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1  Introduction

Technology chain design is an ongoing topic in the research 
area of production engineering [1]. Key reasons for employ-
ing technology planning methodologies in companies are 
the possibility of a systematic consideration of innovative 
technologies and the cost reduction by integrating technol-
ogy planning in the product development process in order 
to maintain competitive advantages [2]. Comprehensive 
approaches in technology chain design can include multi-
ple aspects such as the planning of manufacturing networks 
[3] or automated assembly process planning [4]. This paper 
focuses on technology chain design on the operative level 
and on interactions within individual technology chains. 
Earlier publications in the field of operative technology 
planning focus on the selection of suitable technologies 
to fulfill a manufacturing task [5]. A thorough analysis of 
interactions between technologies and workpiece charac-
teristics is not included in these early approaches. Newer 
approaches consider interactions between the deployed 
technologies and interactions between the technologies 
and workpiece characteristics along the technology chain 
[6]. Undesired interactions between technologies and 
workpiece features are not considered in these scientific 
approaches. However, companies often struggle with prob-
lems from undesired and unexpected interactions within the 
technology chain. These problems lead to a high quantity 
of defect parts [7]. Therefore, the aim of the present paper 
is the development of a new methodology for robust tech-
nology chain design by considering undesired interactions 
along the technology chain.

Abstract  Existing methodologies in technology chain 
design are used to plan the deployment of manufacturing 
technologies under consideration of interactions between 
these technologies and workpiece properties. Present meth-
odologies focus on workpiece characteristics which the 
technologies are designated to change. However, workpiece 
properties can also be negatively affected because of inter-
actions between the manufacturing technologies and fea-
tures which the technologies are not supposed to change. 
These undesired interactions can cause a lower quality of 
the produced parts and an increased amount of defective 
parts. In this paper, a new methodology is presented which 
enables the user to identify undesired interactions during 
the technology chain design process. Firstly, the product 
to be manufactured is analyzed and described as a set of 
individual features. Secondly, feature-specific technology 
chains are designed under consideration of possible unde-
sired interactions. Thirdly, the individual feature-specific 
technology chains are merged to generate a robust technol-
ogy chain for the manufacturing of the analyzed product. 
Since undesired interactions usually occur during produc-
tion ramp-ups for the first time, the methodology is applied 
to a case study concerning a ramp-up in the automotive 
industry. In this context, improving the process stability by 
preventing the occurrence of undesired interactions is of 
high economic importance.
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2 � Definition of key terms

Feature In this paper, features are defined as information 
sets which concern macro geometry, micro geometry, 
near surface zone characteristics, material properties and 
functions of a product’s region of interest [8]. A feature 
represents a surface or volumetric element of a product, 
which fulfills one or several specific functions, e.g. a 
thread (feature) for the fixation of a screw (function).

Technology chain Referring to Klocke et  al., a tech-
nology chain is an abstract combination of manufactur-
ing technologies in a defined sequence with the purpose 
of manufacturing one, several or all features of a product 
and their characteristics [5].

Transition variables According to Klocke et al., tran-
sition variables describe properties stored in a feature 
due to mechanical, thermal and chemical effects of pre-
vious technologies. The transition variables describe 
the feature’s characteristics at the interface between 
manufacturing technologies within a technology chain 
and have a specific value. Exemplary transition vari-
ables of features are surface roughness, form deviations 
or material hardness [9]. In this paper the term variable 
describes the transition variable of a feature, if not men-
tioned otherwise.

Function Referring to Heller and Feldhusen, the term 
function describes the general and desired correlation 
between the input and output of a system with the objec-
tive of fulfilling a task [10].

3 � Methodology

This paper focuses on the design of technology chains 
under consideration of undesired interactions within the 
chain. It is assumed that the design process of the product 
to be manufactured is finished and that no further modi-
fications of the product are required. Furthermore, it is 
assumed that the functions the product needs to fulfill are 
defined in a function list. An overview of the methodology 
is depicted in Fig. 1.

The methodology consists of two sections. In the first 
section (feature-oriented point of view), the product to be 
manufactured is subdivided into features and for each fea-
ture-specific requirements concerning its transition vari-
ables are defined (Sect. 3.1.1). Manufacturing technologies 
which are able to generate transition variables according to 
the requirements are systematically identified (Sect. 3.1.2). 
Furthermore, impacts these technologies can have on 
other features’ transition variables are also identified 
(Sect. 3.1.3). All transition variables, a technology affects, 
are then depicted in technology modules (Sect. 3.1.4). Sub-
sequently, the technologies are connected to feature-spe-
cific technology chains (Sect. 3.1.5).

In the second section (product-oriented point of view), 
the feature-specific technology chains are connected to 
design a technology chain for the manufacturing of the 
whole product. For this, constraints regarding the sequence 
in which features are to be manufactured (Sect.  3.2.1) as 
well as constraints regarding the sequence of manufactur-
ing technologies are identified (Sect.  3.2.2). In the final 
step, feasible technology chains for the product manufac-
turing are designed (Sect. 3.2.3).

Constraints in technology sequencing

Definition of features 
and transition variables

3.2 Product oriented point of view

Robust technology chain design

3.1 Feature oriented point of view

3.1.1

Identification of capable
technologies

3.1.2

Interactions between 
technologies and features

3.1.3

Technology modules3.1.4

Feature specific 
technology chains

3.1.5

3.2.2

Constraints in sequencing
feature manufacturing

3.2.1

Final technology chain design3.2.3

Fig. 1   Main steps of the methodology for robust technology chain design
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3.1 � Feature‑oriented point of view

3.1.1 � Definition of features and transition variables

In this paper, features are considered as function carriers 
(compare Sect.  2). Functions are divided into several lev-
els of sub-functions. All sub-functions on one level must be 
fulfilled to enable the fulfillment of the (sub-) functions on 
the next higher level. These sub-functions are enabled by 
physical effects which depend on part characteristics that 
are regarded as transition variables with a corresponding 
parameter value [10].

To illustrate the significance of the determination of the 
transition variables’ values, the example of a left ventricu-
lar assist device (LVAD) is considered. One of the func-
tions an LVAD needs to fulfill is its blood compatibility. 
A sub-function of blood compatibility is mechanical blood 
compatibility which means that blood cells must not be 
damaged because of mechanical effects. Physical effects 
which negatively affect the sub-function mechanical blood 
compatibility are slashing and stockpiling of blood cells. 
Slashing occurs when the edge rounding of features which 
are in physical contact with blood is too low. Stockpiling 
depends on the amount and depths of undercuts on the fea-
tures’ surface. This example shows how the fulfillment of 
functions depends on the parameter values of transition 
variables.

Corresponding to the axiomatic design framework 
by Suh, the features of a product are identified by map-
ping functional requirements on physical product ele-
ments [11]. Based on this framework, a procedure to 

systematically identify features of technical products was 
developed (Fig. 2). In order to identify the features (F) of 
a product, functions and manufacturing requirements (Fn) 
are assigned to surface and volumetric elements (S) of the 
product (Fig.  2, left) [2]. Manufacturing requirements do 
not relate to the tasks a product needs to fulfill when used. 
Instead, manufacturing requirements describe the man-
datory characteristics of a part to assure that subsequent 
manufacturing steps can be executed. Thus, a part cannot 
be manufactured if manufacturing requirements are not ful-
filled. It is possible that one surface or volumetric element 
enables the fulfillment of several functions or manufactur-
ing requirements. Likewise, it is possible that a function is 
fulfilled by several surface or volumetric elements.

In order to apply the presented methodology, require-
ments on the parameter values of transition variables need 
to be investigated. Figure  2 (right) schematically depicts 
the requirements concerning values of transition variables 
in a feature–function–matrix. Its purpose is to define the 
requirements for the values of transition variables so that 
the functions and manufacturing requirements of the fea-
tures can be fulfilled. The value of a transition variable can 
be required to be higher or lower than a threshold value. 
Furthermore, it can have a direction for optimization where 
mathematically high (or low) values are preferred. Addi-
tionally, both conditions can be applied to a transition vari-
able when its value is required to be higher (lower) than a 
threshold value and mathematically higher (lower) values 
are preferred [12]. Each column of the matrix contains the 
required values of transition variables in order to achieve a 
specific effect. This is either a defined range of values or all 
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Fig. 2   Mapping of requirements to features in a feature–function–matrix
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values higher or lower than the threshold value. The accept-
able value set for each transition variable is the intersecting 
set of all requirements to values in one row of the matrix. 
If this set is empty, the requirements to the product’s func-
tions cannot be fulfilled. In this case, the methodology is 
not applicable until the product is redesigned.

3.1.2 � Identification of capable technologies

In this step, technologies which are capable to manufacture 
a feature’s set of acceptable values of transition variables 
are identified. DIN 8580 provides an overview and a sys-
tematic classification of manufacturing technologies. It can 
be used as a starting point for the manufacturing technol-
ogy identification process (Fig. 3) [13].

At this stage of the methodology no specific machines 
are selected. Therefore, the capabilities of technologies 
need to be estimated with help of scientific literature and 
expert knowledge. Suitable technologies are identified 
by comparing the values of transition variables they are 

capable to generate to the set of acceptable values which 
was identified in the previous step.

A manufacturing technology is not required to change 
all transition variables of a feature. Features can also be 
manufactured by a combination of technologies. If a tech-
nology or a combination of technologies is capable of gen-
erating transition variables with values which belong to 
the set of acceptable values of a feature, these technologies 
are considered further in the following step. In the exam-
ple in Fig.  3, the results of the technology identification 
step are three options for the manufacturing of the feature 
F1 (Fig. 3, bottom). It can be manufactured by combining 
technologies MT1 and MT2, by technology MT3 or by 
combining technologies MT2 and MT4.

3.1.3 � Interactions between technologies and features

After capable manufacturing technologies have been iden-
tified, they are further investigated regarding the possible 
interactions with transition variables of features which are 

Fig. 3   Identification of capable 
manufacturing technologies
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to be changed by the technologies. In contrast to previous 
publications in technology chain design, transition vari-
ables which are changed unintendedly because of undesired 
interactions in the technology chain are considered in this 
paper. For this, transition variables are categorized as pri-
mary variables and secondary variables. Primary variables 
are transition variables of a feature which are designated to 
be machined by a technology in a specific production step. 
Every technology machines at least one primary variable. 
Due to interactions during the deployment of manufactur-
ing technologies, the machining of primary variables can 
cause unintended and potentially undesired changes of fur-
ther transition variables of other features. Transition vari-
ables which are changed because of this kind of interaction 
are called secondary variables. Secondary variables can 
be affected by direct technology impacts as well as by side 
effects of a technology (Fig. 4).

When changed because of a direct technology impact, 
the technology effect on the secondary variable is similar to 
the technology effect on the primary variable. For example, 
if the surface of a feature is to be treated in an acid bath, 
but the protection of other product features from the acid is 
insufficient, then these features are influenced because of a 
direct technology impact (Fig. 4, left).

Side effects occur when the transition variables of a fea-
ture are changed and the cause of the change of the sec-
ondary variable differs from the cause of the change of the 
primary variable. During a milling operation transition var-
iables can for example be affected by hot chips welded on 
features and by thermal conduction which leads to a work-
piece distortion due to residual stresses stored in the work-
piece [14]. As these causes of transition variable change are 
a result of the milling operation but are not essential for the 
machining of the primary feature (in this case the macro 
geometry), a change of secondary variables is caused by 
side effects (Fig. 4, right). The reasons for the occurrence of 
side effects are specific to each process and therefore need 
to be investigated individually. The resulting information of 

the process analysis is summarized in a table for each fea-
ture, compare Fig. 5 for feature F1.

A similar table is to be set up for every feature of a prod-
uct. In the first column (“A”), technologies which were 
identified as capable to manufacture the considered feature 
are listed. The second column (“B”) contains the primary 
variables of each identified technology. The column “C” 
contains features which are influenced due to direct tech-
nology impacts and column “D” the effects on the corre-
sponding secondary variables. The last two columns “E” 
and “F” contain information about the secondary variables 
of specific features, which are affected because of side 
effects. In the next step, the information in Fig. 5 is aggre-
gated into technology modules.

3.1.4 � Technology modules

Technology modules contain information about potential 
interactions between the technologies and transition vari-
ables of features. The individual technology modules are to 
be combined to generate feature-specific technology chains 
for the manufacturing of individual features. An exemplary 
technology module for the technology high velocity oxygen 
fuel (HVOF) spraying to coat surfaces of cylinder bores is 
depicted in Fig. 6.

The top of the module contains information about the 
feature to be manufactured by the technology (feature F1: 
cylinder bore). On the left side of the technology module, 
relevant input variables are listed. These input variables can 
influence the applicability of the technology or they can 
affect the output state of transition variables. For instance, 
the transition variable geometry can have an influence on 
the applicability of the HVOF spraying technology (com-
pare Fig. 6). If the geometry prevents the positioning of the 
tool (in this case the HVOF nozzle) the technology HVOF 
spraying cannot be deployed.

The center of the technology module provides additional 
information which is necessary for the application of the 

Fig. 4   Change of secondary 
variables due to direct technol-
ogy impacts or side effects

Side effectsDirect technology impact

surface damage
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technology. Furthermore, it contains the sources which 
were used to generate the technology module. As shown in 
Fig. 6, the removal of lubricants is necessary for the appli-
cation of HVOF spraying [15].

The right side of the technology module contains a 
list of all transition variables which are changed if the 

technology is deployed. The technology module contains 
a distinction between primary and secondary variables. 
If a primary variable of a feature is changed, the feature 
is written in bold (hardness [16], surface roughness [15] 
and residual stresses [17] of feature F1). If a secondary 
variable is changed it is marked red (form deviations 

Fig. 5   Interactions between 
technologies and transition vari-
ables of features primary transition 
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of features F1, F2, and F3 as well as hardness, surface 
roughness and residual stresses of features F2 and F3) 
[18]. After the generation of all technology modules, pos-
sibilities of combining them to design feature-specific 
technology chains are described in the next step.

3.1.5 � Feature‑specific technology chains

The term feature-specific technology chain is introduced 
to describe a technology chain which is capable of manu-
facturing an individual feature. Such technology chains 
are designed in this step by combining the previously 
identified capable technologies.

The design process for technology chains presented in 
this paper requires the consideration of quantitative infor-
mation about relevant input variables and changed output 
variables of the investigated technologies. Since no spe-
cific machines are considered this quantitative informa-
tion needs to be estimated for each considered technol-
ogy. In order to make valid estimations about technology 
capabilities, expert knowledge and explanatory models 
from scientific literature are to be considered. Values of 
input and output variables need to be matched at techno-
logical interfaces. Technological interfaces describe the 
following relation between technologies: In a technology 
chain, the output of a technology is equivalent to the input 
of the succeeding technology. Thus, the output state of 
transition variables after the application of a technology 
i is identical to the input state of transition variables for 
the succeeding technology i + 1 [6]. Individual technolo-
gies can be combined for the manufacturing of a feature 
if the values of the machined output variables of a tech-
nology match the values of the relevant input variables 

of another technology which is to be applied afterwards 
(Fig. 7, top). If these values do not match, both technolo-
gies cannot be in a direct predecessor–successor relation. 
After the application of the last technology of the chain, 
all values of transition variables of the manufactured fea-
ture lie within the set of acceptable values of transition 
variables (compare Fig. 2). The result of this step is a set 
of technology chains, which contains at least one technol-
ogy chain for the manufacturing of each feature.

3.2 � Product‑oriented point of view

3.2.1 � Constraints in sequencing the feature manufacturing

After the definition of theoretically feasible feature-specific 
technology chains, constraints regarding the sequence of 
manufacturing features are identified. For example, a fea-
ture “screw thread” requires a feature “bore hole” as its 
predecessor. Sequencing constraints are shown in a fea-
ture–feature–matrix according to [2] (Fig. 8).

If a feature requires a predecessor, the considered fea-
ture itself is automatically a successor. Therefore, the fea-
ture–feature–matrix is skew-symmetric. The letter “P” in 
the feature–feature–matrix means that the relative feature 
must be manufactured before the initial feature. The letter 
“S” means that the relative feature must be manufactured 
after the initial feature. A “0” indicates that no constraints 
regarding the sequence of manufacturing exist between the 
features. All constraints regarding the sequence of feature 
manufacturing are depicted in the feature–feature–matrix. 
The right side of Fig.  8 contains potential sequences in 
which the features can be manufactured. These sequences 
are derived from the feature–feature–matrix. In the exam-
ple in Fig. 8, feature F1 must be manufactured first and fea-
ture F4 must be manufactured second. There is no sequenc-
ing constraint between features F2 and F3.
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3.2.2 � Constraints in sequencing technologies

Constraints concerning the sequencing of technologies are 
visualized in a technology–technology–matrix according to 

[19]. It contains predecessor–successor-relations between 
technologies (Fig.  9). For example, coating a substrate 
by plasma spraying requires a roughening process to be 
deployed on the substrate previously. Information about 
constraints in technology sequencing can be derived from 
scientific literature and from the previously presented tech-
nology modules (Fig. 6).

In the example in Fig. 9 technology MT1 is a required 
predecessor of technologies MT2 and MT6. Technology 
MT2 cannot be applied after technology MT3 and technol-
ogy MT3 must be applied after MT6. Technology MT4 can 
neither be applied before MT3 nor after MT5.

3.2.3 � Final technology chain design

Technology chains for the manufacturing of individual fea-
tures were designed in previous steps. The top of Fig.  10 
depicts how such technology chains are sequenced so that 
they comply with the constraints derived from the fea-
ture–feature–matrix in Fig. 8.

Technology chains which comply with the constraints 
derived from the feature–feature–matrix are generated. If a 
technology is used to manufacture more than one feature, it 
is investigated if those features can be manufactured in one 
manufacturing step (Fig. 10). This can lead to a relaxation 
of sequencing constraints from the feature–feature–matrix 
if features which were planned to be manufactured succes-
sively are then manufactured in the same step. The result-
ing sequences of manufacturing technologies are prelimi-
nary technology chains for the product manufacturing.
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After the design of preliminary technology chains, con-
straints regarding technology sequencing are considered. 
All preliminary technology chains, which violate constraints 
derived from the technology–technology–matrix, are elimi-
nated (Fig. 10, bottom center). In the example in Fig. 10, one 
technology chain is eliminated because it violates the con-
straint of MT1 being a mandatory predecessor of MT2. The 
remaining technology chains are capable of manufacturing 
the considered product (Fig. 10, bottom left). In a subsequent 
step, a specific capable technology chain is to be selected. 
The selection process is not included in the presented meth-
odology. However, different approaches concerning the 
selection of a specific technology chain can be found in [20].

4 � Case study from the automotive industry

In this chapter, the previously presented methodology is 
applied to a ramp-up case from the automotive industry. 
During productions ramp-ups the introduction of new tech-
nologies can cause significant delays due to undesired pro-
cess interactions [21]. The possible deployment of a new 
technology chain for crankcase manufacturing is investi-
gated. For the purpose of illustrating the application of the 
methodology, a simplified case is considered. The object of 
reference is a cylinder bore of the crankcase and its adja-
cent surface and volumetric elements. The focus of the case 
study is on the identification of secondary transition vari-
ables (compare Fig. 4) and undesired process interactions.

4.1 � Definition of features

The first step of the methodology is the definition of fea-
tures. In order to define features, functions and surface or 
volumetric elements of the considered product were identi-
fied. Subsequently, functions were assigned to surface and 
volumetric elements.

The identified functions of the cylinder bore are provid-
ing a guidance for the piston (Fn1) and transport of lubri-
cating oil (Fn2). Additionally, two manufacturing require-
ments were identified. These requirements are assuring the 
mountability of the piston (Fn3) and providing a basis for 
the installation of the cylinder head gasket (Fn4). In order 
to define the features of the cylinder bore, these functions 
and manufacturing requirements were assigned to surface 
and volumetric elements of the crankcase. A schematic 
drawing of the crankcase and the assignment of functions 
to its surface or volumetric elements is shown in Fig. 11.

Both functions (Fn1, Fn2) are fulfilled by the running 
surface (S1), the run-in-chamfer (S2) enables the mount-
ability of the piston (Fn3) and the separation surface (S3) 
provides a base for the installation of the cylinder head gas-
ket (Fn4).

The next step of the methodology is the definition of the 
required value range of the features’ transition variables 
(compare Fig. 2). An analysis showed that a low roughness 
(Rz ≤ 6  µm) and high hardness (H ≥ 500  HV) of the run-
ning surface are required. Additionally, the run-in-chamfer 
has to be free of burrs and with minimal form deviations at 
the transition to the running surface. The separation surface 
is required to have a roughness of Rz ≤ 15  µm. After the 
definition of features, capable manufacturing technologies 
were identified in the next step.

4.2 � Identification of capable manufacturing 
technologies

The casting technology pressure die casting was chosen 
to manufacture the aluminum base body of the crankcase. 
Electroplating and high velocity oxygen fuel (HVOF) spray‑
ing were identified as capable coating technologies. HVOF 
spraying requires a preprocessing of the running surface via 
mechanical roughening [15]. Honing was chosen as a fin-
ishing process to generate groves in the coated running sur-
face. These groves enable the transport of lubricating oil. 
The identified capable technologies are depicted in Fig. 12.

Fig. 11   Definition of features 
of a cylinder bore
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4.3 � Identification of secondary transition variables

The next step of the methodology is the identification of 
secondary transition variables. The process of identifying 
secondary transition variables is exemplarily shown for the 
technologies mechanical roughening and HVOF spraying. 
Literature research and expert interviews were conducted in 
order to identify secondary transition variables of the tech-
nologies HVOF spraying and mechanical roughening. An 

excerpt of the results of the research is exemplarily shown 
in Fig. 13.

Both considered technologies can have an effect on sec-
ondary transition variables. The mechanical roughening 
process can lead to form deviations and surface roughening 
on the run-in-chamfers. The HVOF spraying process can 
have an undesired effect on the form, roughness and hard-
ness of the cylinder bores or adjacent features [18]. After 
the identification of these interactions, countermeasures to 
be taken, if these interactions cause a worsened production 
result, can be derived in a subsequent step. The identifica-
tion of countermeasures is not included in the methodol-
ogy and is the objective of future research. Counter meas-
ures can for example be logically deduced by analyzing the 
process with experts or they can be deduced from existing 
explanatory models in scientific literature.

5 � Summary and outlook

This paper presents a feature-based approach to design 
technology chains under consideration of undesired inter-
actions in the technology chain. Firstly, features are defined 
as a combination of functions and physical product ele-
ments. Then, technologies which are capable of producing 
those features while meeting the required manufacturing 
tolerances are identified. For the identified technologies 
it is investigated if interactions between the features and 
the manufacturing technology lead to unintended effects 
on feature characteristics which are not supposed to be 
influenced by the considered technology. These so-called 

Fig. 12   Capable technologies 
for cylinder bore manufacturing 
(simplified)
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undesired process interactions are summarized in technol-
ogy modules which are generated to describe the impact of 
each manufacturing technology on the features. The tech-
nology modules are used to generate individual feature-
specific technology chains. Afterwards, technology chains 
for the manufacturing of the whole product are generated 
by combining the feature-specific technology chains. Dur-
ing the step of combining feature-specific technology 
chains, synergies between the individual technology chains 
are identified and used to combine manufacturing steps 
whenever it is feasible. A case study from the automotive 
industry showed that the methodology can be used to iden-
tify feature-specific technology chains and that it enables 
the user to identify the undesired process interactions.

The new feature based approach for technology chain 
design presented in this paper enables the user to systemati-
cally identify undesired interactions between technologies 
and the manufactured features. Deploying the presented 
methodology enables the design of robust technology 
chains, which leads to fewer defective parts and thus to 
an improvement of the produced parts’ quality. The abil-
ity to identify undesired interactions a priori enables the 
user to deduce countermeasures before a production ramp-
up begins, which can lead to a significant reduction of the 
overall process time as idle times can be avoided.

Future research will focus on the process analysis of 
individual technologies to identify reasons for the occur-
rence of undesired process interactions. Additionally, the 
systematic identification of countermeasures to be taken 
against undesired process interactions as well as a concept 
to include inspection planning in the methodology will be 
addressed. Furthermore, a computer-supported approach 
to enable an automated time-efficient technology plan-
ning process based on the presented methodology is to be 
investigated.

Acknowledgements  The authors would like to thank the German 
Research Foundation DFG for the support of the depicted research 
within “Graduiertenkolleg-Anlaufmanagement 1491” and within the 
Project KL 500/166-1 “Kostenoptimierte medizintechnische Her-
stellprozesse durch Integration von Technologie- und Prüfplanung 
(IMHOTEP)”.

References

	 1.	 Biermann D, Gausemeier J, Heim HP, Hess S, Petersen M, Ries 
A, Wagner T (2015) Planning and optimisation of manufacturing 
process chains for functionally graded components—part 2: case 
study on self-reinforced thermoplastic composites. Prod Eng Res 
Dev 9(3):405–416. doi:10.1007/s11740-015-0610-2

	 2.	 Milberg J, Müller S (2007) Integrated configuration and holistic 
evaluation of technology chains within process planning. Prod 
Eng Res Dev 1(4):401–406. doi:10.1007/s11740-007-0055-3

	 3.	 Doukas M, Psarommatis F, Mourtzis D (2014) Planning of man-
ufacturing networks using an intelligent probabilistic approach 
for mass customised products. Int J Adv Manuf Technol 74(9–
12):1747–1758. doi:10.1007/s00170-014-6121-z

	 4.	 Bikas C, Argyrou A, Pintzos G, Giannoulis C, Sipsas K, Papako-
stas N, Chryssolouris G (2016) An automated assembly process 
planning system. Proced CIRP 44:222–227

	 5.	 Klocke F, Fallböhmer M, Kopner A, Trommer G (2000) 
Methods and tools supporting modular process design. 
Robot Comput-Integr Manuf 16(6):411–423. doi:10.1016/
S0736-5845(00)00024-7

	 6.	 Denkena B, Henjes J, Henning H (2011) Simulation-based 
dimensioning of manufacturing process chains. CIRP J Manuf 
Sci Technol 4(1):9–14. doi:10.1016/j.cirpj.2011.06.015

	 7.	 Klocke F, Müller J, Mattfeld P, Kukulies J, Stauder J (2016) Inte-
grative technology and inspection planning of medical devices. 
Proced CIRP 51:105–110. doi:10.1016/j.procir.2016.05.097

	 8.	 Salomons O, Houten F, Kals H (1993) Review of research 
in feature-based design. J Manuf Syst 12(2):113–132. 
doi:10.1016/0278-6125(93)90012-I

	 9.	 Klocke F, Buchholz S, Stauder J (2014) Technology chain opti-
mization: a systematic approach considering the manufactur-
ing history. Prod Eng Res Dev 8(5):669–678. doi:10.1007/
s11740-014-0572-9

	10.	 Heller J, Feldhusen J (2014) Enhanced function structure appli-
cability through adaptive function templates. Athens J Technol 
Eng 1(1):33–46

	11.	 Suh N (2001) Axiomatic design. Advances and applications. 
Oxford University Press, New York

	12.	 Roderburg A (2013) Methodik zur Entwicklung von hybriden 
Fertigungstechnologien. Dissertation, RWTH Aachen University

	13.	 DIN ev (2003) DIN8580 Manufacturing processes—terms and 
definitions, division. Beuth, Berlin

	14.	 Klocke F, Gorgels C, Stuckenberg A (2011) Investigations 
on surface defects in gear hobbing. Proced Eng 19:196–202. 
doi:10.1016/j.proeng.2011.11.101

	15.	 Mang T, Bobzin K, Bartels T (2011) Industrial tribology. Tri-
bosystems, friction, wear and surface engineering, lubrication. 
Wiley, Weinheim

	16.	 Turunen E, Varis T, Gustafsson T, Keskinen J, Fält T, Han-
nula S (2006) Parameter optimization of hvof sprayed nano-
structured alumina and alumina–nickel composite coatings. 
Surf Coat Techol 200(16–17):4987–4994. doi:10.1016/j.
surfcoat.2005.05.018

	17.	 Lyphout C, Nylen P, Östergren L (2012) Adhesion strength 
of HVOF sprayed IN718 coatings. J Therm Spray Technol 
21(1):86–95. doi:10.1007/s11666-011-9689-y

	18.	 Buchmann M, Gadow R, Lopez D, Scherer D (2002) Ceramic 
light metal composites—product development and industrial 
application. In: Lin HT, Singh M (eds) 26th Annual conference 
on composites, advanced ceramics, materials, and structures: 
b: ceramic en-gineering and science proceedings, 1st edn. The 
American Ceramic Society, Westerville, pp 103–113

	19.	 Müller S (2008) Methodik für die entwicklungs- und planungs-
begleitende Generierung und Bewertung von Produktionsalter-
nativen. Dissertation, Technical University of Munich

	20.	 Stauder J, Buchholz S, Mattfeld P, Rey J (2016) Evaluating 
the substitution risk of production systems in volatile envi-
ronments. Prod Eng Res Dev 10(3):305–318. doi:10.1007/
s11740-016-0670-y

	21.	 Nau B, Roderburg A, Klocke F (2011) Ramp-up of hybrid manu-
facturing technologies. CIRP J Manuf Sci Technol 4(3):313–316. 
doi:10.1016/j.cirpj.2011.04.003

http://dx.doi.org/10.1007/s11740-015-0610-2
http://dx.doi.org/10.1007/s11740-007-0055-3
http://dx.doi.org/10.1007/s00170-014-6121-z
http://dx.doi.org/10.1016/S0736-5845(00)00024-7
http://dx.doi.org/10.1016/S0736-5845(00)00024-7
http://dx.doi.org/10.1016/j.cirpj.2011.06.015
http://dx.doi.org/10.1016/j.procir.2016.05.097
http://dx.doi.org/10.1016/0278-6125(93)90012-I
http://dx.doi.org/10.1007/s11740-014-0572-9
http://dx.doi.org/10.1007/s11740-014-0572-9
http://dx.doi.org/10.1016/j.proeng.2011.11.101
http://dx.doi.org/10.1016/j.surfcoat.2005.05.018
http://dx.doi.org/10.1016/j.surfcoat.2005.05.018
http://dx.doi.org/10.1007/s11666-011-9689-y
http://dx.doi.org/10.1007/s11740-016-0670-y
http://dx.doi.org/10.1007/s11740-016-0670-y
http://dx.doi.org/10.1016/j.cirpj.2011.04.003

	Robust technology chain design: considering undesired interactions within the technology chain
	Abstract 
	1 Introduction
	2 Definition of key terms
	3 Methodology
	3.1 Feature-oriented point of view
	3.1.1 Definition of features and transition variables
	3.1.2 Identification of capable technologies
	3.1.3 Interactions between technologies and features
	3.1.4 Technology modules
	3.1.5 Feature-specific technology chains

	3.2 Product-oriented point of view
	3.2.1 Constraints in sequencing the feature manufacturing
	3.2.2 Constraints in sequencing technologies
	3.2.3 Final technology chain design


	4 Case study from the automotive industry
	4.1 Definition of features
	4.2 Identification of capable manufacturing technologies
	4.3 Identification of secondary transition variables

	5 Summary and outlook
	Acknowledgements 
	References


