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Preface

Preface
In the today’s extensive technology-landscape, few technologies have 
proven to be indispensable. Among these is Additive Manufacturing 
(AM) – the creation of three-dimensional parts by the consecutive 
addition of material. Already today, AM is in the clear technological 
vanguard regarding “Freedom of Design”. Which tremendous oppor-
tunities will this technology provide in the future? At all, which benefi ts 
can be yielded if we advance AM even further?

At Evonik, we actively support Additive Manufacturing since many 
years with materials – sometimes as build material, sometimes as 
magic ingredient in tailor made formulations. We saw the perspective 
of technology changing from a prototyping process to a basically new 
forming process for materials. Besides all the technical challenges of 
such a new manufacturing process, the potential advantages for the 
industry and end users are metaphorically comparable to an iceberg 
– we are convinced that we do not know most of its potentials yet. We 
at Evonik are fully committed to develop AM further. Our partnership 
with the Direct Manufacturing Research Center (DMRC) and sup-
porting its projects is one valuable part of our commitment. 

The DMRC is a proactive collaboration of key technology suppliers 
and forward thinking users who are striving to advance AM-technolo-
gies from Rapid Prototyping to dependable Direct Manufacturing (DM) 
technologies. Given this goal, it is necessary to create a broad aware-
ness of AM’s fascinating capabilities among potential users. Recip-
rocally, technology suppliers need tangible feedback with regard to 
customer requirements to focus their research. The process of align-
ing the technological development with future requirements is exactly 
the process to perform the transition from AM to DM. In the context 
of this endeavor, the DMRC is carrying out the project “Opportunities 
and Barriers of Direct Manufacturing Technologies for the Aerospace 
Industry and adapted others”.The goal is a three-part study, lining out 
opportunities and barriers in the transition of AM into DM.

As of now, the third study is available, focusing innovation roadmap-
ping of promising DM-applications in the aerospace, automotive and 
electronics industry. Innovation roadmaps indicate when promising 
applications can be realized via AM as the necessary technological 
maturity will be reached. The study presents the outcomes resulting 
from the excellent cooperation of the DMRC with experts from the 
three industries, AM-technology experts and the project team of the 
Heinz Nixdorf Institute (Chair of Product Engineering, Prof. Dr.-Ing. 
J. Gausemeier). Our thanks go to all experts who have supported 
the DMRC in the creation of this study. 

Best regards

Sylvia Monsheimer

Business Unit Performance Polymers 
Growth Line Advanced Technology
Evonik Industries AG
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Introduction

Introduction
The present study is the third of three public studies, resulting from 
the project “Opportunities and Barriers of Direct Manufacturing 
Technologies for the Aerospace Industry and adapted others”, per-
formed by the Direct Manufacturing Research Center (DMRC) and 
the Heinz Nixdorf Institute, University of Paderborn, Germany.

Object of the project are future infl uences spurring an increase in 
market relevance of Direct Manufacturing (DM) technologies in the 
aerospace, automotive and electronics industry, as these were iden-
tifi ed as the most auspicious fi elds for the application of AM. Based 
on this, a strategic planning of future DM-applications and a plan-
ning of technologies required for the most promising applications 
within the next 10 years, are carried out. This enables the DMRC 
and its partners to be one step ahead of respectably competitive 
research centers worldwide. Especially, material and technology 
suppliers of the DMRC can signifi cantly benefi t from the strategic 
planning of future applications, as it serves as an incentive for their 
customers to use AM-technologies extensively.

Goal of the project are three public and one confi dential study, lining 
out the opportunities and barriers of DM for the selected industries. 
The public versions comprise an overview of the results; the confi -
dential version encompasses comprehensive results and is acces-
sible for DMRC partners.

Proceeding in the Project

Figure 1: 

t

Analysis of aerospace industry and adapted other industries
Promising industries are analyzed regarding a penetration with DM-technologies. Future scenarios 
are created for the most promising industries to forecast success factors.

Strategic planning of future DM*-applications
For each of the promising industries, a strategic product planning of future innovation 
fields for direct manufacturing technologies is carried out with DMRC and external 
experts.

Strategic planning of required advancements  DM*-technologies
Innovation-roadmaps are created to ensure DMRC and its partners to be 
prepared for future market demands and to provide applicable technologies.

Study: Thinking ahead the future opportunities and barriers of DM*-technologies for the 
             aerospace industry and adapted others

Issue 2:
Future applications

Issue 3:
Required technologies

*Direct Manufacturing

Issue 1:
Future influences

Issue 3:
Required advancements

Issue 2:
Future applications

Proceeding in the project
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Work package 1 addresses the following questions:

• Which are promising industries for the application of 
AM-technologies?

• Which are the current success factors to push AM towards DM?

• What are the most auspicious industries?

• Which chances, risks and future success factors for embedding 
DM-processes into the production do prevail in these industries?

For this purpose, promising industries are assessed regarding the 
penetration by AM-technologies in the future. For the industries out-
lined as particularly auspicious for DM, scenarios for the year 2020 
are developed. Based on this, future success factors and strategic 
directions are derived.

Work package 2 covers the following questions:

• Which applications might be replaced by AM-technologies 
within the next 10 years?

• Which future requirements need to be fulfi lled?

To answer these questions, ideas for future applications of DM in 
the selected industries are developed and clustered to innovation 
fi elds. From the identifi ed innovation fi elds, future requirements are 
deduced and validated in an expert survey.

Work package 3 answers the following questions: 

• Which AM-technologies have the potential to fulfi ll the require-
ments of DM in the future?

• Which technological advancements have to be realized to tap 
the entire potential of AM? 

• When can the developed applications be manufactured via 
AM, as technological advancements will have been realized in 
accordance to the future requirements?

Therefore, advancements of existing AM-technologies were identi-
fi ed that are required to overcome the challenges revealed in work 
package 1 and to enable future applications worked out in work 
package 2. This encompasses advancements of product, material 
and production technologies.

Within work package 4, the confi dential and the public studies are 
compiled. The confi dential study provides all information gathered in 
the project. The public studies cover three issues, each respectively 
comprising an overview of one work package.

The fi rst study “Thinking ahead the Future of Additive Manufacturing 
– Analysis of Promising Industries“, comprising an overview of work 
package 1, was released in May 2011. The second study “Thinking 
ahead the Future of Additive Manufacturing – Future Applications“, 
summarizing work package 2, was published in March 2012. Elec-
tronic versions of both studies are available on the DMRC web site, 
under: www.dmrc.de/en.
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Introduction

Proceeding in Study
The present study “Thinking ahead the Future of Additive Manufactur-
ing – Innovation Roadmapping of Required Advancements” presents 
the results of the project mentioned above. It reveals the advance-
ments of AM-technologies that are required to realize the future appli-
cation ideas identifi ed in the project. In addition, the study comprises 
Innovation Roadmaps, indicating when the most required technologi-
cal advancements will be achieved. The main results emerged from 
several workshops at the Heinz Nixdorf Institute, Paderborn, Ger-
many and at Boeing, St. Louis, U.S.A. A total of over 40 experts from 
the DMRC and external fi rms contributed their knowledge. Moreover, 
about 150 experts provided their expertise in two expert surveys, con-
ducted by the Heinz Nixdorf Institute and the Direct Manufacturing 
Research Center.

The fi rst chapter focuses on the business of Additive Manufacturing, 
summarizing the results of work package 1. This comprises the busi-
ness of today for the aerospace, automotive and electronics industry. 

The second chapter outlines the Strategic Product Planing for AM-
technologies for the aerospace, automotive and electronics industry, 
as these were identifi ed to be the most auspicious application fi elds 
for AM. This encompasses the business of tomorrow in terms of the 
developed future scenarios (work package 1) and future applica-
tions (work package 2). First, the selected reference scenarios for 
the aircraft and automotive production, and the electronics manufac-
turing equipment are presented. In addition, scenarios for the global 
environment, comprising statements on conceivable developments 
of economy, politics, society and environment, are outlined. Sec-
ondly, future applications that were developed against the back-
ground of the future scenarios are presented, and requirements on 
DM-technologies are deduced.

The third chapter comprises the validation of these requirements 
(work package 2 and 3). To ascertain the most necessary technologi-
cal advancements that are compliant with the deduced requirements, 
two expert surveys were conducted. Initially, the requirements’ cur-
rent and future signifi cance as well as the performance of selected 
technologies regarding these requirements were validated. As part 
of the second expert survey on advancements of Direct Manufactur-
ing technologies, a sound overview of the point in time was created, 
when – from AM-experts’ point of view – the selected requirements 
will be fulfi lled by selected AM-technologies. This allows the creation 
of innovation roadmaps, indicating when the identifi ed technology 
and material-specifi c as well as general requirements will be ful-
fi lled. Taking this path, the study gives hints for increasing the suc-
cess of AM-technologies and for their advancement towards DM.

The study concludes with a summary of the project’s results. It 
also provides an outlook on further investigations about the future 
of Additive Manufacturing that the Heinz Nixdorf Institute and the 
Direct Manufacturing Research Center perform in collaboration.

About 150 experts contrib-
uted their expertise for the 
creation of this study.

Chapter 1: The Business of 
Additive Manufacturing

Chapter 2: Strategic Product 
Planning, comprising future 
scenarios and future applica-
tions

Chapter 3: Strategic Tech-
nology Planning, including 
future requirements and 
innovation raodmapping

Chapter 4: Conclusion and 
Outlook on further research
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Reading Instructions
The present study allows a quick understanding. For a fast overview 
of the content it is suffi cient to have a look at the fi gures and to read 
the summarized core statements in the marginalia. Each (sub-)chap-
ter ends with a summary. A short description regarding the method-
ological approach is provided at the beginning of each chapter.
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Management Summary
The present study yields an overview of the results of the project 
“Opportunities and Barriers of Direct Manufacturing Technologies for 
the Aerospace Industry and adapted others“, comprising three ele-
ments: Additive Manufacturing Business and the symbiotic incorpora-
tion of Strategic Product Planning and Strategic Technology Planning.

The Additive Manufacturing (AM) business gives a concise overview 
of the development of AM-technologies, the current characteristics 
of selected technologies, and today’s business of AM in the aero-
space, automotive and electronics industry. This shows up the cur-
rent market penetration of AM. Strategic Product Planning supports 
the identifi cation of potentials for the business of tomorrow in the 
mentioned industries. Using conclusive scenarios as an environment 
for the business of tomorrow, promising ideas for potential applica-
tions are developed. These in turn automatically set requirements 
on AM-technologies in the future. Strategic technology planning 
supports the anticipation of the technologies’ future potential and 
deduces required technological advancements. This allows bridg-
ing the gap between the market and technology perspective which 
enables the AM-industry to be prepared for the business of tomorrow 
and to bundle available competencies for demand-oriented technol-
ogy strategies. Taking this path, the study gives hints for increasing 
the success of AM-technologies and for their advancement towards 
Direct Manufacturing (DM).

The Business of Additive Manufacturing
The analysis of today’s AM-business indicates that AM is swiftly 
growing in signifi cance for many industries as it offers great pos-
sibilities to accelerate innovation, compress supply chains, reduce 
material and energy usage, and waste. A lot of industries are seek-
ing for opportunities how to capitalize on the benefi ts AM provides, 
e.g. the “Freedom of Design”. New industries progressively draw 
their attention to AM’s potential. 

In particular the aerospace industry, which produces geometrically 
complex high-tech parts in small lot sizes, can benefi t from AM’s ability 
to simultaneously reduce material consumption, and easily create air-
craft parts with complex internal structures. Therefore, already today 
the aerospace industry is in the vanguard of the industrial application 
of AM. Progressively, AM also holds great promise for the automotive 
and electronics industry. For instance, vehicle and engines compo-
nents could be realized using fewer parts and rapidly redesigned to 
minimize failures. The aerospace, automotive and electronics indus-
try were identifi ed to be promising for the future AM-business.

Strategic Product Planning
To delineate future prospects and threats for possible benefi ciaries 
of AM in the tree outlined industries, both, branch scenarios, and 
scenarios for the global environment were developed.

The awareness for AM’s 
potentials is growing; many 
industries are seeking for 
ways to exploit them. 

The aerospace, automotive 
and electronics industry were 
identifi ed as auspicious for 
the future AM-business.
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The selected reference scenario for the aerospace industry – the 
most probable scenario with the highest effect on the future aircraft 
production – describes a future, where with regard to the global 
environment Europe sets the pace in a globalized world. The future 
aircraft production is characterized by individual customization of air-
craft which fosters the application of AM-technologies. In this world, 
many manufacturers jumped on board and have been increasing 
their investments into AM-technologies. Due to the successful part 
implementation, AM-parts started to be associated with high perfor-
mance and high quality. Success in this future necessitates general 
ground rules for the design of secondary aircraft structures, systems 
etc. for AM-technologies that need to be fl owed down to suppliers.

In the selected reference scenario for the automotive industry, the 
future automotive production is characterized by new production 
concepts that drive individuality of automotives. Further research 
has provided substantial improvements of AM-processes. Thus, AM 
in series production is possible by now. Functional-driven design is 
the key to its success. Against this background, it is necessary to 
increase the productivity and the quality of AM-parts.

In the future of the electronics manufacturing equipment, highly 
integrated production systems for individualized production prevail. 
Networks between global and regional operating manufacturers 
have been evolving: manufacturers are strongly cross-linked, as 
value-added networking has been proven as an appropriate method 
to mutually increase competencies. To succeed in a future that is 
characterized by highly integrated production, the production has to 
incorporate AM.

The mentioned scenarios were used as an impulse to develop ideas 
for future applications of DM. The spectrum of the identifi ed applica-
tions encompasses 120 ideas. These were clustered to 27 innova-
tion fi elds and prioritized based on the assessment of their chances 
and risks. The most promising innovation fi elds were concretized in 
specifi c expert workshops as well as through market research.

For the aerospace industry, Morphing Structures and Multifunctional 
Structures were assessed to be the most auspicious innovation 
fi elds for the application of DM.

• Morphing Structures describe applications which are designed 
as one part that is adaptable in its shape in response to its 
operational environment. Instead of changing the position of a 
static part by using actuators, the part itself can take continuous 
confi gurations of shape to enable specifi c functions/properties.

• Multifunctional Structures comprise ideas for functionally 
upgraded parts. Upgraded functionality can, for instance, be 
realized by integrating acoustic and thermal insulation into air-
craft parts or by embedding entire sensor/actuator systems, 
including electronic wiring and connectors into a part. This can 
contribute to realize self-optimizing parts.

In the automotive industry, the innovation fi elds Handling of Fluids 
and Optimized Tooling were assessed to entail the greatest potential 
for DM in the future.

Future aircraft production: 
Individual customization 

requires ground rules for 
secondary aircraft structures.

Future automotive produc-
tion: New concepts and indi-
viduality necessitate higher 

AM-productivity and quality.

Future of manufacturing 
equipment: Individualized 

production requires qualifi ed 
AM-processes and materials.

27 innovation fi elds, compris-
ing 120 ideas, were identifi ed. 
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• Handling of Fluids yields an overview of parts that focus on 
geometric adaption of pipes, valves, restrictors etc. to individual 
purposes. Depending on their application, these parts have to 
be improved, for example with regard to optimized exchange of 
thermal energy and gas distribution, critical strength properties, 
weight or space reduction.

• Optimized Tooling includes the integration of channels into 
tooling parts to improve durability and resistance of tools. By 
applying AM-technologies, a more fl exible way of arranging 
cooling channels can be achieved, as cross-sections of cooling 
channels can take any arbitrary shape. Thereby, uniform heat 
dissipation and quicker cooling processes can be reached.

The innovation fi elds Functionally Integrated Parts and Testing Sys-
tems were selected as the most promising innovation fi elds for the 
application of DM in the electronics industry.

• Functionally Integrated Parts include application ideas which 
focus on embedding electronics (circuits) into all kind of geome-
tries and on functional integration of different electronic devices 
into a single part, following the principle of the Molded Intercon-
nect Devices (MID)-technology.

• Testing Systems give rise to a set of ideas around electric con-
trol cabinets or circuit board assemblies. Additively manufac-
tured testing equipment can be produced including all required, 
individually arranged attachment points whereby tests could be 
carried out in a single step.

To align the technology development with current and future require-
ments and to effectively advance AM-technology into dependable 
DM-technology, the developed innovation fi elds were analyzed in 
detail to deduce requirements. The range of requirements covers 
technology and material-specifi c as well as general requirements. 
The vast majority of innovation fi elds necessitate a high process 
stability, certifi cation, design rules and processes for the control of 
part quality during the production process, just to name a few. 

Strategic Technology Planning
In a subsequent step, the requirements deduced from the innovation 
fi elds were validated in an expert survey to identify the most impor-
tant requirements and the performance of selected AM-technolo-
gies concerning these requirements. The overall assessment of the 
requirements shows that their signifi cance will increase in the future. 
Outstanding requirements for the penetration of AM in the future are:

• High process stability,

• A database containing properties of AM-materials,

• On-line quality control processes,

• Continuous certifi cation and

• Availability of design rules.

Most innovation fi elds requi-
re reliable process stability, 
certifi cation, design rules and 
on-line control processes.

The requirements’ signifi -
cance and performance of 
AM-technologies were vali-
dated in a survey.
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Large deviations between the current and future signifi cance arise for:

• Ability of AM-machines to process different types of materials 
within one job,

• Building up on 3-D surfaces,

• Provision of additively processible shape memory alloys, 

• Automated integration of AM-machines into existing production 
lines, 

• Highly integrated AM-machines.

However, although some requirements play a signifi cant role for the 
realization of many applications, the experts only attach a subordi-
nate signifi cance to those. For instance, a large number of appli-
cations ideas from the aerospace or automotive industry, such as 
Morphing Structures or Functional Body-in-White, respectively, 
necessitate AM-machines with large build chamber volumes. The 
experts however do not expect a build chamber volume sized larger 
than 8 m³ to be relevant in the future.

The technologies’ degree of performance largely correlates with the 
requirements’ signifi cance today. However, the experts expect that the 
vast majority of the requirements will gain in signifi cance. Hence, if the 
technologies’ performance will not be advanced, these requirements 
will turn into critical requirements. Some requirements, e.g. build-up 
rates > 100 cm³/h, are already considered as critical today. These 
requirements indicate required research areas, as these could pro-
mote AM-technologies in the future. The amount of research required 
to meet a requirement suffi ciently strongly depends on the require-
ment itself as well as on the technology. For instance, an adequate 
availability of self-healing properties requires more effort in develop-
ment than increasing process stability to a suffi cient level; high pro-
cess stability necessitates less research effort for powder bed fusion 
plastic technologies than for corresponding metal technologies.

The innovation roadmapping of required advancements indicates the 
experts’ assessment on the point in time when the selected require-
ments are expected to be fulfi lled by selected AM-technologies. The 
overall assessment shows that advancements on fulfi lling the tech-
nology-specifi c requirements are expected to require higher effort 
than the fulfi llment of material-specifi c and general requirements. For 
instance, a database containing material properties and design rules 
are assumed to be available before 2016. In contrast, AM-machines 
with a signifi cantly larger build chamber volume and higher build-up 
rates are expected to become available in 2025 at the earliest. 

The innovation roadmaps are a sophisticated tool for strategic prod-
uct and technology planning, as they allow aligning the technology 
development with current and future requirements. Moreover in 
these roadmaps, conceivable future applications can be positioned 
orthogonally at the earliest possible realization date of the require-
ments that need to be fulfi lled. Thereby the roadmaps indicate when 
the applications can be realized as the technology will have reached 
the required performance.

Today: AM-technologies’ 
performances largely cor-

relate with the requirements’ 
signifi cance.

Future: Fundamental, tech-
nological advancements 

are required to meet future 
requirements.

Material-specifi c and general 
requirements are expected to 

be met faster than technol-
ogy-related requirements. 

Innovation roadmaps: 
Sophisticated tool for 
strategic product and 
technology planning
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The Additive Manufacturing Business

1
The Additive Manufacturing Business
The study “Thinking Ahead the Future of Additive Manufacturing – 
Analysis of Promising Industries” analyzes 14 current application 
fi elds from market and technology perspective in the context of AM, 
see [GEK+11]. Based on this, the aerospace, automotive and elec-
tronics industry were outlined as particularly auspicious for the busi-
ness of tomorrow. This chapter provides an overview of the current 
AM-business. Chapter 1.1 outlines the development of AM from its 
beginning until now. Chapter 1.2 yields an overview of selected AM-
technologies that were particularly focused in the project. Chapter 
1.3 comprises an analysis of the aerospace, automotive and elec-
tronics industry regarding the penetration by AM today.

1.1 What is Additive Manufacturing – 
Development of its Beginning until 
now

Additive Manufacturing (AM) technologies refer to a group of tech-
nologies that build physical objects from Computer Aided Design 
(CAD) data. Contrary to conventional subtractive manufacturing 
technologies, e.g. cutting, lathing, turning, milling and machining, a 
part is created by the consecutive addition of liquids, sheet or pow-
dered materials in ultra-thin layers. The geometrical and structural 
complexity of additively manufactured parts is limited by almost noth-
ing but the used CAD-model. Enabling the production of individually 
shaped parts whose production previously was inconceivable, AM 
is in the clear technological vanguard when it comes to “Freedom 
of Design” already today. In the 14 page article “The third industrial 
revolution” by The Economist, AM is promoted as the production 
technology of the future, uniting individuality and mass production. 
AM is regarded as a nascent technology entailing great disruptive 
potential, triggering a revolution of product development processes 
in various industries, and enabling value creation for new business 
models, new products and new supply chains [Eco12].

AM-technologies can be differentiated into two groups: laser-based 
and nozzle-based technologies. Laser-based processes, e.g. Selec-
tive Laser Sintering, employ the principle of layer-wise solidifi cation 
by applying energy via laser. Individual, thin layers of metal, plastic 
or sand powder are bonded with previous layers by laser sintering, 
laser melting or laser light solidifi cation. In nozzle-based processes, 
e.g. Fused Deposition Modeling (FDM), wire-shaped thermoplastics 
are partly melted and extruded in the nozzle. The nozzle moves to 
produce the profi le of the part. Due to the thermal fusion, the material 
bonds with the layer beneath and solidifi es [Gep07], [Gri03-ol].

AM is the layer-wise creation 
of parts.

Layer bonding by laser sin-
tering, laser melting, laser 
solidifi cation or by thermal 
fusion
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Stereolithography and Laser Sintering laid the foundation for AM in 
the 1980s. At an early stage, AM-technologies have been used to 
quickly create physical prototypes using resins and polymers. The 
term “Rapid Prototyping” refers to this kind of applications. Today 
AM-technologies are still used in product design and development 
processes in order to create haptic models and functional prototypes 
for checking form, fi t and function. Progressively, AM fi nds its way into 
the production of end-use parts in many industries. The following sec-
tions fi rst present characteristics of selected AM-technologies. Sec-
ondly, today’s AM-business is briefl y outlined and AM’s penetration 
in the aerospace, automotive and electronics industry is presented.

1.2 Inventory on Selected Additive 
Manufacturing Technologies

This section briefl y describes four categories of AM-technologies: 
Fused Layer Modeling, Powder Bed Fusion Plastic and Metal as 
well as Polymerization Technologies. For each category an exem-
plary technology is characterized in detail, providing technical and 
material data as well as a description of the process principle.

1.2.1 Fused Layer Modeling Technologies
Fused Layer Modeling (FLM) is an additive technique using a ther-
moplastic material. An extrusion head selectively deposits the molten 
thermoplastic fi lament to create each layer with a particular tool path. 
Through thermal fusion, the material bonds with the layer beneath 
and solidifi es, thus forming a permanent bond between two layers. 
Directly after the deposition the material hardens [AST12]. Fused 
Deposition Modeling (FDM) by Stratasys, Inc. is one example for FLM 
Technologies [Str13b-ol]. The principle of the process is visualized in 
fi gure 1-1. Figure 1-2 presents the characteristics of FDM, specify-
ing process and material data. For more information see [Str11b-ol], 
[Alp13a-ol], [Str11c-ol], [GRS10], [Geb12]. The technical and material 
data refer to the Stratasys FORTUS 400mc system [Str09a-ol].

Figure 1-1: 
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Figure 1-2: 

Short Description
Fused Deposition Modeling (FDM) is one of the most used AM-
processes and has been developed by Stratasys. It belongs to 
the category of extrusion-based processes that use production-
grade, wire-shaped thermoplastic material. The material is 
melted and selectively deposited through a heated nozzle layer 
by layer. FDM is commercialized since 1991. Currently, the 
development focuses on new materials and material properties.

Build Chamber Volume 
The spectrum of FDM machines is wide ranging from small, low-
cost machines to larger, more expensive machines that are adap-
table and highly sophisticated. The FDM Maxum has the biggest 
build chamber volume measuring (x/y/z in mm) 600/500/600 mm. 

Data Format/Software
The software for reading the STL-fi les and controlling the FDM 
machines is “Insight“. The model is oriented and mathematically 
sliced into horizontal layers. A support structure is created where 
needed. The program calculates the path of extrusion and sup-
ports the optimization of the building process. It features an esti-
mation of the building time and optimizes the production process.

Material 
Build Material: A wide spectrum of advanced materials, pro-
viding special properties are available for being processed by 
FDM. ABS (acrylonitrile butadiene styrene) is the most used 
material; nearly 90% of all FDM prototypes are made of this 
material. Derivatives of the ABS, e.g. ABSplus and ABSi, are 
signifi cantly stronger, translucent and available in different col-
ors. These materials are widely used for medical and automotive 
applications. Polycarbonates (PC, PC-ISO) are applicable under 
greater forces and loads than ABS. New, high-performance plas-
tic polyphenylsulfone (PPSU) are characterized by high heat and 
chemical resistance, and are more solid and stiffer. In general, 
parts produced by FDM are applicable at high heat, in caustic 
chemicals, sterilization and under intense mechanical stresses. 
Elastomer and wax are further materials used for FDM.
Support Material: The so called break away support structures 
(BASS) and the water-soluble support structures (Water Works) 
are applied as support material that can be broken off or dis-
solved in water, respectively. As mechanical removal becomes 
obsolete using Water Works, it is especially suitable for small 
parts or for parts with regions that are diffi cult to access.

Build Time and Build-up Rate  
The build time heavily depends on the amount of material in the 
part, the support material volume and build-up rate. The build-up 
rate is a function of layer thickness, road width and nozzle diame-
ter. In general, manufacturers indicate the build time to be 25-70% 
higher than for Stereolithography and Laser Sintering processes. 
Using Ultem 9085 with a T16 nozzle, 61 cm3/h can be produced.

Surface Quality and Accuracy  
The surface quality is a function of the road width and layer thick-
ness. As the contours of the passes of the extrusion and the 
single layers are still visible at the top, the bottom and the walls, 
FDM parts have the highest roughness. For instance, parts fab-
ricated on the FDM Maxum using 0.18 mm layers show a rough-
ness of Ra = 12-14 μm. At a maximum part length of 127 mm, all 
available machines and materials are set to reach a precision of 
±0,127 mm. For bigger parts the accuracy is set to be 0.1% (but 
at least 0.1 mm). According to the manufacturers’ specifi cations, 
the accuracy varies depending on the machine: for instance, the 
average deviation of the FDM Maxum amounts to 0.37%; 0.6% 
are indicated for the Prodigy Plus. The accuracy of the FDM pro-
cess is infl uenced by fewer variables in total than the accuracy 
of comparable processes, e.g. Laser Sintering.

Post-Processing
No post-run operations are required in general, except the removal of support structures. BASS support structure is  a brittle material 
to be removed without using any tools. Water Works dissolves in water. Machining/sanding is applied to reduce surface roughness. 

Principle of Layer Generation
The FDM process uses wire-shaped thermoplastics furled on car-
tridges when delivered. In the machine, the material is partly melted 
and extruded in the nozzle. The material is applied to the building 
board directly from 3D-CAD data. The nozzle moves to produce a 
profi le of the part. The nozzle moves in x- and y-direction; the build-
ing board moves in z-direction. Due to the thermal fusion, the mate-
rial bonds with the layer beneath and solidifi es. Thus, a permanent 
bonding of two layers is formed. When the layer is fi nished, the build-
ing board is lowered and the next layer is built on top. As the material 
hardens very fast, the complete model requires no further harden-
ing. FDM needs a support structure for forming a base; especially 
for complex models with overhangs, two extrusion heads are often 
used. At the interface with the part a solid layer of support material is 
applied. Under this layer, roads with 0.5 mm and gaps with 3.8 mm 
are deposited. 

Layout of Machine Components

Technical Data*  
Accuracy: +/- 127 μm
Support structures: neces-
sary
Building speed: material and 
parameter dependent

Fused Deposition Modeling (FDM)

Build Materials
Material       
ABS      
PC-ABS       
PC        
PPSF/PPSU  
Ultem*9085    

Layer thickness
127 - 330 μm
127 - 330 μm
178 - 330 μm
178 - 254 μm
178 - 254 μm

fi lament of support material
fi lament of build material

feeding wheels

heating
extrusion head
part

support

build sheet

build platform

* Technical data refer to Stratasys FORTUS 400mc by Stratasys, Inc

Picture courtesy of DMRC

Characteristics of Fused Deposition Modeling 
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Using FDM technology, three dimensional objects of any shape can 
be built without restrictions on forming tools. The greatest advan-
tages of the FDM process are the relative simplicity of the process 
and the availability of different materials. As the material is provided 
on spools, material changes can be made easily and no material 
loss occurs during the process. Parts are built with an accuracy of 
+/- 127 μm and with only little warpage. The production time primar-
ily depends on the volume of the parts to be fabricated. Due to the 
extrusion of the material, a seam line between layers exists result-
ing in parts having anisotropic properties. Most geometries require 
supports which have to be removed in a post process [Str13a-ol], 
[Str13b-ol] [Alp13a-ol], [Str11c-ol], [Str09a-ol].

FDM technology is widely used for concept models and functional 
prototypes, but also for end-use parts and manufacturing tools within 
the aerospace, defense, automotive, medical industry, as well as 
business and industrial equipment, education, architecture and con-
sumer-products. End-use parts and manufacturing tools – such as 
jigs, fi xtures and tooling masters – are produced in low-volume pro-
duction [Str11b-ol]. Current research initiatives aim at better under-
standing the material, process and part properties. However, the 
research intensity in FDM technology is comparatively low [GPW13]. 

1.2.2 Powder Bed Fusion Plastic Technologies
Powder Bed Fusion Plastic technologies represent an additive man-
ufacturing technique in which powdered plastic materials are selec-
tively sintered. The energy to locally fuse the powder is performed 
by a laser beam. After all layers are built, the part can be removed 
from the powder bed. The remaining powder is reusable for future 
production builds after being blended with new powder [AST12]. 
An exemplary technology is Laser Sintering (LS) by EOS GmbH 
Electro Optical Systems [Eos13a-ol]. The process principle of LS 
is visualized in fi gure 1-3. Figure 1-4 presents the characteristics 
of the LS technology, specifying process and material data [Eos12-
ol], [Eos13a-ol], [Eos13b-ol], [Eos13c-ol], [Eos13d-ol], [GRS10], 
[Geb12]. The data refers to the EOSINT P395.

Figure 1-3: 
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Figure 1-4: 

Short Description
Laser Sintering (LS) is an AM-process for the layer-wise creation 
of parts from powdered material. The manufacturing process is 
supplied directly from the electronic data. A laser is used to scan 
the layer and to fuse the powder particles to the rest of the part 
without melting (solid state) at elevated temperatures. Using this 
process, it is possible to create highly complex and individual 
geometries in a fl exible and cost-effective way.

Build Chamber Volume 
The build chamber volume depends on the size of the machine. 
With the EOSINT P395, it is possible to build parts with a vol-
ume of (x/y/z in mm) 350x350x620. Other machines provide up to 
700x380x580 (EOSINT P760) or 720x500x450 (EOSINT P760).

Data Format/Software
A 3D-CAD fi le is analyzed and sliced into layers varying from 20 
to 100 μm in height. Each layer is saved as a 2D image using the 
STL fi le format. EOS offers a suite of tools for processing STL 
fi les. It is called EOS RP-Tools and is capable of reading STL, 
creating support structures where needed and positioning the part 
in the build chamber. The software itself is called PSW and con-
trols accuracy, part quality, speed and other process parameters.

Material 
The spectrum of materials is exceptionally wide for LS plas-
tic machines. Mostly, it is not limited by the process itself, but 
rather by the industrial demand. In general, plastic, metal and 
sand powders can be used in the LS process. For processable 
metal materials see the characteristics of Selective Laser Melt-
ing. Common plastic powders consist of Alumide, CarbonMide, 
different Polyamides and Polystyrenes. Known products are GF, 
HST10, AF, Duraform PA, Duraform GF, Duraform HST10, Dura-
form EX and Duraform PP. These materials are custom-made 
polymers that suit the industrial demand in different fi elds requir-
ing specifi c properties, e.g. fi re or acid resistance. High-perfor-
mance polymers for the LS process, e.g. PEEK HP3 (based 
on Polyaryletherketone – PAEK), are suitable for applications 
that require excellent high temperature performance, wear and 
chemical resistance etc. The parameters of this material are on 
an up to 100% higher level compared to the so far market domi-
nating materials PA12 and PA11. For the Sand Laser Sintering 
systems different ceramics or quarry sands can be used. They 
usually contain binding materials (<10%) and are used to pro-
duce sand molds for castings.

Build Time and Build-up Rate  
The build time depends on the part size and the machine itself. 
Furthermore, machines usually offer different operating modes 
with different accuracies and build-up rates. In most cases, it is 
possible to build parts with a speed of approximately 20 to 31 
mm/h. For example, the EOSINT P395 and P800 can produce 
parts with a speed of 35 and 31 mm/h, respectively.

Surface Quality and Accuracy  
Surface quality and accuracy depend on the powder and the 
machine itself; both are function of different process parameters, 
e.g. powder shape, size and size distribution, powder bed den-
sity and powder spreading. These parameters strongly infl uence 
laser absorption. Typical layer thicknesses range from 60 to 200 
μm. With the EOSINT P 395, for instance, it is possible to pro-
duce parts with layers between 60 and 180 μm. Thereby, the 
thickness can be adjusted in fi ve different levels at the machine. 
Newer machines, e.g. the Sinterstation SPro140 by 3D Systems 
Corp., process parts with layer thicknesses between 100 and 
200 μm. Common achievable tolerances are ±0.1 mm up to ±0.5 
mm. EOS provides so called PartPropertyProfi les (PPP) for their 
systems for specifi c adjustments and changes in process param-
eters depending on the desired properties of the fi nal part.

Post-Processing
The parts have to cool down slowly due to the high temperatures during the production process. The remaining powder has to be 
removed, usually by compressed air. Surface quality and accuracy heavily depend on the process parameters of reworking. 

Principle of Layer Generation
LS (solid state sintering) machines lay down a thin layer of plastic 
powder. With a laser, the powder is heated up to fuse the pow-
der with the previous layers. The fundamental difference between 
LS and Laser Melting (LM) is the way the powder particles are 
bound to each other. In LM processes, the particles are exposed 
to higher amount of energy. Due to the intensity of the laser, the 
powder particles liquefy to the state of melt and solidify in a new 
shape. LS processes, in turn, bake the particles together by only 
fusing powder particles in their “solid state”, at between one half 
of the absolute melting temperature and the melting tempera-
ture, but without melting the particles. After the laser has fi nished 
tracing one cross-section of the model, a new load of powder is 
applied on top and the process repeats. As LS requires a precise 
temperature control, the scanning strategy and laser energy-input 
have to be carefully controlled throughout the process.

Layout of Machine Components

Technical Data*  
Layer thickness: 60-180 μm
Laser type: 50 W CO2 Laser
Scanning speed: 6000 mm/s
Support structures: not neces-
sary
Building speed: 35 mm/h

Laser Sintering (LS)

Build Materials*
e.g. PA2200 (basis: nylon 12)
Melting temp.: ≈ 186 °C
Recrystallis. temp.: ≈ 140 °C
Particle size dV,50: ≈ 55 μm 

Part. size distrib.: ≈ 3-100 μm
Tensile strength: 48 N/mm2

CO²-laser
storage bin

overfl ow bin

powder bed
part
building platform

recoater

infrared heating 
system

scanner

* Technical data refer to EOSINT P395; material data to PA2200 by EOS GmbH Electro Optical Systems

Picture courtesy of DMRC

Characteristics of Laser Sintering
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Via LS, three dimensional objects of any shape can be built without 
restrictions on forming tools. Parts can have integrated functions 
like moving elements or inner structures. Ideal applications for LS 
are highly complex parts in low-volume production. LS technology is 
used for manufacturing prototypes, models and end-use products. 
Due to the huge variety of materials, the method is predestined to be 
used in the tooling industry, aerospace industry, automotive industry, 
architecture, and in the consumer goods industry. Advancements 
in the processing of bio-compatible, high-performance materials 
recently gave rise to a number of new applications, especially in the 
medical industry [Eos13a-ol].

The main challenges today are the optimization of part quality and 
repeatability of the LS process. To increase process knowledge 
and to optimize the process, investigations of mechanical proper-
ties, material quality and surface fi nish of LS parts are mandatory 
[Eos13a-ol], [Eos13b-ol], [GPW13]. Special attention is required to 
the material properties: these properties can vary depending on how 
many times the material has been recycled [GRS10].

Current research initiatives focus the analysis of material properties 
and material processing in order to realize the required property pro-
fi les. In particular, many institutes focus the analysis of monomer mol-
ecules and investigation of powder generation processes [GPW13].

1.2.3 Powder Bed Fusion Metal Technologies
Using Powder Bed Fusion Metal Technologies, powdered metal 
material is selectively melted layer by layer via lasers or electron 
beams. In the process, the powder bed fuses through solidifi cation 
[AST12], [GRS10]. Selective Laser Melting (SLM) by SLM Solu-
tions GmbH is one example for Powder Bed Fusion Metal Tech-
nologies [Slm13a-ol]. Figure 1-5 illustrates the principle of the SLM 
process; fi gure 1-6 presents the characteristics, specifying process 
and material data. The data refer to the SLM Solutions 250HL sys-
tem. For more information see [Slm13a-ol], [Slm13b-ol], [Slm13c-
ol], [GRS10], [Geb12].

Figure 1-5: 
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Figure 1-6: 

Short Description
Selective Laser Melting (SLM) is a process that creates three 
dimensional parts by fusing fi ne metallic powders together. The 
process uses a high powered Ytterbium fi ber laser to fuse the 
powder; the metal is fully melted into a solid homogeneous mass. 
The technology was invented by F&S – Stereolithographietechnik 
GmbH and the Fraunhofer ILT. The popularity of metal-based pro-
cesses is growing.

Build Chamber Volume
The SLM 500 HL system by SLM Solutions GmbH offers a build 
chamber sized (x/y/z in mm) 500x280x325, followed by SLM 
250 with a volume of 250x250x300. The processing area can be 
exploited optimally by stacking pieces on top or next to each other.

Data Format/Software
A 3D-CAD fi le is sliced into layers varying from 20 to 100 μm in 
thickness. Every layer is saved as a 2D image in the STL format. 
The machine control software reads these fi les and creates sup-
port structures where needed. It also determines the building ori-
entation and controls all process parameters. The system offers 
the software Magic AutoFab for processing CAD/STL-data fi les. 
It is also used for slicing and support generation.

Material 
Processing Material: A huge variety of metal powders are 
already available for both processes. In order to be process-
able, the grains should be round and their diameter should be 
between 10 and 45 μm. The used alloys are free of binders or 
other additives. In general, almost all metals can be processed 
with SLM. Tool steel H13, stainless steel 316 L, Titan TiV4, Titan, 
Cobalt Chrome, Inconel, Aluminum and Gold are materials which 
are approved for SLM processes. If the process parameters for a 
special material have not been standardized yet, manufacturers 
offer to develop the corresponding work specifi cations in coop-
eration with the customer.
Support Material: The support structure is needed to absorb 
the occurring stresses during the building process. The sup-
port structure is built from the same material as the part, and is 
removed after production.

Build Time and Build-up Rate  
The build time depends on the layer thickness and the processed 
material. With fi ner layers, more accurate parts can be produced; 
higher layers however require stronger laser modules. On aver-
age, build times are 7-30 cm³/h for SLM. In general powder bed 
fusion processes take longer for part construction than other AM-
processes due to the pre-heat and cool-down cycles involved.

Surface Quality and Accuracy  
The surface quality is a function of the layer thickness, powder 
shape and size as well. Finer particles form a larger surface area 
and absorb laser energy more effi cient than coarse particles. To 
achieve the best trade-off between dimensional accuracy, sur-
face quality, build-up rate and mechanical properties, tempera-
ture of the powder bed, laser power, scan speed and scan spac-
ing must be optimally aligned. Thanks to the focused high power 
beam, parts with a density of over 95% can be built. The minimal 
layer thickness is about 20 μm. With SLM machines layer thick-
nesses of 25 μm and surface fi nishes about Ra = 5 μm can be 
realized.

Post-Processing
Ordinary post processing steps are support material removal, shot peening and polishing. As parts built by SLM are comparable to 
conventionally built parts, they can be reworked the same way, including machining, welding, eroding, etc.

Principle of Layer Generation
SLM uses fi ne metal powders to build a part layer by layer. The 
process is executed under a closed atmosphere of shielding 
gas in order to achieve maximum part quality. First, a layer of 
powder is placed on the building platform. The ytterbium laser 
traces the cross section of the part, thereby fl uidizing and melt-
ing the respective particles (> melting temperature) together. The 
remaining powder serves as additional support structures. Upon 
completion of one cross-section, the platform is lowered by the 
height of one layer and another load of raw material is placed 
upon the existing model. Each time the laser liquefi es a new 
layer of powder, both, the existing material and the raw material 
melt and a new shape is generated. This procedure is repeated 
until the part is fi nished.

Layout of Machine Components

Technical Data*  
Layer thickness: 20-100 μm
Laser type: Ytterbium laser 
400/1000 Watt
Scanning speed: 20000 mm/s
Support structures: necessary
Bulding speed: 25 cm3/h

Selective Laser Melting (SLM)

Build Materials
Titanium, Aluminium
Tool/Stainless steel
Alloys depending on the 
application
Typical tensile stress values: 
400-1200 N/mm2

storage container

overfl ow tank

parts
powder bed
building platform

scanner
ytterbium-laser

recoater

* Technical data refer to SLM Solutions 250HL

Picture courtesy of DMRC
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Unlike machined parts, SLM parts can have thin walls, deep cavities 
or hidden channels. Parts with high toughness, high strength and 
good thermal conductivity can be produced. As the weight of the part 
is heavy and the heat has to be dissipated, support structures are 
necessary. High thermal gradients can lead to residual stress or to 
the cracking/failure of the part [GRS10], [Geb12]. SLM technology 
is used for functional testing of production quality prototypes as well 
as for manufacturing of complex end-use parts in low-volume, and 
for building highly complex organic structures. In addition, SLM is 
broadly applied to produce light-weight and lattice structures. Due to 
the technology’s inherent geometric complexity benefi ts and excel-
lent material properties, many industries have been benefi ting from 
this technology, e.g. the automotive, aerospace, tooling, jewelry and 
the medical industry [Ren13-ol], [Rea11-ol] [Slm13d-ol].

Current research initiatives aim at the development of new materials 
as well as understanding and advancement of existing materials. 
This also comprises the analysis of material properties and material 
processing in order to realize required property profi les, facilitating 
the production and processing of industrial materials. In addition, 
great efforts are done to standardize part construction and to extend 
knowledge about potential product technologies, e.g. lattice struc-
tures, gradient structures etc. [GPW13].

1.2.4 Polymerization Technologies
Polymerization is an additive technique used to produce parts from 
photopolymer materials. The photopolymer material is in a liquid 
state. By using a laser beam the material is curing or solidifying layer 
by layer. The process can harden the material in a predetermined 
thickness. Stereolithography (SLA) is one example for Polymeriza-
tion Technologies [AST12]. Figure 1-7 illustrates the process princi-
ple of SLA technologies; the characteristics, specifying process and 
material data are presented in fi gure 1-8. The data refer to the iPro 
9000XL SLA Center by 3D Systems Corporation. For more informa-
tion see [3ds13a-ol], [3ds13b-ol], [3ds13c-ol], [Alp13b-ol], [CCD+11-
ol], [Par13-ol].

Figure 1-7: 
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Figure 1-8: 

Short Description
Stereolithography is an AM-technology using an Ultra Violet 
(UV)-laser to solidify liquid, radiation curable resins, or photopo-
lymers in a basin. When exposed to UV-radiation, these mate-
rials undergo a chemical reaction to become solid. By lowering 
a platform in the basin layer by layer, a 3D-model is created. It 
is the oldest method of 3D-printing, commercialized in 1987 by 
3D-Systems Corporation. Today, the technology is widely used.

Build Chamber Volume 
A huge variety of SLA systems are available. Large SLA 
machines have vat sizes of (x/y/z in mm) 750x650x550. ProJet® 
MP 7000 provides a net build volume of 380x380x250; the iPro 
9000XL SLA Center even has a volume of 1500x750x550.

Data Format/Software
The majority of SLA machines use the STL format which was 
developed by 3D-Systems Corp. Other formats for instance are 
SLC, HPGL and IGES. The basic principle of all programs used 
for layer-based AM-processes is slicing a 3D-CAD-model into 
2D-slides. Front-ends, for instance, are Lightyear by 3D-Sys-
tems Corp. or Suite by EnvisionTEC, Inc. 

Material 
Processing Material: Stereolithography has a limited variety of 
applicable materials. The quality of these materials has however 
signifi cantly improved over the last years. Currently, fi fteen dif-
ferent polymers, mostly epoxies, are available in different col-
ors. The selection of the material depends on the application 
at hand, as the available materials feature different character-
istics. SolidGrey3000 is an example of a material providing a 
high stiffness and impact resistance. Therefore it can be used 
for machine covers or automotive body parts. Other materials, 
e.g. “NanoTool”, in turn, stand out due to high heat and humidity 
resistance; these are mainly used for high temperature applica-
tions in the aerospace industry. 3D-Systems Corp. also offers 
different materials: e.g. the Accura ® Peak ™ that is a hard, 
accurate plastic with excellent moisture and temperature stability 
or the Accura ClearVue which is a plastic that resemble Polycar-
bonate and ABS regarding its properties and appearance. SLA 
machine providers usually indicate which material is suitable for 
which application.
Support Material: The support material usually is identical with 
the build material.

Build Time and Build-up Rate  
The build time is closely connected to the velocity of the laser 
which is a function of the laser power, the spot radius and the 
cure- and penetration depth. The build-up rate depends on the 
material, the amount of support structures needed and the size 
of the part. Compared to Laser Sintering, Stereolithography 
tends to be prone to longer build-up rates for bigger parts.

Surface Quality and Accuracy  
Accuracy of SLA parts varies depending on build parameters, 
part geometry and size, part orientation and post-processing 
methods. However, as most epoxies used in SLA shrink by only 
approx. 0.1%, the process provides the highest accuracy and 
surface quality of all AM-processes: depending on the desired 
resolution, it is possible to produce parts with layers between 50 
and 125 μm. The side walls show a relatively sharp and ragged 
contour with a roughness of 8.6 μm. Top and bottom surfaces 
show signifi cantly higher surface qualities with an average 
roughness height of Ra = 0.3 μm at the top surface and Ra= 4.3 
μm at the bottom surface. High resolution SLA systems are able 
to produce with tolerances of ±0.025-0.05 mm.

Post-Processing
SLA requires the manual removal of support structures which signifi cantly determines the accuracy of parts. As only 96% of the poly-
mer solidifi es when being exposed to the laser beam, parts manufactured via SLA need to be placed in a UV oven for a fi nal curing.

Principle of Layer Generation
The raw material for Stereolithography is a photosensitive liquid 
polymer which is fi lled in a basin. Apart from the raw material, 
the basin also includes a platform that can be moved in z-direc-
tion. In its initial position, the platform is located closely below 
the surface of the material. A UV-laser traces the cross-section 
of the part, causing the fi rst slice of the resin to solidify in the 
respective area. Subsequently, the platform is lowered into the 
resin vat by the thickness of one layer (~ 5 μm). A sweeper blade 
applies a new fi lm of resin on top of the previously cured slice 
that is subsequently cured by the UV-laser again. This process 
is repeated and the following layer is fused to the solidifi ed slice. 
Due to the low stability of the part during the process, support 
structures are required; these are also used to tie the part to 
the platform in order to avoid any motion of the part while the 
platform is lowered.

Layout of Machine Components

Technical Data*  
Laser Type: Nd:YV04 
Layer thickness: 50-150 μm
Accuracy: +/- 25-50 μm
Support structures: necessary
Draw. speed: 3.5 m/sec bor-
ders); 25 m/sec (hatch)

Stereolithography (SLA)

Build Materials*
e.g. Accura ® Peak ™Amber
Liquid Density: 1.32 g/cm
Solid Density: 1.36 g/cm³
Viscosity: 605 cps
Penetration Depth: 5.6 mils
Critic. Exposure 11.5 mJ/cm2

laser
turnable mirror

part
sweeper

lenses

platform

liquid photopolymer tank

* Technical data refer to iPro 9000XL SLA Center; material data to Accura ® Peak ™Amber by 3D Systems Corporation

Picture courtesy of DMRC

Characteristics of Stereolithography
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SLA parts provide high accuracy and smooth surfaces. There is a 
great variety of materials that can be processed via SLA, mimick-
ing the look and feel of most engineering plastics, e.g. Polypropyl-
ene, Polycarbonate and ABS. These materials provide properties 
like thermal resistance, stiffness, fl exibility and transparency to meet 
prototyping, testing and application needs. 

Today, SLA parts are widely used for rapid prototyping and partly 
for DM in a huge variety of industries, including the medical, mili-
tary, electronics, automotive and consumer goods industry. Exem-
plary applications are patterns for injection molding core and cavity 
inserts, thermoforming, sand casting, blow molding, and various 
metal casting processes [3ds13d-ol].

Current research initiatives focus on the development of new materi-
als and the advancement of the laser technology to accelerate pro-
duction processes [GPW13].

1.3 The Business of Today
The study “Thinking Ahead the Future of Additive Manufacturing – 
Analysis of Promising Industries” analyzes 14 current application 
fi elds from market and technology perspective in the context of AM, 
see [GEK+11]. This chapter gives a short overview of current appli-
cation fi elds, and especially outlines today’s penetration of AM in the 
aerospace, automotive and electronics industry.

1.3.1 Overview
Where is AM headed today? According to Wohlers Associates, an 
independent consulting fi rm in AM, emerging trends like low-cost 3D 
printers are increasingly helping to create visibility for the industry, 
facilitating access to the technology for inventors, entrepreneurs, 
researchers, do-it-yourself enthusiasts, hobbyists etc. [Woh12]. With 
the latest advancements in machine and material development, e.g. 
the development of high-performance polymers, the production of 
fi nal parts that fulfi ll the required mechanical properties becomes pos-
sible. This is Direct Manufacturing (DM).

According to Wohlers, the AM-market grew by 29.4 % amounting to 
$1.721 billion in 2011 [Woh12]. This includes products, e.g. AM-sys-
tems, systems upgrades, materials, and services, e.g. production and 
maintenance services. Wohlers Associates forecasts the industry-
wide revenues to grow to $ 3.7 billion in 2015. By 2019, the revenues 
are expected to amount to $ 6.5 billion. The reason therefore is obvi-
ous: a growing number of industries have been and are realizing the 
promising potentials of AM-technologies, as shown in fi gure 1-9.

In particular, the aerospace industry is in the vanguard of the indus-
trial application of AM. Aircraft manufacturers and their suppliers, 
e.g. Boeing, EADS (European Aeronautic Defence and Space) or 
Paramount, apply AM-technologies for manufacturing geometrically 
complex, but reliable high-tech aircraft parts, drastically cutting down 
production costs and weight. Plus, AM signifi cantly contributes to 

SLA technology is used in 
many industries.

AM-market is continuously 
growing.

Aerospace industry is a pio-
neer in the application of AM.



23

The Additive Manufacturing Business

optimize the supply chain, to reduce lead times and environmental 
impacts, thereby adding value to the industry’s business.

AM is also widely spread among the medical sector, including den-
tal applications, prostheses, implants etc. The technologies are also 
applied in the capital goods industry, e.g. in the armament, automo-
tive and electronics industry as well as in the tool- and mold-making 
industry. Even the consumer goods industry, e.g. the sports, textile, 
furniture, toys and the jewelry industry are becoming aware of AM’s 
great advantages for their business. AM in means of DM is not exten-
sively prevalent yet, experts however underscore its huge potential.

Figure 1-9:  
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Overview on industries using Additive Manufacturing 
[GEK+11] (pictures courtesy of: see picture credits on 
page 105)

In the majority of application fi elds, AM is used to shape geometrically 
complex parts, for instance designer lamps or pendants in the jewelry 
industry. Within other industries, AM enables functional integration, 
such as double walled structures that are used in air conditioners 
for isolating cables [Woh11]. In the textiles and food industry, pos-
sible applications are currently being explored. Research in these 
areas, such as “printing food” during space missions and producing 
seamless garments, already shows up possible future applications 
[BLR09]. However, the use of AM is still limited in these industries. 

A broad variety of industries 
do already benefi t from AM’s 
potential.

AM is largely used for com-
plex, induvidual and function-
ally integrated parts.
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However, companies that explore AM’s potential and develop ways 
to exploit these potentials can acquire a competitive edge in global 
markets. To tap the extraordinarily high potential and to advance 
materials as well as the technologies into the right direction, a close 
cooperation between researchers, technology suppliers and users is 
mandatory. This is the main purpose of the foundation of the Direct 
Manufacturing Research Center (DMRC). The major goal of the 
DMRC is to advance AM-technologies into dependable, production 
rugged Direct Manufacturing technology (DM). 

An essential prerequisite for the successful (industrial) establishment 
of Direct Manufacturing will be the awareness of its fascinating capa-
bilities and advantages among industrial operators. Concurrently, AM-
technology providers have to be aware of specifi c customer demands 
and the general framework in (potential) user industries (e.g. certifi ca-
tion processes in the aerospace industry) to optimally fulfi ll customer 
demands with the right products at the right time. This is the starting 
point of the project ‘’Opportunities and Barriers of Direct Manufactur-
ing Technology within the Aerospace Industry and adapted others“, 
lining out opportunities and barriers of DM-technologies in the aero-
space, automotive and electronics industry. These industries were 
analzed in detail in the study “Thinking Ahead the Future of Additive 
Manufacturing – Analysis of Promising Industries“. In the following, 
these three industries are briefl y introduced.

1.3.2 Aerospace Industry
Aerial transportation has never been as important as today, and will 
likely play a key role in the future as well. Today, the variety of aerial 
vehicles is wide, ranging from unmanned aerial vehicles (UAV) and 
transport aircraft to vehicles for space tourism [Bul09]. 

Aerospace parts are generally produced in small quantities at com-
paratively high costs per unit, and thus are regularly operating with-
out economies of scale. Besides this, aircraft parts have to meet 
a high number of requirements. Managing the high complexity of 
systems, concurrently responding to environmental demands and 
reducing operating costs are just a few challenges of the aerospace 
industry. An additional challenge is attributed to increasing oil prices. 
To confront these challenges, the aerospace industry continuously 
endeavors to improve performance of aircraft and to reduce air pollu-
tion, noise exposure and raw material consumption [Bul09]. 

Emerging technologies such as AM-technologies open up great 
potentials to cope with those challenges. The reason therefore is 
obvious. AM-technologies enable the creation of parts of any arbi-
trarily individual geometry which fi ts well to the aerospace industry’s 
demand for geometrically complex and strong parts. Furthermore, 
AM allows creating light-weight structures, massively cutting down 
material consumption. Due to this, the aerospace industry is a pioneer 
in the AM-business already today. Global players like Boeing and Air-
bus apply AM-technologies already; small companies are expected 
to follow this trend [Wor10], [Wor11a], [GEK+11], [GEK+12].

According to a survey conducted by Wohlers Associates, the share of 
the aerospace industry of the global AM-market volume amounts to 

Close cooperation between 
research and industry is 

crucial to qualify AM for DM.

AM has great potential to 
cope with the requirements 

of the aerospace industry.

AM-market is growing in the 
aerospace industry.
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12.1%, which grew from $131 million to $207 million [Woh12]. Com-
pared to the expected world market volume of the aerospace industry 
(including defense) amounting to $677 billion in 2011, the AM-market 
share is still marginal [RE11], [PWC12-ol]. However, as parts manu-
factured by AM-technologies progressively meet the requirements of 
the aerospace industry, the range of additively manufactured prod-
ucts is quite diverse at present. Exemplary parts that have already 
been manufactured additively are:

• Environmental control system ducting by Boeing [Woh12];

• Swirler – fuel injection nozzle for gas turbine applications by 
Morris Technologies, Inc. [Mor13-ol];

• Rotor made from, NickelAlloy IN718 by Morris Technologies, 
Inc. [Mor13-ol];

• EADS Innovation develops wing brackets, hinges for engine 
covers, air intake baffl es, and aerodynamically profi led cooling 
ducts for Airbus with Selective Laser Sintering [Thr12-ol];

• Venturi nozzle by Morris Technologies, Inc., see fi gure 1-10 
[Mor13-ol].

Figure 1-10:  Venturi nozzle made by Direct Metal Laser Sintering 
(DMLS) (picture courtesy of Morris Technologies, Inc.) 

• A Mars rover, containing about 70 parts made with Stratasys 
FDM and a production-grade Fortus printer, e.g. pod doors, 
large components that work as a front bumper, camera mounts, 
fl ame-retardant vents and housings [Thr12-ol]; 

• Thrust reverser doors and acoustic panels by Royal Engineer-
ing Composites [REC11-ol];

• Landing gears by EADS [ASA11-ol];

• Gimbal eye, or camera by Stratasys Inc. rotates electrome-
chanically on two axes [Str11a-ol];

A broad variety of AM-parts 
prevail in the aircraft 
production.
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• In cooperation with EOS, EADS remanufactured a titanium 
cover door hinge for the A380. Thereby, the hinge is 65% lighter 
compared to a conventional hinge [Des12-ol].

• The NASA tested 3D Printing in zero gravity for using 3D Print-
ers on the International Space Station [Des12-ol]. 

• In collaboration with the Advanced Manufacturing Collaborative 
Research Center in Australia, the manufacturer Microturbo for 
gas turbine jet engines, is developing Selective Laser Melting 
methods for producing aerospace microengine components 
using metal alloys [Des12-ol].

These developments show that AM is progressively gaining ground 
in the aerospace industry. Especially against the background of prev-
alent trends, such as light-weight structures and increasing individu-
ality of aircraft design and interior, AM is expected to enjoy record 
growth in the aerospace industry, having a transformative impact 
on the industry [Wor11a]. Therefore however, many advancements 
of the technology will be needed. The defi nition of common design 
rules, the establishment of certifi cation processes for AM-parts and 
AM-processes etc. are critical success factors from today’s point of 
view, just to name a few [Wor10], [GEK+11].

1.3.3 Automotive Industry
The desire for individual mobility makes the automotive industry a 
powerful and important market. Even after the economic crisis in 
2007, the automotive industry has proven to be a pacemaker for 
many economies [HP11-ol]. 

The automotive industry has always been a highly technology- and 
innovation-driven industry: customer demands on design, safety 
and environmental performance, dynamics, variability, comfort, 
“infotainment”, cost effectiveness and sustainability converge in a 
melting pot of challenges and determine which companies will prove 
themselves in competition [Bul09].

In order to tackle these challenges, the automotive industry is a pio-
neer in applying innovative technologies in many instances. This 
also applies to AM-technologies. In 2011, the automotive industry 
contributed 19.5% to the total AM-market volume which corresponds 
to $334 million [Woh12]. Together with the motorsports industry, the 
automotive industry amounts to the second largest market volume 
after the consumer products/electronics industry. Compared to the 
world-wide automotive industry market volume of $2.6 trillion, this 
share is still marginal [SZW11-ol].

The automotive industry is taking advantage of the technologies to 
produce plastic, metal, or composite parts and customized products. 
The main purpose is to reduce costs, time and tooling required in the 
conventional manufacturing processes and to accelerate innovation 
and product development processes. For instance, Stratasys FDM 
technology has now been used for more than twenty years for mod-
eling and prototyping purposes, but for manufacturing end-use parts 
as well. Automotive manufacturers, e.g. the BMW AG, are continu-
ously extending the fi eld of application for AM in the use of both poly-

AM is expected to have dis-
ruptive changes on the aero-

space industry’s business.

Penetration of AM in the auto-
motive sector is increasing.

In the automotive industry, 
AM has the potential to accel-

erate innovation processes.
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meric and metallic AM-technologies [Str09b-ol]. Luxury and antique 
cars manufacturers apply AM to directly produce small, complex and 
non-safety relevant parts. The vast majority of these parts are pro-
duced in small series, as process productivity is still limited [BLR09].

In the motorsports sector, AM has been a linchpin for design and test-
ing for years. Progressively, AM is applied for manufacturing parts 
that endure the rigors of high-speed and high-performance racing. 
This fi eld largely benefi ts from the knowledge gained in the applica-
tion of AM in the aerospace industry: especially the know-how for 
manufacturing complex, high-tech aerospace parts is increasingly 
transferred to future applications in the motorsports sector [EJN11-
ol], [Str12a-ol]. 

Further examples for current applications in the automotive industry 
are listed in the following:

• Intake valve and other parts of the engine bay, gearbox and 
engine components by Mini John Cooper Works WRC [LL11-ol];

• Kor Ecologic developed the Urbee, an electro-hybrid vehicle: all 
body components were produced with Dimension 3D Printers 
and Fortus 3D production systems by Stratasys, as shown in 
fi gure 1-11 [Eco11-ol].

Figure 1-11:  The Urbee Hybrid: the fi rst 3-D printed car (picture 
courtesy of Kor Ecologic, Inc.)

• Oversized radio knob and custom hose ducting by Stewart-
Haas Racing [Str12-ol];

• Air inlet, engine control unit and lower fairing baffl e for ADV 
Racing [Woh11];

• Hand tools for automobile assembly for BMW by Stratasys Inc. 
[Str11b-ol];

• Gear shift knob by Materialise [Mat11-ol];

• Testing part design to verify correctness and completeness of 
parts by BMW, Caterpillar, Mitsubishi [BTW09], [Cev06];

Motorsports sectors has 
been using AM for years.

Increasing number of auto-
motive applications
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• Pre-series components for luxury sport cars, e.g. intake mani-
folds, cylinder heads by Lamborghini [Cev06], [Fro07];

• As a foundation for light-weight automobile construction, the 
Daimler AG and the Fraunhofer Institute for Laser Technol-
ogy in Germany developed a new laser melting machine with 
a larger build chamber than any previous model for aluminium 
alloys [Bro12-ol]. 

• Joe Gibbs Racing uses Stratasys FDM to create complex car-
bon monoxide fi lter housings for their NASCAR cars [Str12a-ol].

In many instances, in the automotive sector the hesitant application 
of AM-technologies is mostly due to the limited construction size of 
current AM-machines [Wor11b]. The development of AM-systems 
providing a bigger build chamber volume, increasing process reli-
ability and part reproducibility, and the development of common 
design rules and certifi cation processes are just a few critical suc-
cess factors that are expected to infl uence the success of the AM-
business [Wor10], [GEK+11].

1.3.4 Electronics Industry
The broad variety of electronics are present in daily life in many 
instances, e.g. in mobile phones, computers, automotives etc. 
Therefore, many industries are affected by the developments of the 
electronics industry: electronics are the enabler for many innova-
tions and developments, as especially the electronics industry is 
characterized by rapid technological advancements and the con-
tinuously shortening product life cycles. To accelerate development 
and manufacturing processes, AM can be a promising approach. 
As AM enables functional integration and embedding electronics 
into all kind of geometries, the technology can also respond to the 
major trends of the electronics industry, such as miniaturization, 
functionally integrated (micro) systems, embedded technology, 
energy-saving electronics, printed electronics etc. [SI10-ol]. Com-
bining 3D printing and printed electronic circuitry has the potential 
to completely streamline production processes as less material and 
process steps are required.

In 2011, global revenues in the electronics industry amounted to 
$3 trillion, growing at a Compound Annual Growth Rate (CAGR) of 
approximately 10% [Hyp11-ol]. Regarding the usage of AM in the 
electronics industry, the market is continuously growing as a great 
variety of processible materials such as new polymers, and metals 
and inks have been emerging [SA10]. Especially, the production of 
manufacturing and tools equipment benefi ts from the deployment of 
AM. Here, in particular, 3D-printing is a leading technology due to 
the high ability to include electrical circuits into work pieces. So far, a 
variety of electronic parts have already been realized via AM:

• Embedding Radio Frequency Identifi cation (RFID) Devices 
inside solid metallic objects [Ree09];

• Polymer based, three-dimensional micro-electromechanical 
systems by MEMS [FCM+08];

Electronics industry 
is characterized by a rapid 

development.

Penetration of the electronics 
industry by AM is 

increasing.
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• Connector housings and solenoid bodies by VG Kunststofftech-
nik [PP11-ol];

• Microwave circuits fabricated on paper substrates [YRV+07];

• Ultrasound transducers by General Electric [GE11-ol];

• All kind of grippers within automated production systems e.g. 
made by Stratasys, Inc. (see fi g. 1-3).

Figure 1-12: Gripper made by Fused Deposition Modeling (picture 
courtesy of Stratasys, Inc.)

• Stratasys and Optomec completed a joint development and 
created a “smart wing”, which is a printed wing with printed 
electronics on it. The wing is the fi rst fully printed hybrid struc-
ture [Str12b-ol]. 

• Researchers at the University of Warwick created a simple 
and inexpensive conductive plastic composite, which can be 
used by low-cost 3D-printers for producing electronic devices 
[Woo12-ol]. 

• Spare parts for high-tech electronic components are increas-
ingly produced additively [Wor11c].

In the electronics industry, success factors for increasing market 
penetration of AM are surface quality, process reliability and part 
reproducibility, new materials, just to name a few [Wor10], [GEK+11].

1.4 Summary
The outlined development of AM from its beginning until now shows 
that AM is increasingly gaining importance in many industries. The 
inventory on selected AM-technologies shows that many invest-
ments are being done to advance AM-technologies even further. 
New materials with outstanding properties have been and are still 
being developed as well as new AM-systems providing a bigger 
build chamber volume and being faster than their predecessors.

In the study “Thinking ahead the Future of Additive Manufactur-
ing – Analysis of Promising Industries“ 14 industries were analyzed 
regarding their penetration by AM. The spectrum ranges from cur-
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rently established fi elds, such as the dental industry, and upcoming 
fi elds, e.g. the aerospace industry, to visionary fi elds such as the 
food industry.

Based on the analysis of these application fi elds regarding their 
market and technology development, three industries turned out to 
be particularly promising for the application of AM in the future: the 
aerospace, automotive and electronics industry. In the present study, 
these industries were examined in detail. The analysis shows that 
the penetration of AM-technologies has continuously been increas-
ing in these industries; however, it is still limited to small series pro-
duction. From today’s perspective, the most decisive success factors 
for the business of AM are: design rules, process reliability and part 
reproducibility as well as surface quality and certifi cation processes. 

Aerospace, automotive and 
electronics industry are 

promising application fi elds 
for AM.
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2
Strategic Product Planning
For a sustainable development of companies from capital goods 
industries, in terms of achieving economic, social and environmental 
goals, technology-induced innovation is of growing importance. Tech-
nology management, especially in case of emerging technologies, 
is a challenging task that requires a strategic perspective: the tech-
nology development needs to be aligned with market and industry 
needs, now and in the future. Therefore, opportunities from techno-
logical and market developments need to be recognized timely and 
synchronized in a symbiotic manner. Thereby, chances and threats 
for the established and future business can be anticipated at an early 
stage, and technology providers get an idea of how the areas of 
application for their products may look like in the future [GPW09]. 

Opportunities for tomorrow’s business and future market demands 
can be identifi ed within a systematic foresight process using the 
Scenario-Technique. As a result of the analysis of the today’s AM-
business (see chapter 1), the aerospace, automotive and electronics 
industry were outlined as particularly auspicious for the AM-business 
in the future. To delineate future prospects and threats for possible 
benefi ciaries of AM, strategic product planning was carried out.

First, the future of the three industries was anticipated, in terms of 
future scenarios and future applications. Secondly, future require-
ments on DM were deduced [GEK+11], [GEK+12]. Chapter 2.1 
briefl y presents the future scenarios that were selected as reference 
basis, and deduces future success factors and strategic directions. 
Chapter 2.2 provides an overview on future applications of AM that 
were developed against the background of the future scenarios. In 
chapter 2.3, future requirements the developed applications impose 
on AM are presented.

2.1 Future Scenarios
The visionary insight into the future, the early identifi cation of tomor-
row’s success potentials and the timely exploitation of these poten-
tials are indispensable for sustainable business success. Using the 
Scenario-Technique, future branch scenarios for the aerospace, 
automotive and electronics industry were developed for the year 
2020. The branch scenarios focus the aircraft production, automo-
tive production and the electronics industry manufacturing equip-
ment, respectively. However, industries do not operate as standalone 
players. They rather are embedded in a global environment, and 
thus the future scenarios are a hybrid combination of a branch and 
a global scenario. Therefore, the scenarios for the global environ-
ment and the branch scenarios were matched to overall scenario 
combinations. For each industry, a reference future scenario was 

For future success, tech-
nology and market devel-
opments have to be 
synchronized.

For the aerospace, automo-
tive and electronics industry, 
strategic product planning 
was performed.

Future scenarios were devel-
oped for the selected 
industries.
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selected. This chapter presents and illustrates the selected refer-
ence scenarios. More information on the procedure for developing 
scenarios is provided in the study “Thinking ahead the Future of Addi-
tive Manufacturing – Analysis of Promising Industries” [GEK+11]. A 
detailed description of all scenarios developed in the project is part 
of the confi dential study that is accessible for DMRC partners only. 

2.1.1 Future Global Environment
The developed global scenarios describe possible future situa-
tions of the broader environment based on 17 key factors, com-
prising statements on politics, economy, society and environment 
[GEK+11]. In total, three global scenarios were developed. One sce-
nario was selected as reference scenario. This describes a future 
where “Europe Sets the Pace in a Globalized World“. This sce-
nario fi ts with the branch scenarios selected as reference for the 
considered industries. Figure 2-1 visualizes this scenario.

Increasing infl uence of strong governments has a major impact on 
the political progress within the European Union (EU). On the one 
hand, governments have increased the total subsidies in recent 
years. On the other hand, the governments commit themselves to 
the education and research policy, by increasing the expenses for 
education and research. 

The investments in the educational system pay off – the research 
infrastructure is excellent. The broad majority of the population is 
well skilled; however, there is still a labor defi cit. In addition, pros-
perity is fostered through European integration. Foreign trade is 
facilitated; free trade without borders is possible within the EU. Pro-
tection of technological advances is proceeding slowly. 

Due to the great image of the EU as a high-tech site, many com-
panies use the EU as a “System Head”. Especially, future- and 
high-quality-oriented as well as value-creation-intensive company 
divisions are settled in the EU. This makes Europe a key players 
and pacemaker of the globalization: European states succeeded to 
steadily increase their exports to Asia and America. Benefi ting from 
these developments, the EU has recovered well after the economic 
crisis; the gross domestic product is growing by 2% annually. This 
development has been stable for years.

Due to good living and working conditions in the past years, the 
number of immigrants has been rising continuously, whereas the 
number of EU inhabitants has been declining. Children and family 
have a high priority in society; however, there still is a birth defi cit. 
Older people feel needed, and are willing to work longer. 

Moreover, urbanization has been propagating; more than 60% of the 
population is living in urban areas, as cities offer a good infrastruc-
ture, a variety of attractive job possibilities. In contrast, a tendency 
towards a way of new country life is also discernible: more than 20% 
of all inhabitants live in the countryside. New decentralized working 
forms enable people to retreat from the urban areas and to work at 
home. 

The future global environ-
ment is described by 17 key 

factors. 

Politics: High fi nancial sup-
port of research institutions 
by the government pays off. 

Economy: European econ-
omy grows due to value-crea-

tion-intensive enterprises.

Society: Strong tendency 
towards urbanization
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Figure 2-1:  Visualization of the reference scenario for the global 
environment “Europe Sets the Pace in a Globalized 
World“ (pictures courtesy of: see picture credits on 
page 105)

To adjust differences in income, an unconditional basic income was 
introduced by law: the governments pay every inhabitant this basic 
income without any repayment claims. Additionally, the awareness 
for highly sustainable mobility has been emerging which has been 
leading to a boom of the ecologically reasonable means of trans-
portation. Due to this development and to the availability of modern 
digital forms of communication, new virtual mobility is propagating 
increasingly as well. 

The restrictive behavior of the OPEC is unbroken and the capaci-
ties of the conveyors are just enough to meet the world’s demands. 
The scarcity of energy fosters high effi ciency, despite the worldwide 
application of sustainable and intelligent processing of raw materials 
and better recycling processes; the raw material market is recover-
ing just slowly. 

However, raw material bottlenecks can still be met largely through 
a slightly increasing expansion of regenerative energy sources. The 
resources of mineral and energetic raw materials are now estimated 
to meet the demand of the next 40 years. According to the recent 
developments, a broad consensus for environmental protection has 
been emerging worldwide. The population is convinced that a livable 
world should be preserved for future generations.

Society: Increasing aware-
ness for sustainable mobility

Environment: Effi cient use 
of material and regenerative 
energy prevent energy crisis.
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2.1.2 Future Aircraft Production
The future aircraft production was described on the basis of 13 key 
factors, encompassing statements on suppliers, market, branch 
technology and regulations [GEK+11]. In total, three scenarios for 
the future aircraft production were developed. The selected refer-
ence scenario characterizes a future where “Individual Custom-
ization Fosters Additive Manufacturing Technologies”. Due to the 
successful part implementation, additively manufactured parts start 
to be associated with high performance and high quality. In the fol-
lowing section this scenario is briefl y outlined and visualized in fi g-
ure 2-2.

The cooperation between aircraft manufacturers and suppliers of 
the aircraft industry has been improved signifi cantly through part-
nerships. More responsibility has been transferred from OEMs to 
suppliers: the suppliers contribute their own ideas to solve problems 
and develop all components under constant consultation with the 
manufacturers. 

Simultaneously, the market accessibility for suppliers has changed 
considerably: as the size of orders has increased within the last 
years, only mega suppliers were able to handle these quantities – 
the number of orders handled by small suppliers decreased. The 
takeover of small suppliers became a more appropriate method to 
acquire new customer groups and expand market power.

Due to branding as a continuing marketing trend, aircraft manufac-
turers have been increasing aircraft variety; each aircraft is progres-
sively getting individual. 

As parts produced by AM-processes started to be associated with 
high performance and high quality, many manufacturers jumped 
on board, and started to further invest into these technologies. For 
instance, additively manufactured parts are used for critical parts 
or for low scale production. Many new materials enter the market, 
enabling lower production costs and the implementation of new 
technologies due to excellent properties. Furthermore, new mate-
rials/machines allow the customization of material properties, as 
tailor-made part properties have become possible by now. 

Due to intense research in AM, the ratio of functionality and costs 
has been improved and functional-driven design is the key to suc-
cess. However, production-driven design is still prevalent in just a 
few limited cases in order to minimize production costs. Highly-auto-
mated processes largely substitute hand-crafted steps. In addition, 
energy-effi cient aircraft can be realized due to new high-tech materi-
als enabling higher working temperatures. The increased effi ciency 
of engines reduces fuel consumption.

Progressively, a common set of standards for AM has been elabo-
rated. Due to the commitment of almost all aircraft manufacturers 
and many suppliers to implement AM-technologies in the production 
of aircraft parts, certifi cation institutions have recognized the impor-
tance of the technologies; a common understanding in the value 
chain has been created. Furthermore, requirements on noise reduc-
tion of aircraft push AM-technologies. 

The future aircraft produc-
tion is described by 13 key 

factors. 

Suppliers: Intense coopera-
tion between mega suppliers 

and aircraft manufacturers. 

Market: Number of aircraft 
variants has been increasing. 

Branch technology: AM-parts 
are partly used for safety rel-

evant parts; part properties 
have become tailor-made.

Branch technology: Func-
tional-driven design is the 

key to success.

Regulations: Common set of 
certifi cation standards has 

been developed.
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Figure 2-2:  Visualization of the reference scenario for the aircraft 
production “Individual Customization Fosters Additive 
Manufacturing Technologies“ (pictures courtesy of: 
see picture credits on page 105)

Newly developed materials as well as innovative and industry-suited 
recycling methods now enable high recyclability. Partly, the short-
age of raw materials and the increasing environmental responsibil-
ity have initiated the international community of states to determine 
worldwide regulations on aircraft recycling.

The selected reference scenario for the aerospace industry 
describes a world, where Europe sets the pace in a global-
ized world. The aircraft production is characterized by indi-
vidual customization of aircraft, fostering the application of 
AM-technologies.

2.1.3 Future Automotive Production
The future automotive production is described by 13 key factors, 
comprising statements on suppliers, market, branch technology, 
automotive concepts and regulations [GEK+11]. Based on future 
projections of these key factors, three scenarios for the automotive 
production were developed; the scenario “New Production Con-
cepts Drive Individuality“ was selected as reference scenario. 
The following section briefl y describes this scenario; fi gure 2-3 
visualizes the scenario. The automotive market has become highly 
competitive. Due to lower profi t margins, the percentage costs for 
part shipping have risen. Suppliers and manufacturers were forced 
to intensify their cooperation. On the one hand, a factory in factory 

The automotive production in 
2020 is characterized by 13 
key factors. 

Suppliers: Increased coop-
eration between suppliers 
and manufacturers due to 
competition
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production is growing in order to save logistic costs. On the other 
hand, a worldwide localized production is still on demand to globally 
guarantee a fast supply of parts. Mega suppliers and small special-
ists work side by side. While 0.5 tiers as mega suppliers develop 
and produce whole vehicle modules, small specialists serve niche 
markets focusing on only a few business fi elds.

Figure 2-3:  Visualization of the reference scenario for the 
automotive production “New Production Concepts 
Drive Individuality“ (pictures courtesy of: see picture 
credits on page 105)

Product life time of automotives has increased. As storing high 
amounts of spare parts is still very expensive, longer life times are 
realized by higher quality of automotive parts. Green production is 
highly important for sales today.

An intense material research has led to new high-tech materials with 
overwhelming qualities. The increased competition led to lower prices 
which has been resulting in a highly growing demand. Furthermore, 
series production of automotive parts is possible by now, and func-
tional-driven design is the key to success. Parts designed for AM are 
only produced in small lots and small sizes; to minimize production 
costs, the most automotive parts are still designed production-tech-
nology-driven. Single parts are built just in time in order to keep up the 
existing schedule. The production processes are highly scalable; the 
assembly lines increasingly consist of highly fl exible robotics. The role 
of the automobile in society is ambivalent. Although prestige and the 
need for individuality still play an important role for buying decisions, 
among some customer groups emotionality partly yields to pragma-
tism. Therefore, two different future car concepts are prevailing: indi-

Market: Spare part business 
is of high importance; green 

production has prevailed.

Branch technology: AM is 
used in series production for 

small lot sizes.

Automotive concepts: Indi-
vidualized high-tech cars 

and conventional mass cars 
side-by-side
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vidualized high-tech cars and conventional mass cars. Cars became 
more expensive than ever before, as core customization, that is due 
to highly individual customer requirements, raises the costs along the 
whole value chain. To counter this development, individualized pro-
duction is being combined with modularized customization.

Due to the commitment of almost all automotive manufacturers 
and many suppliers, certifi cation institutions recognized the impor-
tance of the technologies for the automotive production; common 
requirements for the certifi cation of AM-parts were widely defi ned; 
manufacturers adjust their new products in accordance with these 
requirements. Despite the increasing level of certifi cation, still partly 
varying levels drive costs; certifi cation of fi nished parts and pro-
cesses (material powder, machine etc.) still requires high effort. The 
discussion on legislation on fuel consumption is calming down due 
to the availability of alternative power train concepts.

The selected reference scenario for the automotive industry 
describes a world, where Europe sets the pace in a global-
ized world. The future automotive production is character-
ized by new production concepts driving individuality of 
automotives.

2.1.4 Future Electronics Manufacturing Equipment
For the electronics industry, the manufacturing equipment was 
selected as the focus to think ahead the future. Using 13 key fac-
tors, three scenarios for the electronics industry manufacturing 
equipment were developed, comprising statements on suppliers, 
market, branch technology and regulations [GEK+11]. The selected 
reference scenario characterizes a future where “Highly Integrated 
Production Systems Allow Individualized Production“. In the fol-
lowing, this scenario is briefl y described and visualized in fi gure 2-4.

In the outlined future of the electronics manufacturing equipment, 
networks between global and regional operating manufacturers 
have been evolving: manufacturers are strongly cross-linked, as 
value-added networking has been proven as an appropriate method 
to mutually increase competencies.

Increasing complexity of tool manufacturing projects fostered a 
closer networking with customers; customer infl uence is on the rise. 
Due to the growing demand for individually customized products, 
innovation is considered to be the key for success within the elec-
tronics industry. The resulting high innovation speed is progressively 
shortening product life cycles. 

As customers are willing to pay higher prices for individuality, the 
number of orders that are accepted beneath the cost-recovery has 
been immensely reduced, compared to 2011; the price pressure on 
companies has been decreasing. Due to these developments, indi-
vidual production systems have been prevailing. This causes a very 
high product variety for the suppliers of manufacturing systems. To 
counter this development, modularized customization of production 
systems realized by software has been prevailing.

Regulations: Certifi cation is 
possible, but still requires 
high effort.

The future of the electronics’ 
manufacturing equipment is 
outlined by 13 key factors. 

Suppliers: Value-added net-
working is on the rise.

Market: Increasing customer 
infl uence fosters high variety 
of manufacturing equipment.
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Figure 2-4:  

Market

Product
Development

Manufacturing

Sale and
Distribution

Maintenance

Product
Planning

Visualization of the reference scenario for the 
electronics manufacturing equipment “Highly Inte-
grated Production Systems Allow Individualized 
Production“ (pictures courtesy of: see picture credits 
on page 105)

Progressively, intelligent processes and process monitoring prevail. 
These reduce the need for intelligent devices, and device-free pro-
duction lines have been partly established in the electronics indus-
try. Due to increased research, improvements of AM-processes 
were realized. Standardized design rules, that are instrumental for 
part creation via AM, have been developed, and are continuously 
extended. Today, functional-driven design is the key to success, as 
the ratio of functionality and costs has been improved progressively. 

The compatibility of AM-processes with conventional manufacturing 
processes is no challenge anymore; the entire integration is possible 
by now. Low standardization of electronic products pushes fl exibility 
of production systems. Highly fl exible production systems are being 
realized; life cycles of these production systems have extended. 

Increasingly, manufacturers face the challenge of raising complex-
ity. They succeeded to develop appropriate software solutions, and 
software takes over entire production processes; only boundary 
conditions are predefi ned. Intense material research provides new 
materials with overwhelming qualities and properties; these high-
tech materials are widely used.

Suppliers and customers recognized the importance of AM-technol-
ogies. This forces certifi cation institutions to defi ne common require-
ments for certifying AM-parts. Thus, a common understanding in the 
value chain has been established. In some exceptional cases, certi-
fi cation institutes imposed requirements in terms of new certifi cation 
barriers. 

Branch technology: device-
free production lines are 

partly established.

Branch technology: Software 
dominates production 

processes.

Regulations: Certifi cation still 
requires high effort.
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These varying levels of certifi cation drive costs; certifi cation of AM-
parts and processes (material powder, machine etc.) still requires 
high effort.

The selected reference scenario for the future electronics 
manufacturing equipment describes a world, where Europe 
sets the pace in a globalized world. In this scenario, increas-
ing customer infl uence fosters high variety of manufactur-
ing equipment; highly integrated production systems for 
individualized production prevail.

2.1.5 Scenario-Transfer – Future Success Factors 
and Strategic Directions for Direct Manufac-
turing

The future scenarios expand the view for possible future develop-
ments. Through the scenario transfer, scenarios prove to be useful 
for strategic management decisions, as they constitute a profound 
basis for the development of strategies. In the scenario transfer the 
impact of the scenarios on the fi eld of conception is analyzed. As a 
result, success potentials for the business of tomorrow and threats 
for the established business can be derived. 

Using the scenarios, future success factors and resulting strategic 
directions for the application of AM in the selected industries were 
deduced. The following sections provides an excerpt of the future 
success factors and the strategic directions; for detailed information 
see the study “Thinking ahead the Future of Additive Manufacturing – 
Analysis of Promising Industries” [GEK+11].

Future Success Factors 

• Certifi cation is likely to turn into a future success factor for the 
AM-industry. Firstly, it is important to agree on uniform cer-
tifi cation in order to strengthen trust in AM-parts. Secondly, 
certifi cation processes need to be developed, facilitated and 
accelerated.

• Qualifi cation of personnel will be an important success factor 
for the future AM-business. Engineers need to be qualifi ed for 
designing functionally integrated parts and for the integration of 
AM-technologies into existing production processes.

• AM-machines have to be advanced for producing larger parts 
at a signifi cantly higher speed. Especially, the aerospace and 
automotive industry will foster this development.

• Customer integration will be crucial to guarantee a fast and 
appropriate integration of customers/customer requirements into 
product development processes.

• New materials that can be processed with existing materials and 
AM-machines which enable an On-the-Fly Change of Materials 
within the production process need to be developed.

Deduction of success factors 
and strategic directions for 
the future AM-business
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• AM-technologies have to be integrated into existing processes. 
Therefore, the adaptability of AM-machines with conventional 
production lines has to be increased to higher the fl exibility of 
production processes.

Strategic Directions

Based on the analysis of the reference scenarios for the three indus-
tries, strategic directions have been developed by the experts. 

The reference scenario for the future aircraft production describes 
a world, where Europe sets the pace in a globalized world. The air-
craft production is characterized through individual customization of 
aircraft which fosters the application of AM-technologies. For being 
successful in the outlines future aircraft production, an integration 
of the supply chain will be crucial. This implies building up general 
ground rules for design of secondary aircraft structures and sys tems, 
and fl owing them down to suppliers. 

The future automotive production, also including the presented sce-
nario for the global environment, is characterized by new production 
concepts that drive individuality of automotives. Increasing produc-
tivity of AM-machines and improved quality of additively manufactured 
parts will be required for a successful penetration of AM-technologies 
in the automotive industry. 

The reference scenario for the future of the electronics manufac-
turing equipment shows a development in which highly integrated 
production systems enable individualized production. For being suc-
cessful in this future, AM-processes and materials have to be quali-
fi ed for highly integrated production.

2.2 Future Applications
This chapter covers the Product Discovering. The objective is to 
develop and specify ideas for new products and services in order 
to exploit the success potentials identifi ed in the foresight process 
for the aerospace, automotive and electronics industry. Hence, the 
mentioned scenarios were used as an impulse to develop ideas for 
future applications of DM. 120 ideas were created across the three 
industries. These were clustered to 27 innovation fi elds.

2.2.1 Proceeding in the Project
Against the background of the selected reference scenario combi-
nations, (see chapter 2.1) creativity workshops with experts from 
the DMRC and external experts were conducted. The expertise of 
the experts involved in these workshops was wide-ranging from 
machine and material manufacturers to research facilities and users 
of AM-technologies from the aerospace, automotive and electron-
ics industry. Through the visualization of the scenarios, the experts 
get an idea of how the areas of application for their products may 
look like in the future. Based on this, application ideas were devel-
oped and documented in idea characteristics. Similar ideas were 

Aerospace industry: Integra-
tion of the supply chain

Automotive industry: Increas-
ing productivity of AM-proc-

esses and quality of AM-parts

Electronics industry: Ena-
bling AM-process and mate-

rials for highly integrated 
production

Product discovering within 
the aerospace, automotive 

and electronics industry

For each industry, creativity 
workshops were conducted.
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clustered to innovation fi elds, containing concrete product ideas, or 
ideas for potential activities in the considered industry. 

Subsequently, the identifi ed product ideas/innovation fi elds from 
each industry were analyzed in detail to chances and risks resulting 
from market and technology perspective. A higher customer benefi t 
provided through AM and a high market potential are chances, as 
these aspects enhance the attractiveness of an application. In con-
trast, high degree of competition and high investments into research 
and development represent risks for the realization of an idea. 

Based on this data, the innovation fi elds were prioritized. The inno-
vation fi elds identifi ed to be the most promising for the application 
of DM in the future are concretized through realization and imple-
mentation studies within specifi c workshops and through market 
research. Furthermore, the innovation fi elds were examined in detail 
to deduce requirements the applications impose on developments 
of AM-technologies towards DM.

2.2.2 Future Applications – Aerospace Industry
In this chapter, the innovation fi elds for the aerospace industry are 
presented [Wor11a]. In total, 37 product ideas were developed. 
These were clustered to 9 innovation fi elds that are briefl y outlined 
in the following. A more detailed description of the innovation fi elds/
applications is provided in the previous study “Thinking ahead the 
Future of Additive Manufacturing – Future Applications“ [GEK+12]. 
All applications are described in the confi dential study.

Idea Creation and Documentation

• Aircraft Interior comprises AM-parts with innovative design 
that concurrently contribute to reduce the total weight of an air-
craft and to improve passenger comfort and safety as well as 
ergonomics in the aircraft. For instance, interior parts with lattice 
structures could be used to combine high strength with a rela-
tively low mass. Individual or reconfi gurable interior becomes 
possible as well, e.g. individually confi gured, functionally inte-
grated aircraft seats, including self-adjusting mechanisms for 
automatic adaption to movements.

• Multifunctional Structures include ideas for functionally 
upgraded parts. Upgraded functionality can, for instance, be 
realized by integrating acoustic and thermal insulation into air-
craft parts or by embedding entire sensor/actuator systems, 
including electronic wiring and connectors into a part. This can 
contribute to realize self-optimizing parts [Bar11], [Wor11b].

• Energy Saving/Providing Structures bear further opportuni-
ties to intelligently apply AM-technologies. These structures are 
capable to store kinetic energy and release it when needed. 
This also comprises parts connecting areas of different tem-
peratures in an aircraft which could be used as thermoelectric 
generators [Zul11-ol].

37 application ideas for the 
aerospace industry were 
developed and clustered to 9 
innovation fi elds.
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• Monolithic Structures are parts that are made from one part 
with comparatively simple geometry. So far, frames, wings, 
fl aps, ailerons etc. are assembled from different small parts 
which require a lot of machining and custom tooling. Print-
ing monolithic parts can contribute to increase part stability to 
reduce production and assembly costs.

• Morphing Structures describe applications which are designed 
as one part capable to adapt in its shape in response to the 
operational environment. Instead of changing the position of 
a static part by using actuators, the part itself can take con-
tinuous confi gurations of its shape to enable specifi c functions/
properties.

• Deployable Structures follows the example of the medical 
industry that uses the idea of structural “blow up” for expand-
able stents to broaden coronary vessels. The main idea is to 
produce parts in small sizes and to expand them to the required 
size in a subsequent step, e.g. by heat treatment or telescoping 
expansion [AFR10], [MRB+07], [Wor11a].

• Smart Joinings follow the idea to enhance the design of parts 
for improved connectivity. The main purpose is to replace con-
nectors, such as bolts and screws, which weaken the structural 
integrity and also represent a considerable cost factor.

• Out-of-Chamber Manufacturing is an idea that emerges from 
the demand for manufacturing large parts with AM-technologies. 
The vision is a completely innovative manufacturing mechanism, 
combining single AM-machines/AM-robots to an integrated Out-
of-Chamber Manufacturing system in a scalable way.

• Manufacturing on Demand refers to the fl exibility of AM-tech-
nologies to produce parts just-in-time. Thereby, storage costs 
can be reduced signifi cantly, and furthermore on-demand-pro-
duction fosters the intactness of parts because no damaging 
can occur during storing. This idea is especially interesting for 
on-site manufacturing.

In the following, exemplary application ideas from two selected inno-
vation fi elds are described in detail. The characteristics encompass 
a short description, a draft, the current technical solution, advan-
tages and disadvantages of applying AM. 

Figure 2-5 characterizes an application for Multifunctional Struc-
tures. One example for Morphing Structures is outlined in Figure 2-6.

Idea Selection

The identifi ed innovation fi elds considerably differ in their attractive-
ness for the application of AM-technologies. Some application ideas 
can be realized with a relatively low effort; other ideas require extraor-
dinary charges. Similarly, the market potential of a product idea can 
differ. To select the most promising innovation fi elds/product ideas, 
the experts have prioritized the innovation fi elds by rating the chances 
and risks resulting from market and technology perspective.

Innovation fi elds were 
assessed regarding 
chances and risks.
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Figure 2-5: 

Description
AM-technologies enable multiple design features, such as embed-
ding sensors inside a functional part like aircraft fuselage and wings. 
Thereby, smart and highly functional products of any shape can be 
provided [Li01]. By integrating embedded sensors into aircraft struc-
tures, data on the performance and structural integrity of the part can 
be obtained and physical parameters could be continuously moni-
tored. In order to receive high quality data, for instance precise data 
for lifetime estimations, sensors have to be placed in structural parts 
of aircraft which are diffi cult or hardly accessible by regular sensing 
systems. This allows the optimization of service intervals, which on 
the one hand raises the reliability of parts and on the other hand low-
ers costs, as parts are only replaced when needed. The basic prereq-
uisite for such embedded intelligence is the incorporation of sensors 
into structures during the production process of the part [Wor11a]. 

Current Technical Solution
Using conventional manufacturing technologies, sensors are placed 
in non-optimal positions. If urgently needed, sensors are additionally 
installed, which is cost-intensive.

Embedded Sensors

Advantages/Benefi ts
• Higher effi ciency of service 

and repair
• Functional literate
• More responsive
• Stealth manufacture
• Increased reliability of parts

Disadvantages/Risks
• High reparation costs
• Implication of failure not 

assessible
• Probably cooling problems
• Increased part complexity Type of Idea

 product update  adaption  innovation

Draft

PolymerConductive part

Exemplary idea from the innovation fi eld Multifunc-
tional Structures: Embedded Sensors

Figure 2-6: 

Description
The ability of AM to produce highly fl exible and functionally integrated 
parts fosters the idea to create “smart” parts that quickly adapt/react in 
response to the operational environment – the so called Morphing Struc-
tures. For instance, by varying the cross-sectional shape, a morphing 
wing, providing the laminar fl ow of the air over the aerodynamics and 
control surfaces, could adapt to respective fl ight phases and high-speed 
phenomena [Wei06-ol]. Thereby, the buoyancy can be varied and vis-
cous drag can immensely be reduced [Nat11-ol], [HKF10]. This effect 
can be realized more effi ciently and with less turbulence by the modula-
tion of the wing geometry. Moreover, these wings enable better aerody-
namics compared to conventional wings, as affections by wind gusts can 
be compensated quickly by adjusting the airfoil and its stiffness [Wor11a].

Current Technical Solution
Movable control surfaces (horizontal tail and fl aps) are used to 
change air fl ow/wing confi guration.

Morphing Wings

Advantages/Benefi ts
• Fewer moving parts
• Less wiring needed
• Weight reduction
• Better aerodynamics
• Economic fl ying during the 
fl ight is possible (reduced fuel 
consumption can be exploited 
otherwise)

Disadvantages/Risks
• Durability of materials 
• High material and repair costs
• Emergency fl ight properties 

during a system crash

Type of Idea
 product update  adaption  innovation

Draft

Variable
Curvature

Morphed-A

Static

Morphed-B

Cross-Sectional Geometry

Exemplary idea from the innovation fi eld Morphing 
Structures: Morphing Wings
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Based on this, each innovation fi eld can be positioned in a chances-
risks-portfolio, as shown in fi gure 2-7. For the innovation fi elds, the 
ordinate intercept shows the chances; the abscissa intercept indi-
cates the risks. 

The closer an innovation fi eld is to the top left corner, the higher the 
attractiveness of the innovation fi eld for the application of DM. The 
innovation fi elds Morphing Structures and Multifunctional Structures 
were highly prioritized, as they offer the greatest potential for the 
application of DM. These were concretized in more detailed charac-
teristics. The concretization specifi es the opportunities and barriers 
that arise from the application of AM-technologies, and assesses the 
technical feasibility. For more information see [GEK+12] and confi -
dential study.

Figure 2-7: 
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Prioritizing innovation fi elds of the aerospace indus-
try using a chances-risks-portfolio

Innovations for AM arise around a broad variety of aircraft 
parts. Most importantly, additively manufactured parts can 
contribute to signifi cantly increase effi ciency of aircraft. 
Additionally, passenger convenience and just-in-time spare 
parts can be improved and provided, respectively.

2.2.3 Future Applications – Automotive Industry
Using the reference future scenario as an impulse, 33 product ideas 
have been developed for the application of AM for the automotive 
production [Wor11b]. These ideas were clustered to 8 innovation 
fi elds that are briefl y described in the following. For the most prom-
ising innovation fi elds exemplary application ideas are presented. 
A more detailed description of the innovation fi elds/applications is 

Most promising innovation 
fi elds in the aerospace indus-
try: Morphing Structures and 
Multi-functional Structures

33 ideas for the application of 
AM in the automotive indus-

try, were developed and clus-
tered to 8 innovation fi elds.
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provided in the previous study “Thinking ahead the Future of Addi-
tive Manufacturing – Future Applications“ [GEK+12]. All applications 
are described in the confi dential study.

Idea Creation and Documentation

• Functional Body-in-White comprises a wide range of function-
ally integrated AM-parts, reaching from channels/fl uid conduits 
integrated into the body panel to customizable (tuning, struc-
tural color etc.), and safety-increased structural parts. These 
parts can contribute to improve body stiffness and stability of 
parts [Red11-ol].

• Individualized Interior arises from the idea to fl exibly meet 
special customer demands with regard to highly customized 
car interior as a unique selling point. The principle “Freedom of 
Design” enables the creation of improved handling confi gura-
tions for switches, pedals, entire dashboards or seats which are 
confi gurable to meet the individual specifi cations on comfort, 
passive safety etc.

• Optimized Tooling includes ideas for the integration of chan-
nels into tooling parts to improve the durability and resistance of 
tools. By applying AM-technologies in this sector, a more fl exible 
way of arranging cooling channels can be achieved; cross-sec-
tions of cooling channels can take any arbitrary shape. Thereby, 
uniform heat dissipation and quicker cooling processes can be 
realized [May09-ol], [NDS+04-ol], [Wor11b].

• Handling of Fluids describes parts that focus on geometric 
adaption of pipes, valves, restrictors etc. to individual pur-
poses. Depending on their application, these parts have to be 
improved, for example with regard to optimized exchange of 
thermal energy and gas distribution, critical strength properties, 
and weight or reduction [TCT10-ol], [Wor11b].

• Parts on Demand comprise ideas that emerge from the desire 
to reduce the extraordinarily huge scale of storing spare parts 
in the automotive industry. Improvements in this sector bear an 
immense opportunity to save costs, especially as tooling for 
special spare parts is even more expensive.

• Optimized Power Train is an idea that is motivated by the 
trend of increasing, environmental awareness in society. This 
demands for alternative optimized or completely new power 
train concepts, e.g. fuel cell, gas etc. AM opens up possibilities 
for weight/size reduction of power train parts, the integration of 
functions into structures, directly where needed.

• Electric Drive comprises ideas for applications that exhaust 
the “Freedom of Design” provided by AM to generate new 
aggregates, featuring advanced functionality. With electric cars 
being on the raise, it seems to be more suitable to implement 
new manufacturing technologies at this early stage of develop-
ment than to intervene in established production processes.
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• Functional Material/Multi-Material includes ideas of two cat-
egories: totally new functional materials (Au8.1) and existing 
material with incrementally improved functionality (Au8.2). The 
core purpose of applying such materials in a part is to enable 
additional properties, e.g. electrical or thermal conductivity, self-
healing properties – or the combination of tough metals with 
heat-resistant ceramics.

In the following, exemplary application ideas from two selected inno-
vation fi elds are described, comprising a short description, a draft, 
the current technical solution, advantages and disadvantages AM 
provides. Figure 2-8 characterizes tools with integrated channels 
from the innovation fi eld Optimized Tooling. One example for Han-
dling of Fluids is outlined in fi gure 2-9. 

Idea Selection

There are great differences between the innovation fi elds regard-
ing their attractiveness for the application of AM-technologies. They 
differ concerning the market potential or with regard to the required 
development effort. In general, the most promising innovation fi elds/
application ideas should be pursued. To prioritize the innovation 
fi elds, the experts rated the chances and risks resulting from market 
and technology perspective. 

Based on the assessment, each innovation fi eld was positioned in a 
chances-risks-portfolio, as shown in fi gure 2-10. For the innovation 
fi elds, the ordinate intercept shows the chances; the abscissa inter-
cept indicates the risks. 

The closer an innovation fi eld is to the top left corner, the higher the 
attractiveness of applying AM in this innovation fi eld. The innovation 
fi elds Handling of Fluids and Optimized Tooling were classifi ed as 
the most promising. These were concretized in more detailed char-
acteristics, addressing opportunities and barriers of DM, the techni-
cal feasibility and the advantages in comparison to the application of 
conventional technologies.

Innovation fi elds were ranked 
regarding chances and risks.

Handling of Fluids and Opti-
mized Tooling were highly 

prioritized.
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Figure 2-8: 

Description
Due to AM’s ability to economically manufacture geometrically com-
plex structures, tooling with optimized cooling/heating channels, 
which are directly integrated into a tooling insert, can be created in 
one piece. Cross sections of the channels can take any shape and be 
individually adapted to the contour of the part cavity. Thereby, compo-
nent-specifi c conformal cooling/heating is possible, as the channels 
are close to the stressed surfaces [May09-ol]. This is more effi cient 
and directly reduces solidifi cation time and cycle times [NDS+04]. In 
addition, materials with special properties such as high thermal con-
ductivity can be applied. All in all, owing to tools with integrated chan-
nels, part performance/quality can be improved [Wor11b].

Current Technical Solution
Currently, tools for automotive parts are manufactured with straight 
integrated cooling channels. In general, cooling close to the stressed 
surface is diffi cult. However, there are approaches focusing modular 
design of the components. For instance, using DMLS, EOS already 
manufactures tools with conformal cooling channels that are used to 
produce millions of parts in injection moulding operations or many 
thousand metal parts in die casting [May09-ol]. 

Tooling with Integrated Channels

Advantages/Benefi ts
• Fast production of geometri-

cally complex tools
• Stiff materials are already 

available
• Higher productivity 
• Higher part quality due to 

more durable tools
• Lower energy consumption 

per product unit
• Cooling capacity is superior 

due to compact size and com-
plex geometries [NMG+11-ol] 
[May09-ol]

Disadvantages/Risks
• Manufacturers need to be 

qualifi ed with AM-design 
methods

• More complex geometry could 
lead to higher engineering 
costs

Type of Idea
 product update  adaption  innovation

Draft

Exemplary idea from the innovation fi eld Optimized 
Tooling: Tooling with Integrated Channels

Figure 2-9: 

Description
The usage of AM-technologies in the production fi eld of heating ven-
tilating and air conditioning (HVAC) allows the production of a supe-
rior product generation. AM allows the realization of sandwich walls, 
reducing the weight of the part and decreasing the heat exchange 
in areas where it is not needed [Sch11-ol]. Furthermore, the func-
tional integration of pumps, fl ow control valves or mounts reduces the 
amount of single components, which in turn leads to space savings 
and reduced part size. In addition, the time for assembly can be mini-
mized. It might also be possible to integrate crash structures to realize 
a better passenger protection. Moreover, the part design/shape can 
easily be adapted to perfectly fi t into different cars [Wor11b].

Current Technical Solution
Today, rectangular cooling rips and heat exchangers with only a few 
liquid channels are applied.

HVAC (Air-Conditioning)

Advantages/Benefi ts
• Reduction in volume/weight
• Mass customization
• Highly effi cient product  design
• Reduction in consumption
• Reduction in parts and assem-

bly costs
• Higher durability

Disadvantages/Risks
• Multi-material/functional mate-

rial problems
• High reparation costs
• High part complexity

Type of Idea
 product update  adaption  innovation

Draft

Sandwich wall

Exemplary idea from the innovation fi eld Handling of 
Fluids: HVAC (Air-Conditioning)
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Figure 2-10: 
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Prioritizing innovation fi elds of the automotive 
industry using a chances-risks-portfolio

AM offers a wide range of DM-applications in the automo-
tive industry. Besides functional innovations, the need for 
new alternative power train concepts opens up innovation 
fi elds such as electric drives. Furthermore, AM can excel at 
designing and manufacturing of tools.

2.2.4 Future Applications – Electronics Industry
This chapter provides a brief overview of the innovation fi elds for 
the electronics industry. In total, 28 application ideas were devel-
oped; these were clustered to 8 innovation fi elds [Wor11c]. The pre-
vious study “Thinking ahead the Future of Additive Manufacturing 
– Future Applications“ provides a more detailed overview on inno-
vation fi elds/applications [GEK+12]. All applications are part of the 
confi dential study.

Idea Creation and Documentation

• Additive Factory combines ideas which promote fl exibility by 
using AM for direct and integrated manufacturing of electronic 
components. The spectrum of ideas in this fi eld ranges from the 
entire replacement of conventional manufacturing technologies 
by multi-energy, multi-tool and multi-laser AM-machines – the 
so called Multi-Replicators – to “free-space” layer-wise manu-
facturing machines.

• Adaptive Components cover a wide range of adaptive AM-
parts. This comprises adaptive electronics with different shapes 
and different orientation, the integration of electronics into 

28 application ideas for the 
electronics industry were 

developed and clustered to 8 
innovation fi elds.
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hardly accessible positions, and 3D-structures with locally alter-
ing material properties, such as required conductivity, stiffness, 
strength properties etc.

• Testing Systems give rise to a set of ideas around electric con-
trol cabinets or circuit board assemblies. Additively manufac-
tured testing equipment can be produced including all required, 
individually arranged attachment points. Thereby tests of elec-
tric control cabinites could be carried out in a single step.

• Fuel Cells comprise ideas for geometrically complex parts, 
consisting of a multitude of different materials. Due to the layer-
wise principle of AM, different materials could be combined on 
layer level, concurrently enabling smoother transitions, higher 
mechanical stability, power density and effi ciency, and better 
suited material properties. As opposed to common fuel cells, 
energy-effi cient designs and better material utilization rates 
could be realized [Opt10-ol].

• Material Combinatorics is an idea that emerges from the 
demand for higher functionality of electronics. AM-technologies 
may revolutionize the multi-material design, as different materi-
als could be combined on layer-level. This for example allows 
integrating strings of conductive materials in a non-conductive 
material environment.

• Functionally Integrated Parts encompass application ideas 
which focus on embedding electronics (circuits) into all kind of 
geometries and on functional integration of different electronic 
devices into a single part, following the principle of the Molded 
Interconnect Devices (MID)-technology [Wor11c].

• Tooling and manufacturing equipment used in the production of 
electronic parts is required in shorter intervals, due to the rapid 
technological advance in the electronics industry. AM-technol-
ogies offer the required fl exibility to produce tools or inserts for 
tools in one manufacturing step. Moreover, AM can function as 
a tooling substitute by manufacturing electronics parts directly 
with AM-machines.

• Handling Systems includes ideas for optimized pick and place 
systems. Due to AM’s fl exible use of different materials and e.g. 
the principle of lattice structures, grippers and other devices can 
be produced with a light-weight interior and a hardened frame. 
These could also be equipped with integrated testing functions 
and adaptive construction mechanisms that enable gripping dif-
ferent components.

The following section outlines exemplary applications from two 
selected innovation fi elds, providing a short description, a draft, 
the current technical solution, advantages and disadvantages. Fig-
ure 2-11 describes a special holder for test adaptors from the inno-
vation fi eld Testing Systems. Individual boxing is an exemplary idea 
for Functionally Integrated Parts and is outlined in fi gure 2-12. 
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Figure 2-11: 

Description
The high fl exibility of AM in designing parts is making this manufac-
turing technology suitable for the creation of geometrically complex 
holders for special test adaptors that are often needed in the electron-
ics industry. Especially, test equipment for quality control is often pro-
duced in small lot sizes, as it is adjusted to highly individual purposes. 
Holders can be adapted to be perfectly dimensioned for every single 
experiment without increasing production costs [Rij11]. The holding 
fi xture for testing points can be individualized as well, making the 
execution of tests more exact [Wor11c].

Current Technical Solution
Today, test adapters are only adapted when urgently needed. A stan-
dard test adapter is often used for a series of different tests without 
being adapted in order to save costs [Wor11c].

Special Holder for Test Adaptor

Advantages/Benefi ts
• Light-weight structure
• Short production times
• Low cost production

Disadvantages/Risks
• Keeping tolerances

Type of Idea
 product update  adaption  innovation

Draft

DC power 
supply

Test signal 
output

Adapter plate

Circuit board 
to be tested

Exemplary idea from the innovation fi eld Testing 
Systems: Special Holder for Test Adaptor

Figure 2-12:  

Description
High volume production of electronic devices often uses one and the 
same box for each variant of the product. This leads to suboptimal 
conductance or loss of energy (heat conductance). Furthermore, 
unused space in the boxing makes the device bigger than it needs 
to be, also raising packaging costs. By using AM-technologies, the 
design of the box can be adapted to every variant of the product with-
out any changes of the production process. After being developed 
on the computer (potentially by using 3D scan systems), it can be 
printed instantly without the need of adapting tools and any additional 
machine set-up time. Beyond this, smart software systems could also 
allow automatically creating a boxing based on the CAD fi le of the 
product to be packed [Wor11c].

Current Technical Solution
Standardized boxing.

Individual Boxing

Advantages/Benefi ts
• Better conductance of heat
• Less unused space in the 

boxing
• Lower material consumption
• Better design possible

Disadvantages/Risks
• Subsequent changes might 

be critical 
• Higher Costs

Type of Ideas
 product update  adaption  innovation

Draft

PC with a customized 
cooling system

Exemplary idea from the innovation fi eld Functionally 
Integrated Parts: Individual Boxing
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Idea Selection

There are great differences between the innovation fi elds regard-
ing their attractiveness for the application of AM-technologies. They 
differ concerning the market potential or with regard to the required 
development effort. Therefore, just the most promising innovation 
fi elds/product ideas have to be pursued. To prioritize the innovation 
fi elds, we asked the experts to assess the innovation fi elds regarding 
market and technology-related chances and risks. Based on these, 
each innovation fi eld was positioned in a chances-risks-portfolio, as 
shown in fi gure 2-13. For the innovation fi elds, the ordinate intercept 
shows the chances; the abscissa intercept indicates the risks.

The closer an innovation fi eld is to the top left corner, the higher 
the attractiveness of the innovation fi eld for the application of AM. 
According to the experts’ assessment, the innovation fi elds Func-
tionally Integrated Parts and Testing Systems are the most prom-
ising, due to relatively high chances and low risks. These were 
concretized in more detailed characteristics. The concretization 
specifi es the opportunities and barriers for the application of AM and 
proves the technical feasibility and the advantages in comparison 
to conventional technologies. For more information see [GEK+12].

Figure 2-13: 
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Material Combinatorics5
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Prioritizing innovation fi elds of the electronics 
industry using a chances-risks-portfolio 

AM provides great potentials for innovations in the elect-
ronics industry. Given the close interlacement with other 
industries, e.g. ideas for additively manufactured fuel cells 
emerge. Besides, testing or handling systems for the pro-
duction of electronics give rise to promising ideas.

Innovation fi elds were 
assessed regarding 
chances and risks.

Most promising innovation 
fi elds for the electronics 
industry: Functionally Inte-
grated Parts and Testing 
Systems
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2.3 Deduction of Future Requirements
Technologies are the key drivers for innovations and thus decisive for 
the competitiveness of companies. Especially emerging technologies 
entail great potentials for disruptive innovations (Technology Push). 
To transfer their potential into innovations, it is necessary to align 
the technology development with current and future market require-
ments (Market Pull). This enables the AM-industry to develop and 
pursue demand-oriented technology strategies, and thus to effec-
tively advance AM-technology into a dependable DM-technology.

Following this idea, the developed innovation fi elds were analyzed in 
detail to deduce requirements on DM. The requirements constitute a 
profound basis for the deduction of required technological advance-
ments of AM-technologies. The following section provides an excerpt 
of the deduced requirements. A comprehensive assignment of 
requirements to innovation fi elds is part of the confi dential study.

As many of the identifi ed requirements are decisive for more than 
one innovation fi eld, the fi gure 2-14 shows an extract of the assign-
ment, indicating which requirements (row) the innovation fi elds (col-
umn) impose on DM. 

• High process stability and certifi cation of AM-processes 
and AM-parts are relevant for the vast majority of the inno-
vation fi elds across all three industries, especially for safety-
critical parts. 

• The provision of generally accepted design rules is a basic 
prerequisite for the most innovation fi elds in order to minimize 
costs and time effort for design.

• On-line quality control processes are for instance crucial for the 
innovation fi elds Aircraft Interior and Functional Body-in-White.

• The processability of different materials with AM-machines 
is a requirement that is relevant for e.g. the Aircraft Interior and 
Morphing Structures, as the materials used range from magne-
sium to carbon-fi ber-reinforced polymers and other multi-mate-
rial designs, respectively. 

• To exploit the benefi ts of Out-of-Chamber Manufacturing, fl ex-
ible AM-machines are required which are able to build up on 
existing 3-D surface structures, otherwise the simultaneous 
machining of more than one robot on one part is not possible.

• The availability of a database containing properties of AM-
materials (e.g. thermal characteristics, tensile strength etc.) 
is very important for Multifunctional Structures and Functional 
Body-in-White in order to assess functional properties under all 
circumstances.

Requirements on techno-
logical advancements were 

deduced from the 
innovation fi elds.
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Figure 2-14: Deduction of requirements from 

Requirements Matrix

Question: “Which requirement 

(column) does the innovation field 

(row) impose on DM-technologies?”
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Innovation fields

Legend:
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innovation fi elds

The application of AM in the identifi ed innovation fi elds 
gives rise to a broad variety of requirements. For instance, 
process stability, certifi cation, design rules, the ability to 
control the part quality during the production process etc. 
will play a key role for the penetration of AM in the future.

2.4 Summary
To think ahead the future of AM in the aerospace, automotive and 
electronics industry, future scenarios were developed using the Sce-
nario-Technique. The scenarios address the future aircraft and auto-
motive production, and the electronics manufacturing equipment.

The selected future scenario for the aerospace industry describes a 
world, where Europe sets the pace in a globalized world. The aircraft 
production is characterized by individual customization of aircraft 
which fosters the penetration of AM-technologies.

Future scenarios



Thinking ahead the Future of Additive Manufacturing – Innovation Roadmapping of Required Advancements

54

The selected reference scenario for the automotive industry, also 
including the presented scenario for the global environment, is char-
acterized by new production concepts that drive individuality of auto-
motives. 

The scenario combination for the electronics manufacturing equip-
ment also implies the previously selected scenario for the global 
environment. The electronics manufacturing equipment is charac-
terized by highly integrated production systems enabling individual-
ized production. 

Based on the developed scenarios, future success factors were 
deduced. The most relevant factors are:

• Uniform certifi cation,

• Qualifi cation of personnel,

• AM-machines with larger build chamber volumes,

• Customer integration,

• New materials and on-the-fl y change of materials in production 
processes,

• Adaptability of AM-machines with conventional production lines.

On the basis of the success factors, strategic direction for being 
successful in the scenarios were developed. Building up general 
ground rules for the design of secondary aircraft structures, and 
fl ow them down to suppliers will be decisive to succeed in the future 
aircraft production. For a successful implementation in the automo-
tive production, it is necessary to increase the productivity of AM-
technologies and the quality of AM-parts. Success in the future of 
the electronics industry requires AM-processes and materials that 
are qualifi ed for highly integrated production.

The selected reference scenarios for the aerospace, automotive 
and electronics industry with the greatest impact on the future of 
AM were used as impulse to develop ideas for future applications. 
The spectrum of the identifi ed applications encompasses 120 ideas. 
These were clustered to 27 innovation fi elds, and prioritized based 
on the assessment of chances and risks. 

The innovation fi elds identifi ed to be the most promising for DM in 
future were concretized in specifi c expert workshops and through 
market research. For the aerospace industry, the experts rated the 
following innovation fi elds to be the promising for DM: 

• Morphing Structures encompass ideas for the creation of parts 
that adapt and/or react in response to the operational environ-
ment. For instance, the cross-sectional geometry or the surface 
curvature of a wing could adapt to the respective fl ight/speed 
phenomena. Thereby, the fl ight performance and fuel consump-
tion could be signifi cantly improved and reduced, respectively. 

• Multifunctional Structures are functionally upgraded parts. 
Upgraded functionality can be realized by integrating acous-
tic and thermal insulation into aircraft parts. Embedding entire 

Future success factors

Strategic directions

120 application ideas in 27 
innovation fi elds were 

developed.
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sensor/actuator systems, including electronic wiring and con-
nectors can even contribute to realize adaptive or self-optimizing 
parts. 

In the automotive industry, the innovation fi elds with the greatest 
potential for the application of DM are:

• Handling of Fluids focuses on geometrical adaption of pipes, 
valves, restrictors etc. to individual purposes. This can excel at 
optimizing the exchange of thermal energy and gas distribution. 

• Optimized Tooling comprises ideas for integrating channels 
into tooling parts to improve the durability and resistance of 
tools. Cross-sections of cooling channels can take any shape to 
achieve uniform heat dissipation and quicker cooling processes. 

For applying AM in the electronics industry, the following innovation 
fi elds were selected as the most promising: 

• Functionally Integrated Parts comprise embedding electron-
ics (circuits) into all kind of geometries and functional integra-
tion of different electronic devices into one single part, following 
the principle of the MID-technology. 

• Testing Systems give rise to ideas around electric switch cabi-
nets or circuit board assemblies. Additively manufactured testing 
equipment can be produced including all required attachment 
points enabling tests to be carried out in a single step.

Based on the analysis of the innovation fi elds, requirements on 
necessary advancements of AM-technologies were deduced. This 
comprises requirements on process and material characteristics, 
such as hybrid material processing and the availability of new mate-
rial properties, e.g. thermal conductivity and self-healing properties. 
Mandatory requirements across the most innovation fi elds are:

• High process stability,

• Certifi cation,

• Provision of design rules,

• On-line quality control processes,

• Processability of different materials,

• Automated integration of AM-processes.

Deduction of requirements
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3
Strategic Technology Planning
To advance AM-technologies to DM, it is necessary to align the 
technology development with current and future requirements each 
application imposes on DM. This enables the AM-industry to develop 
and pursue demand-oriented technology strategies. To identify the 
most important requirements, the Heinz Nixdorf Institute and the 
DMRC conducted two expert surveys.

As part of the fi rst survey, the current and future signifi cance of these 
requirements, and the performance of selected technologies regard-
ing these requirements were validated. An excerpt of these results is 
presented in chapter 3.1. The second survey focused the advance-
ments of AM towards DM. The main purpose was to get a sound 
overview of the point in time when – from AM-experts’ point of view 
– the selected requirements will be fulfi lled by selected AM-technol-
ogies. These fi ndings were consolidated in innovation roadmaps, 
indicating when the identifi ed future applications can be manufac-
tured as technological requirements will be fulfi lled. Excerpts of 
these results are outlined in chapter 3.2.

3.1 Future Requirements on Technological 
Advancements

This chapter presents the results of the expert survey on Current 
and Future Requirements on DM-technologies that was conducted 
to reveal the most important requirements. The expert survey is 
available in the appendix A1.

Structure and Proceeding in Expert Survey 1

The survey was conducted in German and English in the period from 
October, 27th until December, 11th. To refl ect the opinion of the entire 
AM-industry, the survey addresses AM-experts along the whole value 
chain: AM-machine manufacturers and material suppliers, users of 
AM-technologies (OEMs and suppliers) as well as universities and 
research facilities dealing with AM-technologies. The survey was sent 
to 325 AM-experts; 56 contacts (17%) completed the survey.

The survey is divided into four parts: General Information, General 
Requirements, Technology-Specifi c Requirements and Final State-
ments. The fi rst part addresses the professional background of the 
experts. In the second part, the experts were asked to assess 7 gen-
eral requirements regarding their signifi cance and the performance 
of selected companies concerning these requirements. These results 
are not part of the present study. The third part comprises the assess-
ment of technology-specifi c requirements regarding their signifi cance 
and the technologies’ performance concerning these requirements. 

Two expert surveys on 
requirements and techno-
logical advancements were 
conducted.

Wide ranging expertise of 
participants
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The fi nal part outlines fi nal statements of the experts. This chapter 
provides an excerpt of the results; more information is available in 
the previous study [GEK+12]; detailed results are part of the confi -
dential study.

3.1.1 General Information
This chapter presents the professional background of the experts. 
First, the experts were asked to indicate their fi eld of activity. 91% 
of all participants indicate to have expertise in the fi eld of technology 
and 32% in market and competition. Secondly, the experts speci-
fi ed the part of the value chain of AM and the company division they 
are working in. The percentage distributions are shown in the follow-
ing two bar charts (note: multiple choices possible). With a share of 
41%, users of AM and research facilities count each the largest share 
among all participants, followed by consulting, material suppliers and 
machine manufacturers, see fi gure 3-1. The Other category includes 
participants that do not fi t into the listed categories.

Figure 3-1: 
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Figure 3-2 illustrates the heterogeneous composition of the partici-
pants, as the range covers all company divisions. 

Figure 3-2: 
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The majority of the partici-
pants are technology experts.
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The majority of the participants (77%) specify to work in research and 
development. With 23%, the management division also comprises a 
large proportion.

The two bar charts in fi gure 3-3 illustrate in percentage terms how 
the participants uses AM, explicitly pointing out how the users of 
AM apply AM-technologies (note: multiple choices possible). At a 
fi rst glance, the specifi cations of the population and users of 
AM correlate. Approximately, 70% and 78% of the participants and 
users, respectively, indicate to use AM for Direct Manufacturing. The 
usage of AM for Rapid Prototyping and Rapid Tooling is indicated to 
be more common for users. This also correlates with the fact that 
the majority of the participants indicates to work in research and 
development divisions (see fi gure 3-2).

Figure 3-3: 
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3.1.2 Evaluation of Current and Future Signifi cance 
of Requirements

This chapter outlines the experts’ assessment of the current and future 
signifi cance of technology-specifi c requirements. These requirements 
are directly technology-related, and have been derived from the 
innovation fi elds developed within the project (see chapter 2.2). The 
experts were asked to specify the signifi cance of each requirement for 
the DM-industry from today’s point of view and its signifi cance in 2020, 
using a scale from “0” to “4” (no signifi cance up to high signifi cance). 
The goal of this assessment is the identifi cation of those require-
ments which will be crucial for the business of tomorrow. Based on 
the assessment in the survey, the arithmetic mean was determined 
for both, the (current and future) signifi cance of the requirements. In 
fi gure 3-4, the current (blue color) and the future signifi cance (green 
color) for all technology-specifi c requirements is visualized. 

Direct Manufacturing is indi-
cated as a major application 
fi eld for AM.

Technology-specifi c require-
ments were deduced from the 
developed innovation fi elds.
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At fi rst glance, the overall assessment shows that the signifi cance 
of all listed technology-specifi c requirements will increase in future. 
The most signifi cant requirements are:

• High process stability (No. 3) is assessed to be an outstand-
ing requirement for the penetration of AM in the future. 

• A database containing properties of AM-materials (No. 17) 
is also of enormous importance today and will continue to be 
so in future. 

• With regard to the quality control in production processes, today 
reliable quality control process after job completion (No. 
9a) play a larger role than on-line control processes (No. 9b). 
However, the experts believe that on-line quality control pro-
cesses will be crucial for a broad application of AM in the future.

• Continuous certifi cation is not only of major importance for 
the aircraft and automotive production, but also plays a vital role 
for the electronics manufacturing equipment. 

• Design rules (No. 16) and recyclability of materials (No. 14) 
are further particularly signifi cant requirements for the current 
and future business of AM.

• Regarding new materials and material properties, especially 
the processability of carbon-fi ber-reinforced polymers (No. 
12b) and fi re resistance of AM-materials (No. 13a) are judged 
to become important in the future, respectively.

• With regard to the quantifi able requirements, it is noticeable that 
the requirements on AM-machines with larger build-chamber 
volumes (No. 1b, 1c) are not ranked as high as the require-
ments on higher build-up rates (No. 2), better surface quality 
(No. 3) or higher dimensional accuracy (No. 5). 

• Furthermore, lower maintenance costs (No. 7) are judged as 
more important than lower machine incidental acquisition 
costs (No. 6).

According to the experts’ assessment, a large number of require-
ments will have a medium signifi cance in the future. As their current 
signifi cance is ranked as rather negligible today, these are require-
ments with the largest deviations between the current and future 
signifi cance. Some exemplary requirements with large deviations 
related to machine ability are listed in the following:

• Processing of different types of material within one job (No. 6b),

• Ability of AM-machines to build-up on 3-D surfaces (No. 7b),

• Processing shape memory alloys (No. 12d),

• Automated integration of AM-machines into existing production 
lines (No. 10b) and

• Highly integrated AM-machines (No. 10c).

Process stability, a database 
for AM-materials, on-line qual-

ity control processes, certi-
fi cation and design rules are 

and will be highly signifi cant.

Largest deviation between 
current and future signifi -

cance for processing differ-
ent materials within one job 

and building on 3-D surfaces.
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8. Conduct quality control of the raw material during production (e.g. 
 powder quality)*
8. Conduct quality control of the raw material during production (e.g. 
 powder quality)*

Current and Future SignificanceTechnology-Specific Requirements for 
the Direct Manufacturing Business
 

0 321 4

Expert Survey Evaluation

a) V < 1 m³

1. Build chamber volume (V in m³)

a) 1 - 10 cm³/h
b) 11 - 40 cm³/h
c) 41 - 100 cm³/h 
d) > 100 cm³/h 

2. Build-up rates (production speed at highest quality in cm³/h)

a) < ± 50 μm
b) ± 50 - 100 μm
c) > ± 100 μm 

5. Dimensional accuracy (average deviation in μm)

6. Flexible/Hybrid material processing
a) Processing different types of material by one machine
b) Processing different types of material within one job

Current Significance Significance in 2020

3. High process stability

4. Integration of electronic circuits into additively manufactured parts

7. Possibility to build up on existing structures
a) Building up on flat structures
b) Building up on 3-D surfaces

9. Quality control in production processes
a) Conduct quality control after job completion
b) Conduct quality control on-line

10. Process integration
a) Partial integration (e.g. powder management system)
b) Automated integration of AM-machines into production line
c) Highly integrated AM-machine (machine as production line)

11. Certification
a) Ensure continuous certification in the aircraft production 
b) Ensure continuous certification in the automotive production
c) Ensure continuous certification in the manufacturing equipment

The grayed-out requirements were not
 addressed in the first expert survey 

*
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Figure 3-4: 

15. Material certification*

e) Ceramic* e) Ceramic*

15. Material certification*

Current and Future SignificanceTechnology-Specific Requirements for 
the Direct Manufacturing Business
 

0 321 4

Expert Survey Evaluation

12. Processability of materials with AM-machines
a) Magnesium
b) Carbon-fiber-reinforced polymer (CFRP)
c) Liquid crystalline polymers (LCP) 
d) Shape memory alloys (SMA) 

13. Availability of new material properties
a) Fire resistance
b) Thermal conductivity
c) Electrical conductivity 
d) Self-healing properties 

14. Recyclability of materials

16. Provision of design rules

17. Availability of a database containing properties of Additive
Manufacturing materials

Current Significance Significance in 2020
The grayed-out requirements were not
 addressed in the first expert survey 

*

Current and future signifi cance of technology-specifi c 
requirements

All in all, it is striking that there are considerable discrepancies 
between the requirements deduced from developed innovation 
fi elds and the experts’ assessment of the requirements’ signifi cance. 
A large number of the requirements, that are crucial for the realiza-
tion of many applications, seem to be of minor importance from the 
experts’ perspective. 

For instance, a larger build-chamber volume is required for the 
realization of a large number of application ideas developed for the 
aerospace or automotive industry, e.g. in the innovation fi elds Mor-
phing Structures or Functional Body-in-White. However according to 
the experts, a build chamber volume sized larger than 8 m3 (No. 1c) 
is not expected to be signifi cant for the future AM-business.

Technology-specifi c requirements show an overall increase 
in signifi cance from today to 2020. High process stability, a 
database containing properties of AM-materials, on-line qual-
ity control processes, continuous certifi cation and design 
rules are outstanding for the penetration of AM in the future. 
For an automated integration of AM-machines into existing 
production lines and highly integrated AM-machines, the 
current and future signifi cance substantially deviate.
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3.1.3 Evaluation of Technologies’ Degree of 
Performance

In a second step, the experts were asked to estimate the perfor-
mance of selected technologies regarding each requirement (degree 
of performance) on a scale from “0“ (i.e. there is a call for action) 
to “4“ (i.e. the technology has got a distinctive strength concerning 
this requirement). Consolidating the results for the signifi cance and 
the performance, the need for action for further development and 
optimization of the technology in accordance with (possible) future 
applications can be deduced.

Therefore, the arithmetic mean is determined for both, the (current 
and future) signifi cance of the requirements and the performance 
of the technologies. Based on this, each requirement is positioned 
in a signifi cance-performance portfolio, as shown in extracts in the 
following fi gures. The confi dential study comprises detailed results.

In the signifi cance-performance portfolio, the ordinate intercept 
shows the signifi cance of the requirements; the abscissa intercept 
indicates one technology’s degree of performance regarding the 
requirements. In the portfolio, three areas can be distinguished:

• Critical requirements – red area: These requirements are of 
high signifi cance for the business; the technology’s perfor-
mance regarding these requirements is weak. Critical require-
ments indicate an immediate need for action.

• Balanced requirements – green area: The signifi cance of these 
requirements corresponds to the technology’s performance 
regarding these requirements.

• Over-emphasized requirements – yellow area: One technol-
ogy’s performance is distinctively strong regarding the require-
ments, although these requirements are of low signifi cance for 
the (future) business.

The following section presents the signifi cance-performance portfo-
lios for the technologies that were addressed in the survey/project.

Fused Layer Modeling Technologies (e.g. Fused Deposition 
Modeling) 

Figure 3-5 shows an excerpt from the signifi cance-performance 
portfolio for Fused Layer Modeling (FLM) Technologies. The evalu-
ation of the survey results shows that FLM Technologies meets all 
of the listed requirements today. For instance, in contrast to Powder 
Bed Fusion Metal Technologies, the build chamber volume (No. 1) 
is non-critical and needs only little adaption to fi t the future signifi -
cance. 

Even more, the current technology performance is suffi cient to meet 
some of the future requirements, such as the fi re resistance of applied 
materials (No. 13a). However, to realize a correlation between the 
technology’s performance and signifi cance of the requirements in 
the future, the technology’s performance needs to be improved con-
cerning many requirements. 

FLM Technologies partly 
meet future requirements.



Thinking ahead the Future of Additive Manufacturing – Innovation Roadmapping of Required Advancements

64

Figure 3-5: 

Significance of Requirement
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Current Significance Significance in 2020

Overvalued
requirements

Critical 
requirements

Balanced
requirements

1. Build chamber volume (V in m3)

1a) V < 1 m3

1b) 1 m3 3

3

2. Build-up rates (production speed at highest 
quality in cm³/h)

2a) 1 - 10 cm3/h
2b) 11 - 40 cm3/h
2c) 41 - 100 cm3/h
2d) > 100 cm3/h
3. High process stability

4. Integration of electronic circuits into additively 
manufactured parts

12. Processability of materials with AM-machines
12b) Carbon-fiber-reinforced polymer (CFRP)
12c) Liquid crystalline polymers (LCP)
13. Availability of new material properties
13a) Fire resistance
13b) Thermal conductivity
13c) Electrical conductivity
13d) Self-healing properties
14. Recyclability of materials

16. Provision of design rules

17. Availability of a database containing properties 
of Additive Manufacturing materials (e.g. thermal 
characteristics, tensile strength etc.)

. . .
. . .

Extract from signifi cance-performance portfolio for 
Fused Layer Modeling Technologies (e.g. Fused 
Deposition Modeling)

The future competitiveness of FLM Technologies will inter alia 
depend on the recyclability of materials (No. 14) and the availability 
of new material properties (No. 13). Especially, self-healing material 
properties (No. 13d) need to be pushed in order to meet the require-
ments for the business of tomorrow. Research is also required 
regarding the processability of carbon-fi ber-reinforced polymers 
(No. 12b), as the signifi cance of this requirement is expected to 
be very high in the future. Furthermore, according to the experts’ 
assessment, effort is still needed to meet the future requirements on 
higher build-up rates (No. 2d).

Powder Bed Fusion Plastic Technologies (e.g. Selective Laser 
Sintering)

Figure 3-6 shows an excerpt of the signifi cance-performance port-
folio for Powder Bed Fusion Plastic Technologies. The evaluation of 
the survey results shows that from today’s point of view, the signifi -
cance of the requirements largely correlates with the technology’s 
performance. This can be deduced from the position of the blue bul-
lets, which are almost exclusively located in the green area of the 
portfolio. In future however, the vast majority of the requirements will 
gain signifi cance. Thus, they are likely to turn into critical require-
ments if no technological advances will be achieved. 

In the future, research is 
required with regard to recy-
clability and new properties 

of AM-materials for 
FLM Technologies. 

Today, Powder Bed Fusion 
Plastic Technologies largely 

meet the requirements.
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Figure 3-6: 

Performance of
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2. Build-up rates (production speed at highest 
quality in cm³/h)

2a) 1 - 10 cm3/h
2b) 11 - 40 cm3/h
2c) 41 - 100 cm3/h
2d) > 100 cm3/h
3. High process stability

4. Integration of electronic circuits into additively 
manufactured parts

12. Processability of materials with AM-machines
12b) Carbon-fiber-reinforced polymer (CFRP)
12c) Liquid crystalline polymers (LCP)
13. Availability of new material properties
13a) Fire resistance
13b) Thermal conductivity
13c) Electrical conductivity
13d) Self-healing properties
14. Recyclability of materials

16. Provision of design rules

17. Availability of a database containing properties 
of Additive Manufacturing materials (e.g. thermal 
characteristics, tensile strength etc.)

. . .
. . .

Extract from signifi cance-performance portfolio for 
Powder Bed Fusion Plastic Technologies (e.g. 
Selective Laser Sintering)

The requirement build-up rates > 100 cm³/h (No. 2d) is already con-
sidered as almost critical today. Research that contributes to the 
production speed could promote Powder Bed Fusion Plastic Tech-
nologies in the future.

The amount of research that has to be conducted to meet a require-
ment suffi ciently can be approximated by the horizontal distance 
between its position in the future and the left delimiting line of the 
balanced requirements. For example, an adequate availability of 
materials with self-healing properties (No. 13d) requires much more 
effort in development than increasing process stability (No. 3) to a 
suffi cient level. In contrast, requirements like build chamber volume 
< 1 m³ (No. 1a) are already matched comparably well and will, if at 
all, require only low effort to suit future requirements.

Powder Bed Fusion Metal Technologies (e.g. Selective Laser 
Melting)

Figure 3-7 shows an excerpt of the results for Powder Bed Fusion 
Metal Technologies. According to the experts, some future require-
ments can already be fulfi lled suffi ciently by the technology today. 
This implies that regarding these requirements, e.g. recyclability of 
materials (No. 14), the market demand for improvements is low. 
Even though, with regard to build-up rates (No. 2), major advance-
ments are required. 

In the future, the vast 
majority of the requirements 
is expected to turn into criti-
cal requirements.
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Figure 3-7: 
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of Additive Manufacturing materials (e.g. thermal 
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. . .
. . .

Extract from signifi cance-performance portfolio for 
Powder Bed Fusion Metal Technologies (e.g. Selec-
tive Laser Melting)

In contrast to the expert’s assessment of Powder Bed Fusion Plastic 
Technologies, the process stability (No. 3) of Powder Bed Fusion 
Metal Technologies is judged as almost critical today and needs to 
be improved continuously. 

Special attention needs to be paid to the build chamber volume (No. 
1). As the signifi cance for a build chamber volume between 1 m³ and 
8 m³ (No. 1b) is assessed to be highly signifi cant for the year 2020, 
further research in this area might be benefi cial. Regarding the avail-
ability of new material properties (No. 13), the signifi cance of self-
healing properties (No. 13d) is expected to be high in the future. 
To keep Powder Bed Fusion Metal Technologies competitive in the 
future, further research that contributes to the availability of self-heal-
ing material properties should be pushed. A contrary strategy needs 
to be pursued with regard to materials featuring thermal or electrical 
conductivity (No. 13b, No. 13c), as the future signifi cance correlates 
with the current technology performance.

Polymerization Technologies (e.g. Stereolithography)

Figure 3-8 shows an excerpt of the signifi cance-performance port-
folio for Polymerization Technologies. The evaluation of the survey 
results shows that the correlation between the technology’s perfor-
mance and the signifi cance of the selected requirements is the low-
est of all considered technologies. Even for today, fi ve requirements 
are assessed as critical. 

Process stability is assessed 
as almost critical today.

Requirements on material 
properties such as thermal 
and electrical conductivity 

are already well met.

Some requirements are 
already critical today for 

Polymerization Technologies. 
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Figure 3-8: 
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Extract from signifi cance-performance portfolio for 
Polymerization Technologies (e.g. Stereolithography)

The performance of Polymerization Technologies lacks when it 
comes to the processability of carbon-fi ber-reinforced polymers (No. 
12b) or the availability of new material properties (No. 13). Further-
more, the recyclability of materials (No. 14) is marked as a critical 
requirement of today. Looking into the future, it stands out that every 
requirement that is already critical today will become especially criti-
cal in the future, as the signifi cance of almost all requirements is 
indicated to increase. In order to remain competitive, research in 
the area of material availability and material processability needs 
to be pushed signifi cantly. The application of Polymerization Tech-
nologies in the future also depends on the availability of a database 
containing properties of AM-materials (No. 17).The requirements 
build chamber volume (No. 1) and build-up rates (No. 2) are uncriti-
cal today as well as in the future, as the technology’s performance 
largely correlates with the requirements’ signifi cance. Here, just 
slight technology advancements are needed.

The considered technologies are basically balanced, as 
they – in principle – fulfi ll today‘s requirements well. Only 
few requirements are critical. However, due to the over-
all tendency to increased signifi cance in the future, most 
requirements demand for advancements of AM-technolo-
gies to achieve a correlation between the requirements‘ 
signifi cance and the performance of the technologies.

To increase future competi-
tiveness of Polymerization 
Technologies, material avail-
ability and processability 
need to be improved.
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3.2 Innovation Roadmapping of Required 
Advancements

Based on the results of the fi rst survey, a second survey was con-
ducted. The main purpose of the survey was the get a sound over-
view on the point in time when – from AM-experts’ point of view – the 
selected requirements will be fulfi lled by selected AM-technologies. 
This allows the creation of innovation roadmaps, indicating when the 
identifi ed requirements will be fulfi lled. The expert survey is avail-
able in the appendix A2.

Structure and Proceeding in Expert Survey 2

The survey was conducted in 2 languages in the period from June 
until November 2012. To refl ect the opinion of the entire AM-indus-
try, the survey addresses AM-experts along the whole value chain 
,e.g. AM-machine manufacturers and material suppliers, users of 
AM-technologies (OEMs and suppliers) as well as universities and 
research facilities dealing with AM-technologies. The survey was 
sent to 395 AM-experts; 75 experts (19%) participated in the survey. 

The survey is divided into three parts: General Information, Tech-
nology-Specifi c Requirements and Final Statements. The fi rst part 
addresses the professional background of the experts. In the sec-
ond part, the survey asked the experts to estimate the point in time 
when the selected requirements will be met by selected AM-technol-
ogies. This data allows creating innovation roadmaps. These indi-
cate when the identifi ed future applications can be manufactured, 
as technological requirements will be fulfi lled. In the following, these 
results are presented in extracts; detailed results are part of the con-
fi dential study.

3.2.1 General Information
This chapter addresses the composition of the participants and gen-
eral (anonymous) information about their professional background. 
Therefore, the experts were asked to indicate their fi eld of activity, 
e.g. part of the value chain of AM and the company division they are 
working in. The percentage distributions are shown in fi gure 3-9 and 
3-10 (Note: multiple choices possible).

Figure 3-9: 
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With a share of 50% and 44%, the research facilities and users of 
AM respectively count the largest share among all participants, fol-
lowed by machine manufacturers, material suppliers and consulting 
facilities. The Other category includes participants that do not fi t into 
the listed categories.

Figure 3-10 also illustrates the heterogeneous composition of the 
participants: the range covers all company divisions. The vast major-
ity of the participants (74%) specify to work in research and devel-
opment. With 23% and 14%, respectively the management division 
and the sales division also comprise a relatively large proportion. 
The other listed company divisions were named by about 3%-12% 
of the participants.

Figure 3-10: 
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The bar chart in fi gure 3-11 illustrates in percentage terms how the 
population of all participants uses AM (Note: multiple choices pos-
sible). The majority of the participating experts (79%) indicate to use 
AM for Direct Manufacturing. The usage of AM for Rapid Prototyp-
ing and Rapid Tooling are common to respectively 64% and 31% 
of the participants. This correlates with the fact that the majority of 
the participants indicated to work in research and development, see 
fi gure 3-10.

Figure 3-11: 
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Usage of AM-technologies (in percentage terms)

Majority of the participants 
are research facilities and 
users of AM. 

Most participants are active 
in research and development.

The usage of AM for the 
production of end-use parts 
is widely spread among the 
participants.
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3.2.2 Innovation Roadmapping – Fused Layer 
Modeling Technologies

The innovation roadmap for Fused Layer Modeling (FLM) Technolo-
gies, depicted in fi gure 3-12, shows an excerpt of the underlying 
data that collected in the expert survey. It illustrates the time at which 
technology-specifi c, material-specifi c and general requirements are 
expected to be met by this technology. In the horizontal, the tech-
nology-specifi c, material-specifi c and general requirements are listed. 
The time axis indicates when the requirements are expected to be 
realized. Detailed results are part of the confi dential study.

Regarding the build chamber volume (No. 1), the experts assess that 
objects requiring a comparably small build chamber volume (1 m³ to 
2 m³) can be realized with FLM Technologies by 2015. Machines with 
a build chamber volume of up to 8 m³ are expected to be available in 
2019. After two more years even bigger volumes should be available. 

An increased build chamber volume automatically requires faster 
build-up rates (No. 2) during the process. According to the survey 
results, a production speed of up to 120 cm³/h will be possible by 
2016. Higher build-up rates still require high effort in research and 
development. The experts expect production speeds of 150 cm³/h by 
2020. Even higher build-up rates will be possible by 2023 at the earli-
est. Hence, increasing build-up rates is one of the core requirements 
– tackling this challenge is expected to pose a time-consuming task.

The deviation of reproducibility, defi ning a process stability (No. 3) 
of 0.5% and 0.1 %, in this context, is expected to be achieved in 
2016 and 2020 respectively. A further technology-specifi c require-
ment is the integration of electronic circuits (No. 4) into additively 
manufactured parts, which is expected to be realized from 2017 on. 
By this time, most material-specifi c requirements (No. 12) will be 
met as well. The processability of carbon-fi ber-reinforced polymers 
and liquid crystalline polymers can be realized by 2017 and 2020, 
respectively. 

Materials with new properties (No. 13), such as fi re resistance, ther-
mal/electrical conductivity or recyclability are assessed to become 
available in 2016. More effort is expected to be put in developing 
materials with self-healing properties. They will be available by 2023 
at the earliest. General requirements, e.g. the provision of design 
rules (No. 16) and the availability of a database containing proper-
ties of AM-materials (No. 17), are easier to meet and are therefore 
expected to be fulfi lled by 2015.

The innovation roadmap can be used for roadmapping of future 
applications. Therefore, an application is orthogonally positioned 
at the earliest possible date of realization of its enclosed require-
ments on DM. Thereby, the roadmap provides information when the 
applications can be realized, as the technology will have reached 
the required performance. These results are accessible for DMRC 
partners only.

Innovation roadmap depicts 
the maturity level of the 

requirements.

Increasing buid-up rates is 
a core challenge for future 

research.

Fire resistance or electri-
cal/ thermal conductivity are 

expected by 2016.

Innovation roadmaps show 
the interrelation between 

applications and mandatory 
requirements.
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Figure 3-12: 
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. . .
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Extract from Innovation Roadmap for FLM Technolo-
gies (e.g. Fused Deposition Modeling)

For FLM Technologies the experts expect the most of the lis-
ted requirements to be fulfi lled by 2020, except high build-
up rates and the availabililty of self-healing properties. The 
general requirements may already be met in a few years. This 
also counts for selected material properties, e.g. electrical/
thermal condictivity
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3.2.3 Innovation Roadmapping – Powder Bed 
Fusion Plastic Technologies

The innovation roadmap in fi gure 3-13 presents an excerpt of the 
survey’s results for Powder Bed Fusion Plastic Technologies, indi-
cation when selected technology and material-specifi c and general 
requirements are expected to be met. Detailed results are part of the 
confi dential study that is accessible for DMRC partners only.

At a fi rst glance, this innovation raodmap shows that the technology 
specifi c requirements are expected to be met earlier than for POw-
der Bed Fusion Metal Technologies, compare to fi gure 3-14. Tech-
nology related requirements are e.g. the build chamber volume (No. 
1) and the build-up rates (No. 2), specifying the production speed at 
highest quality in cm³/h. According to the assessment in the survey, 
objects with a volume of 1 m³ to 2 m³ may be manufactured from 
2016 on; a volume larger than 8 m³ is expected to be possible after 
2024.

Regarding the build-up rates (No. 2), the development is expected to 
be faster. Build-up rates up to 120 cm³/h may be achieved by 2016; 
more than 150 cm³/h in 2022 at the earliest. A process stability (No. 3) 
of 0.5% and 0.1 %, in terms of deviation of reproducibility, is estimated 
to be realized respectively in 2016 and 2021. The integration of elec-
tronic circuits into AM-parts (No. 4) may become possible by 2020.

Increasing the maturity level of the material specifi c requirements 
(No. 12) for the Powder Bed Fusion Plastic Technologies is estimated 
to take more time than Powder Bed Fusion Metal Technologies. 
According to the survey, the processability of carbon-fi ber-reinforced 
polymers and liquid crystalline polymers can be realized by 2017 
and 2020 respectively.

Regarding the available material properties (No. 13), fi re resistant 
materials will be available by 2015, recyclable materials one year 
later and materials with electrical conductivity in 2017. Self-healing 
properties may be realized by 2022. Design rules (No. 16) for this 
technology and a database containing properties of AM-materials 
(No. 17) are expected to be already accomplished in 2016.

This innovation roadmap is also a helpful tool for roadmapping of 
future applications, providing the decision maker information when 
future applications can be realized, as the technology-specifi c, 
material-specifi c and general requirements will have reached the 
required maturity level.

Innovation roadmap indi-
cates the maturity level of the 

requirements.

Reliable process stability is 
expected by 2021.

Innovation roadmaps give 
hints on conceivable realiza-

tion date for future 
applications. 
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Figure 3-13: 

2. Build-up rates (B) (production speed at 
    highest quality in cm³/h)*

3. High process stability (deviation (D) of
    reproducibility)*

4. Integration of electronic circuits into
    additively manufactured parts

1. Build chamber volume (V in m³)
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. . .
. . .

Extract from the Innovation Roadmap for Powder 
Bed Fusion Plastic Technologies (e.g. Selective 
Laser Sintering)

Powder Bed Fusion Plastic Technologies are expected to 
meet the majority of the listed requirements by 2020. Lar-
ger build chamber volumes, higher build-up rates and self-
healing material properties are assessed to be met in the 
further future. Some material properties and general requi-
rements may be fulfi lled already in 2016.
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3.2.4 Innovation Roadmapping – Powder Bed 
Fusion Metal Technologies

The innovation roadmap for Powder Bed Fusion Metal Technologies 
depicted in fi gure 3-14 outlines an extract of the survey’s results on 
the date of realization of technology and material-specifi c and general 
requirements. All data are available in the confi dentail study. At a fi rst 
glance, it becomes obvious that the technology-specifi c requirements 
are critical points for these technologies. A build chamber volume (No. 
1) of more than 8 m³ is not expected to be realized before 2027. Even 
a moderate volume of 1 m³ to 2 m³ may merely become available by 
2020, which is six years after the corresponding availability for FLM or 
Polymerization Technologies, compare fi gure 3-12 and 3-15.

Figure 3-14: 

2. Build-up rates (B) (production speed at 
    highest quality in cm³/h)*

3. High process stability (deviation (D) of
    reproducibility)*

4. Integration of electronic circuits into
    additively manufactured parts

1. Build chamber volume (V in m³)
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. . .
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Extract from the Innovation Roadmap for Powder 
Bed Fusion Metal Technologies (e.g. Selective Laser 
Melting)

Technology-specifi c require-
ments are critical.
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In a similar matter, the development of build-up rates (No. 2) is 
expected to proceed more slowly for Powder Bed Fusion Metal 
technologies. A production speed up to 120 cm³/h is expected to be 
possible by 2018; more than 150 cm³/h will be reached by 2026 at 
the earliest. A process stability (No. 3) of 0.5% and 0.1 %, in terms 
of deviation of reproducibility, may be realized respectively by 2016 
and 2021. Using this technology, electronic circuits (No. 4) can pre-
sumably be integrated into additively manufactured parts by 2020 – 
once again signifi cantly later than in case of FLM or Polymerization 
Technologies.

In contrast to the technology-specifi c requirements, the material-
specifi c requirements are estimated to be met comparably early. 
The processability of magnesium and shape memory alloys (No. 12) 
may respectively become possible in 2016 and 2018. Fire resistant 
materials (No. 13) are expected to be available in 2013, recyclable 
materials (No. 14) 2015. The implementation of self-healing proper-
ties (No. 13) will last until 2023, quite as long as with other technolo-
gies. 

Design rules (No. 16) and a database containing properties of AM-
materials (No. 17) are expected by 2016.

Technology-specifi c requirements are assessed to be critical 
for Powder Bed Fusion Metal Technologies. This applies in 
particular for a larger build chamber volume. The vast majo-
rity of the listed material properties may be fulfi lled within 
this year, except self-healing properties.

3.2.5 Innovation Roadmapping – Polymerization 
Technologies

Figure 3-15 shows an excerpt from the innovation roadmap for 
Polymerization Technologies. The development of the technology-
specifi c requirements is similar to the previous roadmap. From 2014 
on, a build chamber volume (No. 1) of 1 m³ to 2 m³ is expected to be 
realized. By continuous research, the build chamber volume can be 
extended gradually to more than 8 m³ by 2021. 

The build-up rates (No. 2) again take more time to meet the require-
ments. Production speeds up to 120 cm³/h will be reached by 2017. 
Generating objects faster than 150 cm³ in an hour will be possible 
from 2023 on. This clearly shows that this requirement poses a great 
challenge – meeting this will require substantial effort.

The deviation of reproducibility of 0.5% and 0.1 %, defi ning the pro-
cess stability (No. 3) in this context, is expected to be achieved in 
2016 and 2021, respectively. A further technology-specifi c require-
ment is the integration of electronic circuits into additively manufac-
tured parts (No. 4), which is expected to be realized from 2018 on. 

The development of material-specifi c requirements is estimated to 
require more effort for Polymerization Technologies than for FLM 
Technologies. New materials (No. 12), e.g. carbon-fi ber-reinforced 
polymer and liquid crystalline polymers could be used in 2019. Mate-

Material-specifi c require-
ments can largely be met 
by 2020, except self-healing 
material properties.

Advancement of material-
specifi c requirements 
requires more effort than for 
FLM Technologies.
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rial properties (No. 13), e.g. fi re resistance, thermal/electrical con-
ductivity or self-healing properties will be available in 2019, about 
two years after their availability for FLM Technologies. Recyclability 
(No. 14) of the utilized materials is expected by 2022. Design rules 
(No. 16) for Polymerization Technologies are assumed to become 
available from 2018 on, three years later than for FLM Technologies, 
and a database containing properties of AM-materials (No. 17) by 
2015 at the earliest.

Figure 3-15: 

2. Build-up rates (B) (production speed at 
    highest quality in cm³/h)*

3. High process stability (deviation (D) of
    reproducibility)*

4. Integration of electronic circuits into
    additively manufactured parts

1. Build chamber volume (V in m³)
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* Classification of the requirement changed

. . .
. . .

Extract from the Innovation Roadmap for Polymer-
ization Technologies (e.g. Stereolithography)

Polymerization Technologies are expected to meet the vast 
majority of the listed requirements by 2020 at the latest. 
Machines with larger build chamber volumes and higher 
build-up rates as well as materials with self-healing proper-
ties are estimated to become available in the further future.
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3.3 Final Statements and Research Fields 
of Interest

In addition to the assessment of the requirements on DM-technol-
ogies, both surveys asked the experts to indicate fi elds of research 
and action that are of great importance for them within the context 
of AM. In the following section, frequently mentioned research fi elds 
are shortly described.

Material Research

Research on new materials and material properties is indicated as 
an action fi eld of great importance by the vast majority of the par-
ticipants. New materials as well as qualifi cation of existing materials 
for AM are expected to increase the capabilities of AM-technologies, 
and thus to expand the technologies’ penetration in industrial appli-
cation. This counts for the development of new materials, like tech-
nical thermoplasts, natural and organic materials, bio-compatible 
and bio-degradable materials, nanomaterial, or ceramics. 

Mentioned aspects related to new or improved material properties 
range from advanced mechanical properties over transparency prop-
erties to thermal (fi re) and electrical resistance and isolation proper-
ties which are especially important for end-users. Another aspect 
mentioned relates to accurate and reliable properties of existing 
materials, e.g. the aging behavior of materials. Material properties 
could be enhanced by process parameter modifi cation, in terms of 
improved interaction between process and material. Moreover so-
called hybrids – bonds between metal and plastic components with 
electromechanical functions for e.g. electronic components, but also 
metal powder mixtures – are other fi elds of interest. Especially for 
the toys and jewelry industry, colored materials or parts coated with 
gold respectively are points of interest.

New/Advanced AM-Technologies

The development of new/advanced AM-machines is indicated to 
be highly important, e.g. machines with multiple lasers. One chal-
lenge AM especially faces is multi-material processing, meaning the 
usage of several materials on the same machine. Another aspect 
frequently addressed is attributed to the build size of parts that is 
limited to the build chamber volume, as well as the reduction of pro-
duction time, the improvement of the surface quality and the layer 
thickness. This relates to batch processes, i.e. the production of one 
part takes the same time as manufacturing a whole batch of parts.

Plug and play machines are point of interest for the usage in remote 
areas, oil rigs, third world countries or naval ships. Furthermore, the 
participants indicated the interchangeability of process parameters 
between different AM machines (of one category) as an important 
fi eld of action/desirable condition.

Process Optimization

Process optimization regarding aspects such as robustness, repro-
ducibility, machine reliability, reduction of costs etc. is named as an 
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important fi eld of action. This also comprises the enhancement of 
productivity/throughput for all systems, concurrently maintaining 
constant part quality. Especially, potential users indicate that the 
penetration of AM is still limited, as currently AM is just suitable for 
small series production and prototyping. 

In addition, pre/post processing cannot be optimally performed today; 
set-up times signifi cantly reduce the performance of AM-machines. 
Other aspects with regard to process optimization are process autom-
atization, optimized data preparation, real-time process monitoring 
and control. Self-monitoring and self-optimizing processes are indi-
cated to be the next obligatory evolution step to push AM towards DM.

Process Integration

Another important fi eld of research mentioned by the participants is 
process integration. Process integration refers to the integration of 
AM-processes into conventional manufacturing processes, and how 
to fi t AM products into the manufacturing chain.

Economic (Process) Effi ciency

Many of the respondents addressed the economic effi ciency of AM-
technologies. Firstly, low-budget AM-machines, and secondly pro-
cess effi ciency are mentioned as important fi elds of action. In the 
context of process effi ciency, the reduction of (additional) costs is 
of great importance, e.g. costs for removal of restraints, fi nishing of 
parts, material costs, service costs etc.

Design Rules

AM-compatible design is quoted as another major fi eld of action. 
Particularly noteworthy is that the vast majority of the participants 
regard (standardized) design rules as a mandatory step to enable AM 
for DM. New and/or different design rules are required to reconcile 
part properties that depend on the build structure of one part with 
the unlimited possibilities of “Freedom of Design”. Great benefi ts that 
arise from “Freedom of Design” have an almost unlimited potential 
to impact every product’s design. For instance, the usage of AM for 
bionic product designs highly ranks on the participants agenda.

Part Properties

Part properties also constitute a major fi eld of action. Major points 
of interest are: homogeneous temperature distribution, integrative, 
functional light-weight structures in multi-material design, lattice 
structures, prediction and reduction of distortion, just to name a few.

Economic Impact of “Design Optimization”

Development of methods/procedures for the identifi cation of the tech-
nology that is appropriate for particular purposes is an essential point 
of interest. This counts for the selection of a suitable AM-technology, 
but also may serve as a basis for the decision between a conventional 
technology and an AM-technology. This includes cost modeling tools 
(break-even analysis) as well as methods for the calculation/antici-
pation of a part’s life cycle costs, determining the economic impact 
“Design Optimization” of part geometry can have on unit costs.
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Finishing Techniques

New and improved fi nishing techniques are regarded as an impor-
tant action fi eld by the majority of the respondents. The goal is to 
improve and accelerate AM-processes and to increase qualitative 
reproducibility of AM-parts that are directly “ready to use” and to 
reduce additional costs. For example, automated fi nishing tech-
niques are named as necessary fi elds of research. 

Quality Assurance

For quality assurance there is also a great need for action from 
the participants’ point of view. In many instances the part quality of 
additively manufactured parts is still inferior to conventionally manu-
factured parts. Surface quality, same strength values in all 3 axes, 
dimensional accuracy, and microstructural analysis during and after 
the production are some aspects mentioned by the experts. 

Especially for end-use parts, dimensional and qualitative reproduc-
ibility are indispensable. Long-term static and dynamic properties 
are also quoted as an important fi eld of research. In this context, in-
process online monitoring and quality control procedures as well as 
Non-Destructive Inspection (NDI) or a quality control with Six Sigma 
are addressed.

Software Solutions

The link between CAD-models and analysis tools is regarded as 
an action fi eld of great importance that is mandatory for taking full 
advantage of AM’s possibilities. Thereby for instance, it would be a 
great benefi t for generating internal structures directly. For example, 
lattice structures could be calculated and adapted according to vari-
ous requirements. Simulation software can assist for the design of 
AM parts and testing the parts under different conditions.

Standardization and Certifi cation

To increase the acceptance of AM, common standards have to be 
elaborated, like tolerances for AM parts or standard supporting struc-
tures. In addition, special requirements of the various industries, e.g. 
fi re resistance of materials/parts, have to be taken into account for 
certifi cation, which in turn requires a common understanding along 
the value chain. Furthermore, certifi cation for new materials and 
new AM-processes is regarded as an important step towards DM.

Supply Base

Supply Base seems to be highly ranked on the participants’ agenda. 
One central challenge is attributed to the limited quantity of existing 
service bureaus as well as to the quantity of raw material suppliers. 
Benchmarking of technology suppliers – different machines/brands 
and material suppliers – is indicated as a facilitating success factor 
for increasing market transparency in the fi eld of AM.

Education

Education is especially frequently mentioned as an important aspect. 
To facilitate educational institutions to access AM-technologies, it is 
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necessary to transfer knowledge in teaching and training qualifi ca-
tion. Reciprocally, knowledge from research institutions has to be 
transferred into practice. Moreover, it is required to make both new 
and existing AM-users aware of AM’s potential and to educate the 
staff. Especially designers need to realize AM’s capabilities, and to 
be qualifi ed for designing products accordingly to these capabilities.

Open Innovation

Open Source for design, development and manufacturing as well as 
Cloud Production are named as fi elds of research that will signifi cantly 
gain in importance for both, machine manufacturers and material sup-
pliers. This may be an appropriate way for a collaborative develop-
ment of new processes and material between technology suppliers 
and technology end-users. An “App Store” for software and designs 
may be a solution for exchanging process parameter apps and fi les.

Future Research and Interest 

To increase the penetration of AM, future research in the fi eld of 
AM, meaning investments in R&D, facilities and skills, needs to be 
aligned with market and industry needs. Therefore, developments 
of existing and untapped business areas have to be anticipated in 
order to early identify success potentials for future business and 
to develop ways to timely exploit these potentials. Quoted fi elds of 
interest are: concept model realization for macro testing of micro-
electromechanical systems (MEMS), devices concepts (micro and 
mesoscale), applications for aircraft interior, air ducts, medical 
applications, components for the energy and agriculture sector, and 
specifi c tools with a relatively low number of actuation mechanisms 
that are generally produced in small-volumes and have to be rapidly 
available. Further fi elds of interest are: recyclability of AM-products, 
organ development and cell deposition as well as AM-technologies 
at the micro- and nanoscale.

3.4 Summary
The Heinz Nixdorf Institute and the Direct Manufacturing Research 
Center conducted an expert survey on current and future require-
ments on DM-technologies. The object was to identify the require-
ments that are mandatory to enable AM for DM, and to determine 
AM-technologies’ performance concerning these requirements. 
Highly signifi cant requirements, concurrently with a low performance 
of the technologies, indicate an immediate need for action for the 
future business.This enables the AM-industry to bundle available 
competencies to advance AM to DM effectively. The assessment of 
the technology-specifi c requirements shows that: 

• The vast majority of the requirements will gain in signifi cance.

• High process stability, a database containing properties of 
AM-materials, on-line quality control processes, continuous 
certifi cation and provision of design rules are assessed to be 
outstanding for the penetration of AM in the future.
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The requirements with the largest deviations between the current 
and future signifi cance are the following: 

• Ability of AM-machines to process different types of materials 
within one job,

• Building up on 3-D surfaces,

• Provision of additively processible shape memory alloys,

• Automated integration of AM into existing production lines,

• Highly integrated AM-machines.

Especially for these requirements, there is a need for action. Accord-
ing to the experts some requirements, e.g. a build chamber volume 
sized larger than 8 m3, are of minor signifi cance, although these are 
mandatory for the realization of a many applications developed for the 
aerospace and automotive industry. All in all, the signifi cance of the 
technology-specifi c requirements largely correlates with the technol-
ogies’ degree of performance across all considered technologies. 
As the signifi cance of most requirements is expected to increase 
in the future, the majority of the requirements are likely to turn into 
critical requirements if no technological advances will be achieved.

Finally, innovation roadmaps were created for the considered tech-
nologies. The time axis indicates when the requirements, that were 
deduced from the innovation fi elds, will be fulfi lled. With regard to 
the listed requirements in chapter 3.2, the considered technologies 
are expected to meet the vast majority of the listed requirements by 
2020. The general requirements, e.g. design rules and a database 
containing properties of AM-materials, are judged to be already met 
in 2016 on average. Most critical requirements that are estimated to 
become available after 2022 are:

• Large build chamber volumes,

• High build-up rates, 

• Materials with self-healing properties are estimated to become 
available in the further future.

The developed innovation roadmaps are a sophisticated tool for 
strategic product and technology planning: In these roadmaps, the 
identifi ed applications (chapter 2.2) can be positioned orthogonally 
at the earliest possible realization date of the requirements that need 
to be met for the considered applications. Thereby the roadmaps 
indicate when the applications can be realized as the technology will 
have reached the required performance. Of course, the presented 
innovation roadmaps can also be consolidated to an overall innova-
tion roadmap, indication the requirements accross all technologies.
All in all, innovation roadmaps allow aligning the technology devel-
opment with current and future requirements. 

Especially noteworthy is that in course of our project the vast major-
ity of the research fi elds of interest, mentioned by the experts, were 
revealed in terms of requirements on mandatory advancements of 
AM-technologies.

Many requirements are 
expected to become critical 
if no technological advance-
ments will be realized.

Most requirements are esti-
mated to be fulfi lled by 2020.

Innovation roadmaps as a 
sophisticated tool for strate-
gic product and technology 
planning
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4
Conclusion and Outlook
The study “Thinking ahead the Future of Additive Manufacturing – 
Innovation Roadmapping of Required Advancements” reveals the 
mandatory advancements required to qualify AM-technologies for 
DM. The study comprises a sophisticated overview on the overall 
proceeding in the project “Opportunities and Barriers of Direct Man-
ufacturing Technologies“, and outlines the main results in extracts. 
Comprehensive results are part of the confi dential study that is acces-
sible for DMRC partners.

The presenty study fi rstly analyzes today’s business of AM. There-
fore, selected technologies are concisely described, and the current 
AM-penetration in the aerospace, automotive and electronics indus-
try is examined.

Secondly, strategic product planning is carried out. The study 
describes the business of tomorrow by developing future scenarios 
for the aircraft and automotive production as well as for the elec-
tronics manufacturing equipment. Based on the future scenario and 
resulting future chances, risks and success factors, the study devel-
ops strategic directions for a successful penetration of AM in these 
three industries. Using these results as an impulse, ideas for future 
applications are discovered. These were pooled to innovation fi elds 
that were ranked according to their chances and risks.

Thirdly, as part of strategic technology planning required advance-
ments of AM-technologies were deduced, means of requirements the 
identifi ed applications impose on DM-technologies. The signifi cance 
of these requirements was validated in a fi rst expert survey. To pro-
mote the broad-scale implementation of AM, the technology develop-
ment has to be aligned with the most signifi cant future requirements, 
such as process stability, build-up rates, availability of new materials 
and material properties etc. As part of a second survey, for selected 
AM-technologies experts estimated the conceivable realization dates 
of the deduced requirements. The results were consolidated in inno-
vation roadmaps. Accordingly, the technologies are expected to fulfi ll 
the majority of the listed requirements by 2020. Larger build chamber 
volumes, higher build-up rates and self-healing material properties 
are assessed to be met in the further future.

All in all, the three study published during the project provide an over-
view of the procedure that allows transferring technological abilities 
into innovations. Reciprocally, it enables synchronizing the technol-
ogy development (Technology Push) with the market requirements 
(Market Pull).

To optimally exploit the project’s results and to enhance the penetra-
tion of AM in the three industries, particularly the most promising inno-
vation fi elds should be addressed in the future. Therefore, realization 

Today’s AM penetration is 
analyzed.

The study develops future 
scenarios and discovers 
future applications.

The study deduces require-
ments on DM-technologies.

Requirements were validated; 
results are consolidated in 
innovation roadmaps.

The project shows how to 
align technology development 
with future market needs. 

Auspicious applications 
should be pursued.
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and implementation studies have to be performed by industry experts 
in cooperation with AM-experts to prove the technical and economic 
feasibility. The development of the identifi ed innovation fi elds as well 
as the emergence of further fi elds for the application of AM should be 
monitored continuously. In addition, innovation fi elds which offer great 
potential for the application of AM according to the experts’ assess-
ment, but entail great risks from today’s point of view, should not be 
neglected.

The innovation roadmaps provide sophisticated decision maker infor-
mation about when the identifi ed applications can be realized. Concur-
rently, the roadmaps give hints on promising technology development 
paths and research directions. The gained results can be exploited 
for the development of future-oriented research strategies, as the pro-
cess of aligning the technological development with the future market 
requirements is exactly the process to perform the transition of AM 
from an emerging to a (series) production-capable technology. 

To achieve this, the research work has to be bundled to consequently 
pursue research projects with maximum benefi ts for potential users of 
AM-technologies. This is the starting point for our next study conducted 
in close cooperation with the DMRC. The study analyzes the Additive 
Manufacturing Research Landscape and examines the (future) rel-
evance of research. Based on this, the study deduces success factors 
for promising research strategies and reveals future-oriented research 
strategies. The public study comprising these results will be published 
in spring 2013.

Outlook: Analysis of AM-
research intensity and 

development of promising 
research strategies 
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Appendix

A1
Expert Survey on Current and Future Requirements on 
Direct Manufacturing Technologies

 

Expert survey on current and future requirements on Direct 
Manufacturing technologies 

 
The Direct Manufacturing Research Center (DMRC) has the goal to advance Additive Manufacturing (AM)-
technologies from Rapid Prototyping technologies to dependable Direct Manufacturing (DM)-technologies. 
Therefore, it is necessary to align the technology development with current and future requirements on DM-
technologies. In collaboration with the DMRC, the Heinz Nixdorf Institute is conducting an expert survey to identify 
the most important requirements.  
 
We highly appreciate your feedback concerning 7 general requirements and 19 technology-specific requirements 
on DM-technologies. Therefore, we first ask you to assess the significance of the selected requirements for the 
DM-industry. Secondly, we would like you to judge on how well the listed companies or technologies perform with 
regard to these requirements (degree of performance).  
 
The information you provide within this survey will be evaluated for scientific purposes and will be treated as 
confidential. We explicitly declare that we will neither publish nor make otherwise available your personal data to 
any third party. The completion of this survey will approximately take 30 minutes. Your feedback is very important 
for us. After the evaluation of the survey, you will get an electronic version of the results. In addition we will 
provide you the study including the results of the survey exclusively and free of charge. Thank you for your 
support. 
  
Contact 
After completing this survey, please safe your information and send the file by email to Niklas Echterhoff or 
Marina Wall, Heinz Nixdorf Institute, E-mail: Niklas.Echterhoff@hni.uni-paderborn.de / Marina.Wall@hni.uni-
paderborn.de. If you prefer conventional mail, please send your print to Heinz Nixdorf Institute, Niklas Echterhoff, 
Fuerstenallee 11, 33102 Paderborn, Germany. In case of any questions, please do not hesitate to ask. Our phone 
number: +49-5251-606264 / +49-5251-606496. 

Personal Information 
Name: Company: 

E-Mail: Date: 

 

 

 

HEINZ NIXDORF INSTITUTE
University of Paderborn

Product Engineering
Prof. Dr.-Ing. Jürgen Gausemeier
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 2 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

Part 1: General Information 

Please give us some general information about your professional background.  

1. In which part of the value chain of Additive Manufacturing are you working? 

 Machine Manufacturer  
 Material Supplier 
 User 
 University / Research Facility  
 Consulting 
 _________________________ 

2. If you are a user of AM-technologies, how do you use them? 

 Rapid Prototyping 
 Rapid Tooling 
 Direct Manufacturing 
 _________________________ 

3. In which company division are you working? 

 Research & Development 
 Modeling / Prototyping 
 Production 
 Sales 
 Quality Assurance 
 Maintenance and Repair 
 Purchase 
 Marketing 
 Management 
 __________________________ 

 

4. What is your Job Title? 

 _________________________________________ (i.e.: CEO, VP Technical Operations etc.) 

5. In which area are you expert? 

  Technology 
 Market and Competition  

6. Number of employees in 2010 

Company ….……………     employees

Field of Additive Manufacturing ….……………     employees
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 3 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

7. Revenue in 2010 [in Mio. EUR] 

Company 

 
< 5 5 - 10 11 - 20 21 - 50 51 - 100 > 100 

      

Field of Additive Manufacturing 

 
< 1 1 - 5 6 - 10 11 - 20 21 - 50 > 50 

      

8. Development of revenues [annual growth rate in %, the average of the last three years] 

Company 

 
< 0 0 - 2 3 - 5 6 - 10 11 - 20 > 20 

      

Field of Additive Manufacturing 

 
< 0 0 - 2 3 - 5 6 - 10 11 - 20 > 20 

      

9. Field of research and action within Additive Manufacturing 

Please name fields of research or action that are of great importance for you within the context of 
Additive Manufacturing.  
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 4 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

Example: 

Significance Degree of 
Performance

MM MS 

Company 1 

To
da

y 

20
20

 

To
da

y 

20
20

 

High innovation 
ability 2 4 1 4 2 

Today, a high innovation ability has got a 
medium significance for the DM-industry from 
your point of view. Until 2020, the significance 
will immensely increase. But the company’s 
performance is unsatisfying regarding this 
requirement.

Part 2: General Requirements 

In the following you find 7 general requirements. Please 
specify the significance of each requirement for the DM-
industry from today’s point of view and its significance in 
2020, differentiating the significance for machine 
manufacturers (MM) and material suppliers (MS) on a 
scale from “0” to “4” (no significance up to high 
significance). Then please estimate each company’s 
degree of performance regarding each requirement. 
Please use the given scale from “0“ (i.e. you think there is 
a call for action for the company) to “4“ (i.e. the company 
has got a distinctive strength concerning this requirement). 

You can either evaluate all of the listed companies or 
selected ones. Please make sure to evaluate as many of 
the listed companies as possible. If you see further 
general requirements, please add and assess them below. 

 

Significance Degree of performance 

MM MS 

3D
 S

ys
te

m
s 

E
O

S
 

E
vo

ni
k 

S
LM

 

S
tra

ta
sy

s 

To
da

y

20
20

To
da

y

20
20

1) High innovation ability            

2) Strong competences to 
provide solutions            

3) Strong consulting 
competences (pre-sales 
support) 

          

4) Strong competences for 
maintenance and 
support (post-sales / 
application support) 

          

5) Distinct customer 
orientation           

6) Provision of qualification 
courses for users           

7) Continuous IT support 
from CAD-file creation to 
part measurement 

          

8)                

9)                

10)                
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 5 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

Part 3: Technology-specific Requirements 

In the following you find 19 technology-specific 
requirements. Please specify the significance of each 
requirement for the DM-industry from today’s point of view 
and its significance in 2020 on a scale from “0” to “4” (no 
significance up to high significance). Then please 
estimate each technology’s performance regarding each 
requirement. Please use the given scale from “0“ (i.e. you 
think there is a call for action) to “4“ (i.e. the technology 
has got a distinctive strength concerning this 
requirement). 

You can either evaluate all of the listed technologies or 
selected ones. Please make sure to evaluate as many of 
the listed technologies as possible. Within the free 
columns you can add and assess further technologies. 

 
 

Significance Degree of performance 

To
da

y 

20
20

 

P
ow

de
r b

ed
 

fu
si

on
 –

 P
la

st
ic

 
(e

.g
. S

LS
) 

P
ow

de
r b

ed
 

fu
si

on
 –

 M
et

al
 

(e
.g

. S
LM

) 

Fu
se

d 
La

ye
r 

M
od

el
in

g 
 

(e
.g

. F
D

M
) 

P
ol

ym
er

is
at

io
n 

(e
.g

. S
te

re
ol

ith
o-

gr
ap

hy
)  

  

1) Build chamber volume (V in m3)        

a) V < 1 m3                  

b) 1 m3  V  8 m3                  

c) V > 8 m3                  
2) Build-up rates (production speed at highest 

quality in cm³/h)         

a) 1 - 10 cm3/h                 

b) 11 - 40 cm3/h                 

c) 41 - 100 cm3/h                 

d) > 100 cm3/h                 
3) Minimal surface quality of parts with highest 

quality (measured by its average surface finish 
Ra) 

       

a) Ra > 10 m                 

b) 5 m  Ra  10 m                 

c) 1 m  Ra < 5 m                 

d) Ra < 1 m                 

4) Dimensional accuracy (average deviation in m)        

a) < ± 50 m                 

b) ± 50 - 100 m                 

c) > ± 100 m                 

 
 

Example: 

Significance Degree of 
Performance

To
da

y 

20
20

 

Technology 1

Build chamber 
volume > 8 m3 2 4 1 

Today, the build chamber volume of 8 m3 has 
got a medium significance for the DM-industry 
from your point of view. Until 2020, the 
significance will immensely increase. But the 
technology’s performance is unsatisfying 
regarding this requirement. 
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 6 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

 
 

Significance Degree of performance 

To
da

y 

20
20

 

P
ow

de
r b

ed
 

fu
si

on
 –

 P
la

st
ic

 
(e

.g
. S

LS
) 

P
ow

de
r b

ed
 

fu
si

on
 –

 M
et

al
 

(e
.g

. S
LM

) 

Fu
se

d 
La

ye
r 

M
od

el
in

g 
 

(e
.g

. F
D

M
) 

P
ol

ym
er

is
at

io
n 

(e
.g

. S
te

re
ol

ith
o-

gr
ap

hy
)  

  

5) Layer thickness (in mm)        

a) < 0,05 mm                 

b) 0,05 - 0,099 mm                 

c) 0,1 mm - 2 mm                 
6) Machine incidental acquisition costs (in % p.a. 

referring to machine acquisition costs)        

a) < 5% p.a.                 
b) 5 - 10% p.a.                
c) 11 - 15% p.a.                
d) > 15% p.a.                 

7) Maintenance costs (in % p.a. referring to machine 
acquisition costs)        

a) < 10% p.a.                 

b) 10% - 20% p.a.                 

c) > 20% p.a.                 

8) Processability of materials with AM-machines        

a) Magnesium                 

b) Carbon-fiber-reinforced polymer(CFRP)                 

c) Liquid crystalline polymers (LCP)                 

d) Shape memory alloys (SMA)                 

e)________________________________         

9) Availability of new material properties        

a) Fire resistance                 

b) Thermal conductivity                  

c) Electrical conductivity                 

d) Self-healing properties                 

10) Flexible / hybrid material processing        
a) Processing different types of material by one 
 machine (sequential processing of e.g. plastics 
 and metals)  

                

b) Processing different types of material within 
 one job (simultaneous multimaterial processing 
 of e.g. plastics and metals) 

                

11) Possibility to build up on existing structures  

a) Building up on flat surface                 

b) Building up on 3-D surface                 

 



97

Appendix

Expert survey on current and future requirements on Direct Manufacturing technologies Page 7 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

 
 

Significance Degree of performance 

To
da

y 

20
20

 

P
ow

de
r b

ed
 

fu
si

on
 –

 P
la

st
ic

 
(e

.g
. S

LS
) 

P
ow

de
r b

ed
 

fu
si

on
 –

 M
et

al
 

(e
.g

. S
LM

) 

Fu
se

d 
La

ye
r 

M
od

el
in

g 
 

(e
.g

. F
D

M
) 

P
ol

ym
er

is
at

io
n 

(e
.g

. S
te

re
ol

ith
o-

gr
ap

hy
)  

  

12) Quality control in production processes        

a) Conduct quality control after job completion                 

b) Conduct quality control on-line (during the job)                 

13) Process integration         
a) Partial integration (e.g. powder management 
 system)                 

b) Automated integration of AM-machines into 
 production line                 

c) Highly integrated AM-machine (machine as 
 production line)                 

14) Certification        
a) Ensure continuous certification in the aircraft 
 production (usability of parts in aviation)                 

b) Ensure continuous certification in the 
 automotive production (usability of parts in 
 traffic) 

                

c) Ensure continuous certification in the 
 manufacturing equipment (usability of parts in 
 manufacturing equipment) 

                

15) High process stability         
16) Integration of electronic circuits into additively 

manufactured parts         

17) Provision of design rules         
18) Availability of a database containing properties of 

additively processed materials (e.g. thermal 
characteristics, tensile strength etc.) 

        

19) Recyclability of materials         

 
If you see further technology-specific requirements, please add and assess them on page 8. 
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 8 of 8 

For questions please contact: Mr. Niklas Echterhoff / Mrs. Marina Wall, Heinz Nixdorf Institute   
(E-Mail: Niklas.Echterhoff@hni.upb.de / Marina.Wall@hni.upb.de, Phone: +49-5251-606264 /+49-5251-606496)   

Part 4: Final Statement 

Are there further aspects we have not considered yet? Please notice them below. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Thank you for taking part in this expert survey.  
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A2
Expert Survey on Advancements of Direct Manufacturing 
Technologies

HEINZ NIXDORF INSTITUTE
University of Paderborn

Product Engineering
Prof. Dr.-Ing. Jürgen Gausemeier

 

Expert survey on advancements of  
Direct Manufacturing technologies  

The Direct Manufacturing Research Center (DMRC) has the goal to advance Additive Manufacturing 
(AM)-technologies from Rapid Prototyping to dependable Direct Manufacturing (DM)-technologies. To 
achieve this, it is necessary to align the technology development with current and future requirements 
on Direct Manufacturing. In the project “Opportunities and Barriers of Direct Manufacturing 
Technologies”, conducted by the DMRC and the Heinz Nixdorf Institute, we identified (future) 
promising applications for Direct Manufacturing. Based in this, required advancements of AM-
technologies – in terms of requirements each application imposes on DM-technologies – were 
deduced and validated in an expert survey.  

In the present survey, we highly appreciate your feedback concerning 16 requirements. Therefore, we 
ask you to estimate the point in time when – from you point of view – the selected requirements will 
be fulfilled by selected AM-technologies. This will allow creating innovation roadmaps, indicating when 
the identified future applications can be manufactured as technological requirements will be fulfilled. 

The information you provide within this survey will be evaluated for scientific purposes and will be 
treated as confidential. We explicitly declare that we will neither publish nor make otherwise available 
your personal data to any third party. The completion of this survey will approximately take 30 
minutes. Your feedback is very important for us. After the evaluation of the survey, you will get an 
electronic version of the results. In addition we will provide you the study including the results of the 
survey exclusively and free of charge. Thank you for your support.  

Contact 
After completing this survey, please save your information and send the file by email to Marina Wall or 
Niklas Echterhoff, Heinz Nixdorf Institute, Email: Marina.Wall@hni.uni-paderborn.de / 
Niklas.Echterhoff@hni.uni-paderborn.de. If you prefer conventional mail, please send your print to 
Heinz Nixdorf Institute, Marina Wall, Fuerstenallee 11, 33102 Paderborn, Germany. In case of any 
questions, please do not hesitate to ask. Our phone number: +49-5251-606496 / +49-5251-606264. 

Personal Information 
Name: Company: 

E-Mail: Date: 
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Expert survey on advancements of Direct Manufacturing technologies Page 2 of 6 

For questions please contact: Mrs. Marina Wall / Mr. Niklas Echterhoff, Heinz Nixdorf Institute  
(E-Mail: Marina.Wall@hni.upb.de / Niklas.Echterhoff@hni.upb.de, Phone: +49-5251-606496/+49-5251-606264) 

Part 1: General Information 

Please give us some general information about your professional background.  

1. In which part of the value chain of Additive Manufacturing are you working? 

 Machine Manufacturer  
 Material Supplier 
 User 
 University / Research Facility  
 Consulting 
 _________________________ 

2. If you are a user of AM-technologies, how do you use them? 

 Rapid Prototyping 
 Rapid Tooling 
 Direct Manufacturing 
 _________________________ 

3. In which company division are you working? 

 Research & Development 
 Modeling / Prototyping 
 Production 
 Sales 
 Quality Assurance 
 Maintenance and Repair 
 Purchase 
 Marketing 
 Management 
 __________________________ 

4. In which area are you expert? 

 Technology 
 Market and Competition  

5. Field of research and action within Additive Manufacturing 

Please name fields of research or action that are of great importance for you within the 
context of Additive Manufacturing.  
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Expert survey on current and future requirements on Direct Manufacturing technologies Page 6 of 6 

For questions please contact: Mrs. Marina Wall / Mr. Niklas Echterhoff, Heinz Nixdorf Institute  
(E-Mail: Marina.Wall@hni.upb.de / Niklas.Echterhoff@hni.upb.de, Phone: +49-5251-606496/+49-5251-606264) 

Part 3: Final Statement 

Are there further aspects we have not considered yet? Please notice them below. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Thank you for taking part in this expert survey.  
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