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Abstract

The use of Additive Manufacturing (AM) can bring opportunities for industry, but several challenges need to
be addressed, specifically the digital infrastructure comprising the AM value chain. A combination of a
systematic literature review and an industrial use case study concludes that there is low consideration of the
digital infrastructure in Design for Additive Manufacturing (DfAM) methods and tools which has a negative
impact on the industrialisation of AM. It is therefore recommended that further studies are to be made on how
to manage the digital infrastructure in DFAM processes.
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1. Introduction

This paper addresses the role of the digital infrastructure in Design for Additive Manufacturing (DfAM)
and how it affects the industrialisation of additive manufacturing (AM). The digital infrastructure
comprises the information technologies used together to process the vast amount of data that is being
generated, transferred, stored, and traced in the AM process steps. By using AM, it is possible to print
directly based on virtual 3D models which brings many opportunities such as lightweight- and freedom
of design (Diegel et al., 2019). AM has been subject to intense research and development activities and
is judged to be a critical technology for industrial competitiveness (AM-motion, 2016). The AM-motion
roadmap further includes the data processing in a complex AM process in two of the top three priorities
for the successful development of AM (see table 7.1 in AM-motion, 2016).

One critical phase in the AM process is the design phase, where DfAM is the collective term for
methods, tools, and guides for an effective design dedicated for AM. DfAM seeks to utilize AM's
opportunities while accounting for the many different process-specific constraints of AM (Diegel
et al., 2019). Several DFAM methods and tools have been proposed which have resulted in different
software, however, this has led to issues related to the digital infrastructure (Alfaify et al., 2020). The
DfAM process is digital-intense, and the digital infrastructure requires consideration (Leary, 2020).
One example is the coupling and integration between simulation models and software's in the DfAM
process (Wiberg et al.,, 2019). A dominant standard for AM geometry representation is the
STereoLithography (STL) (Kai et al., 1997), but since it is discrete and triangular it cannot represent
the higher-order representations used by Computer Aided Design (CAD) systems. As such it can only
communicate limited information and is practically a source to integration and coupling problems.
More consideration needs to be put on how methods and tools are developed such that they can be
used in conjunction with already existing digital infrastructure, which is important for adoption by
industry (Gericke et al., 2020).

DESIGN FOR ADDITIVE MANUFACTURING 1401

https://doi.org/10.1017/pds.2022.142 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2022.142

All together this makes it of interest to review how DfFAM methods and tools consider the digital
infrastructure and identify a potential gap in the literature. Furthermore, the paper also aims to explore
how the digital infrastructure affects the industrialisation of AM. The following research questions can
thus be formulated.

¢ RQL. Inwhat way is the digital infrastructure considered in DfAM methods and tools
e RQ2. How does this impact the industrialisation of AM?

The remainder of this paper addresses the research questions accordingly. First, the method used for
investigation is presented. Second, a systematic literature review is conducted to investigate how the
digital infrastructure is treated in literature. Third, an industrial use case study is performed which
explores the digital infrastructure in a DFAM process identifying potential challenges. Finally, RQ1 and
RQ2 are discussed in relation to the findings making it possible to make conclusions and future
recommendations.

2. Method

This study combines a systematic literature review along with an industrial use case study, the results
are then analysed in relation to each other. The two approaches are described in further detail below.

2.1. Systematic literature review

A systematic literature review is conducted to investigate how DfAM methods and tools consider the
digital infrastructure to potentially identify a research gap. A systematic literature review is set up to
find research gaps within a specific research topic (Wholin, 2014). It is also important to clarify what is
meant by a DfAM-process, -method, and -tool. The following notions, in agreement with (Gericke
etal., 2017) are used for the purpose of this paper:

A design process is "a formally specified sequence of activities to be carried out in developing a
particular design";

A design method is "a specification of how a specified result is to be achieved";

A tool is "an object, artefact or software that is used to perform some action”. These definitions are
applied in the context of DfFAM in this systematic literature review.

The first step in the systematic literature review was to search for literature using a keyword search
SCOPUS. A few sets of keywords were tested to get a feasible number of articles to review. The final
text string was set as: “((additive AND manufacturing) OR (3d AND printing) AND (digital OR data)
AND design AND (tool OR method))”. The aim of the systematic literature review is to investigate how
the digital infrastructure is treated, thus justifying the inclusion of “digital”, it was also noted through
iterations that adding “data” was relevant addition as well since it resulted in additional literature. A
total of 209 publications were collected in the first step. The second step the systematic literature review
was used to screen the publication targets. Journals, conferences, and trade journals were used to limit
the inclusion. The third step in the systematic literature review was to screen publications based on
abstracts. This meant that publications that did not regard DFAM methods or tools or methods related to
data or digital were removed. Examples of excluded publications were review publications or
phenomena studies. Methods and tools not related to engineering design were also used excluded,
methods and tools related to civil engineering applications were for example excluded. A total of 53
articles were reviewed. The fourth step in the systematic literature review was to review the remaining
papers based on how the digital infrastructure was considered. An additional 9 publications were
excluded because it became evident that they were not relevant first while reading the full text. The final
step in the systematic literature review was to analyse how the 44 remaining articles considered the
digital infrastructure and map potential patterns.

2.2. Industrial use case

The purpose of the industrial use case was to explore how the digital infrastructure impacts the
industrialisation of AM in general, and DfAM in particular. The industrial use case is based on a Swedish
manufacturer of construction equipment. The company seeks to investigate the potential of AM as an
option to produce production tools used by operators on the assembly line. AM is particularly considered
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an interesting option since these production tools are often produced in low volume and are customised
for operators. This would mean that AM could reduce the time and cost of the current design, procurement,
or production of tools. There is also an expectation that AM can increase the usability of the tools by e.g.,
lightweight designs. The use case was analysed using a series of six one-hour semi-structured interviews,
with 6 employees and managers directly involved in today's design and acquisition of production tools in
the company, during a two-month period. The purpose of the interviews was to understand the current
design process in order to define an appropriate DFAM process that could be used in the case study since
there is no present DfAM process established within the company. The case study was conducted during
a three-month period in parallel with the series of interviews, where two different tool designs were used
as input to the case study. The case study results were later analysed in relation to the results from the
systematic literature review to highlight the impact of the digital infrastructure.

3. Results

There are results from both the systematic literature and from the case study. This section begins to
present the results from the systematic literature review. This is followed by the results from the case
study along with how it impacts the industrialisation industrialization of AM.

3.1. Digital infrastructure of DfAM methods and tools

The systematic literature review made use of five different categories to highlight how the digital
infrastructure is considered in DFAM methods and tools. These five categories are: (1) Data format
incompatibility; (2) Information management; (3) Data analysis; (4) Loss of information;(5) Data and
information reuse. Where the papers addressed issues in these categories is mapped in Table 1.

Table 1. Results of the systematic literature review for the five categories.

Avrticles 1]12|3]4]5 |Articles 112(3|4]5
Mathias et al., 2008 X | x| x Rezayat et al., 2019

Song et al., 2009 X X He et al., 2019 X
Smith and Rennie, 2010 X Adkins et al., 2020 X

Huang and Eisenberg, 2012 Capunaman, 2020

Chang and Chen, 2014 X | X Rossing et al., 2020

Tucker et al., 2014 X | x| x| x| x [Zhanget al., 2020

Li-Jun et al., 2015 X X Rice et al., 2020

Savage et al., 2015 X Lietal., 2020

Grimmetal., 2015 X X Noma et al., 2020

Jalil et al., 2016 Gao et al., 2020

Huang et al., 2016 X Dagkolu et al., 2020

Peng et al., 2016 X Afazov et al., 2021 X

Bader and Oxman, 2016 Olsenetal., 2021

Eganetal., 2017 Marschall et al., 2021

McMillan et al., 2017 X X Ozenetal., 2021 X
Song et al., 2017 Askariet al., 2021

Anand et al., 2018 X | X X Reid et al., 2021

Bender and Barari, 2019 X X Balamurugan and Selvakumar, 2021

Garcia et al., 2019 X Mustafa and Lazoglu, 2021 X | X X
Lerebours et al., 2019 X Srinivasan et al., 2021

Valainis et al., 2019 X Ren et al., 2021

Babcinschi et al., 2019 X | x| x| x Huang et al., 2021

These categories are further presented in the subsections below, aiming to provide more detail in how
they were considered in the reviewed literature.
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3.1.1. Data format incompatibility

Individual DFAM methods and tools typically make use of different software, and any software has its
specific data format. This can make the DfAM process complex, and it can be troublesome to not
consider the compatibility between different data formats and the integration between different tools
(McMillan et al, 2017). A large variety of data formats can also have a negative effect on the
interoperability in the AM workflow (Babcinschi et al., 2019). Chang and Chen (2014) address the
specific challenge of transferring text strings generated by knowledge-based systems into a CAD
software. Bender and Barari (2019) mentions the importance of format compatibility and uses the
example of topology optimization, since the output from the topology optimization must be compatible
with the input to the AM system. Grimm et al. (2015) state that AM tends to fall short in terms of format
incompatibility due to issues with integration between systems and software. They continue to propose
the Jupiter Tessellation (JT) format as a potential format to use in order to overcome some of the
incompatibility issues. 12 of the authors either considered the format being used in their own specific
DfAM method or tool or problematised it. This is visualised in the first category in Table 1. It should
also be mentioned that there were no authors, except for Chang and Chen (2014) and Grimm et al.
(2015), who addressed how their data format can be compatible with other methods or tools, or how the
output can be used in downstream activities in the DfAM process.

3.1.2. Information management

In this paper, 'information management' is interpreted as the activity to manage information including
transferring, storing, tracing, and retrieving information, and contrast to information processing
activities, where information content is modified. Tucker et al. (2014) developed a solution that can
capture the geometry of a physical object through scanning. The data is translated into an STL format
and gets stored in a cloud-based service. Tucker et al. (2014) also highlight several digital challenges
such as information loss, and opportunities such as reuse of knowledge and data. Li-Jun et al. (2015)
address the issue of storing large print files and propose a method to compress data. The proposed
method also considers the tracing of data and explicitly describes how to generate file IDs during the
compression of data. Babsinschi et al. (2019) state that the traditional methodology for data exchange is
done manually consisting of heterogeneous data formats which makes the process impractical and time-
consuming. The implication of information management in DfAM methods and tools was only
considered in nine of the reviewed articles, as seen by the second category in Table 1.

3.1.3. Data analysis

Data analysis is described as the set of activities to understand and interpret data to gain insight and
knowledge of AM processes. This includes also the ‘cleaning' of data in advance of analysis, typically a
time-requiring process. Data processing is mentioned by Savage et al. (2015) who propose a scanning
method to capture geometries but emphasise that expertise is required to clean the meshes in order to
make use of the data. Another scanning method to capture geometries is proposed by Mathias et al.
(2008) who highlights the need to process or clean data before using it, while also adding the potential
implication of losing information in the cleaning process. The need of cleaning or processing the data
generated by DfAM methods and tools were seemingly neglected and was only mentioned by seven
authors in the reviewed literature, as illustrated by the third category in Table 1.

3.1.4. Loss of information

The loss of information in the AM workflow specifically relates to the potential loss of information that
can occur either when using a specific tool or method, or when transferring in-between two methods or
tools. There were several examples of these highlighted in the reviewed literature. Tucker et al. (2014)
state that it can happen when the geometry is captured through scanning and represented as mesh. This
happens since the scanner’s resolution affects the generated mesh, which potentially can lead to the loss
of geometrical features. Some scanners also fail to capture internal structures and typically require
cleaning (Mathias et al., 2008), which are another two sources for loss of information. Grimm et al.
(2015) also mention that exporting CAD-formats to STL-format cut modelling knowledge such as
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design features, parameters, and modelling history. The export process also approximates exact shapes
in the tessellation. The issue of STL is also addressed by both Bender and Barari (2019) and McMillan
et al. (2017) who specifically state that the STL does not consist of appropriate or enough information
to be of effective use for AM and propose an alternative solution in direct slicing of finite element mesh.
Song et al. (2009) developed a geometrical design tool in the form of a pencil that can capture the
movement of a hand and create a digital representation, where much effort was put into the ability to
capture the movement correctly and create an appropriate digital representation of the intended
design. Li-Jun et al. (2015) proposed a method to compress print file data and clearly stated that the
method does not result in loss of information. The implication of loss of information either, by a single
or in-between, DfAM methods and tools was considered ten times in the reviewed literature, as seen by
the fourth category in Table 1.

3.1.5. Data and information reuse

Data and information reuse is to some extent related to information management since it requires the
ability to trace and transfer data. This category is more seen as an opportunity and refers to the
knowledge that can be captured and exploited from the data and information that is generated by DfAM
methods and tools. Tucker et al. (2014) exemplify this when he proposes a method that enables the
capturing and reuse of design knowledge more accessible through a set of hardware and software. Ozen
et al. (2021) developed a machine learning approach to make use of data to calculate porosity. Only
three authors considered the opportunity to reuse the data and information generated by DfAM methods
and tools, as seen in the fifth category in Table 1.

3.2. Results from the use case study

The purpose of the case study was to investigate potential challenges related to the digital infrastructure
of a DfAM process and its potential impact on the industrialisation of AM. This section presents the
case study which clarifies more practically what comprises the digital infrastructure. This is followed
by analysing its potential impact on the industrialisation of AM.

3.2.1. Case study implementation

The case study consisted of performing a sequence of defined activities adapted to fit the current in-
house tool design process and AM. The intended goal of the DfAM process from the case company
perspective was to minimize the weight of the current designs while being cost- and time-efficient from
both a process and design perspective.

Performing the sequence of activities in the DFAM process resulted in a digital infrastructure, and this
is visualised in Figure 1. The digital infrastructure is comprised of; the methods, tools, and software
used; the data formats for the inputs and outputs; the flow of data or information. Three different
software were used: Fusion 360 to perform a generative design, more specifically topology optimization,
to minimize weight; CAD Catia V5 to change the geometry of the original CAD file and to perform a
simple FEM analysis on the proposed designs; Markforged webservice was mainly used to prepare the
print, and is a specific software used for Markforged two composite FDM printer. This software can
also provide print data such as cost, time to print, and volume of used material. Each activity consists of
both inputs as well as outputs, and both respectively have their individual data formats. Catia V5 can
for example make use of STL, Standard for The Exchange of Product Data (STEP), or its own CAD-
file format as input and output. Markforged webservice makes use of STL as input and its output is its
own print file format. Fusion 360 had STP as input for CAD files, and the requirements and 2D drawings
as Portable Document Format (PDF) which were interpreted and inserted into the software. The output
of Fusion 360 is STL. Three of the visualized activities were performed by design engineers, with
experience in CAD Catia V5 and Fusion 360. The print preparation was performed by an AM engineer
with experience from printing with Markforged two printers.
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Figure 1. Set of performed activities in the case study and its corresponding digital
infrastructure

3.2.2. Impact of the digital infrastructure on the industrialisation of AM

Several challenges or potential issues related to the digital infrastructure were observed in the case study.
These challenges are presented according to the categories used in the systematic literature review. The
issue of data format incompatibility was observed in the case study and is highlighted by the
transformative step in Figure 1. The output format from Fusion 360 is STL, and this format cannot be
used to change the geometry using CAD software. The output of the generative design, therefore, had
to be manually implemented on the original CAD file. Furthermore, the requirements and 2D drawings
were used as input to define boundary conditions, constraints, and optimisation targets in the generative
design. The format of the 2D drawings and requirements were PDFs, and therefore had to be interpreted
by the design engineer and implemented manually in the generative design software. The use of formats
and consideration of output/input compatibility is relevant for DFAM methods and tools to function in
conjunction. Mainly since poor consideration in the case study resulted in a less effective and efficient
DfAM process. Consideration of information management was deemed as important in the case study.
The case study produced a large amount of data and information which both needed to be stored,
communicated, and traced between different activities. An example of this was the requirements needed
in the FEM analysis, which is illustrated by the dotted line in Figure 1. Moreover, the results from the
FEM analysis used to verify the design had to be stored for future purposes. The Markforged webservice
also generated print data that needed to be linked to the individual tools. Data analysis was needed in
the case study since some of the generated data or information had to be processed before entering the
next step. The output from the generative design was not only delivered in a non-compatible format but
did also require manual cleaning to ensure that the proposed design could be printed. The print data also
had to be sorted such that it was possible to analyse the cost and time for the proposed designs. This was
considered as time-consuming. Loss of information was observed on two occasions in the case study.
Firstly, requirements were used as input to the generative design. The requirements were interpreted
incorrectly in early iterations which generated a set of unfeasible designs, this was a result of information
loss between these two steps. Secondly, as indicated in the transformative step, the optimised design
had to be translated into general guidelines for the design. This resulted in information loss since some
aspects of the optimised geometry were not possible to replicate. There were some identified
possibilities for data and information reuse in the case study. An example of this was the produced
print data, illustrated in the dashed line in Figure 1. It was possible to make use of it to find ways of
optimising the print settings, and this could potentially be reused for future prints. There was also an
expressed desire by the industrial experts to make use of the generated data and information to create
and capture knowledge. It was however unclear how it can be extracted and used efficiently.

To summarize, the observed issues seemingly influenced the DFAM process making it less effective and
efficient. The goal of the case study was to make the tools more lightweight, and this was limited by the
digital infrastructure, thus making the DfAM process ineffective. An additional goal was to make the
design and process time- and cost-efficient. This was also limited by the digital infrastructure, thus
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making the DfAM process inefficient. This could potentially have a negative effect on the
industrialisation of AM, which is further discussed below.

4, Discussion

The systematic review made use of five categories were used to analyse how the literature considers the
digital infrastructure, and this was presented in Table 1. It appears to be low consideration of the five
categories while also being scattered among the literature, and this indicates that there is seemingly a
research gap related to how it is treated in literature. In addition to this, the case study explored the
digital infrastructure's potential impact on the industrialisation of AM. The case study made it evident
that the digital infrastructure can have negative effects and make the DFAM process both ineffective and
inefficient.

Ineffective in the sense that the results from methods and tools can be non-utilised. This happened in
the case study where the output had to be manually inserted thus losing certain aspects of the optimised
lightweight design. The early iterations of the optimised design were also non-feasible as a result of
interpreting the requirements inaccurately in Fusion 360. This will in turn limit the ability to exploit the
opportunities that AM brings, such as lightweight designs. There was also a possibility to make use of
the optimised print settings for future use which highlights a potential opportunity.

The DfAM process can also become inefficient and there were three concrete examples of this in the
cast study. Firstly, there was time wasted on early iterations in the generative design also a result of
interpreting the requirements inaccurately. Secondly, there was also time wasted on manually
implementing the output from the generative design along with processing the specific results. Thirdly,
it was unclear where and how the generated data were to be used or even reused, such as the FEM
results, the requirements, as well as the optimised print settings and data. This will in turn limit the
ability to exploit the opportunities that AM bring, such as reduced time to market. Following the insights
from this literature study in combination with the industrial use case, we argue that DFAM needs better
to account for its interaction with the digital infrastructure, to succeed in industrialisation of AM.
Specifically, what output a method or tool generates along with where and how it can be used
downstream in the DfAM process and throughout the AM lifecycle (Mies et al., 2016). At the same
time, there needs to be consideration of what and how the required input is obtained from upstream
activities. Finally, we would also argue that the digital infrastructure needs to be studied further.
Additional use cases need to be studied along with more extensive and in-depth cases with industrial
partners.

5. Conclusion

The aim of this paper was to investigate how DfAM methods and tools consider the digital infrastructure,
in order to identify a potential research gap. Furthermore, also explore how it affects the industrialisation
of AM. A systematic literature review was used to frame how the digital infrastructure is considered
which highlighted that there is a low consideration of the digital infrastructure in current DFAM methods
and tools. It can therefore be concluded that there is a low consideration in DfAM methods and tools,
which indicates a research gap regarding the digital infrastructure. An industrial use case study was then
used to explore the potential impact this can have on the industrialisation of AM. The initial industrial
case study indicates that the way that data and information are processed and managed influences the
industrialisation of AM negatively. Mainly since extra effort and time is spent on non-value adding
activities, where the data produced and analysed in AM need to be treated already in the DFAM activities
to make use of AM's full potential. It is therefore recommended that further studies are to be made on
how to manage the digital infrastructure in DFAM processes.
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