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1. Introduction 

1.1 Background 

Additive Manufacturing (AM) is experiencing a great influx of new 
practitioners. The manufacturing speed, cost, material choice and production 
quality of AM have improved enough that it can now be considered a serious 
contender for a manufacturing technology in an industrial setting. The industry 
is now at the point where the use of AM is about to become an expected skill in 
manufacturing companies around the world. 

This progress brings with itself a large workforce that, while possibly familiar 
with AM, does not understand on a deeper level how to fully leverage the 
opportunities of AM. This applies to designers as well as to managers 
responsible for the exploitation of AM in companies.  

The number of applications of AM is already too great to communicate them 
concisely, and more applications are being constantly discovered. This problem 
was already encountered at the beginning of the 2000s when the application 
area of AM grew so much that practitioners entering the field found it 
challenging to understand where AM can and cannot be used. To aid in this, AM 
applications were classified into separate categories. Pham and Dimov (2003) 
[1] introduced a simple classification method of dividing the applications into 
prototyping (Rapid Prototyping, RP) and tooling (Rapid Tooling, RT), which 
were then further divided into subcategories. The classification proposed by 
Pham and Dimov is shown in Figure 1. 
 

 

Figure 1. The division of AM applications into RP and RT as per Pham and Dimov. 

The categories of RP and RT are now recognized in the international standards 
of AM term definitions. RP is defined by the ASTM and ISO standards as 
“application of additive manufacturing intended for reducing the time needed 
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for producing prototypes”. RT is defined as “application of additive 
manufacturing intended for the production of tools or tooling components 
with reduced lead times as compared to conventional tooling manufacturing”. 
[2] 

Around the same time, at the turn of the millennium, industrial end-use parts 
started becoming viable to produce with AM [3], [4]. Since then, AM has been 
increasingly used to manufacture end-use parts, and the number of industrial 
applications of end-use AM has grown greatly [5]. This is also backed by the 
annual reports of Wohlers Associates, which state that in 2012 28.1% of all 
additively manufactured objects were functional parts, and in 2016 the 
respective percentage was already 33.8 % [6], [7]. Although this is on its own a 
large increase, the quantity of end-use parts has actually grown enormously 
because the worldwide revenue of AM products and services grew from $2.25 
billion in 2012 to $6.05 billion in 2016 [7]. At the same time, Schniederjans 
(2017) reports that only 10% of companies use their AM machines to produce 
end-use parts [8]. This discrepancy implies that although many end-use parts 
are produced with AM, only a few companies are responsible for most of them. 

Although manufacturing of end-use components is a major part of the field, it 
is not yet recognized by the ASTM or ISO standards. There is also a growing 
inconsistency in the nomenclature because the concept is called by many names 
in the literature, such as Rapid Manufacturing, Direct Manufacturing and Direct 
Digital Manufacturing [3], [9], [10]. 

With AM of end-use components becoming more common, designers and 
managers looking to benefit from AM are again having problems understanding 
all the opportunities brought by the technology. The spectrum is once again 
widening so much that there is a need for a classification scheme that 
categorizes the approaches according to application types. To achieve this, an 
appropriate approach needs to be employed that not only has a good overview 
of all types of applications, but also acts as an actionable guideline to reach said 
applications. As an example of a non-actionable approach, the applications 
could be divided according to the material used (metal, plastic and other). In 
such a case, the designer can become aware of several types of applications but 
cannot act on it because the material type of a component is usually not very 
flexible. 

The design approach of AM components is actionable because the choice of 
application affects the design process and the design affects the outcome. 
Researchers and practitioners are using AM to achieve diverse goals, from 
superior performance to operational benefits. These goals can be expressed 
through the point of view of design approaches. In that sense, the questions of 
how to exploit AM and how to implement design for AM (DfAM) are coupled. 

Such a classification has been offered previously by Ponche et al. (2012). The 
authors divided the usage of end-use AM into global and partial approaches of 
DfAM. In the global methodology, a new component is to be manufactured with 
AM from the start, so the functionality and interfaces are defined according to 
what is best for the component. In the partial approach, the component is 
redesigned, but the functionality and interfaces are determined a priori [11]. 
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1.2 Research problem and aim 

This thesis is grounded on the hypothesis that end-use applications of AM can 
be classified into three categories according to their design approach. 
Furthermore, this thesis proposes that the classification system of Ponche et al. 
be enhanced with a third category of components that are manufactured with 
AM from an existing design with few or no changes. In the classification system 
used in this thesis, the global methodology of Ponche et al. is renamed as 
“Components designed for AM”, and the partial methodology is renamed as 
“Components redesigned for AM” for increased clarity. The proposed 
categorization is presented in Figure 2. 
 

 

Figure 2. The classification of AM applications including rapid manufacturing and its subgroups. 

The research is guided by two research questions: 
 

RQ1. What are the observable technical benefits of AM in components of each 
of the proposed categories? 
RQ2. What are the potential operational benefits of AM in components of each 
of the proposed categories? 
 
Articles I and II primarily investigate the first research question and put a 
smaller emphasis on the second research question. Conversely, Article III only 
seeks to answer the second research question, while Article IV mostly 
investigates the second research question with a small contribution to the first 
research question. The described relationship of the articles to the research 
questions is shown in Table 1.  
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Table 1. The relationship of the articles and the two research questions, X = primary RQ, x = 
secondary RQ. 

Article RQ1 RQ2 

I X x 

II X x 

III  X 

IV x X 

 
In addition to the research questions, the thesis has goals that increase its value 
to the AM research community and practitioners. The goals of the thesis are as 
follows:  

 
1. Making the opportunities of end-use AM easily comprehensible for 

communication and dissemination by classifying end-use applications.  
2. Adding to the scientific discourse surrounding DfAM. 

1.3 Contribution of the thesis 

The purpose of this thesis and its main contribution is to develop and 
demonstrate the application of design workflows that can be used to support the 
design process and decision making for practitioners new to AM. Additionally, 
the thesis presents research into the benefits of each of the three application 
categories of end-use AM through various methods to make the purpose of using 
AM in these categories more easily understandable. Articles I and II 
demonstrate how the design freedom of AM can be used to create superior 
products. Articles III and IV show how AM can be leveraged even when 
components are not designed for AM. 

Additionally, the contributions of the individual articles are significant in their 
own areas. Article I brings new knowledge in the field of heat transfer 
geometries by demonstrating the unique possibilities that AM offers for 
counterflow heat exchangers. Article II solidifies AM as the manufacturing 
technology of preference for digital hydraulic valve manifolds. Article III 
demonstrates the benefits of digital spare parts in the warranty repair of 
consumer electronics and Article IV gives insights on the concept of digital spare 
parts. The relation of the articles and the three categories of AM end-use is 
presented in Table 2.  
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Table 2. The relationship of the articles and the three categories of end-use AM applications. 

Article 
Components 

designed for AM 

Components 

redesigned for AM 

Components not 

designed for AM 

I x   

II  x  

III   x 

IV   x 

 

1.4 Outline of the thesis 

In Section 2, the thesis presents a workflow of design for AM end-use 
components based on existing knowledge from the literature. Subsequently, it 
applies the workflow to classify end-use AM components into three categories 
in Section 3. The definitions and workflows from the literature of DfAM are first 
analysed. Then a synthesis is made and a generalized workflow is presented. In 
Section 4, the categories are presented in more depth, and a case study is 
presented for each. Section 5 returns to the research questions and the aims of 
the thesis and provides a general view of future prospects.
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2. Theory

To realize the full potential of AM, the way components are designed must be 
rethought. Designers who currently work in industry have extensively observed 
and reverse-engineered parts that were designed for manufacturing by injection 
moulding, casting, machining and other traditional techniques. Due to the solid 
knowledge base related to traditional manufacturing limitations, the designers 
have difficulties knowing what should be done differently when presented with 
a technology with limitations that differ from those of traditional 
manufacturing. This is especially true for AM because there are so many new 
opportunities that the designers often face option paralysis [12]. 

A part of the reason DfAM has been developed was to counteract psychological 
inertia, which means that designers unknowingly use old manufacturing 
methods as a reference point when designing objects for technologies that do 
not have the same limitations [13]. 

Designing for AM offers opportunities to make innovative products and 
improve components. There are at present designers with the skills necessary to 
design advanced products for AM with the help of personal knowledge 
accumulated from years of trial and error. If the knowledge is not transferred in 
a systematic manner, designers beginning their career with AM will need to go 
through the same process to design parts well. 

The amount of information on DfAM is overwhelming to designers because it 
is fragmented and a simple framework relating all the concepts has not yet been 
created. Currently, DfAM means many categorically different things to different 
people. Understanding the different meanings and directions of DfAM is key to 
understanding the applications of end-use AM clearly. Therefore, it is beneficial 
to use a framework, in this case in the form of a design workflow, to place the 
concepts of DfAM in perspective to one another. 

This chapter presents the creation of a design workflow for end-use AM based 
on the available literature. To better understand the effects of DfAM on the 
operational facets of production, the chapter also introduces the concept of AM 
as a digital manufacturing technology.  
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2.1 Design workflow of end-use additive manufacturing 

The workflow presented in this section is based on the well-established design 
process of Pahl and Beitz [14] presented in Figure 3. The process is divided into 
discrete stages of planning and clarifying, conceptual design, embodiment 
design, and detail design.  

Figure 3. Steps of the Pahl and Beitz planning and design process redrawn from Pahl et al. [14]. 

The design process of Pahl and Beitz is supplemented with domain-specific 
knowledge from the DfAM literature. Rosen [15] introduced a DfAM process 
diagram that resembles the process of Pahl & Beitz as presented in Figure 4. 

Figure 4. Workflow of DfAM of end-use components redrawn from Rosen [15]. 
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While the process presented by Rosen et al. is undoubtedly useful for 
practitioners, it is not suitable for classification, as it is not semantically 
comprehensive and generalized enough. To create a suitable workflow, recent 
concepts from DfAM researchers are examined and linked to the workflow of 
Pahl and Beitz. 

Laverne et al. (2015) [16] presented the stage of designing shapes and 
introducing limitations in a semantic manner. They refer to the design 
according to the benefits of AM as opportunistic design and the introduction of 
limitations as restrictive design. The authors also introduce the concept of dual 
design, in which opportunistic design and restrictive design are used to feed 
each other to develop a design that takes advantage of AM capabilities but can 
still be manufactured. Using Rosen’s diagram and Laverne et al.’s version of the 
design phase, an updated design for end-use AM diagram is compiled and 
presented in Figure 5. 

Figure 5. Workflow of DfAM of end-use components. 

The workflow can be followed sequentially with recursive loops or by going 
through the phases out of order. By skipping ahead in the process, the designer 
can save time in iterations but risks limiting himself by accounting for 
limitations that might not be necessary if every aspect of the design were 
considered sequentially. The steps of the process are described in detail next 
individually and complemented with previous research.  

Functional requirements definition 

In the first stage of the workflow, the main functionality of the component and 
the elements that enable the functionality are decided. Functional requirements 
should first be presented without any consideration for the restrictions of any 
manufacturing technology. On the other hand, to help avoid the psychological 
inertia that drives designers towards subtractive manufacturing, unique AM 
capabilities can be considered. Gibson et al. (2008) list the unique capabilities 
of AM to be related to shape, functional, hierarchical, and material complexity 
[17].  

Shape complexity refers to the ability of AM to allow shapes that have been 
unattainable previously. This type of complexity will be presented in more detail 
under opportunistic design and restrictive design.  

Functional complexity refers to manufacturing components with functionality 
built into them, such as components that are flexible in places so that they can 
be bent and perform a function. With AM, functional elements such as sensors 
and actuators can be embedded in the structure of the component, which 
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enables the manufacturing of functional devices. Another example of functional 
complexity is the manufacturing of non-assemblies, meaning fully functional 
assemblies that cannot be separated after the manufacturing process [18]. 

Hierarchical and material complexities are ideas that are currently still in the 
research stage for industrial applications. Hierarchical complexity refers to the 
fact that some AM equipment can use different parameters when creating 
different parts of a component, hence achieving different localized qualities 
across the component. Material complexity refers to manufacturing the 
component with complex material compositions or gradients of different 
materials. 

Interface definition 
 
After the functionality of the component has been decided, it needs interfaces. 
In order to get the most out of AM, the interfaces should be described at this 
point on a general level and should only exist to bring the functionality out of 
the component. The chosen interfaces, and the distance between them, define 
the design space of the object. 

Opportunistic design 
 
Opportunistic design is the first stage of embodiment design in the workflow. 
During this stage, the component is brought from idea to reality for the first 
time. The shape complexity of Gibson et al. [17] is central to the execution of 
opportunistic design. The idea behind this stage is that the design is done 
according to the new possibilities of AM. These possibilities include, among 
others, relatively free shaping of internal and external surfaces of the 
component, lattice structures, and topology optimization. Many tools can guide 
the shape of the component. For example, the finite element method (FEM), 
computational fluid dynamics (CFD), and various mathematical software suites 
can be used to acquire optimal shapes that have previously been avoided 
because they have not been viable to manufacture. 

 It is beneficial at this stage to research what others have done before and 
implement the ideas that have already been recorded. Bin Maidin et al. [19] 
define AM-enabled design features as a form or other attribute that is not 
economical to produce via conventional methods. The authors categorized and 
identified 113 features, such as increased surface friction, internal structure 
complexity, and embossed features [19]. 

Restrictive design 
 
In the restrictive design stage, the component is analysed from the point of view 
of manufacturability of the chosen manufacturing technology and material. The 
general limitations of technologies are considered, and technologies are ruled 
out based on them. It is at this point that the question is raised if the component 
needs to be manufactured with AM. The restrictive design stage marks a point 
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of no return in the sense of locking down the design to a specific set of design 
guidelines.  

Because the effects of lacking restrictive design are immediately visible after 
manufacturing in the form of failures, it is extremely well-documented [20]–
[24]. Typical aspects considered in restrictive design are, among others, the 
minimum wall thickness, angle of overhangs, manufacturing orientation, and 
support design. The commercial community is also accomplished in distributing 
information related to restrictions of AM. Lengthy guides for every 
commercially available technology are available for example from 3D Hubs [25], 
Shapeways [26], and Materialise [27]. 

At this stage, the cost of manufacturing the component with the chosen AM 
technology should be verified, and if it is unacceptably high, the design should 
be revised. If possible, simulations regarding the success of the AM process of 
the component should be done and the component adjusted accordingly. If no 
AM technology is capable of manufacturing the component that is being 
designed or if AM is prohibitively expensive, rapid tooling should be considered 
as an alternative. 

Manufacturing instructions preparation 
 
Once the design is completed, it should be locked in place but can remain 
parametric in case the need for customization is foreseen. The component is 
characterized in detail during the instructions preparation stage. This involves 
deciding which machine type and exact material will be used to manufacture the 
component, where the support structures are needed or not allowed, what its 
post-processing stages will be, and which surfaces will need machining after the 
AM process. A formalized approach to laying out the manufacturing 
instructions for AM has been presented by Zhang et al. (2014) [28]. They 
present an approach to the process of detailing the manufacturing instructions 
for AM including processing parameters, manufacturability analysis and 
selection of manufacturing scenarios. An understanding of AM process 
characteristics is paramount at this stage. 

Evaluation 
 

The evaluation stage of the design process is entirely dependent on the 
requirements set for the component. Additively manufactured components can 
generally be tested in the same fashion as traditionally manufactured ones. 

From an economic perspective, the cost of the component should be 
considered already before the evaluation stage. Break-even calculations are by 
now ingrained in the field of AM and are commonly used to calculate the benefit 
of producing a component with AM compared to other manufacturing methods. 
However, the benefits of distributed manufacturing are quite difficult to 
calculate in a real-life scenario in a large supply network, and the profitability 
of each component should be calculated in a personalized manner. 
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2.2 Redesigned components 

Components that were not originally designed for AM can still find benefits 
from the technology. Hällgren et al. (2016) [29] offer an overview of redesign 
for manufacturing from the points of view of part cost reduction and 
performance improvement. In their framework, they show a variety of paths to 
take to achieve this by setting correct design goals and using the right tools. 

Vayre et al. (2012) [30] present a methodology of redesign of a component. In 
their process, the component is first analysed for functional surfaces and design 
space, after which initial shapes are obtained by expertise, guidelines or 
topology optimization. The process then continues by introducing the 
limitations of the manufacturing method and validating the design by virtual 
examination or by producing a prototype. 

Schmelzle et al. (2015) [31] presented a design process to redesign assemblies 
for part consolidation. Their process starts by defining the system boundary by 
identifying the parts, interfaces, and design spaces. Then their process calls for 
combining the parts by redesigning external and internal features using tools 
such as FEA, CFD, and topology optimization. After the design is completed, the 
build orientation and build supports are specified and post-processing needs 
are identified. The presented process is recursive; each of the steps following the 
geometry specification has an output to a previous stage of the process. Orquera 
et al. (2017) [32] present a similar design process but without the recursive 
nature. 

Based on this information, the workflow acquired in Section 2.1 can be 
modified to reflect the redesign process. The modified workflow is presented in 
Figure 6. 

 

 

Figure 6. Workflow for redesigning components for AM. 
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and is replaced with a new stage: redesign analysis. Components that are to be 
redesigned for AM need to be analysed carefully for functionality and interfaces. 
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the benefit of components designed for AM by leveraging their design 
advantages. In the function driven strategy, the value of using AM comes from 
the fact that the component has such characteristics that it cannot be 
manufactured in any other way. In the manufacturing driven strategy, the 
benefit of AM comes from its digital nature. In other words, the function driven 
strategy tries to leverage the technical benefits of AM, while the manufacturing 
driven strategy tries to leverage its operational benefits. 

The major advantage that AM has as a digital manufacturing technology is 
that it allows for viable lot-one-size production because it does not require 
tooling and only minimal set-up time [34]. In addition, the expertise needed to 
operate AM machinery is well transferable between products, which means that 
a person that is able to use an AM machine can manufacture any part that the 
machine is capable of manufacturing [35]. When discussing AM in supply 
networks, these benefits translate into decreased changeover time [36], 
decreased energy costs [37], increased sustainability [38] and cost reduction in 
long tail production [39]. 

Although these benefits apply to all types of components that are 
manufactured with AM, there are also opportunities for parts that were not 
primarily designed for AM to leverage the technology. Such cases are, for 
example, pre-production components, one-offs, and spare parts. Therefore, a 
modified workflow for components not designed for AM is presented in Figure 
7. 
 

 

Figure 7. Workflow for components not designed for AM. 

The workflow for components not designed for AM further reduces the original 
workflow by removing the opportunistic design stage. The modified workflow 
has an added manufacturability analysis stage, in which an appropriate AM 
technology and material are chosen, and the manufacturability of the 
component is evaluated. If the component cannot be directly manufactured as 
is, it goes through the restrictive design stage. The evaluation of the component 
in this case relates to the operational advantages because the performance of 
the component should be similar to the original counterpart.  
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coupled with the unpredictability of failure occurrences. Due to these reasons 
and to avoid stock-outs, companies hold very high levels of spare part 
inventories, which leads to high inventory holding costs [41].  

Other issues related to spare part management are the low number of 
suppliers and the variability in the quality of the suppliers’ product. Another 
issue is obsolescence because it can be challenging to foresee how many spare 
parts should be held for machines that are no longer manufactured [42]. AM 
may be able to solve the impossible equation of holding low inventory while still 
managing to maintain high spare part availability [43].  

2.4 End-use AM application categories 

Based on Sections 2.1–2.3, it is reasonable to argue that three categories of end-
use AM applications, each with a practical design workflow, can be found when 
examining the literature surrounding DfAM. The categories and their properties 
are collected in Table 3. 

 

Table 3. The three categories of end-use AM applications and their properties. 

Category Primary motivation Primary strategy 

Design 

work 

required 

Literature 

available 

Components 

designed for 

AM 

New functionality Functional Extensive Sparse 

Components 

redesigned for 

AM 

Improved performance 
Functional and 

manufacturing 
Average Abundant 

Components 

not designed 

for AM 

Spare parts 

One-offs 

Pre-production 

Manufacturing Short Sparse 
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3. Methods 

A combination of engineering and social studies methods has been used in this 
thesis to answer the research questions. Extensive case studies are presented for 
the three categories of end-use AM applications to demonstrate in detail what 
can be achieved.  

The benefits of the first two categories—components designed and redesigned 
for AM—are demonstrated in a similar manner. The primary method in these 
cases is 3D modelling and additively manufacturing a component and testing its 
performance. 

For the category of components not designed for AM, it is of some interest how 
parts can be made compatible with AM with little design work. However, the 
main interest lies in opportunities related to the manufacturing strategy. 
Therefore, the opportunities of the category were investigated using Monte 
Carlo simulations of a supply network, focus group interviews, and concept 
definition. The methods used in each of the articles are listed in Table 4. 

 

Table 4. The research methods used in each article. 

Method Article I Article II Article III Article IV 

Case study X X X  

Focus group interviews    X 

Concept definition    X 

Monte Carlo simulations   X  

 

3.1 Case studies 

One case study was chosen to represent each category. A minimalistic heat 
exchanger was chosen to demonstrate parts directly designed for AM. This case 
study shows well that parts designed for AM do not have to be overly complex 
to bring extra value. The heat exchanger case study contains a problem that 
would force the design process to be stopped in conventional manufacturing, 
but in AM this problem can be solved in an elegant manner. Additionally, the 
case study serves as a demonstration of using the weaknesses of AM as an 
advantage. The software used to design the heat exchanger was PTC Creo 3.0. 
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The heat exchanger was manufactured from AlSi10Mg using the EOS M400 
system. 

A complex digital hydraulic block was chosen to present how parts can be 
redesigned for AM. This part was chosen because it is a prime example of how 
the design freedom of AM can be used to bring additional value to a component. 
The valve was previously severely restricted by its manufacturing method and 
could gain from being redesigned for AM. Because of its internal complexity, the 
valve was also a great way to demonstrate the techniques used in redesign for 
AM. The redesign was likewise done in PTC Creo 3.0, and the component was 
manufactured from tool steel (EOS MS1) with EOS M400. 

A simple part of a portable computer was chosen to demonstrate how existing 
parts can be made compatible with AM with little effort and what benefits it can 
bring to the supply chain. The part was chosen because the author has extensive 
work experience in warranty repair of portable computers and is intimately 
familiar with the supply network of spare parts in that setting. The supply 
network of warranty repair of consumer electronics is a simple one, yet 
applicable in the real world. Therefore, its performance was convenient to 
simulate with Monte Carlo simulations, which were done in Microsoft Excel. 

3.2 Focus group interviews 

To delve deeper into the opportunities of AM as a digital manufacturing method, 
a series of focus group interviews on the topic of digital spare parts (DSP) were 
conducted. Focus groups are a common tool in management research to 
measure the interest of company leaders in future possibilities [44] and an 
excellent tool to determine the perceived value of research concepts in real-life 
applications [45]. The research questions of the focus group interviews were 
related to the perception of the value of the DSP concept and its main 
advantages and criticalities.  

Five focus group interviews were conducted in 2016 in Espoo, Finland, with 
46 participants from 34 Finnish companies. The size of the groups varied from 
8 to 11 participants, and no group was allowed two participants from the same 
company. The participants’ work experience and position within their company 
are presented in Table 5. The participants were recruited by public invitation, 
and everyone was accepted as long as they were a professional working in a field 
related to manufacturing.  
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Table 5. Focus group participant characteristics. 
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Work experience in years 

  
     

<5 1 0 1 1 4 1 8 

5-10 2 0 2 0 5 0 9 

10-15 2 2 1 1 4 0 10 

15-20 0 0 3 0 4 2 9 

20-25 0 0 2 0 3 0 5 

>25 2 0 0 1 2 0 5 

Position in company        

Specialist 0 0 2 2 9 1 14 

First-line management 0 0 3 1 4 0 8 

Middle management 1 1 0 0 6 1 9 

Top management 6 1 4 0 3 1 15 

The interviews of all five groups were held simultaneously, and each lasted 
approximately two hours. Each group was tended to by two researchers familiar 
with AM. One of the researchers acted as the moderator, and the other took 
continuous notes during the interviews. Ten AM researchers in total 
participated in the moderation of the focus groups. At the beginning of the 
session, the participants were collectively given a short introduction to the 
concept of using AM to produce spare parts, as suggested by the focus group 
research of Angell and Klassen [46].  

A pre-defined questioning routine was developed jointly by the ten 
researchers and used with each group to make the results comparable. The 
questions were based on the literature presented in Section 2.3 of this thesis. 
The routine and the references that inspired each question are shown in Table 
6. 
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Table 6. Semi-structured questioning routine used in the focus group interviews. 

Theme Question Relevant literature 

Theme 1: Current status of 

spare parts management 

1. What are the biggest problems with 

spare part production and logistics? 
[47], [48] 

Theme 2: Digitization of 

spare parts, new possibilities 

2. What type of products will benefit 

from being additively 

manufactured? 

[49] 

3. What percentage of spare parts can 

be additively manufactured? 
[49] 

4. What do you think of the 

possibilities of digitizing existing 

spare parts? 

[43] 

5. What are the obstacles in digitizing 

spare parts? 
[49] 

6. What kind of changes will digital 

spare parts bring to the service 

functions of a company? 

[50], [51] 

7. Should spare part production 

become more open, or should it stay 

locked to the OEM? 

[52], [53] 

 

Theme 3: Digital spare part 

network and its requirements 

8. What type of actors and skills are 

needed? 
[54] 

9. What could be the position of your 

company in the new paradigm? 
[54] 

10. What action is required from the 

companies and governmental 

institutions? 

[54] 

11. Is it realistic to create a DSP 

network? 
[54] 

12. What kind of data issues might 

arise? 

[52], [53] 

 

 
The data were collected in four steps. First, the participants were given the task 
to write down their opinions on specific issues. Second, the participants were 
given time to compare notes in small groups. Third, the data from groups were 
synthesized into single-voice opinions. In the final step, the groups were free to 
present their views, which were used as the basis for discussions. The collected 
data consisted of the notes taken by the researchers and the written material of 
the participants. Each of the pairs of researchers made summaries of the 
interviews shortly after the interviews to make sure that the text represented 
well the voiced opinions. The material was codified by one of the researchers 
according to the codes that emerged inductively during the data analysis 
process. The used codes were: 
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• Problems in spare parts management 
• New possibilities of digitization of spare parts 
• Obstacles in digitization of spare parts 
• Description of required properties of digital spare parts 
• Description of a digital spare parts network 
• Factors that facilitate the development of a digital spare parts network 

3.3 Concept definition 

To better define the concept of digital spare parts, the methodology of concept 
definition presented by Podsakoff [55] was used. In the methodology, the 
relevant literature is first scoured for key attributes related to the concept. These 
key attributes are then reduced until only the core attributes remain. In the 
concept definition of digital spare parts, this was done by comparing the key 
attributes from the literature to the ones acquired from the focus group 
interviews. After the core key attributes were acquired, they were compiled into 
a table and checked for necessity and sufficiency against the concepts of 
“additively manufactured parts” and “traditionally produced spare parts”. From 
this information and from the consequences of DSP found in the literature and 
focus group interviews, the concept of digital spare parts was given a formal 
definition.  
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4. Investigations 

In this section, the work conducted in the articles is presented along with the 
results. The presentation is done from the perspective of categories 
“components designed for AM”, “components redesigned for AM” and 
“components not designed for AM”, and their respective workflows introduced 
in Section 2.  

4.1 Design of a novel counterflow heat exchanger 

In this case study, a powerful liquid-to-liquid heat exchanger was designed in 
such a way that it could not be traditionally manufactured. The design process 
of the heat exchanger was conducted from the beginning to demonstrate the 
advantages of not considering technological restrictions of the manufacturing 
method in the functional requirements and interface definition stages. 

Functional requirements definition 
 
Taking inspiration from a conventional counterflow heat exchanger, the heat 
exchanger of this study was designed to include as its central functional element 
of a tightly packed checkerboard of square pipes. The sides of the square pipes 
were defined to be as small as possible without forming a significant capillary 
effect, which would be detrimental to the flow of liquids. The reason for using 
pipes with a small hydraulic diameter is the increase in the overall internal 
surface area of the heat exchanger.  

In addition to the miniature channels, the heat exchanger design takes 
advantage of the high surface roughness of AM. The surface roughness that is 
typically detrimental to AM further raises the surface area of the channels and 
keeps the turbulent flow from becoming laminar. This is beneficial because the 
heat transfer coefficient of a turbulent flow is much higher than that of a laminar 
flow [56]. 

The idea of the central element of the heat exchanger is pictured in Figure 8. 
The design process has been exaggerated in this section because designers 
would normally skip several of the steps demonstrated here. Nevertheless, the 
steps are included to improve the demonstration.  
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Figure 8. The central functional element of the novel heat exchanger: 144 channels in a 
checkerboard pattern. 

Interface definition 
 
Once the central element was developed, the interfaces necessary to connect the 
heat exchanger to the outside were needed. In this case, two pairs of tubes of at 
least 6 mm in height and 10 mm in internal diameter were chosen. 

Opportunistic design 
 

At this point, the major obstacle (and the main reason why this design cannot 
be subtractively manufactured) becomes evident. In order to connect the 
checkerboard to the outlets, every individual channel of the two sets of 72 
channels has to be redirected separately and led into the four connecting flow 
ports.  

Because the concept generation was not restrained by manufacturing 
limitations, a novel solution could be devised. In the solution, one set of 
channels would be redirected to the side of the heat exchanger through a lattice 
and the other set would pass through the lattice. This redirection method is 
presented in Figure 9. 

 

   

Figure 9. A redirection technique in which the cold channels are diverted into a lattice and the hot 
channels pass through. 

Once the channels are redirected, a flow port can be added to the side of the 
lattice and another can be added on the end, as shown in Figure 10. 
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Figure 10.  The heat exchanger with lattice redirection and connections to flow ports. 

Restrictive design 
 

The design shown in Figure 10 would technically work if any manufacturing 
technology were able to produce it. However, when considering the limitations 
of AM, the design is not manufacturable. At this point of the design process, the 
AM technology and material used to produce the heat exchanger were selected. 
Because of the small details in the design, the technology of highest accuracy 
needed to be chosen. The selection process was also guided by the material 
choice, which was to be a metal with decent conductivity. Once these attributes 
were considered, the AM technology of selective laser melting (SLM) was chosen 
to produce the heat exchanger. Of the metals available for SLM, the most 
affordable one with decent conductivity, AlSi10Mg, was chosen. 

Once the technology and material were known, the restrictive design phase 
could be considered. In the documentation of the material, the minimum wall 
thickness of 0.3—0.5 mm is given [57]. However, since the functionality of the 
heat exchanger would be threatened if any one wall within it were to burst 
(causing the liquids to be mixed), a thicker wall thickness of 1 mm was 
implemented.  

Functional requirements definition 
 

The addition of the minimum wall thickness affected the entire design of the 
heat exchanger because the central element had to be redesigned. The 
redesigned main element with the channels 1 mm apart from one another is 
shown in Figure 11. 

 

 

Figure 11. The main element of the heat exchanger with channels 1 mm apart from one another. 
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The inclusion of the wall thickness consideration was especially notable on the 
lattice side of the design. Because the minimum wall thickness was 1 mm and 
there was only 1 mm between the channels, there was no space for any 
connection between the channels. Therefore, the channels had to be spread out 
to 3 mm from one another at each end of the heat exchanger. This change can 
be seen in Figure 12. 

 

 

Figure 12. The channels spread out to 3 mm from one another at the lattices. 

Opportunistic design 
 

Once the channels were spread out to 1 mm from each other in the centre and 
to 3 mm from each other at the ends, curved channels could be created to 
connect these two checkerboards. Each of the channels follows its own 
trajectory, which would be extremely difficult if not impossible to create using 
subtractive manufacturing. The curved channels connecting the two 
checkerboards are shown in Figure 13. 

 

 

Figure 13. The curved channels between the central element and the lattice. 

Because the channels were spread to 3 mm from each other, a lattice could now 
be created between them to connect the cold channels and to guide them to the 
outside. The hot channels now also had enough space to pass through the lattice. 
In the final phase of creating the channel system, the funnel chamber was 
designed to cap the hot channels, and flow ports were added to both sets of 
channels. These stages are shown in Figures 14 and 15. 
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Figure 14. A section of the lattice structure showing cold channels being redirected into the lattice 
and hot channels passing through. 

 

 

Figure 15. A side view of the finished heat exchanger channel system. 

Once the design of the channel system was finished, the heat exchanger could 
be created. This was achieved by creating a cut-out from a solid block and 
removing all the material outside of the channel system at the distance of 1 mm 
where possible. The result of the cut-out, the finished design of the heat 
exchanger, is shown in Figure 16 as a wireframe projection and as a solid model 
in Figure 17. 
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Figure 16. A wireframe side view of the finished heat exchanger design. 

 

 

Figure 17. A solid isometric view of the finished heat exchanger design. 

Restrictive design 
 

With the design finished, it could be examined for possible necessary changes 
from the point of view of the used material, AlSi10Mg, and manufacturing 
method, SLM. Although the wall thickness had already been considered when 
creating the shell for the heat exchanger, the walls around the connectors were 
further reinforced to avoid the risk of bursting. The remaining 
manufacturability questions were related to the support structures used in the 
manufacturing process and whether the powder that would be left inside the 
channels in the process could be removed afterwards. Because of the nature of 
the component, no internal support structures could be allowed. Fortunately, 
the angles of the design were steep enough for AlSi10Mg not to require any 
internal supports, and no modification was needed. The channels inside the 
heat exchanger each had one overhanging side, but as it was only 1 mm long and 
the surface roughness requirement was not strict, this was not a major issue. 
The question of powder removal proved more challenging because there is not 
much information available on the matter. The only way to find this out was to 
manufacture the component and test the performance afterwards. 
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At this point, the cost of manufacturing the heat exchanger was considered. 
As the material was already decided, service providers were contacted to tender 
offers. The lowest offer from a German service provider, €1261.10, was accepted. 
It should be noted that the cost of procuring AlSi10Mg parts has become 
considerably lower since the heat exchanger was manufactured for this study, 
and it could now be procured for under €800.  

Manufacturing instructions preparation 
 

The heat exchanger was manufactured successfully from AlSi10Mg, with a layer 
thickness of 60 m and sandblasted to remove traces of the external support 
structures. As the only machining step, threads were manually added to each 
flow port. The flow ports were subsequently fitted with hose adapters to test the 
heat transfer performance of the heat exchanger. The manufactured heat 
exchanger fitted with hose adapters is shown in Figure 18. 

 

 

Figure 18. The designed heat exchanger channels superimposed onto the manufactured heat 
exchanger fitted with adapters for hose connections. 

Evaluation 
 

The heat exchanger was tested in a counterflow set-up with an approximate 
temperature difference of 50 degrees centigrade. The measuring set-up can be 
seen in Figure 19.  
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Figure 19.  The test set-up of the heat exchanger. 

The heat flow in relation to the liquid throughput of the heat exchanger is 
presented in graph format in Figure 20.   

 

 

Figure 20. The heat flow of the heat exchanger designed in this study. 

The heat exchanger performed exceptionally well with the peak heat transfer of 
16 kW at a flow rate of 13 l/min. The measured heat transfer is not the maximum 
performance of the heat exchanger, but it is the limit of the source of liquid 
available for the experiment. Due to its construction, the heat exchanger could 
handle higher flow rates and pressure drops and result in even higher heat 
transfer rates.  

To put the performance of the heat exchanger into perspective, its 
conductance G is calculated from the data presented in Figure 20. The 
conductance is then compared with commercially available liquid-to-liquid heat 
exchangers. Two models are chosen to represent traditional plate heat 
exchangers: the LL510G12 and the LL820G12 both designed and manufactured 
by Lytron Inc. These heat exchangers were chosen because their performance 
information is publicly available [58]. The conductance of the heat exchanger 
designed in this study and the commercial ones is presented in Figure 21. 
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Figure 21. Conductance of the heat exchanger of this study and a commercial liquid-to-liquid 
plate heat exchanger. 

The conductance of the heat exchanger developed in this study is between the 
two commercially available heat exchangers with which it was compared.  This 
shows that the performance is comparable with commercially available 
solutions. However, the result is not conclusive because the presented values do 
not account for the size of the heat exchanger. To do so, the conductance at each 
point is divided by the volume of the heat exchanger and the resulting 
information is presented in Figure 22. 

  

 

Figure 22. Conductance of the heat exchangers divided by their volume. 

The volume of the heat exchanger was calculated from the outer envelope, 
meaning that the hollowing of the channels was not taken into account. When 
accounting for volume, the performance of the heat exchanger developed in this 
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study is significantly better than that of commercially available products. At the 
flow rate of 13 litres per minute, the conductance per volume of the heat 
exchanger designed for this study is 7.26 times higher than that of medium-
sized commercial heat exchanger and 12.25 times higher than that of the large 
heat commercial heat exchanger. 

Aside from the exceptional performance, the advantages of the heat exchanger 
also include benefits from the point of view of the manufacturing process. 
Because the heat exchanger is built in one piece, it does not need assembly; and 
since the walls inside of it did not burst, it is a leak-free design without using 
any seals. Additionally, manufacturing this design of a heat exchanger is 
possible with any SLM machine that can process AlSi10Mg. This contrasts with 
traditionally manufactured heat exchangers, which require capital-intensive 
machinery to manufacture. Therefore, it could be beneficial to manufacture this 
heat exchanger when one is needed quickly, and a traditional type is not readily 
available. As such, although the primary design strategy of this case study is 
functional, it also demonstrates how components designed for AM can also 
benefit from the manufacturing design strategy. 

Summary of design process 

The design of the heat exchanger involved each step of the process and included 
backtracking to earlier steps to resolve issues. A summary of the design process 
is presented in Figure 23. 

 

 

Figure 23. The design process of the counterflow heat exchanger. 

The design steps of the design of the counterflow heat exchanger are thus 
explained: 

 
1. Development of the checkerboard matrix heat element 
2. Definition of the four outlets 
3. Development of the first version of the lattice-and-chamber redirection 

system 
4. Addition of the wall thickness requirement 
5. Re-evaluation of the checkerboard matrix due to the wall thickness 

requirement and redesign of the lattice 
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6. Design of the curved channels to connect the channels of the central 
element to the lattice and chamber 

7. Reinforcing of the walls around the connectors and cost comparison of 
service providers 

8. Deciding the manufacturing orientation and machine 
9. Fitting the heat exchanger with hose adapters and performing heat 

transfer tests 

Summary of technical and operational benefits 

The main technical benefit of using AM in the heat exchanger developed for the 
study is the ability to produce a functionally novel type of heat exchange element 
that performs exceptionally well. Other technical benefits include the omission 
of assembly and machining and the favourable surface roughness.  

The best offer for producing the heat exchanger came from a Finnish company 
that quoted the cost at €545. The cost of the commercial heat exchangers when 
bought directly from Lytron is $319 (€279.30) for LL510G12 and $600 
(€525.28) for LL810G12. From this, and from the conductance of the heat 
exchangers, their performance in relation to their cost at 13 lpm can be 
calculated, as shown in Table 7. 

Table 7. Characteristics of the heat exchangers at 13 lpm. 

Model 
AM heat 

exchanger 
Lytron 

LL510G12 
Lytron 

LL820G12 
Performance (W/K) 494.2 325 550 

Volume (cm3) 181.4 800.1 2361.6 
Performance per unit of volume 

[(W/K)/cm3] 
2.72 0.41 0.23 

Cost (€) 545 279.20 525.28 
Cost per unit of performance 

[€/(W/K)] 
1.10 0.86 0.96 

  
 

As can be seen in Table 7, the performance per unit of volume of the heat 
exchanger of designed in this study is an order of magnitude higher than that of 
the commercially available plate heat exchangers. However, when looking at the 
cost per unit of performance, the additively manufactured heat exchanger is 
slightly more expensive than the commercial counterparts. From the technical 
point of view, therefore, the heat exchanger of this study should be used only 
when the space is limited. 

The potential operational benefits of the additively manufactured heat 
exchanger are limited and its main reason of application is its performance. The 
only operational benefit of the heat exchanger is that it can be produced by 
anyone with an AM machine that can process AlSi10Mg. The heat exchanger can 
therefore be manufactured in many more places than tube or plate heat 
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exchangers that require extensive production chains that are only found in 
specific locations. 

4.2 Redesign of a digital hydraulic valve manifold 

The case study chosen to represent the “Components redesigned for AM” 
category was the central manifold of a novel digital hydraulics system. 
Hydraulics, and components that benefit from internal flow optimization in 
general, are a common application of redesign for AM in the literature. 
Optimization of hydraulic components using AM has been demonstrated by 
several researchers, such as Wei et al. (2007), Cooper et al. (2012), and Farré-
Lladós et al. (2016) [59]–[61]. In addition, AM is much used in the improvement 
of cooling channels in moulds and other components that heat up. In such 
instances, the concept is called conformal cooling. [62] 

The object of the redesign in this case, the digital hydraulic valve developed by 
Lantela and Pietola (2017) [63], works on the principle of limiting the flow with 
a parallel series of miniature valves of different diameter. In the valve used in 
this study, there were eight valves of four different diameters. Because the flow 
could be restricted by a combination of any of them, there were 23 steps in 
restricting the flow. In such a manner, the flow can be controlled extremely 
precisely. This type of precision causes a very high level of complexity in the 
channel system of the manifold through which the liquid passes. The original 
design could not be manufactured with traditional manufacturing methods but 
had to resort to laminate brazing, a method occasionally employed in the heat 
transfer industry [64]. In this method, thick sheets are used as the material and 
they are cut into shape using a laser or water jet and subsequently machined to 
remove the angle of beam or stream. The sheets are then treated with a bonding 
material, stacked, and raised to a very high temperature in a furnace [65]. The 
method could be considered AM, but it is so reliant on manual labour that it 
would be misleading to label is as such. 

The laminate brazing manufacturing method makes it possible to 
manufacture quite complex components. It is, however, also severely limited 
when compared to AM. While there is near absolute freedom in the design of 
the laminates in the horizontal direction, the vertical resolution of the 
component is decided entirely by the thickness of the sheets. Additionally, the 
laminate brazing manufacturing method does not allow separate shapes, or 
islands, on a single layer. From a more practical point of view, brazing requires 
a tool chain of many specialized machines that are very rarely found together 
[66]. The original manifold and laminates from its manufacturing method are 
shown in Figure 24.  
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Figure 24. Original design and manufacturing method of the digital hydraulic manifold. 

Because of the limitations of laminate brazing, there was a great opportunity to 
improve the manifold by redesigning it for AM. The major advantage that AM 
would bring from the functionality point of view is the free shaping of the flow 
channels. Because of the complexity of the manifold and the foreseeable 
advantages, it was decided that it would be an excellent demonstration of the 
opportunities of redesigning components for AM. The manifold also contained 
some features that would require very high precision, which would give an 
opportunity to demonstrate how to design for demanding requirements in AM. 

Redesign analysis 
 
As with any component that is redesigned, the manifold was first analysed in 
order to identify the main functional features and interfaces and to define the 
design space. To do this, the original model was stripped of any features that 
could be changed until only the external and internal interfaces that had to 
remain unchanged were left. This process is essential in any redesign because a 
failure to note a feature that cannot be changed at this stage may cause 
significant rework in later stages. In this case, this stage was quite safe because 
the redesign was done in collaboration with the researcher who had designed 
the original manifold and could give very accurate information on its 
functionality and interfaces. The internal structure of the original manifold is 
shown in Figure 25, and the critical interfaces are shown in Figure 26. 
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Figure 25. The internal structure of the original digital hydraulic manifold. 

 

 

Figure 26. The functional interfaces of the digital hydraulic manifold used for the redesign. 

Restrictive design 
 

Because of manufacturing cost considerations and the workload required to 
redesign the channels, only half of the manifold was redesigned. This was not a 
significant limitation, however, because the functionality of that half of the 
manifold remained unchanged. Designing such a complex geometry is very 
time-consuming, and designing in an idealistic manner without considering 
manufacturing limitations could lead to significant rework at the end. 
Therefore, the manufacturing technology, material, and manufacturing 
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orientation were chosen immediately after identifying the interfaces. SLM was 
chosen for the technology, EOS MS1 tool steel was chosen as the material, and 
an upright orientation was chosen as the build orientation. 

SLM was chosen because it was the only technology with the required 
precision to manufacture the metal component, as the tolerance of a specific 
dimension within the manifold had to be at maximum ±50 μm to maintain the 
functionality of the hydraulic system. The alternatives, electron beam melting 
(EBM) and directed energy deposition (DED), cannot normally achieve such 
tight tolerances [17]. As for the material, MS1 tool steel was chosen as the most 
widespread tool steel option with a sufficient tensile strength of over 1900 MPa 
in all directions.  

The manufacturing orientation was also chosen because of the specific 
internal dimensions (shown in Figure 27) that had to be as close as possible to 
3 mm. The accuracy of the material as listed in the material sheet was ±50 μm 
up to 50 mm in height and less after. ±50 μm was on the border of being 
acceptable, so the manufacturing orientation had to be chosen accordingly. 
Another advantage of the chosen orientation was that the main channels would 
run roughly along its z-axis, which meant that they would not require internal 
supports. 

 

 
 

Figure 27. The dimension that had to be as close to 3 mm as possible. There were in total sixteen 
of these dimensions, as each of the eight valves on both sides had this feature. 

The main limitation imposed by the manufacturing technology and the material 
was that supports could not be removed afterwards, which meant that internal 
supports could not be allowed. A limitation related to this was the 45-degree 
maximum angle of overhanging features to make sure that internal supports 
were not needed. The wall thickness limitation according to the material sheet 
was 0.3—0.4 mm [67].  
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Opportunistic design 
 
After defining the set of limitations and the interfaces, the channel system was 
designed according to the planned flow distribution system of the manifold. The 
process of design was entirely driven by connecting the correct interfaces with 
one another through channels with correct hydraulic diameters. Because of this, 
and because of the intricacy of the interfaces in the throttling area, the top part 
of the redesigned component is quite similar to the original design. Some 
improvements can be seen in the smoother shape of the small risers connecting 
the main channels and in the more delicate dimensioning of some of the 
channels, but the designs look very similar from this angle. The comparison of 
the main interface side of the two designs is shown in Figure 28. 

 

 

Figure 28. Comparison of the interfaces of the original model (top) and the redesigned for AM 
model (bottom). 
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A larger improvement, and indeed the main advantage of the redesigned 
component, can be seen in the smoother shaping of the main channels. Because 
the design was no longer restricted in any direction except by the, by 
comparison, lenient limitations of the selective laser melting process, the 
channels could change shape and diverge much more naturally. This made it 
possible to design the channels in such a way that they could fit next to one 
another and keep the correct hydraulic diameters. Additionally, it allowed the 
diverging risers to be designed in the direction of the flow instead of the earlier 
solution of using straight angles. An example comparison of the channel shapes 
is shown in Figure 29. 

 

 

Figure 29. Comparison of channel shape of the original model (top) and redesigned for AM 
(bottom). 

The shape of the channels had a significant impact on the side of the manifold 
with no interfaces. As can be seen in Figure 30, although the proportions of the 
flow distribution system were kept the same, redesigning the channels for AM 
resulted in much more organic shapes and more compact placement of features. 
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Figure 30. Comparison of overall channel system of the original model (left) and redesigned for 
AM (right). 

To give an idea of how complex the channels were designed to be, cross-sections 
of the manifold at 5 mm intervals in the manufacturing orientation are shown 
in Figure 31.  
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Figure 31. Cross-sections of the redesigned manifold channels at 5 mm intervals. 
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What should be noted about the channels is the constantly changing area of the 
flow cross-section and the connections to other channels. The shaping of the 
channels was done by hand in CAD software and was guided by the goal of 
minimizing deceleration of the liquid passing through the channels with a 
general understanding of fluid dynamics. The major advantage of the new 
design came from the lack of swirls in the main channels and fluent redirection 
in the valves. In later stages, critical channels were analysed with CFD and 
iterated to achieve improved results. A CFD simulation of a channel connection, 
the red one to the yellow one in the figures, is shown in Figure 32 as compared 
to the original design. The final and original channel systems are shown in 
Figure 33. 
 

 

Figure 32. CFD simulation of a section of the original manifold (bottom) and the manifold 
redesigned for SLM (top). The improvement of the flow characteristics is most notable from 
the reduction of swirls. 

 

 
 

Figure 33. Channels of the original digital hydraulic manifold (right) and redesigned for SLM (left). 
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Restrictive design 
 
Once the new channels of the manifold were designed, the entire structure was 
verified for manufacturability. This included checking each minimal wall 
thickness and overhang angle of the manifold. Several corrections had to be 
carried out to make the design manufacturable without internal supports. In the 
end, all internal supports could be eliminated except for a small overhang that 
was necessary for pressure measurement purposes and could not be changed 
sufficiently to avoid supports. Fortunately, the required support was in a 
location that allowed for it to be machined afterwards. The location and support 
structure of the feature is shown in Figure 34. In addition to ensuring that no 
internal supports would be needed, all external orifices that could be machined 
and that were larger than 2 mm in diameter were supported with triangular 
shapes to prevent as much sagging of the channels as possible. The 
augmentation of the holes to be triangular on one end is also shown in Figure 
34. 

 

 

 

 

 

Figure 34. A section at the depth of 3 mm from the front face of the redesigned manifold (left) 
showing the location of the only internal support needed in the production of the component. 
The location of the support is shown in more detail in the top-right close-up and the type of 
support used is shown on the bottom-right. 
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The procurement cost of the manifold was considered at this stage. Because 
the material was already chosen, the remaining question was which service 
provider to use. A German service provider tendered an offer of €901.50, which 
was accepted. 

Manufacturing instructions preparation 
 
After the design was finished, manufacturing instructions were made, and the 
manifold was manufactured in an EOS M400 machine with the layer thickness 
of 50 μm. All the round orifices that were accessible were subsequently 
machined. The selective laser melted and the original hydraulic manifolds are 
shown in Figure 35. 

 

 

Figure 35. The original laminated digital hydraulic manifold (top) and selective laser melted 
manifold (bottom). 

Evaluation 
 

The redesigned and additively manufactured hydraulic manifold was tested in 
the same set-up as the original manifold [63]. The improved channels of the 
hydraulic block proved highly beneficial, as the tests showed that there was a 
significant increase in the flow rate compared to the original design. The largest 
improvement measured in a single valve was 39%. The detailed improvements 
in flow rates of individual metering edges are presented in Table 8. In addition 
to the improved flow rates, the pressure loss of the hydraulic system was 
reduced from 3.7 MPa with the brazed manifold to 1.9 MPa with the selective 
laser melted manifold. Redesigning the manifold therefore reduced the pressure 
drop of the hydraulic system by 49%. 
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Table 8. Measured flow capacities of the valves in metering edges of the laminated and selective 
laser melted manifolds with a 3.5 MPa pressure difference. 

Valve no. P-A Laminated [l/min] P-A SLM [l/min] Improvement (%) 

8 21.9 26.8 22 

7 19.5 27.2 39 

6 12.8 16.7 30 

5 12.3 16.9 37 

4 9.9 12.2 23 

3 9.8 12.9 32 

2 5.0 5.3 6 

1 5.4 5.2 -4 

Summary of design process 

The redesign of the digital hydraulic manifold included all the steps of the 
process and considering the restrictions of the SLM method before starting the 
design. The redesign process is summarized in Figure 36. 
 

 

Figure 36. The design process of the digital hydraulic valve manifold. 

The design steps of the redesign of the digital hydraulic valve manifold are thus 
explained: 

 
1. Identification of the interfaces and the design space 
2. Selection of the AM technology, material, and orientation to avoid 

significant rework 
3. Design of the channels 
4. Modification of features to conform to the guidelines of the material and 

technology and cost comparison of service providers 
5. Selection of the machine and laying out the plan to post-process the 

valve manifold 
6. Machining of the manifold, fitting it with measurement equipment, and 

carrying out the measurements 
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Summary of technical and operational benefits 

The main technical benefit of using AM in the production of the digital hydraulic 
valve manifold is the improved flow capacity made possible by the ability of AM 
to produce complex internal structures. A secondary technical benefit is the 
reduction of potential failure points in the manifold because it is built as one 
uniform piece instead of several laminates with connecting surfaces. The 
manifold produced with AM is consequently lighter, better secured against 
leakage and other defects, while at the same time reducing pressure losses by 
49%. It is therefore fair to say that AM is the preferential production technology 
from the technical perspective.  

The operational advantages of using AM in this case are more dynamic. At the 
time the case study was conducted, the service provider gave quotations for 
orders of 46, 100, and 250 additively manufactured manifolds. The prices for 
these runs would have been, respectively, €415, €368.40, and €365.60 per unit. 
The price includes manufacturing the part, removal of supports, heat treatment, 
and delivery. From the trend it can be deduced that the price reaches its lowest 
level at around €365 and larger runs would not be much cheaper. While this is 
a considerable step down from the €901.50 a single part costs, the economies of 
scale are in favour of laminate brazing.  

Obtaining an exact figure for the production of manifolds of the original 
design via laminate brazing is challenging because it is not a standard technique 
to manufacture hydraulic components and quotations can only be obtained for 
each separate process in the supply chain. The stages that incurred costs to 
produce the laminated manifold were laser cutting of the laminates, coating the 
surface with copper, and finally vacuum brazing the laminates together. 

The suppliers of the laser cutting service quoted the price of cutting the 
laminates for the hydraulic block at €82 for a stack necessary to produce one 
manifold at volumes of 100 or higher. The coating service gave a quotation of 
9€ for volumes of 100 or higher and €8 per laminate for volumes of 250 or 
higher. The vacuum brazing provider quoted the price at €50 for 100 or more 
manifolds. The price of a single laminate brazed hydraulic manifold produced 
at a series volume is therefore approximately €242 without shipping between 
the facilities and without delivery. Taking this as the cost of procuring laminate 
brazed manifolds, series production would be approximately €123.60 cheaper 
with laminate brazing than with AM.  

However, it should also be noted that the manifold of this case is only a part 
of the hydraulic system. While additively manufacturing the redesigned 
manifold raises its cost, the improvement of the manifold affects the 
performance of the entire system. Hydraulic systems such as the one of which 
the manifold is the central element typically cost thousands of euros. It is 
therefore reasonable to argue that the increased cost of the additively 
manufactured manifold is justifiable in view of the 49% improvement in the 
operation of the hydraulic system. 
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4.3 Additive manufacturing in offsite warranty repair 

To demonstrate how it could be beneficial to manufacture components that are 
not designed for AM, a component from the consumer electronics industry was 
chosen. The warranty repair of consumer electronics was chosen as a fitting case 
study because on the one hand, such repairs need to be accomplished under a 
certain time limit, and on the other hand, additively manufacturing some of the 
parts is achievable even with mid-range AM equipment.  

The supply network for consumer electronics warranty repairs is 
straightforward. First, the customer sends a faulty device to a repair shop to be 
repaired, where the device is diagnosed, and a spare part is ordered from the 
spare part distributor. The distributor then sends the spare part to the repair 
shop if they have the part, or they pass the request to the original equipment 
manufacturer (OEM) network. Once the spare part reaches the repair shop, it is 
installed and the repaired device is sent back to the customer. A model of the 
current supply network is shown in Figure 37. 

 

 

Figure 37. The current model of a supply network in off-site consumer electronics repair. 

Ideally, this process should take only days and the duration of the repair is 
rigorously supervised. The time pressure imposed on the warranty repair 
providers comes from the fact that they are most often third-party repair shops 
that have a maintenance service contract with the OEM of the device being 
repaired. According to the maintenance service contract, the repair shop is 
obligated to achieve certain turnaround times (TAT) for a certain percentage of 
repairs. Typically, in the portable computer repair industry, the required TAT is 
less than 5 business days for most repairs and less than 10 business days for a 
small minority of repairs. A very small percentage of repairs can exceed 10 
business days. The reasons why the 10-day limit can be exceeded at all are 
mistakes from the technicians, defective spare parts, wrong spare parts sent by 
the distribution centre, and spare parts that take a very long time to obtain. Even 
if spare parts could be available from local private persons with a faster delivery 
time, the repair shops are not allowed to use them, as they are required to use 
only official parts sourced from the OEM. 

To demonstrate how the concept of digital spare parts can be applied in a 
realistic scenario, the memory cover of a Dell Latitude 4300 computer was 
chosen to be manufactured with AM and replaced.  
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Manufacturability analysis 
 
The memory cover was reverse-engineered from the physical component by 
using a calliper and designed in CAD. The cover was a simple object with the 
minimum wall thickness of 1 mm and no internal features. Because the model 
could be manufactured with a variety of AM technologies without any changes, 
no redesign was performed. The 3D model of the memory cover is shown in 
Figure 38. 

 

 

Figure 38. The 3D model of the memory cover. Dimensions in millimetres. 

Restrictive design 
 
Because no redesign was performed, the only action during the restrictive 
design stage was the cost evaluation between several AM technologies that were 
able to produce the memory cover. The most suitable technologies to employ 
were fused deposition modelling (FDM) or selective laser sintering (SLS). Using 
fused deposition modelling with PC or ABS would have provided the closest 
match with the original cover from the perspective of surface quality and 
material feel. However, FDM is exceedingly rare and prohibitively expensive 
when ordering parts from a service provider. For example, the price given by the 
automatic quotation system of service provider Materialise gives €192.01 as the 
price for manufacturing the memory cover with FDM from either PC or ABS. 
Another large service provider of additively manufactured components, 
Shapeways, does not publicly offer FDM parts as a service. The reason for the 
excessive cost and poor availability of FDM is in part due to the perceived 
unreliability of lower end FDM equipment, which leads service providers to use 
higher end devices, such as ones from Stratasys, where the cost of the 
proprietary material is substantially higher than that of devices with open 
material policies. The decentralized and private person-driven 3Dhubs does 
give options for parts manufactured with FDM from several materials. However, 
the prices on the platform also start from €38.71 for parts made from PLA and 
from €100 for parts made from ABS.  

Due to the problems with procuring components made with FDM, the focus 
was shifted to SLS. As the best offer for the production came from a Finnish 
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service provider specializing in selective laser sintering, the part was ordered 
from them for the price of €15.25.  

Manufacturing instructions preparation 
 

The memory cover was set to be manufactured with EOSINT P 395 of polyamide 
12 and dyed black to suit the rest of the bottom case of the portable computer. 
To install the memory cover, the screws from the old component would be used. 

Evaluation 
 
The selective laser sintered memory cover was installed in the computer, where 
it fit with no issues. The functionality and stability of the computer were then 
verified by running a stress test for 48 hours. No problems were encountered 
during the test. The installed component can be seen in Figure 39. 

 

 

Figure 39. The installed selective laser sintered memory cover in the middle of the portable 
computer. 

The simplicity of the supply network allows inserting AM machinery at any 
point and testing the configuration with a Monte Carlo simulation. Three supply 
network models were devised by inserting an AM machine at different points of 
the supply network. In Figure 40, the AM machine is at the premises of the spare 
part distributor, in Figure 41 at the repair shop, and in Figure 42 in the OEM’s 
supply network. 

 



Investigations 
 

48

 

 

Figure 40. The supply network with AM machinery at the spare part distributor. 

 

Figure 41. The supply network with AM machinery at the repair shop. 

 

Figure 42. The supply network with AM machinery in the OEM’s supply network. 

The Monte Carlo simulations were performed for two scenarios. In the first 
scenario, the device comes in for repair of a component that is not in stock and 
can be additively manufactured. In the second scenario, the device comes in for 
repair of a component that is sent by the spare part distributor and during the 
repair process another part that is not in stock but can be additively 
manufactured is damaged. To simulate the repair time in each of the networks, 
the following assumptions were made: 

 
• The TAT starts running when the device is received at the Repair Shop and 

stops when the device leaves the Repair Shop. 
• The diagnosis of the device can happen immediately upon arrival or can 

take up to two days. The spare part is requested immediately at the end of 
the diagnosis. 

• Spare part requests are immediately handled automatically at the Spare 
Part Distributor. 
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• The delivery time from the secondary location or OEM to the Spare Part 
Distributor is five to ten days. 

• The delivery time from the Spare Part Distributor to the Repair Shop is 
two to four days. 

• The AM of a plastic spare part at the Spare Part Distributor takes one to 
three days. 

• The AM of a plastic spare part at the Repair Shop can happen on the same 
day or can take up to two days. 

• The AM of a metal part at the OEM facility takes one to three days. 
• The replacement process of the spare part at the Repair Shop can happen 

on the same day the part was received or can take up to one day. 
• All durations of the ranges mentioned have the same probability. 
 
The assumptions were entered in Excel, and Monte Carlo simulations were 

run for each scenario in 1,000 iterations. The results of the simulations can be 
seen in Table 9. 

Table 9. The delivery times of the Monte Carlo simulations. Lower is better. 

Scenario Current model 
(days) 

AM at  
distributor’s 

premises 
(days) 

AM in repair 
shop (days) 

AM in OEM’s 
network 

(days) 

1 14 7 3 15 
2 17 11 7 18 

 

For both scenarios, the repair times were reduced by placing the AM machine 
at the spare part distributor and reduced even further by placing it in the repair 
shop. Placing the machine in the OEM’s network had an adverse effect and 
delayed the repairs by a day.  

The simulations were also checked for TAT threshold achievement. In other 
words, the share of repairs that were completed in more than 5 and 10 days were 
recorded. This data is shown in Table 10. 

 

Table 10. The share of repairs exceeding TAT thresholds in the Monte Carlo simulations. Lower 
is better. 

Scenario, TAT 
threshold 

Current model 
(%) 

AM at  
distributor’s 
premises (%) 

AM in repair 
shop (%) 

AM in OEM’s 
network (%) 

1, 5 days 100 78.8 0 100 
1, 10 days 95.8 0 0 96.9 
2, 5 days 100 100 71.4 100 

2, 10 days 99.9 51.2 0 100 
 

In the current model without AM, the TAT thresholds are surpassed in almost 
all repair cases. The addition of AM at the premises of the distributor and the 
repair shop resulted in a drastic improvement in keeping the TAT in check. The 
most notable improvement is when the machine is placed in the repair shop in 
which all repairs in scenario 1 stay within the 5-day limit and all repairs in 



Investigations 
 

50

scenario 2 stay within the 10-day limit. The effects of each model on every actor 
in the supply network are presented in Table 11. 

 

Table 11. The effects of the models across the supply network. 

Actor Current model 
AM at  

distributor’s 
premises 

AM in repair 
shop 

AM in OEM’s 
network 

Customer Long absence of 
device 

Shorter absence of 
device 

Shorter absence of 
device 

Longer absence of 
device 

Repair Shop Long TAT Reduction in TAT 
Reduction in TAT; 
investment in AM 

machinery 
Long TAT 

Spare Part 
Distributor 

Maintaining large 
inventory and 

complex  
distribution  

network 

Lower  
warehousing 

costs;  
investment in AM 

machinery 

Lower  
warehousing costs 

Lower  
warehousing costs 

OEM Slow repairs  
damage brand 

Faster repairs  
improve brand 

Faster repairs  
improve brand 

Slow repairs  
damage brand;  

investment in AM 
machinery 

 

According to the results, the AM machine should be placed as close to the spare 
part requirement as possible, while keeping in mind that the demand must be 
sufficient. If an AM machine is placed at the repair shop but there is not enough 
demand for parts that can be additively manufactured, some repairs will become 
faster, but overall the placement of the machine will be detrimental to the 
profitability of the repair shop because of the initial cost and upkeep of the 
machinery. It is most likely that placing the AM machine at the premises of the 
spare part distributor would yield the largest benefits. As the spare part 
distributor services several repair shops, the demand should be steady and, 
while the repair time reduction would not be quite as high as when placing the 
machine in the repair shop, the improvements in achieved TATs would still be 
considerable. In contrast, placing AM machinery in the OEM’s network and 
producing the spare parts on demand would be detrimental in every aspect of 
the repair process. 

Summary of the design process 

The design process of the memory cover was straightforward and is 
representative of rudimentary reverse engineering. The design process is 
summarized in Figure 43. 
 

 

Figure 43. The design process of the memory cover. 
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The design process of the memory cover is thus explained: 
 

1. Measuring the memory cover and designing it accordingly 
2. Comparing the costs of suitable AM technologies and materials 
3. Selecting the AM machine and material and post-processing 

requirements 
4. Installing the memory cover in the portable computer and performing 

stress tests to evaluate the technical performance and Monte Carlo 
simulations to evaluate the effect on the supply chain performance 

Summary of technical and operational benefits 

The use of AM in the repair of consumer electronics components is not intended 
to bring any technical benefits. On the contrary, the technical limitations of AM 
play a bigger role because the intention of the use case is to replicate existing 
products in shape, look, and feel. The benefits of using AM in the repair of 
consumer electronics therefore lie chiefly in improving operations. 

The main motivation to use AM in this setting is the severely improved TAT, 
which is the main performance metric used in the field. The repair shops are 
beholden to the OEMs through maintenance service contracts that bind them to 
observe a certain level of performance in relation to the TAT. The distribution 
of the TAT goals varies between OEMs, but a common one is that 95% of repairs 
must be completed within 5 days, 4% within 10 days, and 1% of repairs can lapse 
beyond 10 days but must be repaired or replaced within 30 days. If the repair 
shop fails to meet these requirements, it faces severe monetary sanctions from 
the OEM. Therefore, repair shops observe the running TAT statistics very 
actively and any way to improve them is of great interest.  

According to the hypothesis of the case study, using AM to manufacture spare 
parts with long delivery times could reduce the duration of typically prolonged 
repairs enough to the TAT goal achievement rate. The hypothesis was tested by 
simulating the effects of AM on the supply chain of the repair process. This was 
done by first creating a supply chain model and placing AM equipment in it in 
different configurations. Then, data were gathered from repair shop operations 
for the duration of each of the steps present in the model. Then, scenarios were 
set up to evaluate the performance of each of the configurations. 

According to the results, adding AM machinery at either the spare part 
distributor or the repair shop helps rein in the repair times of cases that would 
otherwise be in danger of surpassing the critical TAT thresholds. The main 
effects of including AM at these points would be the improvement of the overall 
service quality of the supply network and the avoidance of sanctions for the 
repair shops. 
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4.4 Additive manufacturing in digital spare part production 

This section presents the results of the focus group study conducted for 
Article IV. The participants of the study gave extensive information about their 
views on current problems in spare parts management, new possibilities and 
obstacles of digitization of spare parts, required properties of digital spare parts, 
and the composition of the future digital spare parts network.  

The participants identified the unpredictability of the availability of rare 
components, the loss of productivity due to stock-outs, and the propensity of 
employees to make mistakes due to the rush caused by the late arrival of spare 
parts as the biggest problems with current spare part management.  

The participants saw multiple benefits in the digitization of spare parts. The 
main advantages listed were the reduction of delivery time, customs avoidance, 
remote location delivery, and positive environmental impact. These advantages 
are caused by the fact that digital spare parts can be manufactured anywhere 
the machinery is available directly from digital files and without component-
specific expertise. The reduced environmental impact of DSP comes from the 
supposition that AM uses only the material needed to produce the components. 

The participants were also well-informed of the obstacles related to the 
digitization of spare parts. The listed obstacles were the high cost of AM, limited 
size of possible components, inadequate quality of additively manufactured 
parts, variable quality between AM materials, piracy, file version management, 
3D model unavailability, difficulty in creating 3D models, and the fact that AM 
parts most often require post-processing. The first three obstacles are directly 
related to the limitations of AM machinery, while the fourth obstacle is related 
to the lack of standardization of AM material production processes. The 
remaining obstacles are related to the insufficient ICT currently employed by 
the interviewed companies and the fact that most spare parts do not have 3D 
models readily available. On the advent of AM becoming a serious technology 
for end-use components, some researchers have commented on the related 
possible piracy issues. Appleyard claims that companies should learn from the 
entertainment industry and change their business models to be closer to digital 
distribution, while Lindemann et al. propose a more conservative approach with 
the introduction of copy protection for AM components [52], [53]. The 
participants of the study were strongly in favour of the second view, which 
supports copy protection. 

The participants listed the ideal technical properties of DSP to be high 
complexity and small size. The given relevant control properties were high 
criticality, unpredictable demand pattern and delivery time, and high value and 
specificity. Additionally, the spare part should be very early or very late in its life 
cycle and it should ideally be frequently updated. 

The participants were asked to list the necessary actors in a DSP network, and 
a model was built based on the answers. The participants described the potential 
network primarily from the point of view of data safety. While the AM service 
centre would be shared with other OEMs, the 3D models would always be stored 
only on the servers of the company and distributed on a per-need basis. The 
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model based on the information provided by the participants is shown in Figure 
44. 

 

 

Figure 44. The generalized supply network for digital spare parts based on the information 
obtained from the focus group interviews. 

The concept definition of a “digital spare part” was done in conjunction with the 
focus group interviews according to the methodology presented by Podsakoff et 
al. [55]. In the concept definition process, the key attributes of the concept were 
first extracted from the existing literature and then cross-referenced with the 
key attributes brought up by the participants of the focus group interviews. The 
attributes were then compared to those of “traditionally produced spare part” 
and “additively manufactured part” and evaluated for necessity and sufficiency. 
The key attributes are listed in Table 12. 

 

Table 12. Identifying necessary and sufficient attributes of the concept of a “digital spare part”. 

Key attributes 
Digital 
spare 
part 

Traditionally 
produced 
spare part 

Additively 
manufactured 

part 
Conclusions 

A1:  
Delivered to replace a  
defective component 

Present Present Absent Necessary but 
not sufficient 

A2:  
Parts built from  

3D model data 
Present Absent Present Necessary but 

not sufficient 

A3:  
Production documents 
transferred by network 

Present Absent Present Necessary but 
not sufficient 

A4:  
Can use distributed  

manufacturing  
Present Absent Present Necessary but 

not sufficient 

 
On their own, none of the attributes is sufficient to set the concept of “digital 
spare part” apart from the two other concepts to which it was compared. 
However, any combination of A1 with the other attributes is necessary and 
jointly sufficient. Therefore, the concept could be given a formal definition 
expanded with the main consequences obtained from the focus group 
interviews. The key consequences mentioned were the reduction of repair time, 
delivery time and costs, emissions and material waste, and inventory. By 
combination, a formal definition of the digital spare parts concept could be 
written as “A concept in which defective components are replaced by 
manufacturing spare parts close to the location of need from 3D model data 

OEM

OEM Model
Database Material Supplier

Joint
AM Service Centre

3D Model
Creators and
Digitizers

AM Plant Maintenance Site

Software Developers

AM PlantAM Plant Maintenance SiteMaintenance Site

OEM

OEM Model
Database

OEM

DSP Ordering
Department

&
OEM Model
Database

Spare
part

3D models and
manufacturing
instructions

Materials
Material need
knowledge

3D models or
drawings

Software supportSoftware support

Software need
knowledge

Spare part request



Investigations 
 

54

that are transferred by network, with the main consequences of reducing 
repair time, delivery time and costs, emissions, and inventory”. 

Summary of technical and operational benefits 

While the primary aim of the focus group interviews was to discover the 
operational benefits of producing spare parts with additive manufacturing from 
the perspective of OEMs, the participants voiced that digital spare parts can 
have a positive impact also on the technical side of products. The first technical 
benefit is that spare parts can be upgraded when supplying them. This would 
offer the company flexibility in improving their offerings by processing the 
feedback from the customers related to the performance of the component and 
supplying an improved spare part.  

Another technical improvement that could be achieved with digital spare parts 
is embedding sensors in additively manufactured spare parts. While sensors are 
already commonly employed to monitor spare parts, their inclusion in the 
component itself could raise their reliability. The embedded sensors could 
therefore send information on the condition of the part and if it is due for 
replacement. 

Although digital spare parts can have minor technical benefits, their major 
contribution is the improvement of operations of OEMs. The overwhelmingly 
most important benefit for the OEMs, according to the participants, was the 
reduction of delivery time, enabled by the ability to manufacture the spare parts 
wherever the right AM equipment is available. The main benefits coming from 
this would be lower costs of delivery and improved OEM service speed and 
flexibility. This effect of digital spare parts was also demonstrated in Article III 
of this thesis. The participants understood well that although the cost of 
producing spare parts with AM can be much higher than that of traditional 
manufacturing, it is still worth doing because suffering downtimes caused by 
spare part delays is costlier.  

Another operational benefit mentioned by the participants was the ability to 
get rid of the slowly moving inventory of spare parts that they keep. In the digital 
spare part concept, it would be enough to keep digital copies of the spare parts 
and manufacture them on demand. OEMs would therefore spend less money on 
holding spare parts in stock. Another benefit identified by the participants was 
the ability to transport the spare parts across borders without paying customs 
fees, which would enable lower price of delivery and avoid getting delayed by 
customs. Yet another benefit that the OEMs found attractive was the prospect 
of being able to supply hard to reach locations with spare parts. This would be 
possible due to the increase of suppliers that is made possible by the fact that 
the expertise of using AM is easily transferable between components.  

To summarize, the benefits of digital spare parts are well known to OEMs and 
AM service providers. It would appear to be only a question of time when the 
concept will achieve widespread adoption. 
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5. Conclusion and perspectives 

In this section, the research questions and aims of the thesis are returned to, 
recommendations for the exploitation of the thesis research are given, and 
limitations and future study paths are considered. 

5.1 Research questions and aims of the thesis 

 
A wide array of DfAM literature was introduced in the theory section of the 
thesis. The construction of the generalized workflow for end-use AM began by 
analysing the design process of Pahl and Beitz and was followed by selecting its 
relevant aspects and augmenting them with the previous work in the DfAM field 
presented in that section. The generalized workflows of end-use AM including 
all the aspects presented in this thesis are presented in Figure 45. 
 

 

Figure 45. The generalized workflows of end-use AM design strategies. 
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The first research question presented in the introduction of the thesis was the 
following: 

 
RQ1. What are the observable technical benefits of AM in components of each 
of the proposed categories? 

 
The research question was answered via demonstrations and the results of a 
focus group study in Section 4. The technical benefits of each category 
connected with the articles are summarized in Table 13. As technical benefits 
can only be obtained by designing or redesigning the component for AM, the 
category of components not designed for AM is absent from the table. 

 

Table 13. The technical benefits of the categories found in the research articles. 

 Components designed for AM Components redesigned for AM 
Benefits Article I: 

 Ability to produce a functionally novel 
type of heat exchange element due to 
high internal complexity 

 Exploitation of rough surface quality 
 Omission of assembly 

Article II: 
 Improved flow capacity due to high 

internal complexity 
 Reduced points of potential failure 

 
Article IV: 
 Upgraded spare parts 
 Spare parts with embedded sensors 

 
The category of components designed for AM was represented by the design of 
a novel heat exchanger in Article I. Designing the heat exchanger for AM 
enabled introducing a checkerboard matrix heat transfer element, which would 
not have been possible to produce with traditional manufacturing methods due 
to its complexity. The element was measured to perform exceptionally well and 
can withstand considerable pressure drops. The heat exchanger was also 
manufactured as one part and therefore needed no assembly beyond the fitting 
of adapters. The additively manufactured heat exchanger was compared with 
two commercial plate heat exchangers and it was found that its performance 
was an order of magnitude better than that of the commercial counterparts. 

For the category of components redesigned for AM, the improved digital 
hydraulic valve manifold showed a significant reduction of pressure losses of up 
to 49% due to its streamlined and optimized flow channels. The increase in 
performance was notable enough for AM to be considered the preferential 
production technology for the manufacturing of miniature digital valve 
manifolds in the future.  

In the focus group interviews, the view of upgraded spare parts was raised on 
many occasions. In the concept of upgraded spare parts, components that need 
to be replaced could be improved every time they fail based on the failure data 
and the customer feedback because no change in tooling is needed when 
producing a redesigned part with AM. Also, the participants of the focus groups 
found the potential of embedding sensors in spare parts interesting. This 
concept would make the components able to submit data on their condition and 
report when their replacement is necessary. 

The second research question presented in the introduction of the thesis was 
the following: 
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RQ2. What are the potential operational benefits of AM in components of each 
of the proposed categories? 

 
The second research question was answered via demonstrations, Monte Carlo 
simulation, and a focus group study in Section 4. The operational benefits of 
each category connected with the articles are summarized in Table 14. 

Table 14. The operational benefits of the categories found in the research articles. 

 Components designed 
for AM 

Components redesigned 
for AM 

Components not designed 
for AM 

Benefits 

Article I: 
 The supply 

possibilities of the 
heat exchanger are 
more ubiquitous  

Article II: 
 Cheaper production of 

one-off manifolds 
 Significantly simplified 

supply chain compared 
to laminate brazing 

Article III: 
 Highly improved TAT in 

repairs 
 
Article IV: 
 Reduction of delivery 

time 
 Reduction of 

environmental impact 
 Reduction of inventory 

 
The main operational benefit connected to components designed for AM found 
in Article I was the increase in the number of potential suppliers because the 
developed heat exchanger can be manufactured with any machine that can 
process the used material. While this is a considerable benefit in situations 
where it is necessary to obtain a heat exchanger and no traditionally 
manufactured heat exchangers are easily available, it is practical in only a few 
cases. The technical benefits of the heat exchanger therefore must overshadow 
the operational benefits for it to be profitable to design and manufacture the 
heat exchanger in the proposed manner. 

The operational benefits related to components redesigned for AM are more 
substantial. The production of digital manifolds in low quantities is cheaper 
than the previously used laminate brazing, and the supply chain is significantly 
simpler because AM requires fewer steps. Although series production with 
laminate brazing is approximately one hundred euros cheaper, the increased 
cost of the additively manufactured manifold is offset to the entire hydraulic 
system. Considering that the cost of high-end hydraulic systems adds up to 
thousands of euros and that the manifold improves the performance of the 
system by up to 49%, the additional costs from additively manufacturing the 
manifold are reasonable. The technical and operational benefits are therefore 
quite balanced for the digital hydraulic valve manifold redesigned in Article II.  

The benefits of components not designed for AM are mostly operational. 
Article III showed that using AM in this category can greatly improve the repair 
time in offsite repairs of consumer electronics. The reduced repair time of cases 
that would otherwise cause delays makes it possible for repair shops to hit their 
performance targets better and avoid monetary sanctions from their OEMs. 

Article IV brought up a multitude of benefits as seen by industrial companies. 
These benefits included the reduction of delivery time and inventory and the 
environmental impact. When applied on a larger scale, the use of AM to produce 
parts that were not designed for it could yield meaningful savings for industrial 
companies. The most valuable aspect of additively manufacturing spare parts 
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was the reduction of delivery time, which would reduce the transportation costs 
and improve the flexibility and service speed of OEMs. In such cases, the cost of 
the spare part is secondary because the downtime of the operations is far more 
expensive. Other operational benefits mentioned by the participants included 
the ability to get rid of excess spare part inventory because when using digital 
spare parts, it would be enough to keep 3D models of the spare parts and 
manufacture them when needed, which would lead to savings for the OEMs. 

Aside from the research questions, the following goals were listed at the 
beginning of the thesis: 

 
1. Making the opportunities of end-use AM easily comprehensible for 

communication and dissemination.  
 

The opportunities of AM in end-use applications were collected in an easy-to-
use framework that can be used to communicate them efficiently. The 
framework of end-use AM classification and the supporting case studies are easy 
to understand even for someone not familiar with the field of DfAM. The 
visualised design workflows combine all the concepts found in the theory 
section of this thesis in simple diagrams and can be distributed and understood 
with little supplementary information. Aside from being a support to designers 
new to AM, they can help the decision-making process of when to use AM in 
companies. 

 
2. Adding to the scientific discourse surrounding DfAM 

 
The collected theory part of the thesis does not only synthesize the findings of 
previous research but also gives the community a tool to discuss their field in a 
more concrete context. The field of DfAM is relatively young and increasingly 
active, and therefore it is imperative that the communication in the community 
be clear and the used terms well-defined. 

5.2 Recommendations 

The category of components designed for AM is especially promising and will 
be of immense value in products in the future. Its strengths lie in the technical 
benefits that can lead to a new generation of products in many fields. However, 
designing new products for AM is risky and might interfere with the existing 
product catalogues of companies. The category of redesigned components is 
better explored, and the potential is well-known among the practitioners in the 
field of AM. Designers new to AM are recommended to use the design process 
provided in this thesis and the framework of end-use AM subclasses to develop 
products that take AM into consideration from their conception. Managers and 
other personnel should familiarize themselves with the framework to better 
perceive the opportunities of end-use AM and use their knowledge of their 
specific fields to understand when each category of end-use AM could be used. 
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The first contact with AM for many industrial practitioners is often in the 
category of components redesigned for AM for better performance and lower 
weight. It is recommended that practitioners look beyond this and consider 
designing components for AM from the conceptual design phase. 

The usage of the category of components not designed for AM is gaining 
traction due to the investigations into digital spare parts in various countries. 
While it is not currently practical to create most industrial spare parts with AM, 
it is important to follow and act on the progressive developments of AM 
technologies. In addition, if a company looks to use the DSP concept once AM 
is mature enough to produce a larger part of the spare parts in a company’s 
catalogue, it needs to immediately start systematically collecting extensive data 
on all the products they foresee could benefit from DSP. 

5.3 Limitations and future work 

A major goal of the thesis was to create a framework that could be useful for 
practitioners in understanding the opportunities of end-use AM. However, this 
thesis does not include verification of its usefulness to practitioners. The validity 
of the usefulness of the framework for industrial practitioners should be tested 
in future studies by conducting focus group sessions with designers with various 
levels of involvement with AM. 

Another issue with the design workflow is the rigour in the nomenclature of 
the design stages. Although the stages are defined and used consistently within 
this thesis, they carry many different names in the DfAM literature. An extensive 
study researching the correct nomenclature and solidifying it should be carried 
out. The method of concept definition could be of great help in this endeavour. 

The iteration of the design workflow could be helped by constrained design 
methodologies. It would be interesting to investigate how methodologies such 
as axiomatic design could be applied to DfAM. Future work also includes 
different types of dissemination of the developed framework.  
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