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ABSTRACT

Additively manufactured final products and components are not always tailored to the additive
manufacturing (AM) process, but they need to be in order to exploit the many advantages and
potentials that AM provides. Therefore, an appropriate AM design should be targeted, which reduces
the necessary iterations in the developing process of AM products. Although there is a large number of
existing literature on the Design for Additive Manufacturing (DfAM), designers usually lack criteria in
order to assess AM-conformity in conceptual design. In this paper, we provide a basis for the
assessment of solution principles regarding their conformity for additive manufacturing.

First, existing literature on DfAM and AM products is reviewed comprehensively to derive criteria for
the AM-conformity of solution principles. Subsequently, the correlations between these criteria are
identified including the interdependencies to be considered when assessing AM-conformity. A basis
for assessment is created, which offers designers early support in the development of AM-conformal
designs.
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1 INTRODUCTION

Additive manufacturing (AM) describes manufacturing processes in which components are built up
layer by layer through successive addition of material (Gebhardt, 2012). Over the past 30 years, the
application scope of additive manufacturing has changed from prototypes to final production
(Thompson et al., 2016). Particularly the three additive manufacturing processes fused deposition
modeling (FDM), selective laser melting (SLM) and selective laser sintering (SLS) are used to
produce final products (Leutenecker-Twelsiek et al., 2016).

The consideration of an additive manufacturing suitable selection, development and design of products
is focused on several publications (Klahn et al., 2014; Laverne et al., 2014; Kumke et al., 2016). An
AM-conformal design exceeds a simply suitable design for AM. The term “AM-conformal” is based
on the Design for Manufacturing (DfM) and refers to designing specifically for the additive
manufacturing process to minimize costs and counteract manufacturing problems (Rosen, 2007
Kumke, 2018). In order to methodically support AM-conformal design, the Design for Additive
Manufacturing (DfAM) was established which is based on DfM (Rosen, 2007) and focuses on easing
the manufacturability of additively manufactured components. As a general term, DfAM includes
design criteria that consider the characteristics and restrictions of additive manufacturing. On this
basis, DfFAM provides applicable methods and tools for use in the various development phases
(Laverne et al., 2015; Yang and Zhao, 2015). For instance, Medellin-Castillo and Zaragoza-Siqueiros
(2019) established DfAM design and manufacturing strategies to ensure the manufacturability of
components using FDM, thus ensuring an AM-conformal design of final components. In addition,
Kumke et al. (2016) present a methodological framework of DfAM to develop AM-conformal
components. It addresses the assessment of the technical and economic feasibility of a designed AM
component. In conceptual design, DFAM methods are required (Pradel et al., 2018). Studies on the
application of DfAM implies that the AM-conformal design of final components should already be
considered in the concept phase (Posser and Oliveira, 2020), where it has the greatest impact on
AM-conformity (Valjak and Bojceti¢, 2019). This can be achieved, for example, by early definition of
the part orientation (Klahn et al., 2016). However, in the early concept phase only the solution
principles underlying the component are available (Pahl et al., 2007), so that the AM-conformity of
these solution principles should be ensured.

Watschke et al. (2019) describe recommendations and restrictions for a conformal AM design with
respect to only a few selected solution principles, but do not define any generally applicable criteria.
On the contrary, Weiss (2019) established criteria for assessing the AM-conformity of solution
principles, although these were derived from his own experience and are not described in detail. Booth
et al. (2017) provide a first worksheet for evaluating the manufacturability of an AM component.
However, this is aimed at inexperienced users and provides only a few evaluation criteria for assessing
AM-conformity. Accordingly, there is a need for applicable and extensive criteria for assessing the
AM-conformity of solution principles in conceptual design.

2 PROBLEM CLARIFICATION AND GOAL

A solution principle is the fundamental implementation of a function and therefore utilizes chemical or
physical effects (VDI 2221:1993). Accordingly, a solution principle describes a functional solution and
includes design principles rather than a detailed design to which design guidelines apply (Watschke,
2019). Particularly in AM, one focus is to consolidate parts by integrating functions of components into
one part, thereby combining the underlying solution principles. Although, solution principles are
considered as process-independent (Leutenecker-Twelsiek, 2019), the assessment of their
AM-conformity does not seem conceivable at first. Only by describing their geometrical, structural, and
material properties it is possible to examine the AM-conformity. Hence, this paper focuses on the
assessment of already developed solution principles. Previous researchers evaluate AM-conformity
based on already manufactured parts (e.g. Booth et al., 2017). However, the level of detail in parts is
higher than for solution principles, which is why current assessment criteria for solution principles can
only be adapted to a limited extent. Despite design guidelines, there is a lack of comprehensive criteria
that are tailored to solution principles and assist the designers in their decision-making whether a
solution principle is AM-conformal or not. Consequently, a basis shall be developed appropriate for
assessing the AM-conformity of solution principles and as support in conceptual design. Furthermore,
the interdependencies of the criteria to be considered in the assessment shall be presented.
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3 METHODOLOGY

The methodological framework of this paper is based on the Design Research Methodology (DRM) of
Blessing and Chakrabarti (2009). Sections 1 to 3 comprise the first step of the DRM procedure and
highlight the current state of research. A systematic literature review will be carried out in Section 4
following the Descriptive Study I. The procedure will be described in detail and aims to find
recommendations and restrictions on AM-conformity.

Afterwards, within the Prescriptive Study in Section 5, criteria for the AM-conformity of solution
principles are derived, which provides the fundamentals for assessing the conformity. The criteria and
their interdependencies will be briefly discussed to answer the following research question: According
to the present state of research, which criteria should be used to assess the AM-conformity of solution
principles? Finally, our work will be summarized to point out further research potential.

4 CRITERIA FOR AM-CONFORMITY OF SOLUTION PRINCIPLES - A
SYSTEMATIC LITERATURE REVIEW

A systematic literature review was conducted to identify recommendations and restrictions for
AM-conformal design from a literature perspective. Thus, existing methods and tools as well as
components and products were examined, which were developed in the context of DFAM. On this
basis, conclusions could be drawn about the AM-conformity of solution principles. The procedure can
be divided into the following four steps:

1.  Establishing four search strategies based on previously identified keywords.

2. Research in four indexed, electronic literature databases with the combined keywords.

3. Initial selection of the found papers.

4. Detailed analysis of relevant papers.

We summarized the results below to maintain an appropriate framework for the paper. In order to
structure the research, keywords were first formed. For each keyword, synonyms and alternative terms
were obtained from significant literature (see Table 1). One synonym of each keyword was then
combined to research for:

e  process-dependent AM-conformity via the keywords “process” and “AM-conformity” (S1),

e general criteria on AM-conformity via the keywords “AM-conformity” and “criteria” (S2),

e  process-dependent solution principles via the keywords “process” and “solution principle” (S3)

e and process-dependent design criteria via the keywords ““ process”, “design” and “criteria” (S4).

5,

Table 1. Synonyms for the keywords “AM-conformity”, “solution principle” and “criteria”

Synonyms and alternative terms for the keyword ...

"solution principle" ""AM-conformity" "eriteria"
"solution idea" "design for additive manufacturing” restriction
(Kumke et al., 2016) (Thompson et al., 2016) (Leutenecker-Twelsiek et al., 2016)
"design principle” "suitable for additive manufacturing” limitation
(Perez et al., 2015) (Frandsen et al., 2019) (Leutenecker-Twelsiek et al., 2016)
"final product" "AM-conformal" recommendation
(Ahtiluoto et al., 2019) (Kumke et al., 2016) (Klahn et al., 2016)
"final part" "AM-enabled" consideration
(Kumke et al., 2016) (Maidin et al., 2012) (Salmi et al., 2018)
"spare part" guideline
(Frandsen et al., 2019) (Klahn et al., 2014)
"replacement part" "parameter”, "factor", "basis"
(Frandsen et al., 2019) (own addition)

It should be mentioned that the research as described above was limited to the three AM processes FDM,
SLM and SLS, which determine the keyword “process”. For example, synonyms such as Fused Filament
Fabrication (FFF), which is known as an alternative term for FDM, or Direct Metal Laser Sintering
(DMLS) instead of SLM have been included and were derived from Adam (2015), Kumke (2018),
Thompson (2016), VDI 3405 (2014) and Weiss (2019). Furthermore, the list of keywords was extended
by synonyms in singular and plural form as well as reasonable alternatives, e.g. the term “design for
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selective laser melting” was derived from “design for additive manufacturing”. In addition, terms were
shortened, e.g. from “additive manufacturing conformal” to “AM-conformal”.

An initial search indicated that there have only been a few publications that are covering the primary
search strategy (S1). Therefore, its keywords were scanned throughout the publication. Additional
search strategies were included to complement the findings (see S2 to S4). However, to achieve
greater relevance, the remaining search strings were applied to the title only.

Finally, all search strings were used in four indexed, electronic literature databases: Science Direct,
Web of Science, Engineering Village and ProQuest.

The research was carried out from July to August 2020 and produced numerous results spread across a
wide range of areas. Setting filters reduced the hit count. The first step was to filter by conference
contributions and journals that were published solely between 1980, when AM technologies where
commercialized, and today. Further filters were set in a second step depending on the database. Only
publications related to engineering design (mechanical engineering, aerospace, medical technology
etc.) were included. Figure 1 (left) shows the hit count after applying these filters. Afterwards the title,
keywords, and abstracts of the remaining 664 publications were reviewed according to the following:

e  Relevance with respect to design in additive manufacturing

e References/information on technical/economic aspects of products developed for an AM-process
e  References/information on the recommendations and restrictions for AM-conformal design

Papers with selected
synonyms with filters

Analysis of'title,
keywords and abstract

Relevance of papers
afier read entirely

ProQuest Engineering ProQuest Engineering papers of
Village ) 1 Village low interest

Web of 248 Science 90 11 e
Science ~ Direct ~

184 Total 48 Total _

Science 664 Web of 195 papers of

Direct _-® Science _-* high interest

220 56 50

Figure 1. Papers with references to AM-conformity

After the initial analysis, 195 papers remained to be analyzed entirely according to their scope on
criteria for the assessment of AM-conformity (see Figure 1, center). 8 papers were found on both
Engineering Village and Science Direct, while 14 papers were found on both Engineering Village and
Web of Science. Finally, all papers of high interest were further examined regarding to their relevance
on solution principles (see Figure 1, right).

5 CRITERIA FOR AM-CONFORMITY OF SOLUTION PRINCIPLES

A total of 17 criteria were derived to assess the AM-conformity of solution principles (see Table 2).
The findings from the preliminary analysis differ regarding their impact on DfAM. According to
Kumke et al. (2016), a distinction is made between criteria in the “broad sense” and in the “strict
sense” (see Table 2). On the one hand, the criteria in a strict sense refer to the actual design process
and directly influence the design of a solution principle. On the other hand, the criteria in a broad
sense exceed the boundaries of design and are related to the deliberate distinction from conventional or
previously developed solutions. After all, they indirectly affect the design process. It must be
mentioned that the following results refer to the manufacturing processes FDM, SLM and SLS. The
criteria are valid for all three processes with one exception, which is noted in Table 2. In the following,
the context of the criteria and their independencies is described only briefly. For greater clarity, the
criteria in Table 2 are numerically coded and referenced in parentheses.

Essentially, a solution principle has to be designed for a previously defined AM-process, since the
design capabilities, design guidelines, design and feature rules can be process-dependent (1, 2)
(Leutenecker-Twelsiek, 2016). For example, smaller features that can be produced with SLM are not
feasible with FDM, which is why adaptability to variable process parameters should be provided as
well (3).
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Table 2. Set of criteria for AM-conformity of solutions principles

Criterion: "An AM-conformal solution principle ..."

is process-dependent

complies with design guidelines

is adaptable to process parameters

considers limits of main dimensions

is functionally optimized

consists of a minimum number of components

avoids material accumulation

is optimized for a given part orientation

is structurally robust

10|considers post-processing functional surfaces

considers material conditions and properties

12 |is structurally optimized

13 [considers approximation errors (does not apply to SLS)
14| fulfills a design objective

15]has a greater use value than previous solution principles
16]is highly complex and exploits the design freedom

17]is used for an economically viable number of AM-parts
Adam and Zimmer, 2014 X | x
Adam and Zimmer, 2015 X | x
Allison et al., 2017 X
Asadollahi-Yazdi et al., 2019 x| x X
Atzeni and Salmi, 2012 X X X x| x X
Baldinger et al., 2016 X X
Booth et al., 2017 X X | x X
Borgue et al., 2018 X X X
Calignano et al., 2020 X X
Casteldo et al., 2019 X
Changhui et al., 2014
Chekurov and Lantela, 2017 X | x
Finazzi et al., 2019 X
Frangois et al., 2018
Galati et al., 2020
Hallgren et al., 2016
Jansen et al., 2014
Junk et al, 2019 X
Kadkhoda-Ahmadi et al., 2019 x| x
Kaijtaz et al, 2015 X X
Klahn et al., 2014 X X | x
Klahn et al., 2016 X X x| x X X
Leutenecker-Twelsick et al., 2016
Lippert et al., 2017 X X x| x X
Liu et al., 2020 X X X | x X
Maidin et al., 2012 X | x
Medellin-Castillo and Zaragoza-Siqueiros, 2019 X x| x X X
Meisel et al., 2017 X X| x| x|x X
Minguella-Canela et al., 2018 X
Orme et al., 2017
Orquéra et al., 2017 X
Perez et al., 2015
Posser and Oliveira, 2020 X X
Priarone et al., 2018 X X
Rickenbacher et al., 2013 X
Rosen, 2014 X x| x| x X x| x| x
Rudolph and Emmelmann, 2017 X
Salmi et al., 2018 X | x X X | X
Seepersad et al., 2012
Song et al., 2013 X X
Steuben et al., 2015 X X | x
Stackli et al., 2016 X
Stolt et al., 2019 x| x X X x| x x| x
Su et al., 2013 X X
Tsirogiannis and Vosniakos, 2019 X
Tiirk et al., 2017 X X
Wits et al., 2013 X
Yang and Zhao, 2015 X X X
Zhang et al., 2014 X x| x x| x X
Zhu et al., 2017 x| x X X | x x| x| x x| x| x
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However, Adam and Zimmer (2015) argue, that there is a need for function and process-independent
design rules. Furthermore, the feasible dimensions are determined by the process-dependent build size
and the smallest feature size that can be manufactured due to the process parameters (4) (Zhu et al.,
2017). Thus, Atzeni and Salmi (2012) suggest, that the function-dependent shape, and therefore the
geometry, should be optimized in terms of functionality (5). In other words, the components of the
same solution principle need to be consolidated. This can be achieved by means of functionally
integration, which reduces the number of components needed to realize a solution principle (6) (Yang
and Zhao, 2015). By rationalizing the components, a solution principle fulfills several functions
inevitably. Additional functions can be implemented by adding features to the unused volume (Perez
et al., 2015), which in return affects the function optimization positively. After consolidating
geometries, it is important to ensure that no material accumulations arise in order to maintain the
geometric accuracy and avoid geometrical distortion (7) (Stolt et al., 2019). In this context, part
orientation is of particular importance. The design of the solution principle has to be linked to a part
orientation by optimizing the functional surfaces and overhangs (8) (Meisel et al., 2017). In addition,
the part orientation influences not only the mechanical properties (Meisel et al., 2017), but also the
robustness (Chekurov and Lantela, 2017). Even under disadvantageous conditions (e.g. external stress)
the solution principle should be dimensionally stable and reliable in its functionality (9).

Francois et al. (2018) explicitly refer to the post-processing of functional surfaces and recommend that
they should be oriented in the same direction whenever possible. Since post-processing functional
surfaces removes material, an excess of these surfaces is necessary to counteract the material removal
and the resulting tolerance deviations (10). The material itself is usually determined after specifying
the geometry of a solution principle. However, the material must be preselected, especially if material-
related effects will be implemented. Furthermore, the choice of material has an impact on stability,
design rules and anisotropic properties (11) (Klahn et al., 2016; Liu et al., 2020). Junk et al. (2019) and
Lippert et al. (2017) suggest a lightweight conformal design. Thus, in terms of functionality, stability
and weight, the shape and topology of the solution principle should be optimized structurally (12).

A rarely appearing criterion covers the approximation errors caused by the staircase effect, which can
impact the surface quality of functional surfaces (Calignano et al., 2020). Since it only supports the
manufacture of discrete values, possible approximation errors have to be considered in the design of
solution principles (13) (Finazzi et al., 2019).

The criteria discussed above focus on technological aspects. On the contrary criteria in the broad sense
focus more on the economic perspective. In addition to the compliance with a design goal (e.g.
performance improvement or cost reduction) (14) (Rosen, 2014), the material and production costs,
design effort and production time, as well as the preparation and post-processing have to be estimated
in conceptual design (Liu et al., 2020). Thus, the solution principle must be more economical than
another solution with the same use value (15) (Klahn et al., 2014). Simple geometries can be realized
by conventional means that are more economical than additive manufacturing. Instead, the focus
should be on complex geometries (16) (Kadkhoda-Ahmadi et al., 2019). Moreover, a redesigned
solution principle, which is intended to replace a conventional solution, is primarily economical if the
resulting part remains within the limited batch size of the selected AM-process (17) (Liu et al., 2020).
With the literature analysis, not only criteria were derived, but also some of their mutual correlations
(interdependencies) were identified. These correlations are summarized in a skew symmetric matrix in
Table 3. In order to keep an appropriate framework, the interdependencies were only described in
extracts above. We differ between four types of interdependencies (criterion A in row and criterion B in
column): A influences B, B influences A, A and B influence each other and there is no correlation
between A and B. Accordingly, 136 interdependencies are possible between the 17 listed criteria. 11
mutual and 59 unidirectional interdependencies were identified, leading to a total of 81
interdependencies, more than half of the possible mutual correlation. It is apparent that the criteria in the
broad sense are strongly dependent on criteria in the narrow sense (see Table 3). In addition,
process-dependency with eight, adaptability to process parameters and material consideration with nine
correlations each influence most criteria. Hereby, the matrix represents the complexity in assessing
solution principles by using criteria. If, for example, the solution principle is assessed negatively
regarding process-dependency, retrospectively the compliance with design guidelines will be assessed
negatively, as these are process-dependent (see Table 3). Thus, the mutual influences must be considered
when assessing AM-conformity by interconnecting them. These interdependencies are particularly
interesting when establishing strategies to achieve AM-conformity and should be further examined.
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Table 3. Interdependencies of criteria on AM-conformity of solution principles

+~ jitem in colum influences item in row Frequency of being influenced
¥ item in row influences item in colum Frequency of being influential
4 mutual influence of item in row and item in colum
112(3[4]|5]/6[7[8[9]10{11]12]13}14]15/16[17
is process-dependent 1 11|17 1 A i) T (1)8]1
complies with design guidelines 2 =717 T |=|0|3 |~ ] ] 714
is adaptable to process parameters 3 1 T3 (0|5 |3 |0 |} 911
considers limits of main dimensions 4 A - ] 11315
is functionally optimized 5 4 J| ==~ 4 1(3|3 616
consists of a minimum number of components 6 J - J (3|3 |3)7]3
avoids material accumulation 7 ) Al 4 ) 415
is optimized for a given part orientation 8 J(1 |4 514
is structurally robust 9 d )] 3l6
considers post-processing functional surfaces 10 1 (-1 414
considers material conditions and properties 11 - 113 915
is structurally optimized 12 1|11 715
considers approximation errors (does not apply to SLS) 13 1|3
fulfills a design objective 14 4| 4| 43|11
has a greater use value than previous solution principles | 15 =~ 1]8
A is highly complex and exploits the design freedom 16 216
is used for an economically viable number of AM-parts 17 214

6 CONCLUSION AND OUTLOOK

The objective of this research was to develop criteria from a technological and economic perspective
for the assessing of solution principles which are developed in the scope of Design for Additive
Manufacturing in order to support designers in the conceptual design phase. Based on a systematic
research and analysis of design for AM-methods as well as recommendations and restrictions for the
design of additively manufactured products, retrospectively relevant indicators for the design of
solution principles conformal for additive manufacturing were derived. Subsequently, criteria were
defined on which future research can be based when assessing and collecting solution principles
specifically developed for AM. Future research should evaluate the findings and thus, ensuring the
development of methods for the assessment of solution principles tailored to the AM-processes.
Furthermore, the dependencies between the criteria were identified. It was found that the criteria
frequently depend on each other. This suggests that a simple assessment of AM-conformity is complex
and that a holistic view of the solution principles is necessary. Therefore, the correlations between the
criteria need further investigation.
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