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ABSTRACT

In recent years, rapid technical progress has led to additive manufacturing achieving a high degree of
technological maturity that enables a broad range of applications. This is reinforced in particular by the
advantages of the technology, such as the production of complex components, smaller quantities and
fast reaction times. However, a lack of knowledge of the various process techniques, such as insufficient
potential assessment, specific design guidelines or even of process restrictions, often lead to different
erTors.

This paper presents a methodological approach to support designers in the manufacturing process
selection of specific parts at an early stage of product development. In a four-stage procedure, potential
part candidates are first identified and part classes formed on the basis of characteristics. Building on
this, AM thinking is to be stimulated, for example, with the aid of design guidelines. A comparison
between conventionally and additively manufactured parts can be made using a simplified cost model.
The results are incorporated into a process model that supports companies in the systematic selection of
manufacturing processes.
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1 INTRODUCTION

The outstanding market potential of additive (or generative) manufacturing (AM) is based on
increasing technological maturity and decreasing costs. Since the first functional plant was built in
1984, additive manufacturing has been used almost exclusively for special industrial applications, e.g.
rapid prototyping. In recent years, rapid technical progress has led to additive manufacturing reaching
a high level of technological maturity, which enables a wide range of applications, e.g. the direct
production of end products (rapid manufacturing) (Commission of Experts for Research and
Innovation EFI 2015).
In fields such as the aerospace industry, prototype construction and medical technology, additive
manufacturing is state-of-the-art. Brandis et al. (2016) state that additive manufacturing technologies
have reached the necessary level of maturity to be used in machine and plant construction. The
advantages of AM are geometrically complex parts, small quantities and fast reaction times. The use
of AM technologies also adds value for the customer by generating individualized products (Spallek
and Krause, 2017). However, the lack of knowledge about the different process technologies often
leads to a variety of different errors:

1. The potential of AM has not been evaluated sufficiently. Small to medium-sized enterprises
(SMEs) lack the resources to independently build up knowledge on possible benefits, application
potential, new product design requirements associated with additive manufacturing, and
profitable use (e.g. design guidelines, solution knowledge, and methods for cost/effort
estimation). The identification of potential is essential to the successful implementation of
additive manufacturing. The focus here is on the one hand on functional integration, i.e. which
functions, functional and design elements can be implemented in a product, and on the other hand
on the identification of suitable products. It is often unclear to inexperienced developers when to
use additive manufacturing over classical machining.

2. AM technologies are often tested on conventional components. This is usually uneconomical and
ineffective, since the process advantages of additive technologies are not used. The necessary
knowledge is often missing in the design process. Established design methods are not easily
applicable to the use of additive manufacturing technologies. Procedures and rules, such as
design principles, are created for “classic design”; only a few holistic guidelines, like Adam
(2015), have been developed for AM technologies.

3. Individual process restrictions of AM technologies are not considered. Each AM technology has -
like every other production technology - benefits and restrictions to product design (wall
thicknesses, draft angles, edge radii, materials, etc.). Considering that no technology can deliver a
solution for every product requirement, the need for a holistic technology selection method
becomes apparent.

This paper presents a validated methodical approach that supports designers at an early stage of

product development. The aim of this approach is to support the analysis, product design and process

selection for additive manufacturing, based on the individual product portfolio of a company.

Therefore, part classes, based on the company portfolio, are derived. These classes are linked with

available production technologies (additive and conventional) for their class-individual requirements.

Design guidelines and a costing systematic are implemented.

Section 2 of this paper provides a brief survey of additive manufacturing methods and technologies,

including a description of the main processes, their advantages and disadvantages, and the current state

of existing methodological approaches to the development of additively manufactured parts. The new
approach will be introduced and explained in Section 3. Section 4 contains the case study that

validates the approach, followed by the outlook for future research in Section 5.

2 ADDITIVE MANUFACTURING - BACKGROUND

A remarkable characteristic of additive manufacturing is the diversity of production processes. The
term ‘additive manufacturing processes’ covers all processes that generate a desired geometry by
joining volume elements. AM processes are used both in the production of samples and prototypes
(rapid prototyping) and in the manufacture of products (rapid manufacturing). Tools and tool inserts
(rapid tooling) can also be created (Breuniger et al., 2013).

The shaping of all AM processes takes place in the xy-plane and is therefore two-dimensional. Three-
dimensionality is created by joining individual layers of the same thickness together along the z-axis.
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AM processes can be divided into the two sub-steps: generating a layer and joining a layer with the
previous layer. This procedure means that the procedure corresponds strictly to a 2%2D procedure
(Gebhardt 2016).

2.1 Classification of additive manufacturing processes

For generative manufacturing there is a multitude of possible methods. They are differentiated by the
state of aggregation, the type of starting material and the technological principle of model creation.
Figure 1 illustrates classification of the differentiation of additive manufacturing processes according
to DIN 8580, which was established for systematic consideration of generative processes.

Initial Gas Liquid Solid
material
Preform Gas Aerosol Liquid Paste Foil / Plate Powder Wire
Chemical . o Cut and Bonding Melting and Melting and
Technol
echnology | reaction Clipping Ll paste by binder | |solidification| |solidification
Aerosol-jet Stereolithography / Laminate - Sintering / Extrusion
Procedure
Y e printing Polymerisation coating 3D Printing Melting process

Figure 1. Differentiation of additive manufacturing processes according to DIN 8580

In the first instance, a distinction is made according to the aggregate state of the starting material. The
second level of classification is classified according to the form of appearance in the sense of a semi-
finished product. The third level shows the mechanism of layer generation and the fourth level
contains the generic name of the process. From the large variety of different processes (especially for
polymers), the AM processes stereolithography (STL), selective laser sintering/melting (SLS/SLM),
and fused layer modelling (FLM) are the production procedures that are most likely to be used in
series production in an industrial environment. These processes differ in their geometrical freedom,
stability, accuracy and building speed; this has a huge impact on product design and process selection
(Gebhardt 2016).

Challenges with additive manufacturing processes

One of the greatest challenges in AM processes is the interaction between production time, mechanical
stability, and maximum achievable accuracy. This interaction depends on the selected process and the
machine connected to it, e.g. higher accuracy can be achieved with STL than with FLM, whereas SLS
parts can be more stable. The desired and selected layer thickness is also decisive for product quality.
The smaller the layer thickness, the more accurately a product can be manufactured. This in turn
increases the time required.

Since the introduction of the first stereolithography systems, many other generative processes have
been developed. These have different restrictions in their mechanical and thermal properties as well as
their accuracy and post-processing effort. As a general rule, the production restrictions of the
individual processes have a direct effect on the product shape. Thus, CAD models of a product for a
certain procedure are not easily transferable to another procedure (Breuniger et al., 2013).

2.2 Methods for process selection in additive manufacturing

Due to the many dependencies between product requirements and individual process restrictions in the
product development process, production system planning must take place at an early stage. Usually,
product design and material, number of units to be produced, and other technological and economic
criteria are considered. Due to the influence of design, material and production technology, their
determination is characterized by a complex interplay of the individual influencing variables and
several iterations. The selection is largely dependent on the experience and manufacturing knowledge
of the developer (Fallbéhmer 2000). According to Steimer et al. (2016), selection of the appropriate
production technology needs to be made at the beginning of the planning process. There are a number
of computer-aided methods to assist the developer in the selection process. The most well-known
approach is Materials and Process Selection in Mechanical Design by Michael F. Ashby (2005),
whose systematics was converted into a software tool. However, the required input information is
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sometimes very detailed and therefore not suitable for early use. The same applies to the solutions of
Zah (2005) and Zarandi et al. (2011).

Some methods can be found in the literature in connection with part identification and/or process
selection for AM. Gebhardt (2016) offers a comprehensive book on additive manufacturing. It
provides definitions and describes the characteristics, the different processes, machines and economic
aspects. The selection of suitable additive manufacturing processes is listed under economic
efficiency. He highlights an individual list of requirements as the basis for selection. The influencing
variables of the processes, their possibilities and limits, as well as part properties are mentioned as
further elements of selection, whereby reference is made to the specific chapters in the book (Gebhardt
2016). A methodical procedure for the selection of manufacturing processes is not provided.
Conventional methods are not considered in the selection.

In the book “Methodical Design of Additively Manufactured Components”, Kumke (2018) presents an
adapted design methodology for additive manufacturing processes. He introduces a decision node into
VDI 2221, in which AM experts in process selection should be involved. He develops a flexible and
generic method for part identification and selection. This method is divided into four steps:
preparation, screening, evaluation and selection. In the first phase, the aim is defined, stakeholders
identified and informed, and parts data collected. In the screening phase, as many potentially suitable
parts as possible are collected. A list of guiding questions and methods is provided. In the evaluation
phase, pre-selection of the potentially most suitable parts is made, AM experts are involved, and
evaluation carried out. In the final phase, the selection process, and profiles of the most highly rated
parts from phase 3 are prepared, discussed with the stakeholders and selected (Kumke 2018). In this
procedure, the best-valued parts are described in profiles, and are not based on part classes.

Lindemann et al. (2015) provide a method for identifying suitable parts for AM, along with
approaches to redesign parts and economic impacts. It is based on a workshop concept and is divided
into the three main phases information, assessment and decision. In the information phase, the
advantages, restrictions and design guidelines of AM are shown. After the first phase, the user is able
to select several sample parts and classify them in a trade-off methodology matrix (TOM). The parts
are evaluated in the assessment phase with the help of AM experts and part owners. Afterwards, in the
decision phase, further information is collected in “InformationForms” and a selection of parts is made
based on this information (Lindemann et al., 2015).

Yim and Rosen (2012) describe a model that, based on approximate geometric information about the
part (e.g. size and volume), allows a cost and construction time estimation, which results in a
recommendation for a suitable AM process.

Schmidt (2016) provides a method for evaluating additively manufactured parts that can be used to
make a part-specific overall economic assessment. Criteria for part selection, such as individualization,
geometric complexity and quantity, are provided, which leads to potential lightweight construction,
function and cost/time. The method focuses on part weight estimations in order to leverage lightweight
potential. The specific parts characteristics of the manufacturing processes are used to evaluate the
three mentioned potential. The areas of potential are combined to assess overall economic efficiency
and additional effects are taken into consideration. In the step ‘process selection’, one additive and two
conventional methods for process selection are compared, based on a preliminary comparison of
different manufacturing processes in aviation (Schmidt 2016).

The methods available in the literature are more oriented towards the identification of suitable parts for
AM and often do not distinguish between the specifics of the different processes. In addition, some
methods do not take conventional methods into account when selecting a manufacturing process,
remain too generic, depend on the involvement of AM experts or focus strongly on an area of
application (e.g. spare parts business, lightweight construction, etc).

3 METHODICAL APPROACH FOR PROCESS SELECTION IN ADDITIVE
MANUFACTURING

The general suitability of a part for additive manufacturing and the subsequent process selection are

complicated development tasks. The basis of any product development is primarily the question of

basic technical feasibility. With technical systems, it is less a matter of identifying scientific limits

than of ensuring the technical manufacturability of a product idea. From an almost infinite number of
possible processes, those processes with which the corresponding product idea can be optimally
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produced must be selected. Product characteristics must be linked with process restrictions and
unsuitable process steps need to be eliminated.

A methodical approach was developed in an eight-month project with a mid-sized company. The aim
was to enable the company to systematically select manufacturing processes to produce customer-
specific parts, focusing on the differentiation between conventional and additive manufacturing
processes. A four-stage process was applied.

3.1 Stage 1: Identification of applications and processes

In this first stage, the specific offer process of the company was considered and the point at which the
decision whether to choose additive manufacturing was determined and integrated into this process.
The offer process was analysed and experts of the company were interviewed. The phase of drawing
examination was worked out as the decision point for AM technology use in the company, as design
adaptions to the selected manufacturing process (design for manufacturing) are feasible in this phase.
Jurgenhake and Dumitrescu (2016) pointed out that different constructional elements have a huge
impact on the suitability of manufacturing processes. Based on this, the product range was analysed
and, in cooperation with the company, part characteristics were identified which were used when
choosing a manufacturing process. These part characteristics are described by their specific attributes.
With the aim of forming part classes, the attributes were analysed for their consistency, according to
phases 3 and 4 of the method VITOSTRA (Method for developing consistent strategy options) (Béatzel
2004). Figure 2 shows an extract from the consistency matrix, in which the consistency of eleven
characteristics with their specific attributes were checked.

Valuation Scale: Quantity Tolerances
[ee]

1 = total inconsistency ol 8 & &

2 = partial inconsistency vlal 2 E z| 2

3 = neutral a - o| 2f -

4 = partial consistency N @8

5 = high consistency <
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o Block shaped neutra 3 3
a
§[ R |-]3]3T3|-[3]3]3
w
Free form 3|33 partial
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8-$ Unthreatened 3133
§§_ Follow standards| ... | 3 | 3 | 3
o
? e Defined 3|33

consistency

Figure 2. Extract from the consistency matrix, with part characteristics and specific attributes

An evaluation of this consistency analysis was performed with the software ‘Permap’, resulting in
several consistent part classes. Figure 3 shows four derived consistent part classes in a
multidimensional space. The part classes differ from each other in eleven characteristics: shape,
application, quantity, part volume, surface properties, tolerances, functional elements, shape elements,
planes, surface form, material properties and conventional producibility. The part classes were
described in the form of fact sheets.
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Figure 3: Part classes derived from the consistency analysis, represented by
multidimensional scaling

In the next step, the manufacturing processes available to the company are evaluated for part class
characteristic attributes. This applies not only to additive processes but also to classic subtractive
manufacturing processes. For evaluation, a percentage weighting along the characteristic attributes is
carried out for each manufacturing process. This allows the manufacturing processes to be matched
with the part classes determined. The investigated manufacturing processes are at varying distances
from the part class. The smaller the distance between the part class and the manufacturing process, the
more suitable for manufacturing the specific part class is.

3.2 Stage 2. Encouragement of additive thinking

Additive thinking is essential to the success of implementation and introduction of additive
technologies. Therefore, in the second stage, the company is provided with tailored processes,
methods and design guidelines that suit their typical product development and adaption processes. The
selection process needed to be implemented in the typical offering process. For this purpose, the
process was analysed and a decision tree set up that supplements typical procedures with production
analysis and potential redesign steps. To support the sales representative, indicators based on the four
main decision characteristics of surface, shape, quantity and application, were developed that allow
quick assessment of a product enquiry. The engineers trained in classic production processes were
supported with tailored design guidelines, overviews of the advantages and disadvantages of additive
manufacturing, and fact sheets for the various additive manufacturing technologies. A diagram was
developed that characterizes polymers by density and young’s modulus in order to determine
similarities between familiar materials and specifics for additive manufacturing available materials
(like Ashby’s young’s modulus - density diagrams).

The guidelines facilitate acceptance of additive manufacturing in the company and encourages an
additive thinking mindset within the people involved.

3.3 Stage 3: Cost estimation

A simplified cost model was developed in this phase to compare the manufacturing costs of
conventionally manufactured and additively manufactured parts. Figure 4, upper half, shows the
relevant parameters for the calculation of costs during the three main AM phases of preparation,
additive process and post processing. The set-up time, parts preparation time, and the duration of
product variation depend on the geometry and must therefore be estimated (Ott 2012). The lower half
of Figure 4 shows the calculations for each main phase of the additive manufacturing process,
including the machine hour rate, process costs, and material costs.
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Additive Preparation Additive Post-
manufacturing process process processing

set-up time production time  part preparation time
Duration of product variation Geometry-dependent
(Flexibility with modified or (are estimated)

new products)

N\ N\ \Y%

Machine Machine hour rate | Machine hour rate , Machine hour rate
hour rate of preparation of production for post-processing

Figure 4. Simplified cost model for estimating the costs of additively manufactured parts (in
reference to Ott 2012)

3.4 Stage 4: Development of the process model for process selection in additive
manufacturing

In the last stage, a process model (Figure 5) is derived that enables companies to systematically select
a suitable production process on the basis of the part classes developed in the first stage.

Phase / Milestone Tasks/Methods Results

Characterization of + Characterization of the part to be manufac-
the part tured based on the characteristics
« Classification into the part classes based on

é the fact sheets Characterized and
| classified part

Selection of the « Decision for a specific manufacturing

manufacturing process process based on the part classes
* Consideration of material classes

é Selected
| manufacturing process

Design for * Use of the guideline for the design of parts
production for additive manufacturing processes
» AM-compliant design of the components
é Part design suitable
| for production
Cost » Application of the cost model
consideration * Identification of process times
* cost comparison
J] Cost comparison
| model

Evaluation and selection [ - Evaluation of costs and process times
of manufacturing process| - Selection of manufacturing process

é Evaluated
manufacturing process

Figure 5. Process model for the systematic selection of a manufacturing technology
considering the potential of additive manufacturing

The process model starts when a part is ordered by the company. In the first phase, the part is
characterized based on the defined part attributes and then classified into one of the defined part
classes. In the second phase, a suitable manufacturing process is selected based on part class fact
sheets. The selection of manufacturing processes is integrated with phase 3 for the design for
production. Any manufacturing restrictions regarding part geometry can thus be directly considered.
The developed guideline (Stage 2) can be used to carry out an AM-compliant design of the part. Cost
estimation of the part to be manufactured is the main objective of phase 4. The costs can be estimated
using the simplified cost model shown in Stage 3. Costs and production times are evaluated and final
assessment of the manufacturing process selection is carried out.
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With the help of the process model, the company is capable of evaluating customer enqguiries about the
feasibility of using additive manufacturing technologies, systematically analysing possible processes,
making appropriate design adjustments, and comparing costs with conventional manufacturing
technologies at an early stage.

4 CASE STUDY

The process model has been validated in several projects with industrial partners. In order not to
violate any confidentiality agreements, a brief overview of an internal company use case is given
below without specifically explaining any customer project. The key question was the extent to which
additive manufacturing can replace existing classical product manufacturing.

4.1 Phase 1: Characterization of the part

Within the first phase of the process model, the parts portfolio of the company was structured to
generate different classes of parts. For AM generally, complex parts in very small quantities are the
most promising. For this reason, this class was examined. The aspects used were fitted to the data
available in the ERP system of the company and assessed for additive manufacturing. The following
aspects were considered:

e Whether the parts are ordered at a supplier or produced in house. If the former is the case, there is
only information about lead-time, price and quantity and, in many cases, weight at delivery
available. If the latter, much more highly relevant information is accessible to aid the decision on
which manufacturing process is best suited to optimize the general outcome. An important piece
of information here is how the part price is composed of machine time and machine costs.
Internally produced parts provide better information and it is to directly change the production
method. Therefore, only internal produced parts were reviewed.

e  Production process data were analysed to determine the number of units needed, as well as the
geometrical shape of the part and, in most cases, the material. Some manufacturing processes are
unlikely to be replaced by AM, e.g. forging, casting, and injection moulding, as they are all
processes for manufacturing large quantities.

e  Geometrical and functional complexity of the parts were analysed. In most cases, design
engineers try to keep complex parts to a minimum though sometimes it is not possible due to
overall system requirements. In subtractive production more advanced machines are needed to
produce such parts and to lower machining times, e.g. multis-axis milling machines or injection
moulding tools with slides. Here, weight data has an important function in generating a key
figure, together with machine time, to describe the complexity of parts based on the metadata:
The lower the weight of a part after machining and the longer the machining time on an
expensive system, the more complex the part.

The evaluated and selected part was an assembling tool that assists with screwing a cover onto a

finished product. The cover is a not symmetric part and the tool has free-form surfaces. Only low

forces have to be applied. The current production process consists of milling the free-form part and a

grip, cutting of a connector, and the final gluing process.

4.2 Phase 2 and 3: Selection of the manufacturing process and design for production

Considering the evaluated fact sheet for the part classes, manufacturing process can be selected for
manufacturing of the selected part. Figure 6 shows an extract of an example profile for “complex free-
form functional part in low quantities”, to which the selected part fits. The most suitable production
processes for this class are STL, SLS, FLM and Multi-Jet-Modelling (MJM) (Figure 3). MJM was not
considered as it was not available in the company. With the help of the derived design guidelines,
initial estimates of the viability of each production process could be made. With the developed
material overview and a first draft of the possible materials, FLM was identified as the most promising
process.
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Part class 4 Example

Complex free-form functional part in low quantities

Description P
This part class includes free-form functional parts with free-form surfaces that are manufactured in @2 \ )

small quantities (1-5 pieces). Most of the surfaces are to be produced according to standards. There
are high requirements with regard to tolerances. The functional elements are complex (e.g. screw /
flight). The parts cannot be manufactured conventionally and also have complex shape elements, e.g. > ! J

internal structures or curved surfaces. With regard to the material properties, these requirements have
to do with chemical and temperature resistance as well as dielectric strength.

Characteristics Attributes
Shape Block-shaped | circular | free-form
Application demonstrator | functional part

[ 6-20 | 241000 ———

Figure 6. Extract of fact sheet “complex free-form functional part in low quantities”

4.3 Phase 4: Cost consideration

Cost comparison of existing alternative classical production processes with the identified additive
technologies was carried out. Figure 7 shows that FLM was again better compared to other production
processes. Due to the low demands for surface quality, simple low-cost systems could be used. In this
case, a standard Ultimaker 2+ was used for production, lowering investment costs and machine hours
significantly in contrast to classic cutting processes (calculated on a machine lifetime of 2000 h).

Formula/ . "
Process o unit | STL | SLS | FLM Mil Processes
Preparation | K, ges € - - - | 40,00 sTL Stereolithography
Production | K gee € [117,13) 59,76 | 6,35 |235,00) SLS  Selective Laser Sintering
FLM Fused Layer Modeling
Post-pro. | Kyges € | 450 | 450 | 800 | 6500 Milling semi-finished parts
Total costs | Kgeo= Ky cestKr costKced € |121,63| 60,26 | 14,35 |340,00

Figure 7. Cost comparison of production processes for the selected part

4.4 Phase 5: Evaluation and selection of manufacturing process

The systematic selection of the reference part and the appropriate production technology as well as the

cost comparison led to the selection of FLM as a new production process. Other additive

manufacturing technologies can supplement a company production portfolio and must be considered

more intensively. In the case of higher surface quality demands or component stability, further

processes can be a meaningful addition. For this reason, the following is recommended:

e  Operational: FLM can be used as an additive process for most parts of part class.

e  Tactical: The extension by STL will improve the quality of class 4 products in the medium term.

e  Strategic: In the long term, add additive processes, such as SLS, to further exploit potential
(higher degree of functional integration, etc). With increasing numbers of units, the currently
critical share of production costs (which results from the high cost of the plant) decreases.

5 CONCLUSION

Additive manufacturing is a key aspect of the modern industrial environment. Because its degree of
digitalisation is very high it could be a game changer in the race to Industry 4.0 or smart factories.
Topics like the internet of things or big data are more easily accessible when an additive production
process is embedded in a company. Compared to conventional production systems no big changes in
production systems are necessary, meaning fewer interruptions during implementation. This
demonstrates the strategic need to implement AM in company business. Although AM is not yet
profitable for every business model, the disruptive potential of additive manufacturing will provide a
strong competitive advantage in the future for anyone with experience of the technologies. The
methodical approach enables smaller companies in particular to exploit the potential of additive
manufacturing.
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