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ABSTRACT

Purpose: AM is a rapidly growing and developing industry. As a novel industry, it has been acknowledged that
there is a need for research done in the area of occupational health and safety (OHS). This study considers the
perspective of the AM technology users and how they receive and implement safety information and what are the
gaps and development needs in the area.

Methodology: The study was conducted in two steps. First, a comprehensive survey on general OHS topics among
international AM professionals was carried out. Second, a focus group interview was conducted with Finnish
survey participants. This longitudinal mixed-methods research allowed the collection of OHS information over
five years. Data from the survey and focus group interviews were analyzed qualitatively and quantitatively.
Findings: The results of both survey and focus group interviews indicated that AM technology users have realized
they have knowledge gaps in AM safety, especially concerning comprehensive external training. The focus group
interviews highlighted a strong culture of self-directed learning and feeling that research on safety of additive
manufacturing remains fragmented. Together, this conveys a strong notion that further global research and
education on AM-related OHS are necessary to provide better safety guidance to all AM users, including those in
industrial, hobbyist, and office. However, to achieve sustainable and safe growth in the AM field, concerted
efforts from manufacturers, industry professionals, and regulatory bodies are essential.

Origindlity: To the best of the authors’ knowledge, this is pioneering study to gain insight into how AM tech-
nology users themselves view OHS issues.

1. Introduction

through online resources and enclosed instructions.
These three scenarios are happening all around the world and

Consider three scenarios involving Additive Manufacturing (AM):

An AM service company orders a new metal powder bed fusion (PBF)
machine. A representative from the manufacturer installs it and provides
commissioning training on its use and safety for future operators.

A new worker joins a workplace with a vat photopolymerization
(VPP) machine for prototyping. An older colleague will instruct how to
use it safely.

A hobbyist orders a do-it-yourself material extrusion (MEX) 3D
printer and printing filaments for it online. They learn to use it safely
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increasingly often as AM or, as it is more commonly known, 3D printing
continues to gain popularity (Wohlers Associates, 2022). However, the
rapid spread of AM technology raises concerns about whether safety
knowledge is keeping pace.

The additive manufacturing (AM) process—encompassing material
handling, the printing process, post-processing, and cleaning and
maintenance—is shown to possess several occupational health and
safety (OHS) hazards (Roth et al., 2019). These hazards include, but are
not limited to, inhalation exposure to particulate matter (PM) and
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volatile and semivolatile organic compounds (VOCs, SVOCs), and
dermal exposure to powders, resins, and solvents (Roth et al., 2019;
Stefaniak et al., 2021). The negative health effects caused by the inha-
lation exposure to PM and VOCs relate mainly to cardiovascular and
respiratory diseases (Stefaniak et al., 2021; House et al., 2017; Roma-
nowski et al., 2023; Mohammadian and Nasirzadeh, 2021; Vallabani
et al., 2022; Su et al., 2020; Oberdorster et al., 2004) and some of the
released chemicals, e.g., styrene and nickel, are shown to be carcino-
genic or possibly carcinogenic to humans (Stefaniak et al., 2021;
Romanowski et al., 2023). In addition, dermal exposure to the chem-
icals, solvents, resins, and powders utilized in 3D printing may cause
skin irritation and allergy, and potential hazards related to e.g., burns,
electrical shocks, mechanical injury, noise exposure, and exposure to
lasers and ultraviolet radiation have been recognized (Roth et al., 2019;
Stefaniak et al., 2021). Also, fine-grained powders, especially metal
dust, may be flammable or explosive (Roth et al., 2019; Stefaniak et al.,
2021).

The severity of these hazards varies between different AM tech-
niques, operation parameters, and materials used (Roth et al., 2019;
Stefaniak et al., 2021; Romanowski et al., 2023). Most of the studies
have concentrated on MEX printers, especially desktop printers
(Stephens et al., 2013; Viitanen et al., 2021; Dunn et al., 2020; Du Preez
et al., 2018; Azimi et al., 2016; Wojtyla et al., 2020; Zhang et al., 2017;
Stabile et al., 2017; Floyd et al., 2017; Mendes et al., 2017), but some
studies on PBF (Graff et al., 2017; Kangas et al., 2023; Jensen, A.C.0.,
Harboe, H., Brostrgm, A., Jensen, K.A., Fonseca, A.S., 2020), directed
energy deposition DED (Bau et al., 2020; Ding and Ng, 2021), binder
jetting BJT (Kangas et al., 2023; Afshar-Mohajer et al., 2015) and VPP
(Zisook et al., 2020; Vaisanen et al., 2022; Vaisdnen et al., 2019) have
been published as well.

Different safety measures such as fans, filters and enclosures have
been studied with MEX (Viitanen et al., 2021; Dunn et al., 2020; Gu
et al, 2019) as means for reducing risk of inhalation exposure.
(Stefaniak et al., 2021; House et al., 2017; Romanowski et al., 2023;
Mohammadian and Nasirzadeh, 2021; Vallabani et al., 2022; Su et al.,
2020; Oberdorster et al., 2004) (Stefaniak et al., 2021; Romanowski
et al., 2023) (Roth et al., 2019; Stefaniak et al., 2021) (Roth et al., 2019;
Stefaniak et al., 2021) Chan et al. (2018) (Chan et al., 2018) conducted a
health survey in seventeen companies using 3D printers in Canada.
According to their results, 59 % of participants reported regular respi-
ratory symptoms. Ljunngren et al. (2019) (Ljunggren et al., 2019)
studied powder-bed fusion utilizing metal powder and showed a trend of
increased levels of nickel, chromium, and cobalt in worker’s urine
samples. Glimberlein et al. (2017) (Giimperlein et al., 2018) exposed
human volunteers to fused deposition modeling emissions and
concluded that exposure to ABS emissions increased odor nuisance and
indisposition. Otherwise, health surveys and studies that report symp-
toms or health effects of AM users are still scarce, and research up to date
is mostly focused on quantifying particulate and gaseous emissions.

Thus, there are still significant unexplored areas in the OHS of AM.
This research paper aims to aid future OHS studies by creating an un-
derstanding of the demographics and characteristics of AM users, and
linking this data to their knowledge and experience with safety issues.
Additionally, it is crucial to understand users’ experiences and needs
related to safety training for AM machine operation, safety guidelines,
risk awareness, and chemical exposures throughout the AM process
chain.

In this paper, following research questions are asked:

(i) What is the taxonomy of technology users?
(ii) What is the AM users’ level of operational and safety competency
about AM process, chemical and material safety?
(iii) What are AM users’ experiences on safety of AM, and do they feel
need for further education?

To be able to answer these questions, a survey collecting
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demographic data related to size of the organization, region and
geographical location, and type of industry sector among other control
variables was conducted. The results were complemented by inter-
viewing specific focus groups with individuals who participated in the
survey, and with firsthand experience on AM. The results have been
analyzed and discussed against previous studies to form a comprehen-
sive overview of the prevailing safety status and future OHS education
needs in the AM field.

2. Methods

The methodology of this research is divided into two steps. First, a
comprehensive survey was completed on general OHS topics, which was
available during a period of 10 months, starting from March 2016 until
January 2017. Second, a focus group interview was conducted with
selected survey participants in 2021.

This longitudinal mixed-methods research allowed collecting OHS
information spread across years, to be precise from 2017 until 2021. The
data collected using this method is used to study survey respondent
behavior and attitudes that could change over time. The initial survey,
data collection, and focus group methodologies are explained in the
following sections.

2.1. Survey

The survey was focused on AM experts and individuals with
knowledge of AM. The sampling was done in two stages. In the first stage
AM users in Finland were targeted and in the second stage the target was
international AM experts. Several channels were used to reach AM
professionals. These included social media such as LinkedIn, where in-
ternational AM groups such as Additive Manufacturing User Group
(AMUG), Global Alliance of Rapid Prototyping Associations (GARPA),
etc. were reached out. AM professionals in Finland were approached
with help of Finnish Rapid Prototyping Association FIRPA. Finally,
survey was promoted in international AM magazines, such as TCT
magazine.

To help classify survey respondents, a few introductory questions
were asked about country, organization size, industry section and ac-
tivity. Then two ‘filter questions’ assisted narrowing down answers from
individuals who both are interested in AM and use it in their work. To
understand how much contact respondents have with AM, questions
about how AM parts are supplied in their company and how often they
utilize AM were asked. Then, questions about used materials and post-
processing chemicals were included to find out which of them are used.
The last question was a safety question to analyze possible issues related
to OHS concerns in the AM process, for which a 7-point Likert rating
scale was used to measure either positive or negative responses to a
statement. The agreement varied from 1, strongly disagree to 7, strongly
agree. Likert rating scale was chosen because it offers a range of response
options and so it captures the intensity of respondents’ feelings more
effectively than simple yes/no answers, providing insights into their
attitudes. It also transforms subjective data into quantifiable measures,
enabling statistical analysis and comparison between responses (Boone
et al., 2012).

All the answers to the survey were anonymous. The participants were
notified that the results would be used in a generalizable form in sci-
entific research. The participants were asked to leave their contact in-
formation if they would like to participate in a follow-up study. Leaving
the contact information was voluntary and was not linked to the
answers.

2.2. Focus group interviews
A semi-structured focus group interview was organized in Espoo,

Finland in April 2021. Focus group participants were chosen for conti-
nuity from the lists of individuals who had left their contact information
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when participating in the survey. The potential participants were first
approached by email and those who indicated their interest were then
contacted by phone.

The focus group interview was limited to a representative sample of
the original survey participants from Finland. However, heterogeneity
in the length of work experience, company types and sectors were
sought and therefore no restrictions were set on who could participate,
as long as they were respondents of the original survey. For ease of
communication, only native Finnish speakers were chosen, as interviews
were hoped to be as smooth as possible, and people tend to speak more
candidly on their native language. A focus group size of 4-5 people was
selected due to the complexity of the topic, ensuring that each partici-
pant would be able provide valuable input. Two groups were conducted
to compare results.

Focus groups were facilitated by two researchers, one of them acting
as main moderator and one acting as secretary. This way the main
moderator was able to focus conducting the interview and secretary
would create field notes as recommended by Patton (2002) (Patton,
2002). The focus group structure followed focus group protocol ques-
tions (found in supplementary materials) allowing time for discussion
and exchange of opinions. The focus group interviewees also anony-
mously filled out short questionnaire about their background.

2.3. Ethical consideration and validity of data

The course and purpose of the research were explained to the par-
ticipants in writing. Additionally, the participants of the survey and
focus group interviewees were informed about the objectives of the
questionnaires and data privacy policies, in accordance with research
ethics principles.

The survey aimed to reach the broadest possible target group of AM
users worldwide to ensure the validity of the data, creating a compre-
hensive sample. The survey focused on AM materials and post-
processing chemicals rather than differentiating between different AM
processes, as standard process names were still new and commercial
names could have confused respondents.

2.4. Analysis methods

The data from survey and focus group interviews were analyzed to
provide deeper understanding of the patterns and relationships within
collected data. Quantitative analysis of the survey results was conducted
using Microsoft Excel (Microsoft 365). The initial method applied was
single-factor ANOVA, a common statistical technique for comparing the
means of multiple groups to determine if there are significant differences
among them. This was followed by further examination using the Bon-
ferroni post-hoc method. Finally, the data were analyzed with Spear-
man’s rank correlation, which measures the strength and direction of the
association between two ranked variables. Spearman’s correlation was
chosen for its ability to handle non-linear relationships and manage data
with outliers (Johnson and Wichern, 2018).

The focus group interviews were analyzed using ATLAS.ti 23, which
is a qualitative data analysis program. The focus group interviews were
recorded and transcribed. The transcripts were then coded to find the
sections of transcript which are relevant to research questions. The codes
were chosen in seven semantic domains: Perceived safety of the user,
AM training, Risk management methods (RMM), Use of RMM, 3D
printing properties, Gravity, and Temporal dimension. The codebook
detailing these domains is available in the supplementary material.
Transcripts and codes were entered to ATLAS.ti 23 program. Two in-
dependent coders analyzed the transcripts, each assigning codes to the
relevant sections within ATLAS.ti 23. The code patterns were then
studied to assess data reliability, specifically the degree of overlap in
identical codes assigned by both coders. This reliability was quantified
using Krippendorff’s alpha coefficient, as described in Equation 1
(Krippendorff, 2018):
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a=1-Do/De

where Do is the observed disagreement and De is the expected
disagreement. The inter-coder agreement of the ATLAS.ti 23 was used to
calculate this coefficient across all data; codes, coders, and both inter-
view groups, with a reliability threshold set at 0.667. Inter-coder
agreement is a measure of the consistency between different coders
who are independently coding same set of data. This is used in quali-
tative research to ensure reliability of coding process and results.
Following this, the codes and their interconnections were analyzed using
a code co-occurrence matrix generated by ATLAS.ti 23. This matrix
identifies which codes consistently appear together, suggesting poten-
tially significant relationships. The strength of these relationships is
highlighted by co-occurrence coefficients within the matrix. These co-
efficients help in understanding how often two codes appear together
within the same context or segment of data (Chekurov et al., 2021).

3. Results and discussion
3.1. Survey results

In total, the survey received 342 answers, of which 172 were from
Finland and remaining 170 were from other countries. The summary of
the demographics of survey participants is shown in Table 1.

Table 1 shows that very heterogenetic group of industries partici-
pated to survey. There were fifteen different fields with shares varying
from 0.6 % to 18.1 %. Also, the distribution of company sizes varied,
meaning that no single industry or company size dominated the data.
This diversity adds survey results relevance.

Table 1
Demographics of survey participants.
Demographic N %
Region of the respondents’ business location
Finland 172 50.3 %
United States 35 10.2 %
Europe 113 33.0%
Others 22 6.4 %
Size of the respondent’s organization
>1000 employees 95 27.8 %
<1000 emplyees 49 14.3%
<250 employees 53 15.5 %
<50 employees 43 12.6 %
<10 employees 102 29.8 %
Industry
3D Printing, industrial machine vendors and systems 14 41 %
Aerospace 14 4.1 %
Architecture, art and design 21 6.1 %
Automotive 18 5.3 %
Consultancy in Engineering 39 11.4%
Consumer 3D printing; retail, communities, start-ups 10 29 %
Consumer products (B2C products) 35 10.2 %
ICT and software industry 10 2.9 %
Industrial manufacture and assembly 38 11.1 %
Medical industry 18 5.3 %
Military 5 1.5%
Other 39 11.4 %
Research institution, education 62 18.1 %
Reverse engineering, 3D scanning 2 0.6 %
Specialized 3D printing, production service bureau 17 5.0 %

Respondent’s position in organization

After sales, product, or service management 4 1.2%
Human resource, organizational development 1 0.3 %
IT support, maintenance 1 0.3 %
Legal department 1 0.3 %
Management or business development 97 28.4 %
Manufacturing, technical job, quality 26 7.6 %
Other 20 5.8 %
Research and development 140 40.9 %
Sales and marketing 18 5.3 %
Teaching and university research 34 9.9 %
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From the 342 respondents, 332 agreed that AM is an ongoing topic of
interest in their work, and from those 283 respondents agreed that 3D
printing related matters are part of their work and that they are familiar
with the technology capabilities as well as the industry. This paper
analyzed these 283 relevant responses. Of these 283 answers, 130 were
from Finland, 103 from Europe, 31 from US and 19 from other countries.
In the figures that follow, the number of responses (N) may be less than
283 in some instances, as few respondents left some questions
unanswered.

The survey sought to understand how often 3D printed parts are
manufactured in-house versus ordered from service bureaus. The results
are shown in Fig. 1a. The utilization rate of 3D printing machines and
services is quite elevated among the answers, 23.7 % answering parts
manufactured and/or ordered few times a year, 26.5 % answering
monthly, 21.9 % once or twice a week and 27.9 % daily. The most re-
spondents also indicated that they have an in-house 3D printing.

Fig. 1b summarizes the utilization of printing materials across
various respondent companies, delineating their distribution among
different countries. The results show that plastic filaments used in MEX
printers are most common across all the respondents. The next most
common plastic materials were plastic resins used in VPP and material
jetting (MJT) process and plastic powders used in PBF process. The most
commonly used metals were high performance metals, such as titanium.
‘Others’ category included sands, gypsum, silicone, special resins, food
products, Food and Drug Administration (FDA) compliant materials and
some special ceramics.

Fig. 1c highlights the post-processing chemicals used by the re-
spondents categorized by country. Alcohol and isopropanol were most
used postprocessing chemicals followed by other solvents, pressurized
water, acetone, and epoxy resins.

In ‘Other’ postprocessing chemicals category, only those which
mentioned some methods were counted. In this category, the most
common chemicals were glues, paints, and sodium hydroxide (NaOH).
Different coating sprays and oils were also mentioned. Also, several
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respondents answered that they use mechanical postprocessing, such as
sanding and sandblasting.

Safety question used 7-pint Likert scale to allow respondents to ex-
press their level of agreement or disagreement with a series of
statements:

e 1. We have had comprehensive external training on how to operate
the 3D printing machinery.

e 2. We have well defined safety instructions for operating the 3D
printing.

o 3. Comprehensive safety instructions are provided by 3D printing
machine and material suppliers.

e 4. Instructions for safe use of 3D printing machines are carefully
followed in the workplace.

e 5. The risks and safe use of 3D Printing chemicals are clear for us.

e 6. Protective measures, such as ventilation, gloves, respirators, and
protective equipment are correctly used.

e 7. The 3D printers are located in a suitable environment.

The results are shown in Table 2 and visualized in Figs. 2 and 3. In
addition of calculating average, mode, median and deviation, a single-
factor ANOVA was used to analyze data. The ANOVA was used to
determine whether there are statistically significant differences in the
mean responses across multiple statements.

The averages indicate a general agreement towards statements, with
the highest levels of agreement related to the suitability of the envi-
ronment where printers are located and the correct use of protective
measures. The lowest level of agreement was of comprehensive external
training, which is also shown with only median of 4 (scale: 1, strongly
disagree to 7, strongly agree). It also has the highest standard deviation
(2.15), indicating the most variability in responses. This suggests that
there is less consensus or more uncertainty regarding this aspect among
the respondents.

In this case the ANOVA results indicated a significant difference

How are 3D Printed parts supplied in you company?

(N=283)
We outsource 3D printing internationally
using service bureaus EE—
We outsource 3D printing nationally using —
service bureaus —
We use our own in-house 3D Printing
services |

0% 20% 40 % 60 % 80% 100%

a) B Other us Europe M Finland

Postprocessing chemicals (N= 283)

I don't know

Alcohols or isopropanol

Acetone

Solvents

Other

Pressurized water

Epoxy resin

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

W Other us Europe M Finland

c)

Materials
Others

Wax for investment casting application materials

Ceramics
Precious metals (e.g. gold silver copper platinum etc.)

Bio-compatible materials for medical / dental applications (e.g....

(N=283)

High performance metals (e.g. Titanium alloys Nickel alloy Co-Cr etc.)

Standard metals (e.g. standard steels tool steels aluminium alloys...

High performance plastics (e.g. PEEK Ultem Carbon reinforced etc.)

Plastic resins (e.g. SLA Polyjet etc.)

Plastic powders (e.g. Sintered plastics PA12 Nylon etc. )

Plastic filaments (e.g. ABS PLA etc.)

b) M®Other = US

Europe M Finland 0% 10% 20%

30% 40 % 50 % 60 % 70 % 80 % 90 % 100 %

Fig. 1. a) How 3D printed parts are supplied among respondent’s companies (N = 283). b) Most used 3D printing materials among respondents. ¢) Most used

postprocessing chemicals among respondents.
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Table 2

Summary of the central tendency and variability of data.
Statements Count  Sum Average  Variance Mode  Median  Deviation
1. We have had a comprehensive external training on how to operate the 3D printing machinery 204 814 3,99 4,66 7 4 2,15
2. We have well defined safety instructions for operating the 3D printing 204 952 4,67 3,60 7 5 1,90
3. Comprehensive safety instructions are provided by 3D printing machine and material suppliers 204 942 4,62 3,64 7 5 1,91
4. Instructions for safe use of 3D printing machines are carefully followed in the workplace 202 1016 5,03 3,07 7 5 1,75
5. Risks and safe use of 3D Printing chemicals are clear for us 203 1083 5,33 3,10 7 6 1,76
6. Protective measures, such as ventilation, gloves, respirators and protective equipment are correctly 204 1096 5,37 3,10 7 6 1,76

used

7. The 3D printers are located in a suitable environment 206 1164 5,65 2,60 7 6 1,61

Safety statements

1. We have had a comprehensive external training on how to operate the 3D
printing machinery, N=204

2. We have well defined safety instructions for operating the 3D printing, N=204

3. Comprehensive safety instructions are provided by 3D printing machine and
material suppliers, N=204

4. Instructions for safe use of 3D printing machines are carefully followed in the
workplace, N=202

5. Risks and safe use of 3D printing chemicals are clear for us, N=203

6. Protective meassures, such as ventilation, gloves, respirators and protective
equipment are correctly used, N=204

7. The 3D printers are located in a suitable environment, N=206

M Strongly disagree Disagree Slightly disagree

Neither agree or disagree

- e 2 0% o -

. 8% 9% 17% 17%
.4% 7% 17% 2%
l4% 8% 16 % 24%
I 6% 4% 15% 23%
IB%A% 13% 26%

Slightly agree Agree M Strongly agree

Fig. 2. Answers to the safety statements.

between the statements as the F-value (19.43) was much higher than the
F critical value (2.10). The P-value (7.15 x 10~2%) was extremely low,
suggesting that the differences in means are statistically significant.
Because of this result, a post-hoc test was conducted to determine which
specific statements differ significantly from each other. This was done
following a separate T-test analysis with multiple variances using the
Bonferroni correction method to control for multiple comparisons. The
result showed that the Statement 1 had significant differences with all
other statements. Statement 2 had significant differences with the
Statements 1, 5, 6, and 7. the Statement 3 had significant differences
with the Statements 1, 5, 6, and 7, and the Statement 4 shows significant
differences with the Statements 1 and 7.

A Spearman’s rank correlation analysis was conducted to further
examine the relationships between these statements. The results are

shown in Table 3. The calculated Spearman’s rank correlation coeffi-
cient(p), tells strength and direction of association between two ranked
variables.

The Spearman’s rank correlation analysis revealed several signifi-
cant relationships between the statements. All relationships were posi-
tive, meaning that when other variable increases, so does the other one.
Still there was differences on the strength of the correlations. Strongest
correlation was between having well-defined safety instructions and
following these instructions in the workplace (p = 0.803). Comprehen-
sive external training on how to operate the 3D printing machinery has
the weakest correlations with other statements.

Finally the answers were studied from point of view of responder’s
origin. Fig. 3 breaks down safety statements by country or continent.
The results show definite differences between countries and continents.
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We have had a comprehensive external training on how to
operate the 3D printing machinery. N=204

Other (N=14) s 2 a% [N
US (N=26) | EJREA 12% 49

Europe (N=69) I 2 5% 10% [i6% " NS

Finland N=95) _ 12% 14% 8% 10% [N

W Strongly disagree Disagree Slightly disagree
Neither agree or disagree - Slightly agree = Agree
a ) W Strongly agree

We have well defined safety instructions for operating the 3D
printing. N=204

Other (N=14) B % 7w [

US (N=26) Wx 5% 9% | 12% NS
Europe (N=71) M uw [ 2w I
Finland (N=93) B 16% 13% | 15% [EEEEE

B Strongly disagree m Disagree Slightly disagree Neither agree or disagree

Slightly agree = Agree = Strongly agree

b)

Comprehensive safety instructions are provided by 3D printing
machine and material suppliers. N=204

Other (N=14) % 14% 1% [

sz n~ ]
Europe (N=72) | E3E3 % [z
Finland (N=91) - 12%  10% 21% _

m Strongly disagree Disagree Slightly disagree Neither agree or disagree

C) Slightly agree W Agree W Strongly agree

Instructions for safe use of 3D printing machines are carefully
followed in the workplace. N=202

Other (N=13) | EEts 31% s [

- b o I
— B o s
Finland (N=92) B o 1% 1e% |G

m Strongly disagree Disagree Slightly disagree Neither agree or disagree

d) Slightly agree u Agree mStrongly agree

Risks and safe use of 3D Printing chemicals are clear for us.

N=203
svy W e
Beoo oo D

m Strongly disagree Disagree Slightly disagree Neither agree or disagree

e) Slightly agree m Agree m Strongly agree

Protective meassures, such as ventilation, gloves, respirators and
protective equipment are correctly used. N=204

Europe (N=70) i 9%1%

m Strongly disagree Disagree Slightly disagree Neither agree or disagree

Slightly agree  Agree W Strongly agree

Other (N=14) - 7% 14%

Europe (N=70) .4%1...

Finland (N=95) 3'% 4%
m Strongly disagree Disagree
g) Slightly agree W Agree

The 3D printers are located in a suitable environment. N=206

v v
o e

o w

Slightly disagree Neither agree or disagree

B Strongly agree

Fig. 3. Answers to the safety statements by country or continent.



K. Kukko et al.

Safety Science 187 (2025) 106842

Table 3
Spearman’s Rank Correlation Coefficients between Safety statements. Please note that the other half of the table is empty because the results are symmetrical.
3.
1. We have had Comprehensive 6. Protective
a safety 4. Instructions measures, such
comprehensive instructions are for safe use of as ventilation,
external training 2. We have well provided by 3D 3D printing 5. Risks and gloves, 7. The 3D
on how to defined safety printing machines are  safe use of 3D respirators and  printers are
operate the 3D instructions for hine and fully Printing protective located in a
printing operating the 3D material followed in the  chemicals are quif are suitable
machinery printing suppliers workplace clear for us correctly used  environment

1. We have had a comprehensive
external training on how to operate the
3D printing machinery

2. We have well defined safety
instructions for operating the 3D printing
3. Comprehensive safety instructions
are provided by 3D printing machine
and material suppliers

4. Instructions for safe use of 3D printing
machines are carefully followed in the
workplace

5. Risks and safe use of 3D Printing
chemicals are clear for us

6. Protective measures, such as
ventilation, gloves, respirators and
protective equipment are correctly used
7. The 3D printers are located in a
suitable environment

3.2. Focus group interview results

Altogether seven individuals from different companies participated
in the focus group interview. The participants were divided into two
groups, one containing three and one four individuals. Although the
intended focus group size was 4-5 participants, there were a few last-
minute cancellations.

In addition to the interview, participants were asked to fill in an
online background questionnaire. Six out of seven focus group in-
terviewees answered the online questionnaire. Three participants rep-
resented a company with less than 10 employees, one with less than 50
employees, and one with less than 1000 employees. One participant

represented an AM team with less than 50 employees in a corporation
with more than 1000 employees. Industries represented were architec-
ture, art, and design; consultancy in engineering; ICT and software in-
dustry; industrial manufacture and assembly; medical industry; and
technology service provider. According to the background question-
naire, three of the respondents used 3D printing daily, two weekly and
one once or less in a year.

All interviewees were experts of the AM industry from 25 years to at
least 7 years of experience. Six out of seven mentioned that they are
mostly self-taught, and that they have learned from doing things and
looking for solutions by themselves. The focus group included three
CEOs, a CTO, a head of mechanical design, a senior principal engineer,

Changed in the last 5
years

Risk assessment/ |~
oversight

RMM/Appropriate
environment
Risk assessment/ | .
oversight

Re-cycling/waste
disposal

Process Chemicals
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Documentation: Manuals
and safety data sheets
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doing

Formal training
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Fig. 4. Highlighting strength of connection between codes. Color of the boxes corresponds to code semantic domains.
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and an AM design specialist. All interviewees were familiar at least with
MEX, and most of them also with other AM processes. The interviewees
were highly experienced and diverse, representing a wide range of in-
dustries, company sizes, and professional roles.

ATLAS.ti 23 was used to analyze focus group interview data. Firstly,
it was used to assess reliability of data calculating inter-coder agree-
ment. The result of 0.733 was above reliability threshold. To identify
codes that consistently appear together, a code co-occurrence matrix
was employed to analyse the codes and their connections. The strength
of these connections was quantified using co-occurrence coefficients.
This co-occurrence matrix was visualized using a Sankey graph, which
illustrates all codes and their connection clusters. The Sankey visuali-
zation of all codes and their co-occurrences can be found in the sup-
plementary material.

The co-occurrence coefficients also highlighted slight redundancy
between the codes ‘changed in the past five years’ and ‘prevalence in
industry.” This redundancy was corrected by merging the codes in
ATLAS.ti. The inter-coder agreement was reassessed to ensure the results
remained reliable, with a resulting value of 0.701, was still above the
reliability threshold.

For further analysis, codes that appeared at least ten times in the
transcripts were selected to identify clusters, reducing the number of
codes from 30 to 19. Ten most frequently occurring codes were ‘in use
(*)’, ‘material’, ‘safety training’, ‘RMM/appropriate environment’,
‘method’, ‘learning by doing’, ‘process chemicals’, ‘Risk assessment/
oversight’, ‘emissions’ and ‘changed in the last five years (*)’. The codes
marked with asterisk were so-called modifier codes, which were used to
give more context, such as temporal dimension.

Largest connection cluster formed around code ‘in use’. Four clusters
‘Method’, ‘Process Chemicals’, and ‘Reaction to recognized risk/danger’
and ‘Safety training” were chosen to highlight connections. This is
visualized in Fig. 4. Light green connection indicates code co-occurrent
coefficient between 0.15 and 0.20, dark green connection 0.21 and 0.29,
orange connection 0.30 and 0,39, red connection 0.4 and 0.49 and dark
purple over 0.5. The numeric value of a co-occurrence coefficient, pro-
vides a measure of the strength of association between two items. The
maximum value is 1, meaning that two codes appear always together.
ATLAS.ti does not explicitly define built-in thresholds for code co-
occurrence coefficients, as these can vary significantly based on the
specific research context and objectives. The thresholds in this research
were chosen to highlight how interconnected results are.

‘Method’-cluster (Fig. 4a) introduced very strong temporal dimen-
sion. This was expected as 3D printing is a very quickly growing and
changing industry. The interviewees commented about quick changes in
the past and speculated about how the industry would change in the
future, new materials, processes, and products:

“After the Fused Deposition Modeling (FDM) patents
were made available in 2010, there was a global surge.
Industries began using 3D printing where it made
practical sense (even final products) . Today, the field
is thriving with fast advancements in devices, mate-
rials, and protocols. Undoubtedly, we can anticipate
fascinating developments in the years ahead.”

“Safety isundeniably crucial, but it is also influenced
positively by the integrationof these systems into the
broader manufacturing chain. While powder removal
remains manual in many cases, automation eliminates
the need for direct human intervention. This dual
benefit addresses both safety concerns and enhances
productionefficiency. Itislikehitting twobirdswith
one stone.”

“I am really looking forward to when we will get rid of
the curse of plastic, andwe will be able to print even
more ingenious and far-reaching products.”

‘Process Chemicals’-cluster (Fig. 4b) was very well represented as it
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contained understanding about chemicals, possible emissions and also
strong link to re-cycling. It also highlights very strong connection be-
tween ‘RMM/appropriate environment’ and ‘in use’. The interviewees
commented:

“The question with thermoplastics is where they can be
safely removed and recycled, especially waste mate-
rials andmaterials used for cleaning for models.”
“For instance, we confirmed with the environmental au-
thority that the cleaning agents we use are safe for
discharge into the regular sewer network.”

“We are purposefully allocating a distinct space for
these (AM) machines. This decision stems from two
primary considerations: ventilation concerns and the
presence of potential chemicals. Additionally, we
must think about noise (nuisance), as highlighted by
(other interviewee) .”

“With so many devices available in the market, it’s
challenging to determine which one to purchase and
whether it’s truly safe?”

‘Reaction to recognized risk’-cluster (Fig. 4c): Even though this was
not part of this cluster, “specific hazardous situation’ was included in the
figure, because all interviewees mentioned that small mishaps are quite
common such as accidentally touching hot nozzle (MEX) and/or nicks to
fingers manually removing support material during postprocessing. This
cluster discussed safety and how certain risks have been recognized and
how those have been reacted to. Certain hazards, such as use of harmful
chemicals, airborne emissions and handling of metal powder were
recognized as serious. Documentation and RMM/PPE were much dis-
cussed within this cluster:

“If the mask is not worn, there will be immediate con-
sequences. We strictly follow existing guidelines,
and in my view, we cannot afford to be flexible about
them.”

“We maintain Material Safety Data Sheets (MSDSs) for
all substances and materials, which are always acces-
sible in the areas where they are used. Additionally,
all individuals operating machines must undergo
commissioning training.
trained don’t handle the machines or materials.”

“In general, I compare it to traditional industry,
where the same safety laws are applicable.”

“When dealing with metal powders, fire safety is impor-
tant. Inpractice, if the MSDS specifies specific storage
requirements, including a designated cabinet and
classification, we follow those guidelines.”

Those who have not been

In ‘safety training’- cluster (Fig. 4d), there was strong link between
‘learning by doing’ and ‘safety training’. Also, there was a strong concept
of being pro-active figuring out proper training for yourself. Formal
training was quite often commissioning training by machine manufac-
turers or training inside the company. Interviewees felt that in industry,
safety aspects are considered, but these depend on the company policies
and personnel’s own activities. Both groups expressed concern about the
safety of hobby 3D printers and non-industrial office printers.

“Addressing this question (safety training) is chal-
lenging because there are so many different devices,
techniques, and materials. While general training
provides a foundational understanding, specific situ-
ations often require additional, specialized
training.”

“There has not been any formal education. Everything
self-taught, self-learned, and self-

researched.”

has Dbeen
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“My official training has been limited to a few machine
manufacturers’ commissioning trainings, which has
been adequate. While general training provided a
foundational understanding, much of the learning has
been self-driven, sometimes through trial and error.
There is still room for improvement in all education-
related aspects.”

“Employers have obligation to provide necessary
training to employees.”

4. Discussion

The results of both survey and the focus group interviews point out
that there are knowledge gaps in AM safety. An indicator of this could be
seen when only approximately 71-73 % of 283 survey participants
answered the safety questions, despite having specified through filter
questions that they are knowledgeable about AM and use it in their
work. A second indicator could be observed in the survey responses to
the question about postprocessing chemicals, where 6.9 %-19.4 % of
participants answered ’I don’t know’.

This is easily understandable as AM is a new as well as rapidly
growing and developing industry (Wohlers Associates, 2022). The
finding is in line with Roth et al. (2019) (Roth et al., 2019) who have
stated that several knowledge gaps exist regarding risk assessment of
different techniques, materials, operation conditions and control
methods. As novel methods and materials, such as biomaterials enter the
market all the time, the potential hazards related to these new novel
solutions also need to be studied (Ryan et al., 2021). Several studies
have discussed the factors that affect the safe use of AM machines
(Mohammadian and Nasirzadeh, 2021; Kangas et al., 2023; Leso et al.,
2021; Short et al., 2015; Deak, 1999). The whole AM process, starting
from the preparation, actual printing, postprocessing and maintenance
of the printer need to be considered when studying hazardous work
stages.

Hazardous work stages may also vary depending on the process
technique used. For example, with PBF powder handling needs great
care, and in MEX handling of filaments and granulates usually does not.
Roth et al. (2019) (Roth et al., 2019) suggests that AM process categories
should function as framework to aid hazard identification, from where
additional factors such as workplace and workforce are considered. Roca
et al. (2016) (Roca et al., 2016) discussed that broad adoption of AM
needs to come together with regulation that is initiative-taking toward
industry; thereby, giving practical guidance on topics related to health
and safety. Similarly, Rejeski et al. (2018) (Rejeski et al., 2018) present a
comprehensive review on research needs and recommendations on
environmental implications of AM. In the specific area of OHS, Rejeski
et al. (2018) (Rejeski et al., 2018) also describes the need for better risk
assessment and management related to AM, including the toxicology of
emissions, exposure assessment and exposure control approaches. This
is especially relevant when the technology is continually evolving such
as is the case on AM (Wohlers Associates, 2022). The results shown here
support these propositions.

Indoor air quality (IAQ) is important for people’s wellbeing and
health, since most of the time is spent in indoor environments, mainly at
home and at workplaces (Schweizer et al., 2007). The IAQ depends on
the impurities that infiltrate from outdoor air and indoor sources. 3D
printers are shown to act as a strong indoor source emitting, if not
properly controlled, gas and particulate phase impurities into the indoor
environment (Romanowski et al., 2023). In Focus group interviews
expressed belief that emissions and chemical safety are usually taken
care of in industrial setting, but they also spontaneously expressed
concern about 3D printers in office settings and hobby 3D printing,
where location and ventilation may not be fully suitable. They were also
worried about the potential quality of cheaper printers and materials.

Research also adds weight to the importance of location and
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ventilation. Viitanen et al. (2021) studied the effect of ventilation rate
and printing time to the nanoparticle concentrations in different spaces
in case of MEX of ABS. The authors recommended to locate the 3D
printer to unoccupied space with good ventilation or to use proper
enclosure to control the exposure. Kangas et al. (2023) (Kangas et al.,
2023) Yietal. (2016) (Yi et al., 2016), and Mendes et al. (2017) (Mendes
et al., 2017) indicate that error situations, such as when plastic filament
gets stuck in the nozzle or exhaust pipe of plastic PBF machine is loose,
the risk to the operator and other individuals nearby grows. In these
types of error situations, a well-chosen location and sufficient ventila-
tion may reduce consequences. The survey findings suggest that the 3D
printer’s location was generally well considered, and focus group in-
terviews revealed a very strong connection between an ‘appropriate
environment’ and ‘in use’.

The longitudinal nature of this study allowed for tracking changes
and advancements over time, providing a more comprehensive view of
the industry’s evolving practices and safety awareness. Focus group
interviewees remarked that there has been more research about safety
issues between survey and focus group interviews. They also mentioned
that industry has also been starting to automate some parts of the AM
process, which is supported by research (Pires et al., 2022; Bin Wang
et al., 2020). Focus group interviewees also showed more knowledge
about safety issues than the survey results showed. This might be due to
several reasons: the industry as a whole might be developed into more
safety conscious during 5 years between studies, interviewees might
embellish the truth a little because instead of completely anonymous
survey data was collected in interviews, and/or that the interviewees
themselves are active in trying to improve their understanding in safety
issues. The last point was supported by participation in focus group
interviews.

Both the survey and focus group highlighted the diversity of AM
users, showcasing a wide range of company sizes and industries. Of
course this research did not reach hobbyist users of 3D printers, who
represent a growing segment of the AM user base. This omission means
the study may not fully capture the safety experiences and needs of all
AM users, particularly those outside industrial and professional settings.
Additionally, the qualitative data from the focus group interviews, based
on just 7 participants, may not fully represent the broader survey pop-
ulation of 283 respondents. While these focus groups provided valuable
in-depth insights, their small size limits the generalizability of the
findings. Therefore, the focus group results were used to supplement,
rather than generalize, the survey data.

The survey and focus group interview answers were skewed towards
the Finnish AM industry as over half of the survey answers and whole
focus group interviews were Finnish AM individuals. This geographic
concentration may limit the generalizability of the findings to other
regions and potentially overlook area-specific insights from a global
perspective. However, the safety-related questions in the survey suggest
that opinions on safety concerns are broadly similar across different
countries. There were enough ‘strongly disagree’ and ‘disagree’ answers
across all countries and all statements about safety (Fig. 3), that they
convey a strong notion that more research and education are needed
worldwide.

Focus group interviews revealed a strong culture of independent
learning and feeling that the research about AM safety is scattered.
Several respondents mentioned the use of personal protective equip-
ment (PPE) as a risk management method while other methods were not
mentioned. The use of PPE as a risk management method is not in line
with the hierarchy of controls suggesting that PPE should only be use if
the risk cannot be controlled with other means (Manuele, 2013) indi-
cating that there might be some knowledge gaps in conducting sys-
tematic risk assessments in the industry. Safety improvements should be
made in all the stages of the supply chain starting from the design and
manufacturing of the AM devices as well as printing materials and
chemicals. For the development of materials and chemicals systematic
implementation of Safe and sustainable by design (SSbD) framework
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would most likely improve the overall AM safety (Abbate et al., 2024).

What will improve the situation in larger scale in the future is
standardization. Standardization of AM is still incredibly young, for
example the committee for AM in ASTM international was formed only
in 2009. New standards, such as currently under development ISO/ATM
52,933 (Test method for hazardous substances emitted from material
extrusion type printers in the non-industrial places) and ASTM
WK73227 (Investigation for Additive Manufacturing (AM) facility
Safety management) will make information about safety much easier to
find and maintain (ASTM, ASTM WK73227: New Guide for Additive
Manufacturing — Investigation for Additive Manufacturing (AM) Facility
Safety Management (working item), (n.d.). https://www.astm.org/
workitem-wk73227 (accessed February 3, 2024; ISO/ASTM, ISO/
ASTM FDIS 5, 2024).

5. Conclusions

Additive Manufacturing technologies are increasingly being adopted
across various sectors, including industrial, medical, aerospace, and
consumer products. The survey conducted in this research revealed a
wide variety of industries engaged with AM, highlighting the sector’s
rapid growth and the anticipated increase in the number of workers
involved in the future. The findings from both the survey and focus
group interviews highlight critical knowledge gaps in AM safety. Despite
participants self-identifying as knowledgeable about AM, a significant
proportion either did not respond to safety-related survey questions or
admitted uncertainty, particularly regarding postprocessing chemicals.
This suggests that while AM users may be familiar with operational
aspects, their understanding of safety risks and best practices remains
incomplete.

Given the rapid advancements in AM technologies and materials,
ongoing education and training are essential to address these gaps and
enhance workplace safety. Despite the growing adoption of AM tech-
nologies, there remains a substantial need for comprehensive safety
training and awareness. The diverse backgrounds and varying levels of
expertise among AM users highlight the necessity for tailored safety
guidelines and training programs. One of the main challenges in
studying AM from an Occupational Health and Safety (OHS) perspective
is that AM encompasses a collection of different processes and tech-
niques. This complexity is further compounded by the continuous evo-
lution of AM, with new innovations, materials, and processes being
introduced.

The study also emphasizes that hazards vary across different AM
processes and work stages. For example, powder handling in Powder
Bed Fusion (PBF) requires significant precautions, whereas filament use
in Material Extrusion (MEX) poses lower risks. Safety considerations
must extend beyond the printing phase to include pre-printing prepa-
rations, postprocessing, and machine maintenance. Indoor air quality
(IAQ) emerged as a critical factor, particularly in non-industrial settings
where ventilation may be inadequate. Concerns about emissions from
3D printers in office and hobbyist environments further reinforce the
need for appropriate placement, enclosure, and ventilation strategies.

The survey results revealed a general agreement on the importance
of safety measures but showed less consensus on the adequacy of
external training, with significant variability in responses. A key issue
identified is the lack of a systematic approach to risk assessment and
management in AM. Focus group interviews indicated that much of the
safety knowledge is self-taught, underscoring a gap in formalized
training and standardized safety procedures. Specific concerns were
raised regarding inhalation and dermal exposure to hazardous sub-
stances, such as particulate matter and volatile organic compounds
(VOCs), as well as the potential flammability and explosiveness of fine-
grained powders.

Researchers have already identified current knowledge gaps in OHS
of AM, including emissions studies from processes other than MEX,
toxicology studies, field studies of AM exposures to emissions or other
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hazards, and studies validating the effectiveness of control measures.
Current research suggests that knowledge about AM safety is scattered,
leading to an over-reliance on personal protective equipment (PPE)
rather than more effective risk control measures. This study confirms
that individuals working in AM industries recognize these knowledge
gaps and are aware that safety issues vary across different processes.
They acknowledge that they may not have sufficient information and, in
some cases, control measures.

The study underscores the critical need for ongoing research and the
development of standardized safety protocols to keep pace with the
rapid advancements in AM technologies. Although still in its early
stages, emerging ISO and ASTM standards will provide clearer guide-
lines for managing AM facility safety and emissions control. The intro-
duction of standards such as ISO/ASTM 52933 and ASTM WK73227 will
facilitate access to reliable safety information and ensure better imple-
mentation of safety measures across the industry. Future efforts should
prioritize the education and training of AM users, standardization of
safety practices, and continued assessment of health risks associated
with new and existing AM materials and processes.

Adopting frameworks like Safe and Sustainable by Design (SSbD) for
materials and chemical development could contribute to a more sys-
tematic approach to AM safety, making it easier for organizations to
maintain safe working environments. Encouragingly, there are signs of
improved safety awareness within the industry. In the future, regulatory
efforts and standardization could provide better OHS guidance to AM
users across all settings, including industry, hobbyists, and office envi-
ronments. Achieving this, however, will require further global research
and education on AM-related OHS. Sustainable and safe growth of AM
field will necessitate concerted efforts from manufacturers, industry
professionals, and regulatory bodies.
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