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Abstract: Additive Manufacturing (AM) has seen continued growth in adoption by organizations
in recent years, changing production processes, supply chain, maintenance, product
development and the global economy. There are several Additive Manufacturing technologies
and equipment on the market, however, there are no guidelines, benchmarking or decision
support tools for proper selection. After a systematic review of the literature, the lack of
propositions that act during the development of the product and process was evidenced. This
research focuses on the selection of Additive Manufacturing technologies for a production
system. The general objective being to propose a decision support model based on the
characteristics of additive technologies and competitive criteria, resulting in a choice aligned with
the guidelines of organizations and their production systems. For the operationalization of the
model, the AHP techniques and conjoint analysis were used together, where the characteristics
of the Additive Manufacturing technologies were related to the competitive criteria for the model
to indicate the recommended technology to the production system or organization in question.
Finally, the artifact recommended the right technology in three distinct situations, from a vendor,
user, and expert point of view. Thus, this research contributes to both academia and business by
developing a functional artifact of additive manufacturing technology selection. Also, by
contributing to the increased availability of information on the nine most commonly used additive
technologies in industry.

Keywords: Additive Manufacturing; Competitive criteria; Production systems; Conjoint analysis;
Analytic Hierarchy Process.

Resumo: A Manufatura Aditiva (AM) vem apresentando crescimento continuo de adogéo por
parte das organizagdes nos ultimos anos, modificando os processos produtivos, cadeia de
suprimentos, manutengao, desenvolvimento de produto e a economia global. Hd no mercado,
diversas tecnologias de Manufatura Aditiva e equipamentos para utilizagdo, contudo, ndo ha
diretrizes, benchmarking ou ferramentas de suporte a decisdo quanto a selegdo adequada. Apds
a revisao sistematica da literatura, evidenciou-se a falta de proposigées que atuam durante o
desenvolvimento do produto e processo. Esta pesquisa tem como questao central, a selegédo de
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Selection of additive manufacturing...

tecnologias de Manufatura Aditiva para um sistema produtivo. Sendo o objetivo geral propor um
modelo de apoio a tomada de decisdo baseado nas caracteristicas das tecnologias aditivas e
nos critérios competitivos, resultando assim, em uma escolha alinhada as diretrizes das
organizacgdes e dos seus sistemas produtivos. Para a operacionalizagédo do modelo, as técnicas
AHP e analise conjunta foram utilizadas de maneira integrada, onde as caracteristicas das
tecnologias de Manufatura Aditiva foram relacionadas com os critérios competitivos, para que o
modelo indicasse a tecnologia recomendada ao sistema produtivo ou organizagdo em questao.
Por fim, o artefato recomendou a tecnologia adequada em trés situagdes distintas, sob ponto de
vista do fornecedor, usuario e especialista. Desta forma, esta pesquisa contribui tanto para o
meio académico quanto ao empresarial, ao desenvolver um artefato funcional de selegdo de
tecnologia de Manufatura Aditiva. E também, ao contribuir para o aumento da disponibilidade de
informacgdes relativas as nove tecnologias aditivas mais comumente utilizadas na industria.

Palavras-chave: Manufatura Aditiva; Critérios competitivos; Sistemas produtivos; Analise
conjunta; Analise Hierarquica de Processos (AHP).

1 Introduction

“Industrial production is currently driven by global competition and the needs for fast
adaptation of production [...] and these requirements can be met by radical advances
in traditional manufacturing technology” (Rojko, 2017, p. 77). With regard to Additive
Manufacturing, over the last 20 years, technologies have migrated from rapid
prototyping to direct digital manufacturing (Crump, 2016). In this evolutionary scenario,
where hardware and software combine, there is the constantly dissemination of new
Additive Manufacturing technologies (Cochet, 2016; Park, 2017). Additive
Manufacturing can change aspects of production, supply chain, maintenance, product
development and global economy, in addition, there has been a growing interest on the
part of the companies regarding the increase of efficiency and productivity (Ben-Ner &
Siemsen, 2017; Ernst & Young GmbH, 2016; Pacheco et al., 2014; Piran et al., 2017).

The use of Additive Manufacturing by organizations is growing and one of the
reasons is that companies that adopt AM technologies are getting an increase in their
return on investment (Sculpteo, 2017). This is due to the high degree of efficiency,
accuracy and functionality offered by AM technologies, allowing to manufacture
complex parts, which were previously not possible in traditional production systems
supported by subtractive technologies. (Cochet, 2016; Gokuldoss etal., 2017).
In addition, in dynamic and highly competitive environments, it makes companies to
structure themselves more effectively to enable the commercialization of products and
services with better effectiveness constantly (Dresch et al., 2019; Veit et al., 2017).

Additive Manufacturing technologies are enabling, within the framework of
production systems, new paradigms regarding manufacturing options (Paris et al.,
2016). AM is no longer used only for prototypes and is now used for direct production,
i.e. in the manufacture of functional parts of final products (Persons, 2015). However,
each AM technology has advantages and disadvantages that may be suitable, or not,
depending on the competitive criteria prioritized in the production system under
analysis, being one of the reasons why the technology should be technically selected.
Additive Manufacturing technologies have divergent aspects, which aligned to the lack
of benchmarking standards and the lack of experience by the organizations makes
selecting AM technology complex (Park & Tran, 2017).

In summary, the high amount of AM technologies and divergent aspects between
them turn the decision-making process complex and difficult for the organizations.
In addition, the lack of information and comparability tools raise the risks of capital
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investment for companies and also contribute to the selection process and consequent
decision being arduous. Additionally, the variability of organizations' strategies to
maintain their relevance towards competitors and consumers, as well as to meet
market requirements, requires a constant adaptation of production systems. In which,
besides to the production system being able to meet engineering specifications, it must
be able to adapt to manufacture new products efficiently. One way is to align the
strategy outlined by the company, for this, it is necessary to meet the competitive
criteria prioritized by the organization. Given this context, the central issue of this work
emerges: How to select an Additive Manufacturing technology for a production
system?

The general objective derived from this research issue is the proposition of a model
to support decision-making based on the characteristics of additive technologies and
competitive criteria for the selection of Additive Manufacturing technologies in
production systems. So, the specific objectives are the comparative analysis of AM
technologies and the presentation of an AHP integration with Conjoint Analysis to
support decision-making to select AM technology.

This article is structured in seven sections. The first one presents the theme, object
and problem of this research. Where, it contextualizes, relevant data to work are
approached and presents the theoretical context in which this work is inserted and that
intends to contribute. The second section refers to the theoretical framework. In which
it'll be adressed concepts and characteristics about Additive Manufacturing and some
of the AM technologies, in addition to productive systems, competitive criteria and
aspects related to the selections of technologies. The third part refers to the research
methodology. The fourth section refers to the proposition and development of the
artifact of this research. Where, the artifact construction process, functionality and
interface are detailed. Including the process on statistics (AHP and Conjoint Analysis),
in addition to the dynamics between the two techniques. The fifth part presents the
results found regarding the three distinct situations (real decision maker, supplier and
expert). Finally, in the sixth chapter the results are discussed, and in the seventh the
final considerations of the research, limitations and suggestions for future research are
disclosed.

2 Theoretical framework

In this section will be presented the theoretical framework used for the development
of this research. The concepts covered are: productive systems, Additive
Manufacturing and its technologies, competitive criteria and selection of technologies
for manufacturing.

2.1 Additive manufacturing

Additive Manufacturing is a set of technologies that manufactures three-
dimensional objects from digital models through the process of adding material, these
materials can be metals, ceramics, polymers, among others (Ford, 2014; ISO, 2016).
The mass admission of Additive Manufacturing technologies will change the future of
organizations, whether in aspects relating to supply chain, production, maintenance,
global economy, among others (Ben-Ner & Siemsen, 2017).
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The ISO/ASTM 52900 Standard ranks Additive Manufacturing technologies into
7 classes, which are: Binder Jetting, Directed Energy Deposition, Material Extrusion,
Material Jetting, Powder Bed Fusion, Sheet Lamination and Vat Photopolymerisation.
Table 1 displays the technologies covered and their respective classes according to
ISO/ASTM 52900 (ISO, 2016).

Table 1. Classification of Additive Manufacturing Technologies.

Additive Manufacturing Classification as

ISO/ASTM 52900 AM technologies covered in this article

Binder Jetting Binder Jetting (BJ)
Directed Energy Deposition Laser Engineering Net Shape (LENS)
Material Extrusion Fused Deposition Modeling (FDM)
Material Jetting Material Jetting (MJ)
Electron Beam Melting (EBM)
Powder Bed Fusion Selective Laser Sintering (SLS)
Selective Laser Melting (SLM)
Sheet Lamination Laminated Object Manufacturing (LOM)
Vat Photopolymerisation Stereolithography (SLA)

Source: Prepared by authors based on 3D Hubs (2016).

Among the various additive manufacturing technologies found in the systematic
review of literature, 9 technologies were selected. The selection criterion used was the
number of articles found in the literature review dealing with the AM technology
evidenced and also because they are the same additive technologies referenced as
the most popular in the industry (3D Hubs, 2016; 3D Insider, 2017; Redwood, 2017).

Furthermore, Table 2 lists the disadvantages and advantages in relation to
characteristics commonly used by the authors found during the systematic review of
the literature. For the classification of “Advantage” it was used the “+” signal and for the
classification of “Disadvantage” the signal of “” was used. Post processing is
understood as stages/treatments to improve surface quality, precision,
mechanical/thermal properties, among others. Regarding cost, the same order of
magnitude of the authors seen in this section was used.

Where, they used the same comparative criteria, the information came from a
previous analysis of these authors. A total of 45 positive aspects and 36 negative
aspects stand out. In the next section, the competitive criteria and their relationship with
Additive Manufacturing will be presented.
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Table 2. Characteristics of Additive Manufacturing Technologies.

Laminated
Description Material Jetting  Electron Beam Enginl-eisr‘i:g Net Selective Laser Stereolithograph Binder Jetting  Selective Laser De':)l;ss?tcilon Object
(MJ) Melting (EBM) Shape (LENS) Sintering (SLS) y (SLA) (BJ) Melting (SLM) Modeling (FDM) Man(uLfgc“:It)mng
Manufacturing Time + - + - + - + +
Surface Quality + + - - - - - -
Mechanical Properties + + + + - - + - -
Thermal Properties + + + + - - + - -
Complexity of parts + + + + + + + + -
Manufacturing + B + + + + ) + _
Dimensions
Precision + + - + + + + _ ~
Post Processing - - - - - - - - +
Operation Cost - - + - - + + + +
Bibliographical (Additively, 2017¢c;  (GmbH, 2013; (Bikasetal.,2016; (Chenetal,2016; (Mahamoodetal, (Additively,2017a; (Additively,2017d; (Bikasetal.,2016; (Mahamood etal.,
References Advantages Calignanoetal,, Hiemenz, 2007; Huang et al., Mahamood etal, 2014; ExOne, 2017 Gokuldoss et al., Calignano et al., 2014;
+) 2017, Redwood, 2017)  2013a; 2014; Redwood., Redwood etal., Gokuldoss etal.,  2017; 2017; Pilipovic et al.,
Redwood et al., Mahamood etal, 2017) 2017) 2017; Malladi, Redwood et al., Mahamood etal, 2011; Wong &
2017; Varotsis, 2014; Mudge & 2017, 2017; Yasa & 2014; Hemandez, 2012)
2017). Wald, 2007, Redwood et al., Kruth, 2011) Peleshenko et al.,
Srivatsan & 2017) 2017,
Sudarshan, 2015; Redwood et al.,
Zhaietal., 2014) 2017)
Bibliographic (Additively, 2017c;  (Additively, 2017b; (Bikasetal.,2016; (Chenetal.,2016; (Mahamoodetal, (Addiively,2017a; (Additively,2017d; (Bikasetal,2016; (Grossetal., 2014;
References Redwood et al., Hiemenz, 2007; Huang et al., Mahamood etal, 2014; Gokuldoss etal.,  Gokuldoss et al., Calignano et al., Mahamood et al.,
Disadvantages 2017; Varotsis, Redwood, 2017)  2013a; 2014; Redwood et al., 2017; Malladi, 2017; Redwood,  2017; 2014; Palemrmo,
() 2017) Mahamood etal, Redwood etal., 2017; Wong & 2017; 2017; Yasa & Mahamood etal, 2013;Parketal,
2014) 2017) Hemandez, 2012) Redwood etal., Kruth, 2011) 2014) 2000;
2017) Pilipovic et al.,
2011; Wong &

Hemandez, 2012)

Source: Prepared by authors (2020).
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2.2 Additive manufacturing and competitive criteria

Competitive criterion can be conceptualized as what a manufacturer wants to
emphasize in terms of future improvements to achieve or maintain their competitive
advantage, since they are the factors evaluated by customers at the time of the
purchase decision (Thurer et al., 2014). The competitive criteria found in the literature
are cost, quality, reliability, speed, delivery reliability, innovation, socio-environmental
responsibility and flexibility (Bott, 2014; Dias & Fensterseifer, 2005; Lira et al., 2015;
Slack, 2002; Teixeira et al., 2014; Thirer et al., 2014; Wheelwright, 1984).

The criteria are related to the definition of the organization's strategy, that is, the
strategy in operations will define in which of these or other criteria it intends to rival
(Lee, 2012; Skinner, 1969). In summary, they can be defined as a consistent set of
criteria that the company has to value to compete in the market (Miltenburg, 2008).

Regarding the cost criterion, the adoption of Additive Manufacturing is still impacted
by this factor. However, from 2001 to 2011, the average price of equipment reduced
51% (Thomas & Gilbert, 2014). Yet in many ways, the costs of using additive processes
are still higher when compared to traditional manufacturing (Lindemann et al., 2013;
Thomas & Gilbert, 2014). Despite this, the use of AM has been increasing and one of
the reasons is that organizations are getting return on investment (Sculpteo, 2017).

As for the competitive flexibility criterion, several authors emphasize this characteristic of
Additive Manufacturing as one of the advantages in relation to the traditional manufacturing
process (Mahamood et al., 2014; RiBmann et al., 2015; Tran et al., 2017; Zhai et al., 2014).
The impacts of AM technologies possibilities will cause large plant complexes and supply
chains to become smaller (Ben-Ner & Siemsen, 2017). Therefore, there will be reflexes in
several companies simultaneously, given the high set of variables and relationships involved
in supply chain management (Teixeira & Lacerda, 2010).

As for the competitive speed criterion, the implementation of AM technologies will change
the future of organizations, such as aspects of production, supply chain, maintenance, product
development and the global economy (Ben-Ner & Siemsen, 2017; Emst & Young GmbH,
2016). Partly, caused by the ability of AM technologies to produce on-demand and profitable
parts (Berman, 2012; Ford, 2014). For delivery performance, there needs to be speed and
delivery reliability (Li, 2000; Wheelwright, 1984). Some of the benefits of adopting AM
technologies are process agility, inventory reduction and reduced transportation costs (Ford
& Despeisse, 2016; Rylands et al., 2016; Thomas, 2016). These improvements increase the
delivery performance of organizations.

In their work, Kietzmann et al. (2015) highlight AM's potential in reducing delivery
time for manufactured products. Likewise, they also present the proposal that
consumers will be able to manufacture their own products at home, without the need
for intermediaries. These facts indicate that speed is one of the competitive criteria that
can benefit companies that adopt this technology (Veit, 2018).

Finally, referring to the quality competitive criterion, it can be conceptualized as the
ability of a component to successfully execute its objective, besides being considered
important to achieve a competitive advantage (Kuei & Madu, 2003; Wing et al., 2015).
Manufacturing and end users have difficulties to guarantee that quality, strength and
reliability are ensured when components are produced via Additive Manufacturing
(Wing et al., 2015). AM technologies have difficulties to compete with traditional
techniques regarding reliability and reproducibility (Royal Academy of Engineering,
2013). Mahamood et al. (2014) affirm that the points not yet solved by AM technologies
are precision, surface finish, productivity, repeatability and reliability. As an alternative,
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to ensure a level of reproducibility, a set of patterns/specifications and hybrid
processing are suggested, where AM technology is used in conjunction with
conventional techniques (Royal Academy of Engineering, 2013).

Meanwhile, the society seems to be largely unaware of the implications of AM technologies
that universities and organizations are researching/developing (Ben-Ner & Siemsen, 2017).
Finally, Table 3 displays the repercussions of Additive Manufacturing on competitive criteria
according to literature review and content analysis performed by Veit (2018).

Table 3. Impact of Additive Manufacturing on Competitive Criteria.

Analysis Categories
Competitive Criteria

Delivery Performance

Velocity
Flexibility
Quality
Sustainability

Cost
> Innovation

Reduced costs for customized products
Elimination of the need for tools
Manufacture from drawing
Reduced waste of materials

x
x

Reduced energy consumption
Reduced transport needs

X X X X X X
x

More agile supply chains

Reducing the complexity of supply chain
management

Reduction of delivery times X X

Reduced throughput time for low volumes of high
variety

Reduced time to market X
Setup elimination
Allows the use of different types of materials
Ensures physical and mechanical properties X

Positive Repercussions

Mitigates the environmental impact X
Cleaner production process
Reduced carbon emissions
Innovation as a manufacturing process X
Facilitates project sharing and outsourcing X
High cost of equipment
Reduced process yield
High cost for series production

Impact of Additive Manufacturing on Competitive Criteria

Increased cost of intellectual property and
information security

Increases the cost of qualifying labor X
Lacks precision and robustness X

Does not guarantee physical and mechanical
properties

Finishing problems (visible component aspect) X

Source: Veit (2018).

Negative Repercussions
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In the next section it will be presented the selection of technologies for additive
manufacturing.

2.3 Selection of technologies for additive manufacturing

Organizations are inserted in environments of constant change and increasing
competition, therefore technology is becoming a key reference to ensuring the
competitiveness of companies (Chuang et al., 2009; National Research Council, 1995;
Nunes et al., 2015). Nevertheless, high and new technology projects are characterized
as high risk and return, in parallel, conflicting objectives complicate the evaluation and
selection process (Chuang et al., 2009; Kuei et al., 1994; Mohagheghi et al., 2017;
Wang & Chin, 2009).

Managing development decisions based on technologies is a complex task
(S.R. & K., 2011). The selection of new technologies is one of the most important
activities of many companies (Mohagheghi et al., 2017). Organizations of all sizes, face
an increasingly complex scenario regarding the choice of technologies (McKnight,
2016). The most important part of the choice is the construction of an arrangement,
where the stakeholders agree and support the final decision (Bocklund et al., 2011).
It is considered that the development of a well-executed technology is a product to meet
the needs of the customers (National Research Council, 1995).

Technology selection tools seek to reduce existing tradeoffs in the process, apart
of simplify key point identification for complex systems (Chan et al., 2006). Inadequate
selection in relation to the strategic goals of organizations may result in future
reinvestment costs for the company (Bustamente et al., 2010).

During the process of selecting a technology, organizations should explore
competitive and operational strategies in the meantime (Chuang et al., 2009). Though,
throughout the decision-making process, given the complexity of existing
situations/problems, companies choose to carry out a monetary analysis to the
detriment of the strategic benefits associated with the technology in question
(Borenstein & Betencourt, 2005). Where the development of technology occurs
independently, not towards the needs of the stakeholders, the rate of
deployment/acceptance of technology is low (National Research Council, 1995).

Regarding existing research, the work of Rao & Padmanabhan (2007) presents a
methodology for the selection of Additive Manufacturing technologies using a matrix
approach and graph theory. In which, a selection index for technologies is proposed to
evaluate and classify processes to manufacture a particular product or parts.

Due to the growth of Additive Manufacturing, Mellor et al. (2014), have developed
a framework to assist in the adoption of Additive Manufacturing technologies and thus
contribute to supply the lack of studies on implementation.

Mancanares et al. (2015) developed a method to select a more appropriate additive
technology considering the production of a specific part. For this, they developed a
selection process through the technical specifications of the considered part.

Khaleeq uz Zaman et al. (2016), within the universe of Additive Manufacturing
(various materials, technologies, DFM/DFAM techniques), have had a focus on two
questions: i) What are the common design criteria used in the literature for Additive and
traditional Manufacturing technologies with regard to product process integration?
i) What is the contribution of the literature to the strategies of selection of materials and
manufacturing processes with special focus on the comparison of Additive and
traditional Manufacturing technologies? That is, this research stands out for proposing
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a methodology for selecting technologies integrated with product and process
development.

Park & Tran (2017) provide a decision support system to select an appropriate 3D
printing method for printing end products, using Java and SQL. Based on product
requirements, printing methods have been analyzed and evaluated to decide which
one meets the product requirements in the best way (Park & Tran, 2017).

Finally, Gokuldoss et al. (2017) conceptually/theoretically address the selection
guidelines for the following Additive Manufacturing technologies: Selective Laser
Melting, Electron Beam Melting e Binder Jetting. The attributes considered by the
authors are: material type, technology specifications/limitations, characteristics
(properties) of parts, application of parts, post processing requirements, finishing
quality and accuracy (Gokuldoss et al., 2017).

2.3.1 Comparative analysis of the model of this research with the literature

In relation to the research of Gokuldoss et al. (2017) this work progresses, as it
increases from 3 to 9 AM technologies addressed in the model. Additionally, it
complements the criteria used (material and component specification, part application,
technological limitations, accuracy, finishing quality and post processing) for future
research.

Park & Tran (2017), present their research in a partial manner, that is, without
demonstrating the steps followed for validation and development of the system. In this
way, this research will contribute as a reference for future work to present its system in
a functional and total manner, in addition to clearly exposing validation processes,
choice of AM technologies and decision-making during the development. It is important
that a research presents methodological accuracy so that it is considered solid and
relevant, besides enabling its replication.

Regarding the research by Khaleeq uz Zaman et al. (2016) and Mellor et al. (2014),
this work will serve as a complement, because, respectively, a research looks after
indicate the technology most appropriate to the situation (additive or traditional) and
the other refers to the implementation of additive technology.

In relation to the research of Manganares etal. (2015), this work advances,
because, differently, the proposed model can be used in a wide variety of situations,
besides enabling, through competitive criteria, the approximation with the strategy of
the organization. Finally, in contrast to that developed by Rao & Padmanabhan (2007),
this research proposes an automated model. That is, its applicability in organizations
is of low level of complexibility and easy execution. In addition, with the increase in the
Additive Manufacturing market, this research, for model execution, uses AHP
techniques and conjoint analysis. Therefore making the model easy to include new
technologies and swift deployment. As follows, this research contributes to reducing
the gaps in the literature and the lack of tools to support decision-making, thus
facilitating the decision-making process.

3 Methodological procedures

The working method establishes the steps that the researcher will follow to achieve
the purposes of the research (Dresch et al., 2015). It is important that the method is
concise and structured, so that it allows it to be replicated, adding certainty as to the
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veracity of theory or research (Mentzer & Flint, 1997). In this research was used to
conduct this work the Design Science Research. DSR is defined as the “[...] science
that seeks to consolidate knowledge about the design and development of solutions to
improve existing systems, solve problems and create new artifacts” (Dresch et al.,
2015, p.59). The working method used in this research is illustrated in Figure 1.

Literature review on selection of additive
manufacturing technologies, additive
manufacturing, productive systems and
competitive criteria
T

v

Identify and select the most commonly used
Additive Manufacturing technologies

I

Definition of manufacturers and equipments |

Structuring the Conjoint Analysis

'

| Collection of technical information of the |

‘ Stimulus development (cards) ¢
’ Classification of Additive Manufacturing ‘
. technologies by raw material used
Orthogonal matrix
‘ (Reduction of cards) | !

Structuring and execution of the paired
3 analysis of additive manufacturing Specific goal
‘ Entering preferences | technologies using AHP

Obtaining the ufilities for each of Obtaining priority vectors for each of the
the competitive criteria competitive criteria and each of the materials
and respective technologies

[ I
]

-I Model Construction H —‘ Specific goal

Model Evaluation

|Decisicnmaker‘ ‘ Supplier ‘ ’ Specialist ’

Indication of the most recommended
technology for the situation

{ Analyze causes J«No
Yes

L
@elo Funcional " General goal

| Communication of Results |

Subtitle
Phases of Design Science Research
l Problem Awareness ‘ | Suggestion ‘
l Development ‘ | Evaluation ‘
| Conclusion ‘

Figure 1. Method Steps (Artifact). Source: The Authors (2020).

The starting point is located in the identification and awareness of the research
problem, namely the selection of Additive Manufacturing technologies in production
systems. At this stage, an effort is made to understand the problem (Simon, 1996),
besides being the stage where the researcher should seek as much information as
possible, ensuring the complete understanding of his particular and distinctive
characteristics (Dresch et al., 2015). It should be considered the artifact features,
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expected performance and operating requirements (Dresch et al., 2015). For this, a
literature systematic review was carried out using national and international databases.
Where research linked to Additive Manufacturing, its technologies and technology
selection were sought.

Defined the technologies that will be part of the model, the identification and survey
of the characteristics of 3D printers was initiated through the technical documentation
of Additive Manufacturing equipment manufacturers. This information was related both
to the characteristics evidenced in the literature and with the competitive criteria. These
references  constituted the artifact database. Information about 3D
technologies/printers can be verified in Appendix A1.

Subsequently, AM technologies were classified by contemplated raw material. This
detachment was performed in order to make paired analysis of AM technologies leaner
and make the model database organized and easy to handle. Furthermore, in addition
to ordering by competitive criterion, the classification by raw material caused each
paired analysis to contemplate a maximum of four technologies, making the
classification process faster, easier and less prone to any filling errors.

Ranked the raw material technologies, paired analysis of additive technologies was
performed in relation to each competitive criterion using the Analytic Hierarchy Process
technique (AHP). AHP was chosen because it is a technique used to solve complex
problems (Piran et al., 2018), being used to perform the paired analysis of technologies
in relation to competitive criteria. Being this applied for the resolution of unstructured
problems in the area of management, social and economic sciences (Mahalik & Patel,
2010).

To establish resources among the elements during an analysis, the Saaty Scale by
Saaty (1990) was used to classify. The Saaty Scale was employed because it was a
validated and consolidated scale. Once the comparison is performed, the priority vector
from AHP is obtained. Moreover, to evaluate this vector, subsequently, the consistency
should be calculated to evaluate the quality of judgments and also to evidence the need
for modifications (changing questions of the survey, reordering elements, etc.) until the
consistency index is a maximum of 10%, a value indicated by Saaty (1990).

Once the first step of the method is done, the structuring of the conjoint analysis
begins. This technique is performed to obtain the usefulness that respondents attribute
to the relevant criteria (Malhotra, 2012), in this research, the competitive criteria. Thus
obtaining utilities by identifying the preferences of the respondents through the ordering
of cards. That is, after performing the conjoint analysis, the optimal combination of
characteristics (Hair et al., 2006) can be defined. Stimulus cards were developed to
perform conjoint analysis.

With the specific combinations (stimuli), the researcher seeks to understand the
preference structure of the respondent (Hair et al., 2006). This research will use the full
profile procedure, where complete profiles are built for all attributes (Malhotra, 2012).
And for each of the attributes, this research adopted 3 levels, they are “High”, “Medium”
and “Low”.

Aiming to make the model leaner, through the reduction of cards, the orthogonal
matrix was performed. This matrix presents sufficient combinations to analyze the
effects/utilities for each level of profiles/factors (Malhotra, 2012; Montgomery, 2012).
With these finalized steps, it was necessary to collect the ordering of stimuli to obtain
utilities for each of the competitive criteria. Additionally, given the nature (specific
preferences of the interviewees/company in question) that prevent generalizations of
the result and the sample size, the external validity cannot be evaluated. After the first
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and second stage of the method, the model is constructed through the integration of
AHP techniques and the conjoint analysis.

The concomitant use of the two techniques was necessary to overcome the
limitations. Because of this, both techniques were not fully implemented. AHP performs
comparisons only par-par, this way making it impossible to analyze all competitive
criteria at the same time. This limitation would cause the interviewee's analysis to be
complex and time-consuming, besides, impacting the respondent's consistency during
execution. However, for the preparation of the database, the AHP technique was used.
In that, it allows in a simple way, the paired analysis of all competitive criteria in relation
to each of the raw materials and AM technologies. As for the conjoint analysis, this
enables the analysis of all competitive criteria at the same time, however, the final result
of the technique, is the general usefulness. For this research, the “intermediate” utility
was used, i.e., of each of the competitive criteria. As well, using conjoint analysis to
implement the analysis of all competitive criteria in relation to each of the raw materials
and AM technologies would be complex and time-consuming. For that, it would take a
high number of stimuli to match all technologies and competitive criteria, thus making
the process unfeasible.

The integration was made by multiplying the priority vector by utility, thus obtaining
the resulting value. Once this has been done, the AM technology is indicated for the
situation in question. The model considers the characteristics of additive technologies
and competitive criteria, so that the indicated technology is aligned not only with
productive needs, but also with the organization's strategy. After indication, the
evaluation of the result is performed. If there are differences in relation to that acquired
by the interviewee, the causes are analyzed. If it's something attributable to the model,
it's reviewed and the process is repeated, if related to the decision-maker, the reasons
are evidenced.

Once the development phase is complete, the artifact was applied in real situations,
with the decision-maker, suppliers and specialists. Three different types of audiences
were selected in order to evaluate the indication of the model from dissimilar
perspectives. With an expert in the area, for its impartiality and knowledge to evaluate
the result; with a supplier of AM technologies and its commercial bias; finally, with the
final decision-maker and the actual situation and its variables.

By this means, the interviewee himself cast an experienced situation in which he
participated in the decision-making process, additionally, a questionnaire was applied
that can be visualized in Appendix A2. Based on this case, after the execution of the
artifact, it was verified whether the indication of the model fits the existing reality at the
time of decision making/purchase of the technology. So, the indication was compared
with the acquired technology, along to the survey responses and utilities obtained in
the conjoint analysis to be analyzed to verify whether they are aligned with the result.
Any discrepancies, are treated on the basis of the questionnaire and utilities obtained
to identify the cause.

In the end, the results were communicated. At this stage, the conclusions, the
results of the research, contributions, aspects of the model improvement, the limitations
and suggestions of future work were listed. In which the “Decision Support Model for
The Selection of Additive Manufacturing Technologies in Productive Systems” was
communicated through the availability of this research in a public access environment.
Dresch et al. (2015) advocate the importance that the knowledge generated can be
generalized to other situations/problems, thus allowing the advancement of general
knowledge.
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To add certainty as to the veracity of theory or work, it is necessary that it is
replicated, as such a way, the method must be concise and structured (Mentzer & Flint,
1997). From this perspective, the stages of data collection and analysis are presented.

3.1 Systematic review of the literature

The terms “Additive Manufacturing Technologies” and “Selection of Additive
Manufacturing Technologies” were researched in national and international databases.
No temporal clipping was used, given the objective of verifying the publications that
relate to the research issue, but also the search for a widely understanding of the
theme.

So, 1,874 results were obtained, where, after an analysis of the titles, 350 articles
were selected and categorized by theme and/or technology and/or subject addressed.
After categorization, it was necessary to create the following exclusion criteria:

* Articles of development of new materials that did not present characteristics about
the Additive Manufacturing machines in question;

» Experiments, studies or research with general information that does not add
knowledge to the theme of this research.

A total of 136 articles were selected. These will be used in the construction of
section 2 - Theoretical Framework. Of these, 6 articles related to the theme of this
research. To select these six studies, only the works that effectively proposed some
method, model, framework and/or tool for selecting AM technologies were considered.
It is perceived that these 6 articles represent only 2% of the total selected.

Figure 2 illustrates the time horizon in the academic environment of the term
“Additive Manufacturing”. The surveys were divided into two time clippings to highlight
the increase in the number of surveys in the last three years.
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1,000
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5,883
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Figure 2. Time Horizon of the term “Additive Manufacturing” Source: Veit (2018).

The results suggest that AM technologies have received greater attention from the
scientific community since 2015. For when compared to this three-year period with the
last twenty years of research, it is noticed that there has been an increase of almost
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300%. However, although the research increased significantly, the problems described
in the previous section, including the lack of comparability tools, gap in the literature,
among others, remain.

Besides, of the 6 research on the selection of AM technologies, four have occurred
in the last 4 years. Suggesting that this topic has not received attention from part of the
academy, however, it indicates that this subject begins to be debated by the academic
community, still in an unsatisfactory way. This research can contribute to reducing the
lack of tools to support decision making regarding the selection of Additive
Manufacturing technologies in production systems. Furthermore, studies show that
approximately 80 to 90% of companies do not yet have experience or are
experimenting/testing AM technologies (Ernst & Young GmbH, 2016; Sculpteo, 2017).
This way, it is highlighted the increasing importance of selecting AM technologies.

Research on AM was found in several segments, such as the area of health
sciences (Brunello et al., 2016; Fatemi et al., 2017; Pucci et al., 2017; Yao et al., 2016;
Schelly et al., 2015; Tsai & Wu, 2014), engineer (Ding et al., 2015; Holmes & Riddick,
2014; Kara, 2013; Li et al., 2017; Vartanian & McDonald, 2016; Yasa & Kruth, 2011),
biological science (Delgado et al., 2010; Mazzoli, 2013; Poh et al., 2016; Zadpoor,
2017), among others. These studies corroborate the fact that AM is and will be used in
the most diverse applications (Ernst & Young GmbH, 2016; Grynol, 2012; Sculpteo,
2017; Zhai et al., 2014).

There are difficulties and lack of studies on the selection of Additive Manufacturing
technologies (Gokuldoss et al., 2017; Park & Tran, 2017; Rao & Padmanabhan, 2007).
The results found show that there are limitations regarding the selection of AM
technologies, thus having room for new propositions. Meaning, in fact, this research
will help to reduce existing gaps, at least partially. These gaps refer to the parameters
considered for evaluation, the inclusion of competitive criteria and consequent
translation of the organization's strategy, process automation, productive system
objectives and decision-making support.

3.2 Data collection and analysis

In this section, data collection and analysis is explained. The collection was carried
out in three stages, the first supports the awareness of the problem through the
literature review, the second refers to obtaining technical information for the artifact
database and, finally, the third that refers to the execution of the conjoint analysis.

The first data collection was the systematic review of the literature performed
according to Appendix A2. This review aimed to relate the object of research with the
literature within the scope of production systems, selection of technologies, competitive
criteria and Additive Manufacturing and its technologies. The research supported the
awareness of the problem (Step 1 of the Working Method).

Subsequently, the second data collection was carried out that refers to the technical
information of AM technologies. From the technical catalogs of the printers of AM
technologies, considered in this research, the technical information was collected for
the elaboration of the computational tool database. Because it is a documentation
made available by the respective manufacturers, it was not necessary to validate the
information. For the selection of manufacturers that make up the database, all listed in
the publication of the 3D Hubs (2016) was used. This publication was used as a
selection criterion, because 3D Hubs is the world's largest network of manufacturing
services, being a platform that offers 3D printing, CNC machining and injection molding
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through a network of more than 7,000 partners. According to 3D Hubs (2016), these
manufacturers are the most popular with AM technology equipment. Regarding the
9 selected AM technologies, these besides being the most prominent in the literature
review, are the most commonly used in the industry (Redwood, 2017).

For the preparation of the database, the main technical characteristics of the
catalogs of all manufacturers were collected and subsequently related to the
characteristics evidenced in the literature (Table 2). In which, it was found that the item
“Surface Quality” was not included in the manufacturers' catalogues. The database for
manufacturers' information on printers can be verified in Appendix A1. For each of the
identified items, the following criteria were used:

* Speed: considered the highest speed found among the manufacturers of each of
the AM technologies;

* Maximum prototype size: currently, industrial machines practically do not have this
barrier. Because of this, in the technologies in which it was possible, an average
and similar size was selected between them:;

» Accuracy: considered the highest precision found among the manufacturers of each
of the AM technologies;

* Layer thickness: Considered the lowest layer thickness found among the
manufacturers of each of the AM technologies;

* Price: Considered the average value found on the manufacturers' website or on the
Aniwaa website. Aniwaa is an information platform on Additive Manufacturing
technologies;

» Surface quality: if it is flagged as an advantage (“+”) by the literature, adding “+1” to
the note assigned to perform the paired analysis of technologies;

» Material (Appendix A3): all raw materials indicated by manufacturers for each of the
Additive Technologies were considered.

After the computational tool project, the third data collection was performed. In
which the computational tool was applied in order to verify the usefulness of the model.
This data collection was performed in three moments.

The first step refers to a questionnaire composed of open questions. Open
questions were used, as they are used for more in-depth and more accurate research
(Dresch et al., 2015). This questionnaire has two objectives: i) assist in the analysis of
the results, where the result of the conjoint analysis and the artifact will be related to
information from the interviews in order to support the recommendation and/or solve
any divergences; and ii) make the interviewee remember the situation at the time of the
decision-making process regarding the acquisition of additive technology.
The questionnaire is presented in Appendix A2. Additionally, the interviews were
analyzed comparing the answers with the utilities obtained through the ordering of the
cards.

The second stage deals with the presentation of the chart of definitions of the
competitive criteria and its relationship with certain characteristics of additive
manufacturing technology equipment contained in Table 4 for the interviewees. This
chart was presented before the start of issues related to competitive criteria. Where,
the interviewees made the reading to understand the concepts and eventually answer
doubts. In addition, the definition scan ensured the correct understanding/definition of
the concepts used in this research, besides ensuring that all interviewees have the
same understanding.
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Table 4. Definitions and relation of competitive criteria with certain characteristics of Additive
Technologies.

Characteristic of

Competitive Definition Additive Relationship
Criteria
Technology
Cost Cost for acquisition. Acquisition value The smaller the
better
The company's ability to adapt its Maximum size of ~ The bigger the better
Flexibility products to customer needs or to an prototypes The smaller the
individual customer. Layer thickness better
Offer products that are produced " .
Quality according to pre-established Sur?giglsQI%r;Iity mg E:ggg:ﬂ: ggﬁ:;
standards and low defect rate. 99
The company's ability to deliver
Velocity products in the shortest possible Velocity The bigger the better

time.

Source: The Authors (2020) based in (Ernst & Young GmbH, 2016; Mahamood et al., 2014; Tran et al.,
2017; Wheelwright, 1984).

Finally, in the third stage, the cards, called stimuli, are used, which are necessary
for the execution of the conjoint analysis. With the specific combinations of stimuli, the
researcher seeks to understand the preference structure of the respondent (Hair et al.,
2006). The cards are organized by the participants in order of preference, according to
the competitive criterion (and their relation with a certain characteristic of AM
technology equipment) that most represent the desired attributes in the production
system at the time of the process of decision/acquisition of the technology in question.
The cards used in this search can be viewed in Appendix A4.

With regard to the sample, there are no restrictions on the demographic region, only
that the company is located in Brazil, regardless of whether it is a parent or subsidiary.
So, this research will work with companies that, along with working in Brazil, are
investing in AM technologies in Brazil.

As for the delimitations, three are presented: only positions related to production
systems are accepted, the company in question has AM technology equipment
implemented and, finally, that the interviewee participated in the decision-making
process/purchase of additive technology. These criteria are fundamental to allow the
correct validation or not of the model. The reasons for these delimitations are: regarding
the position, due to the focus of this research being the productive systems; related to
having the equipment, so it is possible to verify the effectiveness or not of the model
and also by the experiences acquired in the decision-making process; finally, having
participated in the decision-making process, purpose is to have participants who are
aware of the technology acquired, besides having passed through the process as a
whole (information difficulties, learning, etc.).

This work will use convenience sampling, in which according to Hair et al. (2005) and
Malhotra (2012) a sample of elements is obtained based on the convenience of the
researcher, that is, according to availability, besides being a low cost and quick way to obtain
the results. This method is also used in the exploratory phase, where the goal is to develop a
hypothesis or get a better view on a problem in question (Hair et al., 2005; Malhotra, 2012).

However, the reasons for this research have used convenience sampling, it is not
only issues of availability and/or ease, but for questions presented in advance. Such
as: the existence of few companies that use AM technologies, the fact that Additive
Manufacturing is not widely disseminated in Brazil, the deficiency of information both in
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the academic and business environment and the need for respondents who have
participated in the decision-making process.

As for the reasons for choosing the Supplier, in addition to the communication
channel, existing between the Supplier and the University due to participation / support
in other research, the company in question operates in the area of Additive
Manufacturing Technologies for 30 years and is currently recognized as a world leader
in 3D printing, that is, consolidated company and relevance for participation in this
research. In addition, it has offices in Brazil, Mexico, Chile, the United States, Germany,
Israel, Japan, South Korea, India and Australia, totaling approximately
2,500 employees. Working in the automotive, products, medical, dental and aerospace
segments in FDM, SLA, EBM, SLS and MJ technologies.

Regarding the Specialist, in addition to the communication channel between the
Supplier and the University due to participation/support in other research, with respect
to qualification, he is a mechanical technician by the Jacarei Institute of Technology,
graduated in Mechanical Industrial Engineering from the Portdo State Technical School
(ETEP) and holds a Master's degree in Aeronautical and Mechanical Engineering from
the Technological Institute of Aeronautics - ITA. Besides that, he has experience in the
area of conventional and unconventional manufacturing processes: machining,
vibration control in high speed cutting and Additive Manufacturing. Works
professionally in the area of Integrated Solutions in Metalmechanics, works in
innovation projects related to the manufacturing area and AM technologies. That is, the
Specialist works in the area of AM technology, as well as indicating the AM
technologies for the situation presented, in addition to its academic/professional
performance being aligned with the general objective of this research.

4 Proposition and model development

For the development of the artifact, two techniques were used in a combined
Analytic Hierarchy Process (AHP) and conjoint analysis. The partial use of the two
techniques was necessary to overcome the limitations, the HPA due to the execution
of comparisons par-par and the conjoint analysis by complexity to analyze all criteria.
The Figure 3 presents the statistical structuring of the model.
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Figure 3. Structuring statistical techniques in the Model. Source: The Authors (2020).
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The construction of the model is divided into two stages, they are the execution of
the AHP technique and the Conjoint Analysis. For the application of AHP, the next steps
were followed: (Piran et al., 2018; Saaty, 1983, 1990; Thanki et al., 2016):

1. Construction of the hierarchy of the decision;
Comparison among hierarchy elements;
Analysis of the relative priority of each criterion;
Assess the consequences of relative priorities;

S A

Construction of the parity-check matrix for each criterion, considering each of the
selected alternatives;

6. Obtaining the compound priority for the alternatives;
7. Choice of the alternative.

Steps 1, 2, 3, and 4 were not performed, as these are related to the process
of choosing the AHP technique. And for this process, this research used Conjoint
Cnalysis (next section), this article will present the integration of AHP with
Conjoint Analysis.

For each of the competitive criteria, a relation was established between the
competitive criterion and the printer feature, validated by a specialist.
As presented in the data collection section, this specialist was chosen, among
other reasons, because he has qualification in the area and for acting
professionally in the implementation of Additive Manufacturing technologies, in
addition to conduct/having conducted academic research in the area of AM. This
relation can be viewed in Table 5.

Table 5. Relation between competitive criteria and additive technology characteristics.

Competitive Characteristic of Additive . .
I Relationship

Criteria Technology

Cost Acquisition value The smaller the better

Flexibilit Maximum size of prototypes The bigger the better

Y Layer thickness The smaller the better

Qualit Precision The bigger the better

y Surface Quality The bigger the better

Velocity Velocity The bigger the better

Source: The Authors (2020).

Subsequently, the values of each database technology were distributed in a
normalized manner in the Saaty Scale. For this, the first stage was the
normalization of the data, where the difference between the highest and lowest
value was made and the result divided by 9 (maximum number of the Saaty
Scale). With the result, the second stage began, from the minimum value
selected, among the AM technologies, for each competitive criterion, the result of
normalization was added to the distribution between the 9 numbers of the scale.
The Table 6 displays the scale used for each of the competitive criteria
considering the characteristics of each technology.
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Table 6. Classification Scale.

Competitive . _— .
Criteria Quality Cost Flexibility Velocity
Characteristic Maximum size Layer
of Additive Precision Cost -ay Velocity
Prototype Thickness
Technology
1 170 umor  $220,000.00 or 0.009 m? 337 ymor 0.00059 mrmvh
more more more
2 155 ym $ 205,000.00 0.01263066 m® 297 um 0.0024 mm/h
3 140 ym $ 190,000.00 0.0361 m® 257 um 14 mm/h
% 4 125 um $175,000.00 0.03822 m® 217 um 16.65 mm/h
% 5 110 ym $ 160,000.00 0.05851678 m®* 177 um 32 mm/h
©
@ 6 95 um $ 145,000.00 0.06936 m® 137 ym 76.2 mm/h
7 80 um $130,000.00 0.07056 m® 97 um 1828800 mm/h
8 65 um $ 115,000.00 0.4655 m® 57 ym 28800000000 mm/h
9 50 um $ 100,000.00 1.22mormore 17 um 34800000000 mm/h

Source: The Authors (2020).

With the defined scale, the material matrix was elaborated. This matrix aims to
group technologies by worked material. For, there is no need to perform the paired
analysis of all AM technologies together, due to the fact that each AM technology works
with certain materials. Figure 4 displays the matrix of raw materials. As the matrix
output is the Comparison Matrices and the Normalized and Priority Vector Matrices,
both obtained using the AHP Technique and the Saaty Scale, as explained earlier.
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Figure 4. Additive Manufacturing Technology Classification Matrix according to The Raw
Materials Worked. Source: The Authors (2020).

The other raw materials contemplated in this research are not listed. This is due to
the fact that they are used by a single technology, thus dispensing the usage of this
model. It can be affirmed that in this case, of exclusive raw material of a single
technology, it is a qualifying criterion — because AM technology is chosen instantly.

According to the raw materials contemplated, the technologies are classified, and
the comparison matrix is carried out. This array is important for establishing priorities
between the elements of each hierarchy level (Piran et al., 2018). For each material,
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the comparison matrix was executed amongst the technologies that use a particular
material. After that, the normalization of the data was performed. The normalization of
priority matrix data is obtained by dividing the value of each component by summing all
column values (Piran et al., 2018). Subsequently, the priority vector is performed,
obtained through the average of the normalized values of each competitive criterion
(Piran et al., 2018). Table 7 displays the priority vector for each of the raw materials
and their AM technologies. The materials not listed work with only one of the nine

technologies used in this research — thus dispensing with paired analysis.

Table 7. Comparison Matrix - Material x Technology.

VECTOR PRIORITY - STANDARD MATRIX

MATERIALS TECHNOLOGY CoST FLEXIBILITY __ QUALITY __ VELOCITY
Nickel Alloy et [Dess dor 0.400000000 0.083369266 0.732759740 0.053023855
Modeling (FDM)
Nickel Alloy E'ec"°“(Eg";\‘A")‘ Melting 4 500000000 0.845650187 0119274892 0575166243
Nickel Alloy Se'e‘:ti"e(st,fﬂe)r Melting 4 500000000 0507186273  0.087911255  0.081685498
. Laser Engineering Net
Nickel Alloy Shape (LENS) 0.200000000 0.563794274  0.060054113  0.290124405
Titanium Alloy ~ -used Deposition 0.400000000 0.083369266 0.732759740 0.053023855
Modeling (FDM)
Titanium Alloy E'ec"°“(Eg";\‘A")‘ Melting 4 500000000 0.845650187 0119274892 0575166243
Titanium Alloy Se'e‘:t"’e(st,fﬂe)r Melting 4 500000000 0507186273  0.087911255  0.081685498
o Laser Engineering Net
Titanium Alloy Shape (LENS) 0.200000000 0.563794274  0.060054113  0.290124405
Polymer Material Jetting (MJ)  0.072587421  1.027140468 0.042118529  0.750000000
Fused Deposition
Polymer Modeling (FDM) 0.106300272  0.549152731 0.581769465 0.083333333
Polymer Laminated Object 4 735500124 0179303233  0.188056003  0.083333333
Manufacturing (LOM)
Polymer  Stereolithography (SLA) 0.084492183  0.244403567 0.188056003 0.083333333
Tool Steel Tsee PEpesier 0.500000000 0.128086755 0.808441558  0.103328469
Modeling (FDM)
Tool Steel Se'ec“"‘iéffﬂe)r Meling () 550000000 0.926855317  0.117604618 0174136613
Tool Steel  -@SerEngineering Net 555000000  0.945057928  0.073953824  0.722534918
Shape (LENS)
Photopolymer  Material Jetting (MJ)  0.261111111  0.916371863  0.064018219 0.818181818
Fused Deposition
Photopolymer Modeling (FDM) 0411111111  0.658782394  0.499240891  0.090909091
Photopolymer  Stereolithography (SLA) 0.327777778  0.424845742  0.436740891  0.090909091
Alloy Stainless Fused Deposition
e Modeling (FDM) 0.500000000 0.128086755 0.808441558  0.103328469
Alloy Stainless  Selective Laser Melting  , ,=4500000  0.926855317  0.117604618  0.174136613
Steel (SLM)
Alloy Stainless Laser Engineering Net
e Shape (LENS) 0.250000000 0.945057928  0.073953824  0.722534918

Aluminum Alloy

Aluminum Alloy

Aluminum Alloy
Copper Alloy

Copper Alloy

Chrome-Cobalt
Alloy

Fused Deposition
Modeling (FDM)
Selective Laser Melting
(SLM)

Laser Engineering Net
Shape (LENS)
Fused Deposition
Modeling (FDM)
Laser Engineering Net
Shape (LENS)
Electron Beam Melting
(EBM)
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0.500000000

0.250000000

0.250000000

0.666666667

0.333333333

0.500000000

0.128086755

0.926855317

0.945057928

0.242857143

1.757142857

1.333333333

0.808441558

0.117604618

0.073953824

0.900000000

0.100000000

0.666666667

0.103328469

0.174136613

0.722534918

0.142857143

0.857142857

0.875000000
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Table 7. Continued...

VECTOR PRIORITY - STANDARD MATRIX

MATERIALS TECHNOLOGY COST __ FLEXIBILITY _ QUALITY _ VELOCITY

Chrome-Cobalt  Selective Laser Melting , 500000000  0.666666667 0.333333333  0.125000000
Alloy (SLM)

UV Cured

Plastic / Heat Material Jetting (MJ) 0.500000000 1.100000000 0.142857143 0.900000000
Resistant / Gray
UV Cured

Plastic / Heat  Stereolithography (SLA) 0.500000000 0.900000000 0.857142857  0.100000000
Resistant / Gray
Fused Deposition
Modeling (FDM)
Selective Laser

Polystyrene 0.666666667 0.642857143  0.900000000 0.166666667

Polystyrene Smtorne (5L8) 0333333333 1.357142857  0.100000000 0.833333333

Thermoplastic  Fused Deposition  gaeesaa67 0642857143  0.900000000  0.166666667
Polymer Modeling (FDM)

Thermoplastic  Selective Laser 0.333333333  1.357142857  0.100000000 0.833333333
Polymer Sintering (SLS)

Acrylic (Similar)  Material Jetting (MJ) - - - -

Synthetic . .
Ceramic Sand Binder Jetting (BJ) - - - -

Rubber Material Jetting (MJ) - - - -
Laminated Object

Cellulose Manufacturing (LOM) B ° - -
Elvareles Fused Deposition ) ) ) i
9 Modeling (FDM)
WFi’tIiTPf"lLamIeer:]te Fused Deposition ) ) ) i
Py Modeling (FDM)
glycol
Polymer .
filament with Fﬁigglaea%t&%‘ - - _ _
wood fibers 9
Polymer .
filament with Fused pep03|t|on ) ) ) i
; Modeling (FDM)
copper particles
Polymer .
filament with Fﬁigglaea%t&%‘ - - _ _
Bronze powder 9
Laser Engineering Net B ) ) )
Cobalt Alloy Shape (LENS)
Laser Engineering Net
Refractory Alloy Shape (LENS) - - - _

Cast Metal  Stereolithography (SLA) - - - -

Iron and
Chromium Binder Jetting (BJ) - - - -
Oxide
Polyamide Sglect.ive Laser B B B B
Sintering (SLS)
Polyamide with Selective Laser
carbon fibers Sintering (SLS) B B B B

Polycarbonate Stereolithography (SLA) - - - -
Source: Search Data (2019).

The criterion with higher priority vector has a greater impact on the central objective
of the analysis (Piran et al., 2018). Finally, for each of the priorities, it is necessary to
carry out the assessment of the consistency of the relative priorities. The ratio of
consistency should be 10% or less to be acceptable, if not, the quality of the analyses
should be improved (Saaty, 1983). All results were acceptable as set out in Table 8,
raw materials with two or fewer technologies is not calculated consistency and finally,
the other raw materials are used by a single Additive Manufacturing technology.
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Table 8. Obtained Consistencies.

Raw Material
g
5 s
- 3 g e
= 2 © L
ug’ § < ) 8 E o k7
9 = 0 E =4 Q 3 ] g.
£ 5 (<} 9 7] = Py Q o 5 1)
5 3 £ = g K £ g = o 2 £
< — S = =1 173
s 8§ 3 F 2 5 5 8§ E R o3 g
Z = o n o n < o o o o S
© Cost 0.00% 0.00% 2.40% 0.00% 4.79% 0.00% 0.00% - - -
5 Flexibility -
Q 0, 0, 0, 0, o, 0, 0, . - - -
g Prototype Size 1.50% 1.50% 1.40% 2.67% 2.81% 2.67% 2.67%
g Quality 8.00% 8.00% 0.07% 9.52% 0.02% 9.52% 9.52% - - - - -
"i Velocity 711% 7.11% 0.00% 4.25% 0.00% 4.25% 4.25% - - - - -
£ Flexibility -
8 Layer 410% 4.10% 0.00% 3.86% 0.00% 3.86% 3.85% - - - -
Thickness

Source: Search Data (2019).

After the AHP technique, the development of the conjoint analysis begins.. This is
used to evaluate consumer judgments on product and service attributes (Green &
Wind, 1975). Stimuli are used for the execution of the conjoint analysis, in this research,
cards were used. With the specific combinations (stimuli), the researcher seeks to
understand the preference structure of the respondent (Hair et al., 2006). Profiles were
made considering all the possibilities/variations. And also, for each of the attributes,
this research adopted 3 levels, they are “High”, “Medium” and “Low”.

As there are three levels for each of the four factors (competitive criteria), so there are 64
combinations (4*3). In order to make the model lean, the fractional factorial method was used
to reduce the amount of combinations to a smaller number; the result is called orthogonal
matrix. This matrix presents sufficient combinations to analyze the effects/utilities for each
level of profiles/factors (Malhotra, 2012; Montgomery, 2012). This research obtained 9 stimuli
that can be visualized in Appendix A4. As examples of works that used fractional
method/orthogonal matrix one can mention (Chennakesava Reddy & Shamraj, 1998; Cobb
& Clarkson, 1994; Gokkus et al., 2017; Kc et al., 2016; Kim et al., 2005).

With the amount of stimuli defined, the process of execution of the conjoint analysis begins
through data collection. Initially, the interviewee should specify the used material, later, put the
cards in order to represent the situation experienced in the productive system in question.
Please note that the order should be made from the most preferred situation to the least. With
the ordering of the stimuli collected, the development of the conjoint analysis begins.

As for internal validity, it can be evaluated in terms of correlation between the values
data versus the estimated values for the dependent variable (Green & Srinivasan,
1978). In this work, the ordering of stimuli (cards) is a non-metric variable, so internal
validity should be estimated by the Kandall’s Tau, indicated for ordinal variables (where
there is ordering between categories). For confirmation of the reliability and validity of
the results Kendall's Tau values for normal cards should be significant (p < 0.050).

With the priority vectors obtained through the HPA and the utilities obtained for each of
the competitive criteria through the Conjoint Analysis, the model proposal started through the
integration of statistical techniques.
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The integration of AHP techniques and conjoint analysis is carried out by multiplying the
priority vector by the usefulness found for each of the competitive criteria for each of the
technologies. Multiplication is done to perform the composition of the functions. Scheme 1
shows the equation of the model proposed in this research and Table 9 shows the calculation.

— = Partial utility of level i for factor 1 + L
Additive Manufacturing Technologies — Partial utility of level j for factor 2 + - + X Priority Vector
in Productive Systems

partial utility of level n for factor m

Decision Support Model for Selection of [ (Total value for product) i ... nij

(Conjotnt Anatysts) (4HP)

Scheme 1. Decision Support Model for the Selection of Additive Manufacturing Technologies in
Productive Systems. Source: The Authors (2020).

Table 9. Calculation Statement - Artifact Indication.

Priority Vector / Utility

Technology Preferences
Cost Quality Flexibility Velocity
Tec. 1 vp1/ul vp1/ul vp1/ul vp1/ul
Tec. 2 Vp2/u2 vp2/u2 vp2/u2 vp2 / u2 2
Tec. “n” Vpn/un Vpn/un vpn/un vpn /un n

Source: The Authors (2020).

Where, the priority vector is multiplied by utility for each of the technologies. That is:
(tec1 vector priority cost x tec1 utility cost) + (....) + (vp1 x u1) = preference.
The technology with the highest resulting value (preference), refers to additive
technology that best suits the situation considered in the execution of the artifact, that
is, the output of the model developed in this research.

5 Results

This section presents the results of the artifact. The results will be presented in three
different aspects: the first will be relative to the decision-maker's point of view, the
second of the supplier and, finally, the specialist.

Regarding the decision-maker, this study worked with 2 respondents who were
interviewed. Table 10 shows the profile of both the interviewees and the company in
which they work at the time of the acquisition of the equipment.

Table 10. Interviewees' Profile - Decision makers.

Description Interviewee 1 Interviewee 2

Plastic branch for the civil

construction market Orthopedic medical field

Company operating area

Number of employees ~500 ~250
. . . Project Engineering /
Department at the time of purchase Engineering / Process Analyst Mechanical Designer
Year of acquisition of Additive Technology 2016/2 2017/2
Duration of the acquisition process 6 months 3 months
Time of work in the field of Additive
. 2 years 1,5 year
Manufacturing

Source: The Authors (2020).
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Although the companies of both interviewees work in different segments, they
worked in the same department in their companies and have practically the same
experience in the area of Additive Technologies. It is noted that, in both cases, the
decision-making process was alike (3~6 months).

Regarding Interviewee 1, through the questionnaire, some aspects were identified,
such as: the department that Interviewee 1 worked was focused on the development
of tools for plastic injectors, with this, additive manufacturing equipment was used
exclusively for the development of new products or tests, i.e. prototypes. This aspect
is evidenced in the following part “[...] as it is a plastic industry, it has many components
that have snap-fit system [...]. Then, basically it is used for developing new products
and dimensional changes and design changes.”

As for the decision of the needs to acquire AM equipment, it can be divided into
three factors, they are: presentation of prototypes/products, tooling cost and supplier
of AM technology. In relation to the presentation and validation of the components,
there was a constant difficulty in approving the products/prototypes through the
computerized presentation to the board. Therefore, AM technology would ease the
process, quoting a part from the interview, “[...] having him physically we had the idea
of trying to improve, this issue“ sell the idea better "in simpler terms.” Regarding the
cost of tooling, each new product requires new tools that have a high acquisition value,
as highlighted.“To manufacture a prototype direct at the factory, | had to stop a
machine, dedicate a machine just for that. I'd have to make some investment in tooling,
in mold, that's pretty high investments”. So AM technology would enable testing
manufacturing without this cost of tooling development.

As concerns to the competitive criteria, the speed criterion obtained greater
prominence. Due to the time of development of new tools for new products, the
development lead time was long. For this reason the department was constantly asked
harshly on deadlines by management. The return that AM technology brought to the
company was highlighted during the interview:

For example, if | prototype there in the Engineering department, | can do it
overnight, if not in the same day — depending on the part. When we had it
outsourced done, in addition to having the cost, to buy this prototype, they had all
those bureaucratic issues, making a purchase order, developing supplier,
delivering time of the supplier (10, 15, 30 days).

Finally, the competitive quality, flexibility and cost criteria were not considered
important, because the company's focus was to develop prototypes. Being this aspect
corroborated “These issues of print quality or print size was not so important.” And, with
respect to the cost criterion, it refers to a company's guideline in considering this
criterion in all acquisitions.

As for Interviewee 2, through the questionnaire, some aspects were observed, such
as: that it was focused on the development of prostheses and orthopedic devices,
which, in a way, each case is a prototype. Therefore, the device should adapt the
situation found in the patient's body.

In terms of the decision regarding the need to acquire AM equipment, it can be
divided into two factors, which are: company/Interviewee 2 research and AM
technology supplier. As for the research, during the interview, it is noticed that a greater
domain of existing technologies and research on AM technology was acquired.
As evidenced in the interview “We compared standard manufacturing with Additive
Manufacturing and came to a conclusion that the price and time of manufacture and

Gestéo & Produgao, 27(3), e5363, 2020 25/45



Selection of additive manufacturing...

process of each device would be less than the standard form of manufacturing.” and
“At the moment we researched that some of our devices could be manufactured in this
technology and applied in some manufacturing processes ...".

After all, the supplier for having a long-term relationship with the company also
played a prominent role in the process of selecting additive technology. So, the
indication of the technology, came from it as said “The company already had a
partnership that assist us in CAD and CAM, coming from this partnership, they
indicated to us this technology.”.

As for competitive criteria, the most important was the quality criterion. This way,
according to the interviewee, “Because we work in the medical field and all prototypes
have to be manufactured as close and accurate as the real’. Finally, competitive criteria
speed, cost and flexibility were not considered important. Speed due to the fact that the
company operates in the orthopedic area, such as surgical instruments. Where,
“accuracy and quality was what we sought, while speed ... was not necessary”. And,
for the same reasons, cost and flexibility were not highlighted. The important thing for
the company is to produce products or prototypes with quality and accuracy in order to
avoid future problems.

Synthesizing for Interviewee 1, the need to acquire the equipment arose from the
difficulty in approving new products with the company’s board. The lack of visualization
of the piece physically ready was a constant point of difficulty. For Interviewee 2, the
need for acquisition arose from the realization that part of the components could be
manufactured using Additive Manufacturing Technologies. In both situations,
manufacturing and project development are contemplated in the relationship of the
production system with the manufacturing system proposed by Black (1998). In addition
to that, these investments are becoming a competitive weapon for the production
system of these organizations, as stated by Skinner (1974).

Table 11 displays the usefulness found using IBM SPSS, version 25, to perform
conjoint analysis based on the ordering of the cards performed by Interviewee 1.

Table 11. Utility - Interviewee 1.

Competitive Criteria Intelr-:/tilg\tn)l’ee 1
Cost 1,0000
Flexibility -3,0000
Quality -1,0000
Velocity 5,0000

Source: The Authors (2020).

Based on the utilities obtained, it is verified that quantitative analysis is aligned with
qualitative analysis (interviews x utilities). Since Interviewee 1 stated that the most
important competitive criterion was speed and the lowest was flexibility. Cost and
quality were not highlighted, cost because it is normally considered by the company in
all acquisitions and quality, because it is a printer used only for prototypes, items such
as accuracy and surface quality were not considered. Table 12 displays the usefulness
found using IBM SPSS, version 25, to perform conjoint analysis based on the ordering
of the cards performed by Interviewee 2.
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Table 12. Utility - Interviewee 2.

Competitive Criteria Intelr-:/tiiclei:\)l’ee 2
Cost 0,3333
Flexibility 0,6667
Quality 6,0000
Velocity 0,3333

Source: The Authors (2020).

Based in the utilities obtained, it is verified that quantitative analysis is aligned with
qualitative analysis (interviews x utilities). Interviewee 2, being from the orthopedic
area, highlighted several times the importance of the component having quality
(accuracy and surface quality), which is why the criterion speed and cost would not
have so much importance for the application.

Finally, Kendall's Tau value was 0.817 (Sig. 0.001) for Interviewee 1 and
0.957 (Sig. 0.000) for Interviewee 2. Using as a basis a significance level of less than
0.050, the values found prove the reliability and internal validity of the research.
For Interviewee 1, the model indicated MJ technology. For Interviewee 2, the model
indicated FDM technology.

Referring to the Supplier, for model execution/evaluation, the Supplier chose to use
a hypothetical scenario in which the MJ Technology printer is intended for rapid
prototyping, where parts are used only for design and visual validation. That is, the
characteristics of precision and surface quality linked to the competitive quality criterion
should have a greater emphasis on this situation. Being manufactured with
photopolymer material. Table 13 displays the usefulness found using IBM SPSS,
version 25, to perform conjoint analysis based on the ordering of the cards performed
by Supplier.

Table 13. Utility- Supplier.

Competitive Criteria Sﬂsgltxer
Cost -0,6667
Flexibility 0,6667
Quality 6,0000
Velocity 0,3333

Source: The Authors (2020).

As observed, the criterion of greatest importance was quality. This result is aligned
with the informed situation, where, the technology will be used for design and visual
validation. Consequently, Kendall's Tau value was 0.857 (Sig. 0.001), using as a basis
a significance level of less than 0.050, the values found prove the reliability and internal
validity of the research. For the Supplier, the model indicated FDM technology.

Finally, with regard to the Specialist, for execution / evaluation of the model, the
specialist, chose to use a scenario in which he had worked/finished in the week when
the evaluation of the artifact of this research was scheduled. The scenario was an MJ
Technology printer used in a metallurgical industry with the need to manufacture 4
similar prototype models for design and geometry visualization. Being the components
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manufactured with the polymer material. As requirements, a surface finish and
affordable price were specified, that is, characteristics of the equipment linked to the
competitive criterion quality and cost. Table 14 displays the utilities found based on the
ordering of the cards made by the Specialist.

Table 14. Utility — Specialist.

Competitive Criteria SpL:ath:Iigist
Cost 3,0000
Flexibility 1,0000
Quality 5,0000
Velocity 1,0000

Source: The Authors (2020).

As observed, the criterion of greatest importance was the quality followed by cost.
Being this result aligned with the informed situation, since the informed requirements
were affordable cost and surface finish. Finally, Kendall's Tau value was
0.873 (Sig. 0.001), using as a basis a significance level of less than 0.050, the values
found prove the reliability and internal validity of the research. For the Specialist, the
model indicated FDM technology.

6 Discussion

In this chapter, the results obtained with this research are discussed. Being
presented in three stages, the first deals with the results of the decision-maker, the
second of the supplier and the third of the specialist. Additionally, this section refers to
the implementation of the general objective.

As shown in Chapter 5, for Interviewee 1, artifact recommended Jetting Material
Technology (MJ). However, in the interview, it reported that the FDM technology was
acquired by the company. Possible hypotheses for this difference are: lack of
knowledge of MJ technology, prioritized criteria, search form, cost and technical
assistance.

As for knowledge about MJ technology, in new contact, Interviewee 1 stated that he
has no knowledge about this technology. However, analyzing the final products
produced by the company, we highlight the applicability of this technology in the
existing situation. This point contributed to show the influence that the supplier had on
the acquisition process, since Interviewee 1 conducted few research on the existing
AM technologies in the market. Additionally, it also illustrates the existing and subjective
advantages that a particular supplier has when working with the company or by
introducing the idea for a particular company.

Regarding the competitive prioritized criteria, as presented earlier during the
decision-making process, the speed criterion was prioritized due to the needs of the
sector in which the interviewee worked, which is why he obtained a significant
usefulness in this criterion. Additionally, the cost was a variable considered by the
company in all acquisitions, which is why it obtained a positive utility, however, low.
When analyzing the Artifact database, it is verified that among the technologies that
work with the indicated material, the MJ has the highest speed and intermediate
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acquisition value. That is, based on the utilities and characteristics of technologies, the
Artifact is indicating the one that best suits the prioritized characteristics.

Regarding the cost factor, as stated in the interview, superficial research was
conducted on other printers, but, as they had a higher acquisition value, they were not
consulted/detailed. On this subject, follows a part of the interview: “(...) Yes, it was
evaluated, but by the cost subject we ended up not deepening this analysis (...) so we
closed with the cheapest”. This fact also contributed to illustrate the
preference/influence that the supplier had during the decision-making process, since it
was the only one contacted.

In the end, due to the fact that technical assistance is close by and the tests were
accepted, Interviewee 1/ Company chose to acquire The FDM Technology. A part from
the interviewee's speech that subsidizes the discussion: “[...] then, technical assistance
being close by was decisive as well.”.

As for Interviewee 2, the model recommended Fused Deposition Modeling
Technology (MDF). After the decision-making process, company/Interviewee 2 opted
for FDM Technology, the same indicated by artifact. Factors that contributed:
knowledge of technology, prioritized criteria, comparison between technologies
(traditional x additive) and technical assistance.

Unlike Interviewee 1, Interviewee 2/Company, conducted several research on AM
technology that were budgeting. This know-how about the equipment contributed to the
decision-making process regarding the acquisition of the equipment. This question is
illustrated in the following part from the interview: “We research the pros and cons of
this new technology, because in our field in Europe it is common to use this
technology.”.

Additionally, company/Interviewee 2 performed comparative analyses between
Additive and traditional manufacturing technologies. It is noteworthy that for the
application of the company, they concluded that due to the acquisition cost, time and
manufacturing process, they should opt for an Additive Technology. This fact deals
mainly with “prototypes”, since, in the orthopedic area each case is different. In the
words of Interviewee 2: “We compared with standard manufacturing with Additive
Manufacturing and came to a conclusion that the price and time of manufacture and
process of each device would be less than the standard form of manufacturing”.

Another point that deserves to be highlighted, as evidenced in the conjoint analysis,
is that the competitive quality criterion was valued by Interviewee 2. One of the reasons
is due to the fact of acting in the orthopedic field, where it is important that there is
precision at the expense of speed, for example. This item can be evidenced in several
parts of the interview, such as: “Quality, because we work in the medical area and all
prototypes have to be manufactured as close as possible to the real.” Additionally,
when analyzing the database, the technology that has the highest precision
(contemplates competitive quality criterion) is the FDM.

Finally, it is worth highlighting three aspects. i) As well as Interviewee 1, Interviewee
2 basically dealt with a supplier/salesman partner. However, unlike Interviewee 1, he
conducted research on AM technology that was in the process of acquiring. ii) Both
interviewees highlighted the fact that technical assistance was close by. iii) Both
answered that they did not miss having a tool to support decision-making regarding the
selection of AM technologies, and information from the supplier was sufficient. Though,
as evidenced, it is important to have other forms of information to support choice. This
way avoiding the acquisition of a technology applicable to the situation, but not the most
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recommended (case of Interviewee 1), or research on AM technologies in unreliable
sources (eventually, may have occurred in the case of Interviewee 2).

About the Supplier, the Artifact recommended Fused Deposition Modeling
Technology (FDM). Nevertheless, it reported that Jetting Material Technology (MJ) was
being considered for the illustrated situation. The Supplier's analysis in response to the
result found: the parts produced with FDM technology have greater resistance, being
recommended for situations where the prototypes/manufactured components will be
submitted to functional tests; MJ technology has superior surface quality; FDM
technology can be used in the exposed situation.

For the hypothetical situation tested, where, it is desired to validate design and
visual, both technologies could be used, as stated by supplier. However, it is necessary
to define which equipment characteristics in question would be most relevant to this
application — superior surface quality or greater component strength. Because it is a
hypothetical situation, the Supplier did not pre-define whether or not functional tests
would be necessary (higher resistance) or only surface with superior finish, so the
indication of the artifact could or may not be according to what is expected..

With regard to the superior surface quality of MJ technology, this data is compatible
with the information contained in this research database. This contributes to evidence
the accuracy of the information collected in the literature review, since this criterion was
committed exclusively by the information obtained through the academic articles.

Finally, as for the Specialist, the Artifact recommended Fused Deposition Modeling
Technology (FDM). Despite this, it reported that Material Jetting Technology (MJ) was
being considered for the actual situation explained. The expert's analysis in response
to the result found: the FDM technology will only be presented to the client if the MJ
technology does not meet the variable acquisition value; in this case, the customer is
willing to invest more to obtain a product that provides better surface quality.

For the actual situation tested, it is intended to manufacture 4 similar prototype
models for design and geometry validation, both technologies could be used, as stated
by the Specialist. When analyzing the database and statistical results, it is concluded
that the artifact is indicating the FDM technology because it has a greater accuracy in
relation to the MJ, even the MJ with surface quality, the difference in relation to
accuracy is expressive. Additionally, according to the database of this research, FDM
technology has a 10% acquisition value lower than MJ technology.

However, the situation used by the Specialist indicated a point of improvement of
the artifact for future work. In this case, as informed, the company that was acquiring
the equipment had a preference for a technology that would enable a higher surface
quality. This feature is met by MJ technology.

After all, however, even during the paired analysis, the “+1” was added due to the
existence of surface quality, this action was not sufficient to impact the final result.
Thus, it is suggested that future research contemplates the identification of the criterion
of greater importance for the respondent. Thus receiving an extra weight that is able to
correctly influence the final indication of the model. In this way, the model will have the
ability, for example, to indicate an Additive Manufacturing technology that has surface
quality over accuracy — if so, the decision-maker needs it.

Finally, it is concluded that the indication of the artifact is correct from a technical
point of view. Nevertheless, in this case, the customer wants a superior surface quality
to the detriment of other characteristics, which is why MJ technology was offered.
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7 Final considerations

The general objective of this research was to propose a model to support decision-making
based on the characteristics of additive technologies and competitive criteria for the selection
of Additive Manufacturing technologies in production systems.

After the construction of the artifact, it was evaluated from three perspectives:
decision-maker, supplier and specialist. For the decision-maker, the artifact was
evaluated in two different situations; for Interviewee 2, the indication was according to the
acquired technology and the criteria that stood out were evidenced in the interview.
In Interviewee 1, the indication was different from the technology acquired, however, as
evidenced in the interview, the indicated technology was aligned with the criteria
highlighted in the interview. Where, it was concluded that the artifact was correct,
however, among the reasons highlighted above, it highlights the possible interference of
the supplier/seller and the lack of research on the part of the organization/Interviewee 1.
And, both from the perspective of Supplier and Specialist, the artifact indicated the
technology applicable to the situation in question. Based on the final comments of the
Supplier and Specialist, two works were generated for future research to be explained at
the end of this section. Thus, in the three tested optics, the artifact worked correctly.

The research generated other contributions to the academic and/or business
environment. The first contribution refers to the reduction of the gap in the literature
and organizations regarding the comparability between technologies and research in
the area of selection of additive technologies. As evidenced, this lack of information
dificults the selection process in organizations. (Gokuldoss et al., 2017; Park & Tran,
2017; Rao & Padmanabhan, 2007). Additionally, the set of specifications and
guidelines gathered also contributed to the increase of technical information available
to the scientific community. In addition, this model is able to capture the overall
structure of reality to ensure its usefulness, an important item for Design Science
Research (Collatto et al., 2018; Dresch et al., 2015).

The second contribution is aimed at organizations. This research linked the
competitive criteria at the time of the selection of additive technology, making the
company's strategy related at the time of decision-making. Therefore, organizations will
be able to maintain or achieve competitive advantages, considering a way to
differentiate themselves from competitors. (Hum & Leow, 1996; Manzini et al., 2004;
Pacheco et al., 2014; Slack & Lewis, 2009; Thirer et al., 2014).

The third contribution refers to decision-making. The artifact aims to support
decision making. As pointed out during this research, each AM technology has
advantages and disadvantages that can be more or less adequate according to the
productive system needs under analysis. And, through competitive criteria
prioritization, an indication of the technology to be used is obtained, thus reducing the
conflicts of choice between the characteristics of the technologies. According to
Salchev (2016) and Dolan (2008), decision-making is a complex process and part of
people have difficulty making decisions when there are tradeoffs.

The fourth contribution refers to the impacts of a misacquisition. When using the
artifact, you eliminate the risk of making an acquisition erroneously. Thus, productivity
loss, increase in process time, quality, cost of reinvestment, non-compliance with
market requirements, among other losses cited by Goldberg (2016) and McKnight
(2016).

In addition to the contributions, the research also presented limitations. The first
limitation was the non-consideration of the technical specifications of the materials.
Each material has distinct specifications such as hardness, flexibility, ductibility, tension
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resistance, abrasion, high temperatures, among other characteristics. However, as
evaluated, it did notimpact the final result. Nevertheless, the addition of this information
in future research will contribute to increasing the artifact accuracy.

The second limitation refers to maintenance and operation costs. This research
delimited that it would not be part of the scope, due to the assumption that organizations
perform this analysis naturally before the acquisition. However, including these
variables in future research will contribute to increased accuracy regarding the needs
of the organization at the time of selection.

To overcome the limitations presented, the researcher suggests the execution of
two future studies. The first refers to additional research on the raw materials used by
Additive Manufacturing Technologies, where, among other results, a detailed database
is obtained to be used in conjunction with this work. For the second, the research should
seek to quantify the maintenance and operation costs of AM technologies and
subsequently seek ways to integrate into this artifact, thus increasing its accuracy and
level of detail.

Additionally, based on the evaluations performed together with the Supplier and the
Specialist, two chances of future work were discussed. The first opportunity of a future
work refers to the use of printer characteristics. As stated by the Supplier, taking as an
example the speed criterion, it was suggested that it be worked on by yield. This is due
to the fact that some technologies did not have a linear yield during the printing process.
Because of this, it is suggested that a future research analyze the criteria used in this
artifact from this perspective, to complement and, if necessary, increase the information
on the database. Contributing to increase selection accuracy of the artifact.

The second hypothesis refers to the importance of printer characteristics. For example,
this research defined that if there was surface quality, it would be summed up “+1” in the
note assigned in the paired analysis. However, as evidenced in the situation of the
Specialist, this criterion had a greater weight at the time of decision-making by the final
customer. Thus, it is suggested that a future work, analyzing and complementing this
research regarding the quantification of certain “key” criteria for organizations. Thus
expanding the weight given to certain criteria to be identified and also contributing to
increase in accuracy of the artifact.

Finally, it is understood that this research opens opportunities for other studies that
refer to the proposition of aditive manufacturing technology selection model.
Additionally, the work offers opportunity for new research to evaluate other competitive
and/or selection criteria in the area of productive systems. It is also noteworthy, the
easy applicability of the artifact proposed in organizations and the generalization of the
constructive form of the model for application in other situations of tradeoffs.
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Appendix A1. Characteristics of additive manufacturing technologies.

Table A2. Database — Technologies Features.
Technology
Material Jetting Fused Deposition Binder Jetting  Selective Laser L?,T;:‘:::gtg_:‘:{za Stereolithograph  Electron Beam  Selective Laser Enginl;aesr?r:g Net
(MJ) Modeling (FDM) (BJ) Sintering (SLS) (LOM) y (SLA) Melting (EBM) Melting (SLM) Shape (LENS)
Velocity 34800000000 mm/h  0,00059 mm/h 16,65 mm/h 32mm/h 1828800 mm/h 14 mm/h 28800000000 mm/h  0,0024 mm/h 76,2 mm/h
Maximum size of ;. 340 200 mm 406 x 355 x 406 mm 300 x 200 x 150 mm 340 x 340 x 600 mm 305 x 406 x 102 mm 380 x 380 x 250 mm 350 x 350 x 380 mm 420x420x 400mm 900X 1500%
prototypes 900mm
4] Precision 140,0 ym 50,0 um 100,0 pm 1750 ym 100,0 pm 100,0 ym 140,0 um 150,0 um 186,0 um
3
5
.
S Layers 17,0 pm 400,0 ym 250,0 ym 400,0 ym 200,0 ym 100,0 pm 50,0 ym 100,0 pm 1250 pm
S Thickness DM OH O Op 0 O 0 p 0 0
Price $220,000.00 $200,000.00 $ 250,000.00 $ 250,000.00 $ 100,000.00 $250,000.00 $ 250,000.00 $ 250,000.00 $ 250,000.00
Surface Quality + - - - - + + - -

Source: The Authors (2020). Note: Regarding the criterion surface quality, obtained through the systematic review of the literature, for the classification “Advantage” the “+” sign was used

and for “Disadvantage” the “-” sign was used.
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Appendix A2. Interview questionnaire.

Table A1. Theoretical basis of the questionnaire.

Question

Goal

Theoretical basis

1) What is the company's segment / area of operation?

2) How many employees?

3) In which sector of the company did you operate at
the time of the acquisition? And in which position?

4) In what year was the additive technology acquired?
5) How long did the decision / purchase process take?
6) Time in the additive manufacturing area?

7) How was the need to purchase the equipment
verified?

8) For decision making by one technology over
another, was it considered a payback? Spare parts?
Affordable technical assistance? History of equipment
in other companies?

9) Was a comparative analysis performed between
certain AM technologies?

9.1) If so, why were certain technologies compared?
9.2) If not, why not?

10) When selecting a particular technology for study,
was it taken into account any characteristic of the
production system?

10.1) If yes, which one?

10.2) If not, what were the criteria used to start the
acquisition study?

11) At the time of the purchase decision, which
competitive criteria weighed more in the decision?
11.1) Why?

11.2) Was characteristic X (related to the informed
criterion) of the technology considered in this criterion?
12) Which criterion was the least important?

12.1) Why?

12.2) Was the characteristic X (related to the informed
criterion) of the technology considered in this criterion?
13) Why were criteria XX and XX intermediate?
(missing competitive criteria)

13.1) Have characteristics XX, XXX, XXX, XXX been
considered? In what way? (related to the informed
criteria)

14) After the acquisition, did the technology fully meet
expectations?

15) Have the needs of the production system been
met?

16) If not, what were the possible causes?

17) Today, after using it, would you do any analysis
differently during the purchase decision process?

18) What technology was chosen?

19) What material is used?

20) During the process, did you miss an extemal
support methodology? Were your references
exclusively suppliers of additive technologies?

Interviewee and
company profile

General questions in
order for the
interviewee to
remember the
decision-making and
equipment acquisition
process

Questions related to
specific goal

Questions related to
the competitive criteria
studied in this
research and its
definitions

Questions related to
acquired technology
and materiall

A “funnel” approach,
where the questions
start broadly and later,
more detailed and
specific questions
start.

The round of more
specific questions
begins. These
questions contributed
to the analysis of the
results obtained by the
artifact.

To verify that the result
of the artifact is correct
and its applicability to
the interviewees.

Source: The Authors (2020).
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Artifact

Considering the competitive criteria presented above and their definitions, in
addition to their relation with certain additive technologies characteristics. Sort the
cards below in order to represent the situation experienced at the time of the
deciding/purchasing process of the technology in question. Exemplify dynamics.
Display the cards:

Choice Profiles

Card Cost Flexibility Quality Velocity
1 High High High High
2 High Medium Medium Medium
3 High Low Low Low
4 Medium High Medium Low
5 Medium Medium Low High
6 Medium Low High Medium
7 Low High Low Medium
8 Low Medium High Low
9 Low Low Medium High

Source: The Authors (2020). Note: Before question number 11, submit the Table below.

Definitions and relation of competitive criteria with certain characteristics of Additive
Technologies.

Com_p et!tlve Definition AM Technology Relationship
Criteria Feature
Cost Cost for acquisition. Acquisition value The smaller the better
The company's ability to . .
Flexibility adapt its products to Max':gt% rtny Sézse of The bigger the better
customer needs or to an profolyp The smaller the better
s Layer thickness
individual customer.
Offer products that are
Quality produced according to pre- Precision The bigger the better
established standards and Surface Quality The bigger the better
low defect rate.
The company's ability to
Velocity deliver products in the Velocity The bigger the better

shortest possible time.

Source: The Authors (2020) based in (Ben-Ner & Siemsen, 2017; Ernst & Young GmbH, 2016; Kuei & Madu,
2003; Li, 2000; Mahamood et al., 2014; Thomas & Gilbert, 2014; Tran et al., 2017; Wheelwright, 1984;
Wing et al., 2015; Zhai et al., 2014).
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Appendix A3. Raw materials contemplated x additive technologies studied.

Table A4. Raw Materials x Additive Technologies.

Fused Selective  Laminated Stereolitho Electron Selective Laser

Material Deposition Binder Laser Object 9 Beam Laser Engineering QTY
Jetting (MJ) Modeling Jetting (BJ) Sintering Manufacturi Melting Melting Net Shape MATERIALS
(FDM) (SLS) ng (LOM) (EBM) (SLM) (LENS)

X X X

X X X

MATERIALS

Nickel Alloy

Titanium Alloy

Polymer X
Tool Steel

Photopolymer X
Alloy Stainless Steel

Aluminum Alloy

Copper Alloy

Chrome-Cobalt Alloy X X
UV Cured Plastic / Heat Resistant / Gray X X

Polystyrene
Thermoplastic Polymer X X

Acrylic (Similar) X

Synthetic Ceramic Sand X

Rubber X

Cellulose X
Fiberglass

PET filament with Propylene glycol
Polymer filament with wood fibers
Polymer filament with copper particles
Polymer filament with Bronze powder
Cobalt Alloy X
Refractory Alloy X
Cast Metal X

Nylon filed with Aluminum powder —x
Iron and Chromium Oxide X

Polyamide X

Polyamide with carbon fibers X

Polycarbonate X

Source: The Authors (2020).

X X

><><><><><><><><§

x
x

XX | XX | X

Al lalalalalalafalalafaINININININ[W|W W™D

alalala
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Appendix A4. Choice profiles.

Table A3. Displays the options obtained after using the fractional method.

Selection of additive manufacturing...

Card Cost Flexibility Quality Velocity
1 High High High High
2 High Medium Medium Medium
3 High Low Low Low
4 Medium High Medium Low
5 Medium Medium Low High
6 Medium Low High Medium
7 Low High Low Medium
8 Low Medium High Low
9 Low Low Medium High

Source: The Authors (2020).
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