, 

they may be able to permeate the skin more readily.  

Nano-sized particles may be able to enter the skin, however, particles larger than 45 nm (0.045 

µm) are not capable of permeating or penetrating through the skin (Larese Filon et al., 2015). 

Larger particles may, however, be able to enter into hair follicles where they can act as a long-

lasting “reservoir” (Lademann et al., 2015). Schaefer et al (1990) found that fluorescent 

polystyrene microbeads of approximately 7 µm were able to enter the hair follicles (Toll et al., 

2004). When metals such as Ni and Cr form a reservoir inside the hair follicles there may be an 

increased risk of adverse dermal health effects such as allergic contact dermatitis developing due 

to its prolonged ion release (Lademann et al., 2015; Larese Filon et al., 2015)  

The size of the particles may further affect the duration that particles remain suspended in the air 

and, therefore, how far they can disperse before settling on workplace or dermal surfaces 

(Pickford et al., 2013). Small particles may remain suspended in the air for a longer duration 

allowing them to disperse further before settling. This may lead to dermal exposure and surface 

contamination occurring further away from the source. 

Knowledge of the elemental composition, size, and shape of the metal alloy feedstock powder is 

important when assessing the potentially harmful effects that the feedstock powder may have on 

the health of AM operators (Chen et al., 2020). SDSs which should contain information on these 

characteristics of feedstock powders have, in several instances, failed to disclose the particle size 

and elemental composition sufficiently (du Preez et al., 2018; Mellin et al., 2016). The same was 

found for the SDS of CO-538 which contained no information on the particle size and only limited 

information on the elemental composition of the CO-538 feedstock powder (Table 3-2). ICP-OES 

analysis indicated the presence of Co, Cr, Mo, Ni, Fe, Al, Mn, and Si in virgin and used samples 

of CO-538 powders. The elemental composition for Co, Cr, and Mo of the virgin powder sample, 

corresponded with the information given in the SDS of CO-538. However, the SDS failed to report 
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the presence of metals such as Mn, Fe, Ni, and Al which were detected through ICP-OES. When 

insufficient information is provided in SDSs of AM feedstock powders, AM operators may be 

unaware of the risks to health associated with the use of the feedstock powder leading to a false 

sense of protection (du Preez et al., 2018). 

There was variability in dermal exposure concentrations within the three processing phases on 

all anatomical areas which is consistent with variability reported in other dermal exposure studies 

(du Plessis et al., 2010; du Plessis et al., 2013; Hughson et al., 2010; Julander et al., 2010). The 

variability may be due to AM operators wearing PPE inconsistently and/or the variety of activities 

carried out during the processing phases (Hughson et al., 2010).  

Measurable concentrations of metals were detected on the skin of AM operators on all the 

anatomical areas during all of the processing phases. Statistically significant higher total metal 

concentrations were detected on the back of the hand, wrist, and neck during the post-processing 

phase when compared to the processing phase (Figure 3-2). The higher dermal exposure during 

the post-processing phase corresponds with the findings of Graff et al (2017) and Ljunggren et al 

(2019) who reported that particle emissions during PBF were highest during the manual handling 

activities that generally form part of the pre- and post-processing phases. The total metal 

concentrations during the pre-processing phase, however, did not differ significantly from the 

concentrations during the other processing phases. This may be due to fewer manual handling 

activities that were carried out during the pre-processing phase. 

The anatomical area with the highest full shift dermal exposure was the finger followed by the 

palm > back of the hand > wrist > neck (Figure 3-2). Most manual handling activities occurred 

during the post-processing phase, which included removing excess powder around the 

manufactured product, removing the manufactured product and cleaning it, cleaning the AM 

machine of all leftover feedstock powder, sieving the used powders as well as cleaning the sieve 

with compressed air. The use of compressed air is not permitted in South Africa according to the 

Regulations for Hazardous Chemical Agents (2021) as promulgated under the Occupational 

Health and Safety act (Act 85 of 1993) (DOEL, 2022). During the processing phase, no gloves 

were worn, and during the pre- and post-processing phases, gloves were worn inconsistently. In 

two instances where gloves were worn during the post-processing phase, sharp edges on the 

manufactured product also caused the gloves to tear. These occurrences explain in part why the 

highest dermal exposure concentrations were detected on the hands of AM operators. 

The anatomical area of exposure is a skin-related factor that influences the absorption of 

substances through the skin (Hostýnek et al., 2003; Semple, 2004). The skin on the ventral side 

of the hands (palm and index finger) is thicker than the skin on the other sampled anatomical 

areas such as the back of the hand, the wrist, and the neck. Seen in the light of the fact that 
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concentrations were detected on the back of the hand, wrist, and neck, it should be noted that 

absorption of metals through these areas may occur more readily than in the anatomical areas 

with thicker skin (Larese Filon et al., 2018; Semple, 2004). 

In Figure 3-3 the full shift (pre-processing + processing + post-processing) GM concentrations of 

each metal on the different anatomical areas are illustrated. The highest full shift GM 

concentration of each metal was detected on the finger and followed a trend of Co > Cr > Fe > Al 

> Mo > Ni. Interpreting dermal exposure concentrations is challenging since no occupational 

exposure limits for dermal exposure exists (Naylor et al., 2020: 800). Results indicate that dermal 

exposure to all these metals occurred and, therefore, a risk of adverse dermal health effects 

following exposure during metal AM exist. Co, Cr, and Ni are known dermal sensitisers, and 

exposure can result in allergic contact dermatitis (Tokar et al., 2013). Although the concentrations 

of Ni exposure were low, it is known that simultaneous exposure to Ni, Co, Cr, or a combination 

of these metals, may result in sensitisation more frequently than exposure to the individual metals 

would (Ruff and Belsito, 2006). 

A study by Ljunggren et al (2019) reported dermal exposure following AM and found a mean 

concentration of 0.11 µg/cm2 Co, 0.37 µg/cm2 Cr, and 0.63 µg/cm2 Ni at the end of a workweek 

on the index fingers of AM operators who worked with an alloy powder that, according to its 

manufacturer, consisted of 47% Ni, 22% Cr, 18% Fe, 9% Mo, 1.5% Co, and less than 15% other 

metals. This study used a tape-stripping sampling method and, therefore, the dermal exposure 

concentrations reported cannot directly be compared to the concentrations found in our study. It 

can, however, be noted that the GM concentration of Co [1.016 µg/cm2 (CI: 0.140-7.357 µg/cm2)] 

and Cr [0.565 µg/cm2 (CI: 0.092- 3.470 µg/cm2)] on the index finger following the post-processing 

phase was higher than the mean concentrations reported in Ljunggren et al (2019), whereas the 

Ni concentrations were lower [0.105 µg/cm2 (CI: 0.615-0.018 µg/cm2)]. This is most likely due to 

the differences in the elemental composition of the feedstock powders used.  

Measurable concentrations of metals were detected on all workplace surfaces that were sampled 

in the AM and non-AM areas of the AM facility. The presence of metals indicates that these 

surfaces may act as secondary sources of exposure and that cross-contamination between AM 

and non-AM areas occurs. Dermal exposure may occur when AM operators come into direct 

contact with contaminated surfaces or when mechanical forces such as the use of compressed 

air cause particles to be re-suspended in the environment where they may settle on dermal 

surfaces. Respiratory exposure may also occur when re-suspended particles are inhaled. 

Furthermore, accidental ingestion may occur when food and drinks are consumed after being 

contaminated either due to contact with contaminated surfaces or due to the direct deposition of 
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substances onto the food/drinks. Accidental ingestion may also occur when powders are 

transferred from contaminated products or hands, into the mouth (Cherrie et al., 2006). 

On the first day of sampling, before the AM operators started their shift, samples were collected 

from all surfaces to determine the initial contamination on these surfaces. Detectable 

concentrations of metals were detected on all sampled surfaces. The initial contamination was 

expected since no routine housekeeping schedule had been implemented at the AM facility at the 

time of the study. Since all sampled surfaces have been identified to act as secondary sources of 

exposure, there is a need for them to be cleaned at regular intervals.  

Ljunggren et al (2019) found that after stricter policies regarding PPE usage were implemented, 

the dermal exposure concentrations of AM operators were reduced significantly to a point where 

no measurable concentrations of Co were detected on the index fingers of AM operators. When 

considering the dermal exposure concentrations and adverse health effects associated with 

dermal exposure to metals such as Co, Cr, and Ni that were detected in this study, it is clear that 

improved control measures and standard operating procedures (SOPs) regarding PPE usage 

need to be implemented at the AM facility investigated (Tokar et al., 2013). These control 

measures should include the use of an isolation or extraction cabinet when compressed air is 

used, the use of a local extraction ventilation (LEV) system with a movable capture hood to 

capture airborne particles during manual handling activities, and the implementation of a routine 

housekeeping schedule. PPE such as respiratory protection, gloves, and long-sleeve coveralls 

must be a mandatory requirement when entering the AM area, and reusable PPE should be 

stored in separate storage areas dedicated for clean and contaminated PPE in the non-AM area.  

While a large number of samples were collected, the two AM operators did not carry out the same 

number of each processing phase. Therefore, the samples of the same processing phases 

weren’t divided equally between the two AM operators. Not enough data was, therefore, available 

to study the variability in dermal exposure between operators during the different processing 

phases. 

3.8 Conclusion 

Information regarding dermal exposure during AM has remained limited despite the fact that 

cases of adverse dermal health effects developing following dermal exposure during AM have 

been reported (Chang et al., 2004; Creytens et al., 2017). Since the metal constituents of CO-

538 feedstock powder such as Co and Cr are associated with dermal health effects 

(Tokar et al., 2013), this study has provided much-needed information regarding dermal exposure 

when metal feedstock powders are used during AM (PBF).  
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Co, Cr, Mo, Fe, Al, and Ni were detected in the virgin and used samples of CO-538 feedstock 

powder, and these metals were also detected on sampled dermal and workplaces surfaces. The 

SDS of CO-538 did not report the presence of Fe, Al, and Ni, and no information regarding the 

physical characteristics (PSD and shape) of powder particles was provided (Praxair Surface 

Technologies, 2015). When AM operators are not informed of the potential health effects that are 

associated with exposure, it may lead to higher exposure. It is, therefore, crucial that 

manufacturers provide all the necessary information in SDSs. 

The findings of this study have shown that dermal exposure to metal feedstock powders occurs 

during all three (pre-processing, processing, and post-processing) phases of AM. Dermal 

exposure during AM was identified on all sampled anatomical areas (the wrist, palm, back of the 

hand, ventral side of the index finger on the dominant hand, and the right-hand side of the neck), 

with the highest total metal concentration detected on the index finger during the post-processing 

phase. Furthermore, measurable concentrations of metals were detected on all sampled surfaces 

in the AM and non-AM areas. This indicates that cross-contamination between AM and non-AM 

areas occurs, and that these surfaces may act as an unexpected source of exposure to AM 

operators and other staff members working within the facility. Therefore, a need exists for control 

measures such as comprehensive SOPs regarding housekeeping and PPE to be developed and 

implemented in AM facilities to eliminate or reduce surface contamination and dermal exposure. 
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3.11 Supplementary information 

 

Figure S3-4:  Layout of AM and non-AM operating areas where surface sampling was 

performed. 

1). The door handle of the AM machine. 
2). The tablet mounted on the front of the AM machine. 

3). The computer mouse located on top of the AM machine.  

4). The general workbench where most post-processing activities took place (Workbench 1). 

5). The general workbench next to the AM machine (Workbench 2).  

6). The sieve used to sift leftover powders. 

7). The door handle between the non-AM and AM area. 

8). The door handle between the non-AM area and the corridor leading to the operators’ offices. 
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CHAPTER 4 CONCLUSIONS, RECOMMENDATIONS, LIMITATIONS, 

AND FUTURE STUDIES 

4.1 Introduction 

In this chapter, the conclusion of the main findings of the dissertation according to the aims, 

objectives, and hypotheses, along with the limitations, recommendations, and potential future 

studies are discussed. Recommendations based on the findings of this study as well as 

recommendations regarding necessary control measures to eliminate or reduce dermal metal 

exposure and surface contamination within the AM facility are made. Limitations of this study are 

addressed, and potential future studies are suggested.  

4.2 Main findings 

This study aimed to characterise virgin and used samples of a CO-538 alloy feedstock powder 

(CO-538) in terms of its particle size, shape, and elemental composition and assessed dermal 

exposure of AM operators as well as workplace surface contamination when CO-538 was used 

during powder bed fusion (PBF). The aims of this study were achieved through the completion of 

the following three objectives. 

 

The first objective of this study was to perform static image analysis using the Malvern Morphologi 

G3 (Malvern Instruments Ltd, United Kingdom) and scanning electron microscopy (SEM) to 

establish the particle size distribution (PSD) and shape of the virgin and used CO-538 powder 

particles. The PSD was based on the Circle Equivalent (CE) diameter of each particle as 

measured by the Malvern Morphologi G3 (Chapter 3, Table 3-1). The median [d(0.5)] diameter 

and standard deviation of the virgin and used powder particles were 23.710 ± 1.560 µm and 

17.270 ± 4.068 µm respectively. For virgin powder, 10% of the particles [d(0.1)] had diameters 

smaller than 4.844 ± 4.909 µm, and the powder contained no particles larger than 119.530 µm. 

For the used powder, 10% of the particles had diameters smaller than 0.242 ± 0.018 µm, and the 

powders contained no particles larger than 111.250 µm. A statistically significant difference (p ≤ 

0.05) was observed at d(0.1) between virgin and used powder with the used powder particles 

generally smaller than that of virgin powder particles based on the mean. SEM images (Chapter 

3, Figure 3-1) along with circularity and convexity results of all particles as calculated by the 

Malvern Morphologi G3 software (Malvern Panalytical, 2021) (Chapter 3, Table 3-1) indicated that 

the CO-538 powder particles consisted of a mixture of spherical particles with smooth surfaces, 

and irregular particles with less smooth surfaces. Statistically significant differences (p ≤ 0.05) 

were observed in the mean circularity and convexity of virgin and used powders, indicating that 
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the used powder particles were more irregularly shaped and less smooth-surfaced than that of 

virgin powder particles. 

The second objective of this study was to utilise Inductively Coupled Plasma - Optical Emission 

Spectrometry (ICP-OES) to establish the elemental composition of the virgin and used CO-538 

powders. Table 3-2 in Chapter 3 shows the ICP-OES analysis results of both the virgin and used 

powders. The composition percentage for each metal of virgin CO-538 powder followed a 

descending trend of Co (64.1%) > Cr (28.5%) > Mo (6.39%) > Fe (0.35%) > Ni (0.21%) > Mn 

(0.12%) > Al (0.06%). The same trend was found with the used CO-538 powder of Co (65%) > 

Cr (28.7%) > Mo (4.97%) > Fe (0.57%) > Ni (0.21%) > Mn (0.12%) > Al (<0.05%). The elemental 

composition as detected by ICP-OES, corresponded with the percentage ranges as reported in 

the American Society for Testing and Materials (ASTM) standard and safety data sheet SDS of 

CO-538 except for Mo which was detected at slightly lower concentrations in the used powder 

sample (ASTM, 2019; Praxair Surface Technologies, 2015). The SDS, however, failed to report 

the presence of metals such as Mn, Fe, Ni, and Al which were detected through ICP-OES.  

The third objective of this study was to utilise a removal wipe sampling method using 

GhostwipesTM to assess dermal exposure of AM operators as well as contamination of workplace 

surfaces when a CO-538 alloy powder was used during AM. All workplace surfaces in AM and 

non-AM areas had measurable concentrations of metals (0.106 µg/cm2 - 19.695 µg/cm2) detected 

during wipe sampling. Similarly, measurable concentrations of Co, Cr, Mo, Fe, Ni, Mn, and Al 

were detected on all the anatomical areas and removed by wipe sampling after each of the 

processing phases. Statistically significant differences (p ≤ 0.05) were found between the total 

metal concentrations detected after the processing and post-processing phases on the back of 

the hand, wrist and neck, indicating that concentrations were significantly higher during the post-

processing phase when compared to the processing phase. The anatomical area with the highest 

GM total metal exposure during all the processing phases was the finger with 2.884 µg/cm2 

(CI: 0.889-9.359 µg/cm2) during the pre-processing phase, 0.735 µg/cm2 (CI: 0.206-2.623 µg/cm2) 

during the processing phase and 3.160 µg/cm2 (CI: 0.703-14.210 µg/cm2) during the post-

processing phase. The lowest total metal exposure was found on the neck during the pre-

processing phase with 0.271 µg/cm2 (CI: 0.125-0.586 µg/cm2) and post-processing phase with 

0.717 µg/cm2 (CI: 0.306-1.679 µg/cm2), however, during the processing phase the lowest total 

metal concentration was found on the back of the hand with 0.145 µg/cm2 (CI: 0.080-0.264 

µg/cm2). 

Three hypotheses were postulated for this study. The first hypothesis states that the SDS of CO-

538 does not provide comprehensive information regarding particle size and elemental 

composition which is essential to evaluate the potential risk of dermal exposure and the health of 
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AM operators. This study found that the SDS for CO-538 contained no information on the particle 

size and only limited information regarding the elemental composition. The elemental composition 

for Co, Cr, and Mo of the virgin powder sample, corresponded with the information given in the 

SDS of CO-538. However, the SDS failed to report the presence of metals such as Mn, Fe, Ni, 

and Al which were detected through ICP-OES analysis (Praxair Surface Technologies, 2015). 

The first hypothesis of this study is, therefore, accepted. 

The second hypothesis of this study states that measurable concentrations of metals are detected 

on dermal surfaces such as the wrist, palm, back of the hand, finger, and neck, with the highest 

total metal concentrations detected during the pre- and post-processing phases when the majority 

of manual handling activities take place. Measurable concentrations of metals were detected on 

all the anatomical areas during all the processing phases ranging from a GM (and 95% lower and 

upper CI) of 0.145 µg/cm2 (CI: 0.080-0.264 µg/cm2) on the back of the hand during the processing 

phase to 3.160 µg/cm2 (CI: 0.703-14.210 µg/cm2) on the finger during the post-processing phase. 

Statistically, significantly (p ≤ 0.05) higher total metal concentrations were detected on the back 

of the hand, wrist, and neck during the post-processing phase when compared to the processing 

phase (Chapter 3, Figure 3-2). The total metal concentrations during the pre-processing phase 

did, however, not differ significantly from the concentrations during the other processing phases. 

This may be due to fewer manual handling activities that were carried out during the pre-

processing phase when compared to the post-processing phase. This hypothesis is, therefore, 

partially accepted.  

 

The third hypothesis of this study states that measurable concentrations of total metals are 

detected on surfaces within the AM facility indicating surface contamination during the AM 

process. Measurable concentrations of metals were detected on all workplace surfaces that were 

sampled in the AM and non-AM areas of the AM facility. The total metal concentrations detected 

on the workplace surfaces ranged from 0.106 µg/cm2 on the office desk of AM operator 2 in the 

non-AM area to 19.695 µg/cm2 on workbench 1 in the AM area. The presence of metals indicates 

that these surfaces may act as secondary sources of exposure and that cross-contamination 

between AM and non-AM areas occurs. This hypothesis is, therefore, accepted.  

4.3 Recommendations 

In Chapter 3 it is indicated that the SDS of CO-538 provides no information regarding the particle 

size and insufficient information regarding the elemental composition (Praxair Surface 

Technologies, 2015). When insufficient information is provided in SDSs, AM operators may be 

unaware of the potential health risks associated with the use of the feedstock materials which 

may lead to a false sense of protection (du Preez et al., 2018). It is, therefore, recommended 
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(Recommendation 1) that manufacturers of AM metal feedstock powders should provide SDSs 

that have more comprehensive and accurate information regarding particle size and elemental 

composition of the powders. Where the exact elemental composition proportion is confidential for 

commercial reasons, the proportions may be expressed as a percentage range of the element by 

mass or volume as permitted and required by the Regulations for Hazardous Chemical Agents 

(2021) as promulgated under the Occupational Health and Safety Act (Act 85 of 1993) and 

internationally recommended by the Globally Harmonised System of Classification and Labelling 

of Chemicals (GHS) (DOEL, 2022; UN, 2019). 

The results of this study as described in Chapter 3, show measurable concentrations of metals 

being detected on all dermal and workplace surfaces. This highlights the need for improved 

control measures to be implemented at the AM facility to eliminate or reduce the dermal exposure 

of AM operators. Control measures should be implemented following the hierarchy of controls in 

the order of elimination, substitution, engineering controls, administrative controls, and personal 

protective equipment (PPE) (HSE, 2013). Recommendations regarding control measures are, 

therefore, made in the said order. 

1. Elimination and substitution 

Elimination and substitution of the CO-538 metal feedstock powder used at the AM facility are not 

viable since the CO-538 powder is chosen for the physico-chemical characteristics that make it 

ideal for producing end products with specific qualities.  

2. Engineering controls 

The results of this study indicate that the highest exposure concentrations were detected during 

the post-processing phase. These results are in line with that of Graff et al (2017) and 

Ljunggren et al (2019) who reported that particle emissions during PBF are the highest during the 

manual handling activities that generally form part of the pre- and post-processing phases. When 

particles become airborne, it can lead to respiratory exposure or dermal exposure when particles 

settle on the skin of AM operators or on surfaces within the workplace with which the AM operators 

come into contact. It is, therefore, recommended (Recommendation 2) that a Local Extraction 

Ventilation (LEV) system with a portable capture hood is used to capture particles that become 

airborne during manual handling activities.  

In the AM facility investigated during this study, AM operators used compressed air to remove 

particles from sieves. When compressed air is used, the particles become suspended in the air 

which may lead to exposure via inhalation or dermal contact when particles settle on the skin of 

AM operators or on surfaces with which the AM operators come into contact. Furthermore, the 

Regulations for Hazardous Chemical Agents (2021) Subregulation 13, states that no person may, 

as far as reasonably practicable, use compressed air or permit the use of compressed air to 
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remove particles of a substance from any surface or person (DOEL, 2022). It is, therefore, 

recommended (Recommendation 3) that alternative cleaning methods such as vacuuming by 

using an intrinsically safe vacuum with a high-efficiency particulate absorbing (HEPA) filter, be 

used instead of compressed air. However, it is recommended that where cleaning by compressed 

air is essential, an isolation or extraction cabinet is implemented for this task and that compressed 

air is used only to clean equipment such as the sieves, and never used to remove the substances 

from the AM operators’ skin or clothing. 

3. Administrative controls  

 

The Regulations for Hazardous Chemical Agents (2021), Subregulation 6 (a) requires that 

adequate washing facilities are provided to employees in order to maintain good personal 

hygiene, control of exposure and avoid the spread of contaminants (DOEL, 2022). It is, therefore, 

recommended (Recommendation 4) that AM operators are provided with adequate cleansers that 

can be used to wash their hands after exposure. Operators should be trained on the importance 

of good personal hygiene practices, and the importance of washing their hands especially before 

eating, to prevent inadvertent ingestion exposure.  

 

The AM facility investigated in this study has no scheduled housekeeping routine, and the effects 

of a lack of housekeeping were evident in the high initial concentrations of metals (0.002 µg/cm2 

- 45.060 µg/cm2) that were detected on surfaces in the AM and non-AM areas within the AM 

facility. Since contaminated surfaces may act as a source of exposure, it is crucial that the 

exposure potential is reduced by using the correct cleaning methods (as discussed later in the 

paragraph) and by cleaning these surfaces at regular intervals. It is, therefore, recommended 

(Recommendation 5) that a weekly routine cleaning schedule is set up and implemented at the 

AM facility when all surfaces within the AM and non-AM areas are thoroughly cleaned. It is 

recommended that all surfaces within the AM area should be cleaned before and after each AM 

print, with a specific focus on the workplace surfaces that AM operators come into contact with 

the most. The surfaces that AM-operators come into contact with the most were identified in this 

study and are indicated in Chapter 3, Supplement information. Dry cleaning methods such as 

sweeping or wiping surfaces with a dry cloth can cause particles to become suspended in the 

workplace air. It is, therefore, recommended (Recommendation 6) that cleaning methods such as 

using an intrinsically safe vacuum with a HEPA filter, and wet cleaning methods such as wiping 

surfaces with a moistened cloth, are used. 

The Regulations for Hazardous Chemical Agents (2021), Subregulation 3 (1) states that an 

employer should provide an employee, who may be exposed to a hazardous substance, with 

suitable and sufficient information, instruction, and training at suitable intervals (DOEL, 2022). It 
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is, therefore, recommended (Recommendation 7) that all AM operators receive suitable and 

sufficient training at regular intervals on topics as stated in Subregulation 3 (2). This should 

include but is not limited to information on the substances with which the AM operators may work, 

including where it may be found, the risks associated with exposure, the information provided in 

SDSs, and the legislated OELs that are in place. Furthermore, information, training, and 

instruction, in the form of written standard operating procedures (SOPs), on the required PPE and 

the correct use thereof, the control measures that are in place, and precautions that should be 

taken, as well as good housekeeping practices, should be developed and implemented. It is also 

important that training is provided regarding the need for engineering controls, how it is used, and 

how to maintain them, especially when new controls such as LEV systems which are 

recommended in this study, are implemented (DOEL, 2022). 

The Regulations for Hazardous Chemical Agents (2021), Section 12 states that an employer must 

ensure that (a) all control equipment and facilities are maintained in good working order, and (b) 

that engineering control measures are thoroughly examined and tested by an approved inspection 

authority at intervals not exceeding 24 months (DOEL, 2022). It is, therefore, recommended 

(Recommendation 8) that the LEV system is maintained in a good condition and inspected at 

required intervals. This can be achieved by implementing a maintenance and inspection plan and 

by reporting defects and having them repaired in a timely manner.  

4. PPE 

PPE available to the AM operators at the AM facility investigated in this study includes full-face 

respirators that cover the eyes, nose, and mouth, with reusable filtering face piece 3 (FFP3) 

particulate filters as well as standard disposable nitrile gloves and laboratory coats. During all pre- 

and post-processing phases both AM operators wore respirators, but nitrile gloves were worn 

inconsistently depending on the AM operator and the activity being carried out. During the 

processing phase, no PPE was worn by either of the AM operators and laboratory coats weren’t 

worn during any of the processing phases. The results of dermal wipe sampling indicate that all 

dermal surfaces that were sampled in this study (wrist, palm, back of the hand, index finger, and 

neck) had measurable concentrations of metals and that the highest concentrations were 

detected on the hands of AM operators. It is, therefore, recommended (Recommendation 9) that 

comprehensive SOPs regarding the use of PPE are developed and implemented at the AM 

facility. These SOPs should include that AM operators wear all recommended PPE whenever 

they enter the AM area. Furthermore, it is recommended (Recommendation 10) that PPE signage 

is displayed at the entrance to the AM area to indicate that gloves and respiratory protection must 

be worn when entering the area. 
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Incorrect storage procedures of PPE such as laboratory coats and respirators were observed at 

the AM facility. Laboratory coats were stored within the AM area and respirators were removed 

as operators exited the AM area, and placed on open surfaces within the non-AM area. Not only 

can this lead to contamination of surfaces in the non-AM area, but it can also lead to contamination 

of the inside of the respirator. When respirators are contaminated on the inside, AM operators 

may be exposed when they wear the contaminated PPE. It is, therefore, recommended 

(Recommendation 11) that PPE is stored in non-AM areas with separate dedicated 

containers/facilities for clean and contaminated PPE. It is also recommended 

(Recommendation 12) that reusable PPE such as laboratory coats and respirators are cleaned in 

accordance with the product’s user instructions at regular intervals to minimise further 

contamination (DOEL, 2022). Respirators and filters should also be inspected at regular intervals, 

preferably before each use to ensure that the product is in good working condition and that 

damaged or deteriorated parts are repaired or replaced before use. 

It was observed that nitrile gloves tore on several occasions during the post-processing phase 

when AM operators removed the manufactured product from the AM machine. Torn gloves were 

removed, and a new pair of gloves were donned on potentially already exposed hands. It is, 

therefore, recommended (Recommendation 13) that AM operators wash their hands each time 

before putting on a new pair of gloves. It is also recommended (Recommendation 14) that gloves 

such as chemical-resistant Uvex U-Chem 3200 (Uvex, 2022a) or Uvex Profapren gloves (Uvex, 

2022b) which are less prone to tearing are used during post-processing activities where AM 

operators remove sharp surfaced products from the AM machine. 

4.4 Limitations 

The following limitations were identified in this study. 

1. Only two AM operators are required to work at the investigated AM facility and, therefore, the 

study was limited by the small sample size.  

2. While a large number of samples were collected, samples of the same processing phases 

weren’t divided equally between the AM operators. Due to the limited number of AM operators 

available to participate in this study and the data not being distributed equally between the 

AM operators, not enough data was available to study the variability in dermal exposure 

between operators during the different processing phases. 

3. AM operators did not stay in the AM area for the full duration of the AM process. Operators 

would leave once the processing phase commenced, only returning periodically until the end 

of their shifts. Since AM operators often finished their shift whilst the processing phase was 

still in progress, samples had to be taken before AM operators left work. The periods that AM 

operators were present during the processing phase, therefore, differed significantly from day 



 

78 

to day. Although these factors limited the study, the results are representative of their real-

world workplace exposure. 

4. While dermal wipe sampling is good method to determine exposure, the results only indicate 

the exposure concentration detected on an anatomical area at the time of sampling 

(ISO/TR, 2011), and does not indicate the concentration of the substance that could have 

already penetrated into the skin. 

4.5 Future studies 

The following potential future studies were identified in this study:  

1. After the implementation of recommendations regarding control measures have been 

completed, a follow-up study could assess dermal exposure and surface contamination to 

determine the effectiveness of the implemented control measures. 

2. A future study where a larger number of AM operators working with metal AM are included, 

could be conducted to investigate the variability in dermal exposure among AM operators 

and/or the variability in exposure at different AM facilities. 

3. A further investigation into exposure via different exposure routes including dermal, inhalation, 

and ingestion when the CO-538 powder is used during PBF with simultaneous biological 

monitoring for metals such as Co, Cr, and Ni could be conducted to determine the correlation 

between exposure and systemic uptake of the metals in AM operators.  
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