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Abstract 

For reasons of high flexibility but still maximum productivity, machine tools integrating various production technologies have 
recently received particular attention. Combining and integrating multiple manufacturing techniques into one single system in 
early stages of the product emergence process is challenging. To keep the effort for implementation to a minimum, an initiation
already in the concept phase is being actively pursued. Design guidelines are currently investigated based on the examination of
different technology combinations.  
This approach focuses on systematic conceptual design for such hybrid machine technologies. Product architectures are used to 
describe the modularity and create a specific delimitation for standardization. Reference product architectures for Multi 
Technology Machine Tools (MTMT) carry high potential for saving expenses in product development. The main emphasis is on 
technology and system integration. A technological similarity assessment of the single processes involved forms the basis of this
approach to assure potential for synergies. Monetary aspects in early stages of product development are considered. Based on the
analysis a generic system model is connected with general product architectures for MTMT.  
The method introduced is validated by a Multi-Technology Machining Centre with two simultaneously usable workspaces 
integrating a milling spindle and two laser processing units. The research undertaken is part of the Cluster of Excellence 
“Integrative Production Technology for High-Wage Countries” and has been funded by German Research Foundation (DFG).  
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1. Introduction and Motivation 

Intelligent production technologies, currently omnipresent 
under the keyword “Industry 4.0”, mark the transition to 
interconnected production, addressing the research projects 
human-machine interaction as well as the holistic 
digitalization and networking of the individual processing 
steps, basically shown in Fig. 1. The focus is both on 
changeability of the company structure and the corresponding 
manufacturing systems since the forecasting of further market 
developments is gradually in decline [1,2].  

Fig. 1. “Smart Factory” with integrated, cognitive production systems
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Manufacturing industries and consumer behavior call for 
further flexibility, up to a lot size of one, by simultaneous 
mass customization [3]. This results in differentiated product 
structures and has a direct impact on the number of product 
variants [4,5]. The increasing global competition and the 
accompanying rising cost pressure result in a augmented 
complexity in product development and shortened product 
life-cycles [6,7]. Amendments caused by product 
modification and technological progress continue to 
contribute to this development. Due to the fierce competition, 
products have to cost-efficiently fulfill market needs and 
provide high quality at the same time. Therefore, a systematic 
planning is indispensable [8]. A unique possibility to create an 
added value to competing economies is the ability for 
innovation of sustainable companies [9]. In addition to 
ensuring new and sustainable jobs, long-term viability and 
technological leadership of a company are determined by its 
innovation [10]. The capacity for innovation is a critical key 
factor for success. Leading drivers to gain a competitive edge 
for export and growth markets are a shortened development 
time and noticeable cost reductions. A stable development and 
design process form the basis for systematic and effective 
product development in order to shorten both innovation 
cycles and time to market intervals [8]. The current focus of 
production has up to this point been based on the 
classification between “Economies of Scale” and “Economies 
of Scope” in order to find the optimal operating point for the 
manufacturing enterprise. So far the positioning strongly 
depends on the labor costs [1]. 

The vision of Integrative Production Technology is to 
reconcile the bipolarity between “planning-orientation” and 
“value-orientation” as well as between “Economies of Scale” 
and “Economies of Scope”. In the center of this consideration 
flexible production systems are accountable for dissolving the 
discrepancy. The Cluster of Excellence “Integrative 
Production Technology for High-Wage Countries” funded by 
German Research Foundation DFG deals with this task at 
RWTH Aachen University. This initiative emphasizes on the 
research objectives flexibility, automation and self-
optimization. Flexible production systems, so-called Multi 
Technology Machine Tools (MTMT), integrate 
supplementary manufacturing technologies in a single 
machine. MTMT provide the possibility to master this 
balancing act described above and bridge the gap between 
customization and process optimization.

This paper focuses on structural and functional integration 
of Multi Technology Machine Tools to promote a consistent 
modularization as well as to achieve monetary effects at an 
early stage of product development. Furthermore, monetary 
additional expenditures due to the insufficient structure are 
shown. Following a short introduction, section 1 illustrates the 
necessity of a life-cycle management and systematic 
conceptual design within product development for MTMT. 
Section 2 introduces previous methodological approaches for 
reconfigurable and flexible machine tools and modular 
design. The delimitation becomes apparent by implementing 
product architecture design for an early structuring of MTMT. 
In section 3 a systematic approach for product 
conceptualization is presented with an emphasis on functional 

integration or separation under the premise of saving 
development costs and effort in early stages. Thus, relevant 
interdependencies and similarities can be easily detected and 
conceptual alternatives can be considered. A comprehensive 
verification by a Multi-Technology Machining Centre which 
has been produced in the context of the project is carried out. 
To sum up, a short résumé is presented before the contribution 
concludes with an outlook on future research. 

1.1. Engineering Design Methodology 

Methods comprise tools for a better handling of complex 
issues. In order to take account of already existing solutions, 
complex problems are decomposed into various individual 
issues, which are functionally separated to make the 
engineering task manageable [11]. In Engineering Design 
there are different approaches and design methodologies for 
systematic product development, which can also be applied to 
MTMT. The most significant ones are listed below.  

A generic approach to the development and design of 
technical systems and products is given via VDI guideline 
2221 in the form of a phase model, basically split into seven 
steps with different degrees of concretization [12]. Analysis 
steps are divided into clarifying and defining the task, 
followed by a functional examination. Synthesis is equivalent 
with embodiment design divided into preliminary form design 
and subsequently detailing in which analysis and synthesis are 
alternating. The design process has an underlying iterative 
nature, ending with documentation. This directive focuses 
primarily on the development of new products.  

A similar approach is the “Münchener Vorgehensmodell” 
which can be abstracted into three main steps: clarifying the 
problem, looking for alternative solutions and reach a decision 
with either sequential or simultaneous processing. However, 
this process does not have to evolve in a linear manner [13]. 

Another substantial approach for designing systems is 
Axiomatic Design by Suh, consisting of two axioms: the 
independence axiom and the information axiom [14]. 

Furthermore specialized development approaches occur for 
certain subject areas, e.g. VDI 2206 contains a design 
methodology for mechatronic systems [15]. A software 
development framework is characterized by the V-model, 
structured in various phases [16].  
Common to all these approaches is the systematic procedure 
in order to reduce the complexity and solve the engineering 
task in an optimal way. The majority of later product costs is 
already determined in early phases of product development, 
displayed in Fig. 2. 
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Consequently, the possibility of an early intervention is the 
highest at that time, too. Koren shows that systematic design 
approaches may deliver substantial cost savings [18]. On the 
one hand cost benefits by modularization can be achieved, on 
the other hand increasing development effort has to be 
accepted once [8].  

1.2. Life-Cycle Costing 

A modular design of machine tools assumes the 
development and implementation in different stages of the 
product during the complete life-cycle [19]. In the approach 
of Alexopoulos the importance of a universal consideration 
taking account of uncertainties in current market situations is 
emphasized [20]. A method for comparing the flexibility 
performance of manufacturing systems is introduced. 
Manufacturing system costs are estimated under life-cycle 
considerations and validated in an industrial case.  

Efficiency criteria for MTMT with one or two workspaces 
have already been derived by Tönissen [21,22]. For this 
purpose, mathematical models based on production, cost and 
queuing theory have been developed. It has been shown that 
MTMT should be operated particularly for small output 
quantities in order to be economically competitive in 
comparison to conventional machine tools. However, 
economic effects of the type of manufacturing technologies to 
be integrated in a MTMT have not been studied in detail so 
far. The integrated manufacturing technologies strongly 
influence the accruing costs for the development as well as in 
the use phase of MTMT. Therefore, it is necessary to pursue a 
life-cycle oriented approach in order to predict the economic 
efficiency of different manufacturing technologies in 
MTMTs. So far, there are a number of already existing 
approaches which enable a life-cycle oriented cost evaluation 
of machine tools [23-25]. Most of these studies evaluate 
machine tools at a high level of abstraction. Only 
Dervisopoulos enables the derivation of structural 
optimizations of machine tools based on life-cycle costs by 
considering the individual components of a machine tool [25]. 
However, machine structures and operating conditions of 
MTMTs differ significantly from those of conventional 
machine tools. As a result, specific requirements for a new 
life-cycle cost model for MTMTs are essential and a matter of 
intense research. This also includes modelling of the 
relationships between the combined technologies and the 
functional structure of a MTMT. Furthermore methods to 
derive reference processes for wide product ranges being 
manufactured on MTMTs for a cost prediction in the use 
phase have to be developed. On this basis detailed 
investigations regarding life-cycle oriented cost evaluation of 
MTMT will be content of future work.  

To limit the inner complexity of a company, driven by 
product portfolio and their characteristics, guidelines and 
appropriate methods are indispensable in early stages of 
product development [8]. 

2. Flexible Production Systems 

Market changes reflect customer demands precisely [26].  
Flexibility and changeability are vital prerequisites to meet 
modern market demands [27,28]. To describe the combination 
and the interactions of production technologies for defined 
production tasks the systematic selection of a suitable 
technology chain is presented inter alia in [29]. The definition 
is based on technical changes that can be achieved on the 
workpiece. Reconfigurable Machine Systems (RMS) provide 
a viable solution to adapt to changing circumstances over the 
use phase efficiently. The reconfigurability is related to the 
change of functionality. Reconfigurable Manufacturing 
Systems are mainly designed for mass production, bridging 
the gap between dedicated and flexible machines. Design 
principles are essential in the phase of conceptual design of 
RMS [30]. 

2.1 Modular and Integral Design

Modular system concepts are finding their way into 
machine tools for a considerable time. A modular architecture 
enables a rapid adaptation by removing or adding modules, in 
case a consistent interface configuration is existing. It will 
therefore be possible to react quickly and flexibly to market 
changes. However, designing a universal reconfigurable 
system is outrageous [31].  

To develop a product in the first place, a regulatory 
framework is needed. As seen in Fig. 2 up to 80 % of product 
costs are determined during the development phase [17]. This 
is the time when product architecture design is established. 
Product functionalities and product varieties are defined and 
play a decisive part in the economic success of the company 
[32]. Decisions taken have a major impact on the value-added 
chain and cost incurrence. In vital enterprises robust product 
architectures are established, characterized by high 
profitability and reusability of components. Moreover 
customers are able to partially configure the product. Due to 
the nature of the current systems a classification for product 
architecture design can be carried out by functional and 
physical autonomy [9,33]. 

Modular product architecture:  
Both functional and structural self-contained units are 
constituted. Per module one function is aimed to guarantee 
separability.  
Integral product architecture:  
Showing high physical and functional dependencies. No 
clear assignment is possible. 
Functional-modular product architecture: 
High functional autonomy combined with physical 
dependency is predominant. Simple separability on 
component level is ensured.   
Physical-modular product architecture: 
High functional dependency combined with physical 
autonomy is prevalent. It can be realized with just a few 
components based on the premise of hard separability.  
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Benefits that may arise for conceptualization of MTMT are 
a cost-effective establishment of product functionalities, a 
limitation of the effort in product development through the 
use of approved and standardized components [8]. A further 
differentiation of the different types of modularity can be 
performed, basically visualized in Fig. 3.  

For instance, a hybrid form consisting of modular and integral  

For instance, a hybrid form consisting of modular and 
integral product architecture is feasible to benefit from the 
best aspects of both architectures. Several of the characteristic 
properties of the diverse modularities are listed below [9]. 

Component-Sharing Modularity: 
Reusability of components in different products. Potential 
cost reduction as a result of economies of scale. 
Component-Swapping Modularity: 
Non-variable parts are either installed as standard or 
optional components.  
Cut-To-Fit Modularity: 
Product structure, number of components and interfaces 
are independent. The difference lies in dimensioning.  
Mix-Modularity: 
Applicable to products consisting of different components, 
regardless of their interfaces.  
Bus-Modularity: 
Precondition is an underlying basic structure. Attachment 
parts are added through standardized interfaces.  
Sectional-Modularity:  
Combination of components with standardized interfaces 
to a previously undefined product.  

By decomposing the functional and physical 
characterization of a product, two structures are the result 
describing the product from different points of view, basically 
shown in Fig. 4. Product architectures represent the 
relationship between the function structure of a product 
shown on the left and its physical structure on the right [34]. 
Features and attributes are realized by the product. A 
Decomposition of product functions down to the lowest level 
creates the precondition to identify components. This 
perspective corresponds with the development point of view. 
In product structure, components are combined to assemblies 
up to the overall product. Physical and functional interfaces 
and conflicting requirements become clear by the 
connections. Furthermore technical alternatives regarding 

design - here marked with A, B and C - are enabled and can 
be compared and evaluated with each other [33]. 

Economic benefits which may arise are shorter delivery 
times, the necessity of order-related design effort only in the 
case of functional extension and a subsequently expansion. 
Exchange opportunities will be significantly improved. 
Modules can be developed, manufactured and examined 
independently as well as quality improvement can be 
achieved. The degree of aspired modularity depends on the 
specific application.  
 For MTMT conceptualization a bus-modularity according 
to Fig. 3 is aspired to utilize a basic structure without 
reference to the process combinations. Another issue focuses 
on the reusability of components. The objective is to develop 
components and modules with standardized interfaces and a 
low interaction in the relationship structure.  A sustainable 
standardization is facilitated.  Due to its modular structure 
high potentials in expandability and combinability are 
guaranteed. Already existing interface modules can be used to 
reduce the effort for implementation and development. Risks 
in product usage phases are also minimized [9]. The crucial 
point consists in the connection of function structure and 
product structure. By building the interconnections between 
these both structures, development and synergy potentials for 
the conceptualization of MTMT can be revealed.  

2.2. Reconfigurable and Flexible Machine Tools 

Reconfigurability is by definition the functional adaption 
to current conditions based on modular hardware and software 
in equal parts. The limits set by functional modification and 
expandability are still narrow [35]. This is due to a change in 
demand in competitive markets. Reconfigurable machine 
tools provide the opportunity to adapt efficiently to a short-
lived market situation. The main characteristics of RMS are: 
modularity, integrability, customization, scalability, 
convertibility and diagnosability [27].  

Successful and sustainable implementation and 
establishment of reconfigurable manufacturing systems in the 
product emergence process of MTMT requires robust 
concepts and design methodologies. An excerpt of relevant 

Fig. 3. Different types of modularity for product architectures according to [9]

Component-Sharing
Modularity 

Component-Swapping
Modularity 

Cut-To-Fit 
Modularity

Bus-
Modularity 

Sectional-
Modularity 

Mix-
Modularity 

Fig. 4. Product architecture according to [33]

function product

component
sub-

function module

function product

component
sub-

function module

function product

component
sub-

function module

function structure product structure 

A B C



723 A. Schmid et al.  /  Procedia CIRP   50  ( 2016 )  719 – 726 

approaches and research projects referring to this topic are 
listed below. 

For Pasek there are five major challenges in the design of 
RMS: defining part families, the mechanical design process, 
control system design, system integration and finally 
reconfiguration and calibration. Besides the benefits RMS 
offer, a profound understanding of technology is 
required [36].  

According to Cochran, a decomposition of functional 
design parameters for an efficient manufacturing system 
design is required. The interactions among the different 
elements of system design are also taken into account. The 
approach is based on Axiomatic Design [37]. 

Spicer claims there is a demand in system design 
guidelines, principles and metrics for conceptual design of 
RMS to find the right configuration. No systematic design 
methodology selecting the optimal configuration is existing 
yet [38]. 

Koren postulates that each time a new product is 
introduced an appropriate manufacturing system has to be 
designed [18]. With decreasing product life-cycles Koren’s 
approach becomes marginal.  The delimitations mentioned are 
taken up in this contribution. 

Managing variants is a major research topic for 
manufacturing industries. In ElMaraghy an index for design 
reconfiguration is determined [39]. ElMaraghy also claims a 
basic design principle for MTMT consists in minimizing 
complexity of future machine design. The advancing degree 
of complexity is only acceptable if an additional competitive 
edge is gained [40]. An order-related reconfiguration of 
machine tools is only possible to a limited extent with 
currently existing processing systems and with large 
expenditure of time [31]. 

Flexibility is an important aspect of manufacturing 
system’s design according to Mourtzis [5]. For quantifiable 
terms the “Penalty of Change” method is used to measure the 
benefits, both on technological and economical side. 
Alternative technology solutions under different sets of 
market requirements with a focus on a punching department 
have been studied. No hybrid solutions are investigated in this 
approach.

In Terkaj’s approach to support system design an ontology 
on flexibility is introduced to classify different types of 
manufacturing flexibility [41]. The ontology has been 
validated by analyzing real production systems. With regard 
to Mourtzis [5] Terkaj also claims, there is no standardized 
measurement unit for the measurement of flexibility. 
Methodologies to systems with predefined levels of flexibility 
are still almost missing. A further approach of Terkaj 
contains, to design new manufacturing system architectures 
with a proper balance between productivity and flexibility. 
One of the key issues are short product life-cycles impacting 
the production systems. This approach focuses on the 
production problem evaluation, whereas existing design 
approaches focus mainly on the definition of the required 
flexibility levels. The decision between reconfigurability or 
extra-flexibility is proportional to the investment costs. 
Quantitative terms to measure the flexibility are also missing 
[42].  

3. Systematic Conceptual Design for MTMT 

Functional and physical relations and direct effects on the 
architecture have to be taken into account to differentiate 
between functional integration and separation. Designers have 
to face the following challenges:  

Aiming at a homogenous structure regardless of the 
technologies involved. 
Achieving a maximum level for standardization for next 
generation MTMT and a reduction of the number of 
required interfaces.  
Minimization of required modules. 
Reaching a self-sufficient module design. 
Consistent interface design, hardware- and software-based. 

So far a fundamental design methodology for a persistent and 
effective conceptualization of MTMT is still missing at an 
early stage.  

3.1. Generic System Model for MTMT 

According to VDI 2221 to set up a robust product 
architecture, development may be initiated with analysis. 
Referring to functional analysis of the potential products, 
functional costs can be identified. They are an essential 
approach of value analysis. Functional costs of the individual 
sub-functions and the related components can be specified 
through product architecture design. Functional costs are the 
relevant costs by function for technical realization. A direct 
comparison of alternative solutions at functional level is 
provided not exclusively on the basis of parts and modules. A 
systematic combination for cost minimization and cost 
estimation in conceptual design on an abstract level is 
possible [8,16].  

A maximum synergetic degree of standardization is 
pursued in product conceptualization of MTMT 
independently of the manufacturing processes involved. In 
addition to the components, modular designed machine tools 
have to consider interdependencies as well. To set up a 
product architecture for MTMT the following aspects among 
other things have to be considered: 

Standardized platform strategy for short cycle times and an 
easy compatibility is required to enable the application of 
rationalization potentials [8]. 
Uniform definition of system boundaries. 
Definition of process modules. 
Production changes have to be considered for future 
modification and therefore standardized interfaces have to 
be intended. 
Homogenous modular architecture including basic 
modules with basic functionalities and additional modules 
for auxiliary functions. 
Main functionalities each MTMT has to fulfill are control 
and safety aspects, workpiece or tool handling and fixation, 
media supply, process monitoring and diagnostic devices, 
process preparation before the next manufacturing step 
starts, quality assurance measures and disposal.  
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For validation a Multi-Technology Machining Centre 
developed within the Cluster of Excellence is used. The 
hybrid machining centre is serving for research to increase the 
level of automation and to facilitate the transition as industrial 
application. The major research issue is an increase of 
controllability of MTMT to master the complexity. The 
scanner-based machining centre integrates a conventional 
milling spindle and wire-based laser deposition welding. The 
basic structure of the machining centre consists of two 
equivalent working spaces with rotary-tilt tables for 
workpiece movement. This constitutes a unique selling 
proposition in comparison to other competitors. An increase 
in the depth of its production is reached through a complete 
machining in one clamping. Moreover, an articulated six-axis 
industrial robot for time-concurrent processing is arranged 
concentrically to reach both working spaces equally, 
surrounded by a cylindrical housing. For post-processing 
operations micro structuring and deburring are integrated as 
laser assisted technologies. Both manufacturing technologies 
are driven by computerized numerical control associated with 
several sensors and actuators to monitor the process. Through 
spatial and functional integration of the subsystems the 
complexity is increased tremendously compared to 
conventional machine tools [1]. According to Tönissen the 
MTMT introduced can only be used for economic purposes 
for small batches and prototyping, particularly in the context 
of two equivalent working chambers [19]. Due to the high 
laser output, safety devices are essential when operating. 
Technical challenges to ensure functional integrity from 
mechanical point of view are the implementation of the 
industrial robot and the close interaction of the different 
processes increasing the risk of collision. Additional 

processes are planned for future integration, e.g. cooperative 
processing of robot and spindle. Unexploited potentials or 
unnecessary expenses become evident by means of a heuristic 
approach in the development phase before 2008.  

Depending on the application a functional integration or 
separation is recommended. A higher demand of valuable 
resources in terms of time and money is required for an initial 
development compared to dedicated machine tools. In this use 
phase a separation or doubling of the work spaces has been 
carried out for the reasons stated. The approach is to perform 
a functional integration into modules to create a clearer 
structure, where possible. The numerical control has to be 
adapted to the specific machine configuration to avoid 
collisions in the first place.  

3.2. Case Study for a Multi-Technology Machining Centre 

For the addressed MTMT high investment costs have been 
required, at the time of its formation. The previous method to 
develop this machine was to procure individual parts of 
production and to integrate in the next step by individual 
adaptation to the given constraints. There is no opportunity to 
refer on the extensive fund of expertise and experience from 
previous projects due to the new development.  

The possibility to reconfigure or extend the existing 
MTMT is given, but will not only result in high financial 
expenditure. After a potential modification an examination 
and final review is essential. This adjustment should be 
counteracted by an adequate structuring. A simplified product 
architecture of the hybrid machine tool discussed in 
section 3.1 is given in Fig. 5, with functional correlations on 
the left and physical components on the right.

Fig. 5. Simplified product architecture of a Multi-Technology Machining Centre. Illustrations taken from [1].
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The percentages for each component refer to the 
investment costs including installation and start-up. The 
figures are rounded to two decimal places. Components 
currently either physical integrated or separated are presented 
in different colors in an exemplary manner. Interdependencies 
between functions and physical components are clarified by 
linear associations. These considerations demonstrate that a 
clear allocation and separability therefore does not exist. A 
detailed breakdown of the investment costs to the point of 
commissioning on a percentage basis has been performed. 
Disaggregating the cost data enables a precise declaration 
about the validity and robustness of the initial concept 
developed and the level of elaboration. Since there is no new 
design of the MTMT but an existing solution has been 
modified, the conceptualization becomes even more 
complicated. A one to one assignment of the costs is failing 
because of the strong functional integration and the simplified 
representation of the product architecture. Additional costs 
resulting by a modification of the original concept have been 
approximately 12-13 percent of the whole investment. This is 
due to a series of factors: special designs and engineering 
work for adaption, assembling and set-up and the 
corresponding working hours for modification. Particularly 
exposed to the processes induced by modification work were 
the following points: changes in the control unit, proper 
integration of the handling robot and laser processing units 
combined with special designs, safety devices and for instance 
modifications like water-cooling or different performance 
data of the taut-system engine. In this case there was a delay 
of the assembly or bringing the machine into service. The 
basic requirement for a reconfigurability of MTMT is the 
initiation of an early structuring to provide the option for 
modularization. Different kinds of reconfigurability and 
flexibility need to be developed for MTMT depending on the 
use case. Interdependencies between different technologies, 
the effects on the machine system and the product to be 
produced have to be investigated precisely. However, the 
risks accompanying with the flexibility have to be considered. 

Developments of MTMT should in general proceed from 
left to right according to Fig. 4 and Fig. 5, starting with 
analysis of necessary functionalities and their 
interdependencies between the individual components.  The 
development is configured with high granularity of the field 
of solutions. The option to synthesize overall solutions is 
significantly enhanced.  

By a novel approach based on functional analysis modules 
can be rearranged to simplify the separation and 
configuration. Currently explored benefits are a rising 
learning curve and the associated progress in terms of 
productivity. Procedural features explicitly occur once in a 
MTMT should be separated in a single module. Some 
components are considered separately. 

The laser protective housing has been physically separated. 
The housing has to be closed every time the laser processing 
units are working. Caused by technology integration 
collisions between the industrial robot and the milling spindle 
can currently not be excluded. To solve this issue an intensive 
work is carried out on an adapted machine control. Both 
technologies should be divided into autonomously modules. 

Conversely functional costs are currently overlapping because 
no modular design is existing and characteristics influence 
each other. Furthermore there is no possibility for distributing 
of the costs incurred to individual functionalities. The effort 
for integration is excessive because no consistent or no 
existing interface design to combine these different 
manufacturing technologies is available. One challenge is to 
clearly define module limits depending on the function 
package the customer needs. A basic module structure 
supports assembly operations and exchangeability. Reference 
models for life-cycle engineering have to be applied to 
promote reusability [43]. Finally, interface design has to be 
scrutinized and standardized.   

4. Conclusion and Outlook 

To conclude, by a preventive structuring based on product 
architecture design, product conceptualization for MTMT 
becomes manageable. By generating functional modules in 
the first place, costs and effort can be saved for future 
generation of MTMT. However, the effort for first-time 
implementation can be classified higher. An estimation and 
comparison on modular level is made possible by the fact of 
functional costs. The objective is to establish a basic structure 
for context-sensitive product development to minimize the 
effort by standardization. In general a systematic development 
and design process is superior to heuristic methods referring 
to the level of complexity of MTMT.  

For future research designers should consider the 
possibility to account for effects on the processing accuracy 
caused by the combination of different technologies in one 
machine in an early design stage. Moreover a determination 
of standardized interfaces and more concrete product 
architectures depending on the manufacturing technologies to 
be integrated are investigated gradually. A complete 
understanding of the single technologies of the multi-
technology platform and their effects is essential, e.g. the 
macroscopic laser beam path has to be describable. Future 
plans include an examination of effects on the machining 
accuracy caused by the integration of a laser processing unit 
into a machine tool. Furthermore experimental and simulative 
investigations have to be connected to receive a matched 
machine model. Furthermore, no standard methodology to 
define characteristics of a production problem taking into 
account the evolution over time is existing [42]. 
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