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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Nowadays, additive manufacturing (AM) reveal changes in the entire value creation models, strategies, systems and processes. Evidently, AM 
involve changes internal and external to companies e.g. on time to market strategies, product variety and customer satisfaction. The objective of 
this paper is to examine the impact of additive manufacturing on companies value creation, in which the focus is on single areas. To this end, we 
identify the relations between the utilized potentials and challenges, value creation processes and associated impacts. Analyzing this complex 
correlation and measuring the effects is demonstrated and identified, respectively, in a use-case study. 
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1. Introduction 

Additive manufacturing technologies (AMT) became more 
and more relevance in industrial environment in the recent 
years [1]. The main target for companies in using new 
manufacturing technology is to generate an added value for the 
customers and raise the process efficiency in the whole value 
creation system [2,3]. The value creation system is not only 
including production and logistic processes, but also it 
represents the point of view how a company organization 
creates, sells, and delivers products [4]. 
Despite technological impacts, additive manufacturing has an 
extensive influence on the business process and derives a 
completely change in adding value and the processes [5, 6, 7]. 
With AMT, the added value is mainly generated in the product 
design and use phases, whereas the manufacturing processes. 
Continuous improvements, like higher building speed, better 
reliability or higher accuracy enable the establishment of 
additive manufacturing (AM) in more fields of application [8]. 
By considering these aspects, AMT are relevant enabler for 
smart and flexible value creation systems [9]. Beside AM 
potentials and its positive effects to value creation systems, AM 

integration also causes serious changes with partially negative 
effects in structures of value creation systems [9–11].  
This paper aims to examine the impact of AMT and the effects 
on the whole value creation system, based on technology 
potentials on the one side and challenges of AMT 
implementation on the other side (see Section 2.2). Due to the 
fact, that AM has the potential to revolutionize whole structures 
of supply chains [10,11], it is necessary to consider changes in 
the whole value creation system, especially for identifying 
effects on the customer or delivery site [12]. The challenges by 
the identification of impacts in the value creation system are 
namely the individual, use case specific impacts as well as the 
complex relations between the value creation processes. These 
circumstances make a use case specific analysis necessary [13]. 
Considering the methodological approach described in Section 
3, the result is a holistic framework for examining impacts and 
identifying interactions as a broad basis for further technology 
evaluation (see Section 4). Big effects are caused in identifying 
new additive application cases in companies. A subsequent 
technology assessment and an evaluation of technology 
potentials in an early technology implementation phase needs 
to be encouraged.  
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Known as rapid prototyping technologies, AM today is an 
integral part of industrial production like tooling, functional 
parts, serial parts or spare parts [16]. For this reason, not only 
the additive manufactured product is in focus, but also the 
whole value creation system. From this point of view, it is 
demanded to produce in an efficient way and to be able to tap 
the full potential of additive technologies. Individual topics of 
investigation are e.g. individualized or simulation based 
optimized products, added customer value based on function 
oriented product development, new business models based on 
a digital value creation chain etc. In the following chapters, the 
relevant aspects regarding AM in industrial production will be 
explained. 

The focus of the developed approach is on the “Direct 
Manufacturing” and “Direct Tooling” sector of Additive 
Manufacturing. This includes the fabrication of end-user 
products, especially the production of final products as 
functional models, in small series or series production, of tools 
and auxiliary tools as well as mold making [14]. This field of 
observation can be separated into the following divisions [15]: 
 Direct Manufacturing: Production of marketable primary 

products, which fulfils the technological and mechanical 
requirements of end-products 

 Direct Tooling: Manufacturing of serial applicable tools 
respectively tooling inserts 

 Rapid Tooling: is a Vertical cross-sectional area of 
prototype tooling and direct tooling. The challenges are to 
find tradeoffs concerning cycle time, size accuracy, 
material, price et cetera. 

2. Potentials and challenges of AM in the value creation 

In the following sections firstly the AM specific VCS and 
secondly the potentials and challenges regarding the whole 
VCS are described. 

2.1. AM value creation system 

A VCS is a set of activities creating value for customers 
carried out by economic players using sets of human, tangible 
and intangible resources [16]. 

In this paper, we define the VCS and its activities from the 
perspective of AM as shown in Fig. 1 and depicted in Table 1. 

The selection of end-user products, manufacturable by AMT 
is based on technology substitutive approaches in most cases, 
neglecting the possible potentials in the residual value creation 
chain [17]. Beside the material and quality related properties, 
more details in the VCS must be taken into account (e.g. 
process stability, productivity, degree of automation, post 
processing, flexibility and decentralization of production, the 
product life cycle as well as the degree of implementation of 
additive technologies [18]) to realize additional potentials 
[13,19–21]. Furthermore, this broader view enables an AMT 
technology-based development of economic business models 
[22].  

The framework of the VCS consists of six main processes 
as shown in Fig. 1. It maps the concrete material flow from the 
supplier through the manufacturing process and support 
processes to the customer [23]. Further aspects are the product 

development and the product lifecycle process, which have 
been taken into consideration too. That expands the observation 
field to the innovation and product lifecycle view.  

Fig. 1. The AM value creation system 

 

Table 1. The value creation system processes 

Main process Sub processes 

Product 
development 

product design, product engineering, technology 
selection and material selection 

Supplier raw material production and distribution 

Administration product planning and control, human resource, quality 
management, work safety and IT 

Production manufacturing in the additive machine, pre- and post-
processing (maintenance, intralogistics, demoulding, 
heat treatment, etc.), part assembly and inbound logistic 

Customer use of the end product and interaction between customer 
and product development 

Product 
lifecycle 

start-up phase, use phase, spare parts management and 
recycling 

2.2. Potentials and challenges of AM 

The application of AM technologies generates added value 
(potentials) in different areas (investigation fields). However, 
due to necessary changes in the VCS, may incur disadvantages 
or process or product adaptations, resulting in additional 
expenses (challenges). Table 2 gives a description of the fields 
of investigation with respect to potentials and challenges, 
which influence the AM VCS. 

Table 2. Fields of investigation 

Field of 
investigation 

Potentials and Challenges 

Product  … due to the mostly necessary or currently 
possible changes in product design  

Technology  … due to the layered construction dependent 
characteristics in the view of the technical 
manufacturing process 

 … due to technological restrictions which might be 
changed as a result of ongoing research and rising 
technology readiness level of the additive 
manufacturing machines 
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Field of 
investigation 

Potentials and Challenges 

Process  … due to the influenced pre- and post-processes of 
the AM production process (excluding 
manufacturing processes)  

Value chain  … due to technology specificity which have 
influences the whole VCS and future business 
models. 

For further consideration of the effects on the VCS, this 
categorization adds value in terms of clarity and general 
awareness of the interactions among the investigation fields 
and VCS processes. By means of a comprehensive literature 
research and an analysis of use cases, the key potentials and 
key challenges of AM have been identified. (see Table 3). Not 
only manufacturing process improving potentials has been 
taken into consideration, but also the entire VCS was 
considered. In addition, key potentials and challenges that are 
generated in the specific fields of investigation that specifically 
related to AM have been derived. These key potentials and 
challenges are the starting point for the analysis of the impacts 
used in a use case study. 

Table 3. Key potentials and key challenges of AM (potentials adapted from 
[20,22,24,25], challenges adapted from [25–31]) 

Field of 
investigation 

Key potentials Key challenges 

Product  Individual and 
complex geometries  

 Performance-
enhancing geometries  

 Product quality 
 Manufacturing driven 

design 

Technology  Material-efficient 
manufacturing 

 Tool-less 
manufacturing 

 General technical 
restrictions 
(Manufacturing speed 
and Build volume) 

 Reproducibility 
 Material availability 
 Implementation effort 

Process   Production-process-
performance-
enhancing geometries  

 Process automation 

Value chain  Digitalization of value 
chain 

 Shift of value creation 

 Digitalization of value 
chain 

 Value creation 
structures (current) 

3. Methodology 

The use cases has been identified through reviews of reports 
from technology providers (e.g. EOS, Lithoz), workshops with 
participating companies in the funded projects “AddManu” and 
“Emerge” and through consultation with industry and domain 
experts. The focus was only on successfully implemented use 
cases in the industrial production areas, namely, direct 
manufacturing and direct tooling. 

The selected use cases have to be seen as a current snapshot 
of additive manufacturing in industrial production. 

Each use case was described in a uniformly structured 
format (see Section 3.1) and analysed regarding to the impacts 
of AM on the VCS. The ambiguous results concerning the 
identification of impacts and the assignment to the VCS 

processes was counteracted by comparing each individual use 
case with the others. 

The identified impacts were then assigned to the well-
known potentials and challenges of AM (see Table 3) as well 
as the fields of investigation (see Table 2). Table 4 lists an 
extract of the identified and categorized impacts, the complete 
list is available at [32]. 

The method for identifying and assigning the effects as well 
as the definition of a use case are described in more detail in 
the following sections. 

3.1. Use case definition 

To be able to identify substantial potentials and efforts, 
caused by implementing additive manufacturing technologies, 
a wide basis of relevant data is necessary. In order to create a 
generic approach, the main challenge is to identify different 
relevant input factors and their systematic categorization. 
Therefore, a basic structure of a use case has been developed, 
where different levels like general data, input parameter and 
potentials/effects were defined (see Fig. 2). 

Fig. 2. Definition of use case structure 

The necessary data for the description of the use cases in the 
above-mentioned structure has been extracted from the original 
use case sources. Furthermore, the identification of the specific 
impacts in the VCS has been done by the board of experts. A 
list of all considered use cases in this research is available at 
[33]. 

Based on this use case structure, an aggregation of the 
different impacts can be carried out which is then mapped to a 
generic structure of potentials and challenges shown in Table 
3. 

3.2. Identification and assignement of impacts 

In total, 54 use cases from five different industries 
(aerospace, medicine, mechanical engineering, consumer and 
automotive) have been taken into account. 

Each use case has been systematically analyzed by the board 
of experts with regard to its impacts in the VCS. In the next 
step each impact of this specific use case has been assigned to 
the VCS-main-process where he occurs as well as the 
potential/challenge he belongs. Companies often only 
communicate the positive, marketing relevant impacts of AM 
to the value creation. Therefore, the identification of the 
challenges and negative effects has been supplemented by a 
literature research.  
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Fig. 3 demonstrates the impact identification procedure in a 
conceptual form for a specific use case from the mechanical 
engineering industry and further shows an excerpt of the 
identified impacts. 

Fig. 3. Identification of impacts from a specific use case in the mechanical 
engineering industry [33] 

Each impact is always assigned to at least a potential or a 
challenge as well as to a VCS-main-process. This assignment 
can be seen in Fig. 4. It shows how the categorization has been 
made for the use case of Fig. 3. The arrows in the figure 
represent the potentials to which the impact has been assigned. 

Fig. 4. Assignment of the identified impacts 

4. Results - Impacts from AM to the value creation system 

The systematical procedure outlined in Section 3.2 has been 
applied for all 54 use cases. Notably, the focus of the analysis 

has not been on identifying the frequencies with which the 
impacts occur. But rather the aim was to give a possible holistic 
overview of all possible impacts due to AM. However, double 
or equivalent impacts have been cumulated. In order to be able 
to analyse the frequency and give a valid statement, more use 
cases have to be taken into consideration. Due to the novelty of 
this technology, as already mentioned above this can only be a 
snapshot of the current situation. Therefore, the focus was on 
the identification and assignment of all occurring impacts. 

As can be seen in Fig. 5, multiple arrows point to a VCS 
process which reveal potentials that can have an impact on a 
VCS process and vice versa. 

Fig. 5. Assignment of all in the use case analysis identified impacts 

The categorizations and systematic use case research in the 
industries and applications described in the previous sections 
have resulted in the two tables as shown in Table 4 and earlier 
work of the authors [32]. The Tables in [32] represent on the 
one hand the sum of all the possible emerging impacts by 
integrating AM in the production system and on the other hand 
the concrete assignment of impacts to the different areas of the 
VCS categorized by their generating potentials or challenges. 
 

Table 4. Impacts to the VCS by AM (excerpt) 
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Product 

Product quality  Limited strength and resistance to heat etc. x    x x 

Performance enhancing 
geometries 

+ Durable product due to optimized geometry     x x 

+ Increased comfort because of a flexible and adaptable product     x  

Manufacturing driven design  Lack of formal standards  x     

Technology Material availability  Limitations on materials x      

Process Production process + Reduced amount of components due to integration of 
assembly x   x   

Value 
Chain Digitalization of value chain 

+ Reduced excess production due to production on demand    x   

+ Short delivery time due to the lapse of lead time     x  
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Especially interesting are the interactions between the 

individual effects and the areas of observation. The mutual 
influence of the individual effects ranges from very large to no 
dependency. As a good example of strong interaction, the 
impact of “Limitations on materials” in the Technology and 
Product Development area relates to the impact of “Limited 
strength and resistance to heat etc.” in the Product and 
Customer area. These two effects are fundamentally strong and 
both benefit from further developments in the area of material 
availability. 

Important is the fact that the identified impacts relate to the 
current state of the art of additive manufacturing technology. 
In the future, there will be many improvements in terms of 
larger build spaces, higher production speeds, etc., and will 
influence the hitherto identified negative effects of additive 
manufacturing on the VCS [34]. For a further consideration of 
the effects, it is therefore necessary to consider the technology 
readiness level of the individual technologies based on the 
specified use case [23]. 

The result of this paper serves as the basis for the further 
systematic consideration and analysis of applications of 
additive manufacturing. This makes it possible to evaluate the 
suitability of potential use cases and to analyze the effects of 
additive manufacturing on the current situation of production 
companies. 

5. Outlook 

The developed approach offers a broad basis for many 
further research activities regarding implementation, 
assessment and evaluation of additive manufacturing 
technologies as an element in an entire VCS and the validation 
of their potentials. Based on the results, the quantification of 
the identified impacts, which serves as a basis for an economic 
and technical feasibility study, is to be explored and further is 
a transfer of these results into an assessment tool for potential 
use cases aimed. The assessment tool is intended to provide 
potential users of AM with the opportunity to analyze the 
suitability and the effects to the VCS of a specific use case. 

Acknowledgements 

This work has been supported by the Austrian Research 
Promotion Agency (FFG) in the context of Austrian leading 
project “Addmanu” under the grant. no. 849297  and the project 
“Emerge” under the grant no. 854869. Special thanks to our 
colleague Andreas Schumacher for the inspiring discussions 
and inputs. 

References 

[1] Eyers, D.R., Potter, A.T., 2017. Industrial Additive Manufacturing: A 
manufacturing systems perspective. Computers in Industry 92-93, 208–
218. 

[2] D'Aveni, R., 2015. The 3-D Printing Revolution. Harvard Business 
Review. 

[3] Leichtbau BW GmbH, 2015. Additive Manufacturing im Leichtbau: 
Strategische und betriebswirtschaftliche Herausforderungen und 
Perspektiven. Studie. 

[4] Vom Brocke, J., Rosemann, M., 2015. Handbook on Business Process 
Management 1. Springer Berlin Heidelberg, Berlin, Heidelberg. 

[5] Frazier, W.E., 2014. Metal Additive Manufacturing: A Review. J. of 
Materi Eng and Perform 23 (6), 1917–1928. 

[6] Markillie, P., 2012. A third industrial revolution. 
http://www.economist.com/node/21552901. Accessed 13 January 2016. 

[7] Maynard, A.D., 2015. Navigating the fourth industrial revolution. Nature 
nanotechnology 10 (12), 1005–1006. 

[8] Lachmayer, R., Lippert, R.B., Fahlbusch, T., 2016. 3D-Druck beleuchtet. 
Springer Berlin Heidelberg, Berlin, Heidelberg, 125 pp. 

[9] Seidenberg, U., Ansari, F., 2017. Qualitätsmanagement in der additiven 
Fertigung: Herausforderungen und Handlungsempfehlungen, 
in: Leupold, A., Glossner, S. (Eds.), 3D-Printing: Recht, Wirtschaft und 
Technik des industriellen 3D-Drucks. C. H. Beck, pp. 159–214. 

[10] Steinwender, A., Mayrhofer, W., 2013. The 4th Party Production 
Provider: Enabeling Additive Manufacturing In Industrial Environments. 
Management of Technology - Step to Sustainable Production. 

[11] Hofmann, E., Oettmeier, K., 2016. 3D-Druck - Wie additive 
Fertigungsverfahren die Wirtschaft und deren Supply Chains 
revolutionieren. Zeitschrift Führung + Organisation 85, 84–90. 

[12] Bourell, D.L., Leu, M.C., Rosen, D.W., 2009. Roadmap for Additive 
Manufacturing. University of Texas. 

[13] VDI, 2014. Additive Fertigungsverfahren: VDI Statusreport. 
[14] Ford, S., Despeisse, M., 2016. Additive manufacturing and 

sustainability: An exploratory study of the advantages and challenges. 
Journal of Cleaner Production 137, 1573–1587. 

[15] Zäh, M.F. (Ed.), 2006. Wirtschaftliche Fertigung mit Rapid-
Technologien: Anwender-Leitfaden zur Auswahl geeigneter Verfahren. 
Hanser, München, 259 pp. 

[16] Richter, S., Wischmann, S., iit-Berlin, 2016. Additive 
Fertigungsmethoden – Entwicklungsstand, Marktperspektiven für den 
industriellen Einsatz und IKT-spezifische Herausforderungen bei 
Forschung und Entwicklung 2016. 

[17] Gebhardt, A., 2013. Generative Fertigungsverfahren: Additive 
Manufacturing und 3D Drucken für Prototyping ; Tooling ; Produktion, 
1. Aufl. ed. Carl Hanser Fachbuchverlag, s.l., 672 pp. 

[18] Parolini, C., 1999. The value net: A tool for competitive strategy. Wiley. 
[19] Klahn, C., Leutenecker, B., Meboldt, M., 2015. Design Strategies for the 

Process of Additive Manufacturing. Procedia CIRP 36, 230–235. 
[20] Herderick, E.D., 2015. Progress in Additive Manufacturing. JOM 67 (3), 

580–581. 
[21] Despeisse, M., Yang, M., Evans, S., Ford, S., Minshall, T., 2017. 

Sustainable Value Roadmapping Framework for Additive 
Manufacturing. Procedia CIRP 61, 594–599. 

[22] Gebler, M., Schoot Uiterkamp, A.J., Visser, C., 2014. A global 
sustainability perspective on 3D printing technologies. Energy Policy 74, 
158–167. 

[23] Campbell, T.A., Ivanova, O.S., 2013. Additive Manufacturing as a 
disruptive Technology: Implications of three-dimensional printing. 
Technology & Innovation 15 (1), 67–79. 

[24] Ponfoort, O., 2014. Successfull business models for 3D printing: Seizing 
opportunities with a game changing technology. Berenschot, Utrecht, 
123 pp. 

[25] Steinwender, A., Kritzinger, W., 2016. Systematic approach for the 
identifaction of new industrial application fields for AMT. Proceedings 
of the 6th International Conference on Additive Technologies - 
iCAT 2016 2016, 389–395. 

[26] Baldinger, M., 2016. Supply chain management für additive 
manufacturing, Konzepte, Werkzeuge und Prozesse für die 
Zusammenarbeit mit Dienstleistern zur Reduktion der Risiken beim 
Einstieg in additve Manufacturing. Dissertation. Zürich, ETH-Zürich. 

[27] Attaran, M., 2017. Additive Manufacturing: The Most Promising 
Technology to Alter the Supply Chain and Logistics. JSSM 10 (03), 
189–206. 

[28] Attaran, M., 2017. The rise of 3-D printing: The advantages of additive 
manufacturing over traditional manufacturing. Business Horizons 60 (5), 
677–688. 

[29] American National Standards Institute, 2017. Standardization Roadmap 
for Additive Manufacturing 2017. 



 W. Kritzinger et al. / Procedia CIRP 72 (2018) 1518–1523 1523
6 Kritzinger, Steinwender et. al./ Procedia CIRP 00 (2018) 000–000 

[30] Müller, A., Karevska, S., 2016. How will 3D printing make your 
company the strongest link in the value chain?: EY’s Global 3D printing 
Report 2016, 72 pp. 

[31] Oropallo, W., Piegl, L.A., 2016. Ten challenges in 3D printing. 
Engineering with Computers 32 (1), 135–148. 

[32] Schoinochoritis, B., Chantzis, D., Salonitis, K., 2016. Simulation of 
metallic powder bed additive manufacturing processes with the finite 
element method: A critical review. Proceedings of the Institution of 
Mechanical Engineers, Part B: Journal of Engineering Manufacture 231 
(1), 96–117. 

[33] Weller, C., Kleer, R., Piller, F.T., 2015. Economic implications of 3D 
printing: Market structure models in light of additive manufacturing 
revisited. International Journal of Production Economics 164, 43–56. 

[34] Kritzinger, W., Steinwender, A., Lumetzberger, S., Sihn, W., 2018. 
Impacts to the value creation system by Additive Manufacturing, 1st ed. 
Mendeley Data. doi:10.17632/n9b92rvdrw.1. 
http://dx.doi.org/10.17632/n9b92rvdrw.1. Accessed 1 March 2018. 

[35] Kritzinger, W., Steinwender, A., Lumetzberger, S., Sihn, W., 2018. Use 
case data sources, 1st ed. Mendeley Data. doi:10.17632/fx9xfmtfcw.1. 
http://dx.doi.org/10.17632/fx9xfmtfcw.1. Accessed 1 March 2018. 

[36] Lindemann, C., Jahnke, U., Moi, M., Koch, R., 2013. Impact and 
Influence Factors of Additive Manufacturing on Product Lifecycle 
Costs. University of Paderborn. 

 

 


