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Summary 

 

The information and communication technology shapes the products of me-

chanical engineering and related industrial sectors like automotive industry. This 

is expressed by the term “mechatronics”. This term refers to the symbiotic co-

operation of mechanics, electronics, control engineering and software technolo-

gy in order to improve the behavior of a technical system. The design of such 

systems is an interdisciplinary and complex task. Therefore, effective and con-

tinuous cooperation and communication between developers from different do-

mains during the whole development process are required.  

The conceivable development of information technology opens up fascinating 

perspectives for mechatronic systems which have the potential to go far beyond 

current standards. Keywords such as “Things that Think”, “Cyber-Physical Sys-

tems”, “Industry 4.0” or “Self-Optimization” express this perspective of Intelligent 

Technical Systems. Such systems are characterized by the integration of cogni-

tive functions based on approaches of non-technical disciplines, e.g. cognitive 

science or neurobiology.  

Even now mechanical engineering and related industrial sectors are on the way 

to Intelligent Technical Systems. Before I deal with this point, I would like to give 

a short introduction to the systematics of product engineering and the process-

es involved that range from the business idea to the start of production. 
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1 3-Cycle-Model of Product Engineering 

In our experience, product engineering cannot be seen as a stringent sequence 

of process steps but rather an interplay of tasks that can be structured into three 

cycles (figure 1). 

 

Figure 1: 3-Cycle-Model of Product Engineering 

The first cycle: Strategic Product Planning 

In this cycle there are three tasks: foresight, product discovering and business 

planning. The aim of foresight is to identify the potentials for future success, as 

well as the relevant business options. The methods used here are scenario 

technique, Delphi studies and trend analyses. The objective of product dis-

covering is to find new product ideas to exploit the detected potentials for suc-

cess. In this phase we apply creativity techniques such as the Lateral Thinking 

of DE BONO or the well-known TRIZ. In addition, we utilize our technology plan-

ning concept, e.g. technology roadmaps for a systematic creation of product 

ideas. We thus combine both the market pull approach and the technology push 

approach. The business planning initially deals with the business strategy, i.e. 

answering the questions which market segments should be covered, when and 

how. The product strategy is then elaborated on this basis. It contains infor-

mation on setting the product program, on cost-effective handling of the large 

number of variants required by the market, on the technologies used and on 

updating the program over the product lifecycle. Additionally, a business plan 
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must be worked out to make sure that an attractive return on investment can be 

achieved. 

The second cycle: Product Development 

This cycle covers the three phases domain-spanning Conceptual Design, 

domain-specific Concretization and System Integration. The result of the 

Conceptual Design is what we call the principle solution; it serves as the plat-

form for the communication and collaboration throughout the product engineer-

ing process. The Conceptual Design links the first and the second cycle. When 

developing mechatronic products, the concretization takes place in the domains 

such as mechanical engineering, control engineering, electrical engineering 

resp. electronics and, as a matter of course, software engineering. Within the 

last phase the domain-specific results are integrated into an overall solution.  

The third cycle: Production System Development 

The starting point of the third cycle is the Conceptual Design of the Produc-

tion System. Analogous to the domain-spanning Conceptual Design the result 

of this phase is the principle solution of the production system. It serves as the 

starting point for the further process planning, the place of work planning, the 

planning of production logistics and the working appliance planning within the 

Concretization phase. The phase Production System Integration merges the 

domain-specific planning results to a comprehensive solution of the production 

system.  

Product development and production system development need to be executed 

in an alternating manner, as the product concept is affected by the considered 

manufacturing technologies. Therefore, there is a close interplay between prod-

uct development and production system development. This is emphasized by 

the horizontal arrows in the 3-Cycle-Model.  

2 From Mechatronics to Intelligent Networked Systems 

The mechanical engineering industry and related industries such as the auto-

motive industry are undergoing a massive shift from classic mechanic-centred 

products to mechatronics (figure 2). The technical systems of tomorrow will go 

beyond current mechatronics by incorporating inherent intelligence. Information 

technology and non-technical disciplines such as cognitive science, neurobiolo-

gy and linguistics are developing a variety of methods, technologies and proce-

dures that integrate sensory, actuatory and cognitive functions into technical 

systems. We call such systems Intelligent Technical Systems, see figure 2. I al-

ready mentioned the corresponding buzzwords at the beginning of my presenta-

tion. Now I am going to explain them.  
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The route to intelligent technical systems is determined by three general trends 

in technology: 

1) Miniaturization of the electronics: This development provides numerous 

advantages by combining the parallelization of information processing by multi 

core processors, an increase of storage capacity and a reduction of energy de-

mands. This, in turn, enables the development of suitable hardware for intelli-

gent technical systems. 

2) Software technology as driver of innovations: Software penetrates more 

and more modern engineering products, enabling new functions. However at 

the same time, the complexity of such systems is increasing rapidly, especially 

systems with embedded software. Modern, model-based methods, notations 

and tools of software technology enable us to cope with the complexity and 

nonetheless create software of high quality. 

3) Networking of information systems: The "Internet of Things", "Ubiquitous 

Computing", "Pervasive Computing" or " Ambient Intelligence" are current re-

search areas that deal with electronic, mostly wireless, networking of infor-

mation processing systems. This technological trend is the basis for intelligent 

networking systems. Examples are the miniature robots that are shown in fig-

ure 2. They are a vanguard research platform for analyzing swarm intelligence 

or multi-agent-systems1.   

MechatronicsMechanics

Industry 4.0

Cyber-Physical Systems

Intelligent Networking

Self-Optimization

Intelligent Systems

 

Figure 2: From Mechanics to Intelligent Technical Systems  

                                                 

1
  http://www.sfb614.de/en/ 

Collaborative Research Centre 614 “Self-Optimizing Concepts and Structures in Mechanical 

Engineering” funding by the German Research Foundation (DFG). 
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Self-optimization refers to the endogenous adjustment of the objectives of a 

system with regard to changing influences and the resulting, goal-compliant, au-

tonomous adaptation of the behavior of the system. Self-optimization takes 

place as a series of three actions that are generally carried out repeatedly. The 

so called self-optimization process consists of the following phases: analysis of 

the current situation, determination of the system objectives and adaptation of 

the system behavior. 

Cyber-Physical Systems are systems of the real world with embedded soft-

ware which are additionally interconnected via a digital communication system. 

They are connected both via local networks and global networks such as the 

World Wide Web. Using such connections they solve an underlying task togeth-

er. There are four potential application scenarios of cyber-physical systems:  

 smart grid for energy management, 

 smart mobility for intelligent traffic management, 

 smart health representing the monitoring and consolidation of medical 

data, telemedical assistance systems etc., 

 smart factory also named as Industry 4.0. 

Industry 4.0 refers to the fourth industrial revolution. The first industrial revolu-

tion started in the 18th century based on the invention of the steam engine and 

its use for mechanical production systems. The second industrial revolution 

dates back to the rationalization based on the concepts of FREDERICK WINSLOW 

TAYLOR. The third industrial revolution stands for the industrial automation ena-

bled by numerical control and programmable logic controllers (PLC). Today, 

due to the conceivable development of information and communication technol-

ogy, Industry 4.0 stands for distributed networking of intelligent manufacturing 

equipment.  

All such smart systems have the following four key characteristics in common:  

Adaptive: They interact with the environment and adapt their operation modes 

autonomously. In this manner, they can evolve during the runtime within the 

framework set by the designer and ensure their existence in the long term. 

Robust: They are able to operate in a dynamic environment flexibly and auton-

omously, even in situations that are unexpected or were not foreseen by the 

developer. Uncertainties or the lack of information can be handled, at least to a 

certain degree. 

Anticipatory: Using empirical knowledge as a base, these systems anticipate 

future impacts and possible states. In this manner, dangers can be identified 

earlier and appropriate strategies to resolve the problems can be selected and 

executed. Objectives can be achieved more efficiently. 
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User-friendly: They adapt to user-specific behavior and interact sensibly with 

the user. Its behavior is comprehensible for the user at all times.  

Primarily – but not exclusively – the course of information processing is the driv-

ing force for the change from mechatronics to Intelligent Technical Systems. 

Hence, our technology concept is established on the basic structure of mecha-

tronic systems that is shown in figure 3.  

sensoryactuatory

basic system

human

power

supply

human-machine-

interface

communica-

tion system

communica-

tion system

environmentsubsystem

Information-

processing

legend

information flowinternal Unit material flowenergy flowexternal unit  

Figure 3: Basic structure of mechatronic system 

Mechatronic systems are distinguished by the functional and/or spatial integra-

tion of sensors, actuators, information processing and a basic system. Also of 

significance is the relationship to the human and the environment in which the 

mechatronic system operates. In general, mechatronic systems can also be 

composed of subsystems which themselves are mechatronic systems. 

The basic system is commonly a mechanical structure. Generally, any desired 

physical system is conceivable as a basic system. The relevant physical (con-

tinuous) values of the basic system or its environment are measured using 

sensors in order to improve the system behavior. The sensors supply the input 

variables for information processing, which, in most cases, takes place digitally, 

i.e. discretely in terms of value and time. The information processing unit de-

termines the necessary changes of the basic system using the measurement 

data as well as the user specifications (human-machine interface) and also 

available information from other processing units (communication system). The 

information processing unit often consists of control functions. The behavior ad-

aptation of the basic system is caused by actuators.  

The relationships between the basic system, sensors, information processing 

and actuators are represented as flows. In principle, three types of flows can be 

distinguished: information flows, energy flows and material flows. As already 

mentioned, within the field of intelligent technical systems the focus lies on the 

information flow.  
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Figure 4 shows the difference in the information processing between a mecha-

tronic (reactive) system and an intelligent technical (cognitive) system. A mech-

atronic system provides a reactive and fixed coupling between sensors and ac-

tuators. Similar to cognitive biological creatures, intelligent technical systems 

must be able to modify these couplings. The cognitive processing must not re-

place the direct and reactive coupling, but has to co-exist with it.  

reactive system

system

actuatory

fixed

couplingstimuli actions

cognitive system

system

actionsstimuli
sensory actuatorysensory

cognitive

information

processing

legend: information flowinternal Unit energy flow  

Figure 4: Comparison of a non-cognitive and a cognitive system 

The cognitive science refers to cognitive creatures and thus intelligent technical 

systems that have the following three special characteristics:  

1) Active embedding into the environment and the ability to exchange in-

formation with it. 

2) Flexible and environment-adaptive action control via internal represen-

tation of the system-relevant information about the environment. 

3) Ability of learning and anticipating of the integrated information pro-

cessing. 

In order to represent these characteristics, the researcher STRUBE developed 

the three-layer-model for a cognitive information processing (figure 5). 

 The lowest layer includes the non-cognitive regulation. That means con-

tinuous controlling and fixed reflexes, what we call motoric skills. 

 The mid-layer represents the associative regulation. The process of 

learning is founded by conditioning. Probably the most famous example 

for this type of learning are Pavlov`s dogs.  

 The cognitive regulation takes place in the highest layer. Cognition refers 

to all types of events to detect information, to process information and to 

save it into memory. In addition, the information is used to adapt the 

creature`s behavior. This means processes like target management, 

planning or controlling activities. 
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Figure 5: Three-layer model (left), Operator-Controller-Modul (right) 

According to the presented three-layer-model, we developed the Operator Con-

troller Module (OCM) for self-optimizing systems2 (figure 5, right). The infor-

mation processing is subdivided into the three levels Controller, Reflective Op-

erator and Cognitive Operator.  

 Controller: The main task of the controller is the manipulation of the dy-

namic behavior of the basic system in a preferred way. Hence, the con-

trol loop is an active chain that obtains measurement signals and deter-

mines adjustment signals. It is therefore called a “motoric loop”. The 

software at this level operates under hard real-time conditions. The con-

troller itself can be made up of a number of controller configurations (see 

figure 5: block A, B and C). 

 Reflective operator: This monitors and directs the controller. It does not 

access the system’s actuators directly; instead, it modifies the controller 

by initiating changes to parameters or structures. A structural change, 

such as a reconfiguration, does not only replace the control units but it 

also switches over the corresponding control flows and/or signal flows in 

the controller. Combinations of control units, switch elements and the as-

sociated control or signal flows are called “controller configurations”. The 

                                                 

2
  http://www.sfb614.de/en/ 

information processing of

intelligent technical systems

non cognitive regulation

Continuous controlling and

reflexes

associative regulation

stimuli-actions-association

conditioning

cognitive regulation

target management, planning, 

controlling of activities
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configuration control – realized by means of a state machine – defines 

which configuration is valid to the corresponding system state, and how 

and under what circumstances it switches between them. The reflective 

operator is essentially event-oriented. Its close connection with the con-

troller calls demands that the events are processed in hard real-time. As 

a connective element to the cognitive operator, the reflective operator 

serves as an interface between the controller and those elements which 

work in soft real-time or are not capable of real-time operation. It filters 

the incoming signals and feeds them to the lower levels. The Reflective 

Operator is also responsible for real-time communication between a 

number of OCMs which together constitute of a self-optimizing system. 

 Cognitive Operator: At the highest level of the OCM, the system can 

employ a variety of methods (such as learning methods, model-based 

optimization, or knowledge-based systems) to use information about it-

self and its environment to improve its own behavior. Here the emphasis 

is on the cognitive ability to perform the self-optimization. The used 

method permits a pre-emptive optimization that does not interact in real-

time with the actual system. 

After this explanation of the OCM, I would like to come back to the reference 

structure of mechatronic systems which I have already explained (figure 6).  

sensoryactuatory

basic system
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human-machine-
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environmentsubsystem
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Figure 6: Technological Concept of Intelligent Networked Systems 

According to the three-layer-model of STRUBE and the presented OCM, the in-

formation processing has been expanded. The result is a reference structure for 

an intelligent mechatronic system.  

Taking increasing networking into account, we have had to go a step further. As 

already explained, the third trend in technology is the networking of information 
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systems. We therefore have expanded the reference structure in order to de-

scribe intelligent networked systems. It consists of several intelligent mecha-

tronic systems that communicate and cooperate with each other. 

Application Example “Railcab”: An Innovative Railway System for Tomor-

rows Mobility 

A representative example for an intelligent technical system is the project “Rail-

Cab”. RailCab is an innovative rail system that has been realized as a test facili-

ty on a scale of 1:2.5 at the University of Paderborn3.  

The core of the system comprises of autonomous vehicles (shuttles) for trans-

porting passengers and goods according to individual demands rather than a 

timetable. They act proactively, e.g. they form convoys to increase capacity uti-

lization and reduce energy consumption. The shuttles are driven by an electro-

magnetic linear drive. The main part of the shuttle’s technology is located in its 

flat floor pan to which the different cabins for passengers and cargo are at-

tached. Figure 7 gives you an impression of the shuttle itself and the system’s 

capability to form convoys automatically. 

Demand- an not Schedule-Driven

Autonomous Vehicles (RailCabs) for

Passenger and Cargo

Standardized Vehicles that 

can be Customized Individually 

Passenger RailCab Comfort Version

Cargo RailCab Local Traffic VersionConvoy Formation
 

Figure 7: Characterization of the project “RailCab“ 

                                                 

3  http://www.sfb614.de/en/ 
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3 Leading edge cluster  
“Intelligent Technical Systems OstWestfalenLippe  
(it`s OWL)“ 

After the presentation of the technology concept, I am going to present our cur-

rent extensive and most popular project within the field of intelligent technical 

systems.  

The leading edge cluster “Intelligent Technical Systems OstWestfa-

lenLippe (it`s OWL)“ 

In order to support above-averagely strong regions in Germany, the federal min-

istry of Education and Research started to pool regional potential along the en-

tire innovation and value chain in 2007 under the “Leading-Edge Cluster Com-

petition”. Today it is the flag-ship of the High-Tech Strategy of the ministry. The 

selected clusters won over the high-ranking, independent jury with their strate-

gic objectives in emerging industries. Each cluster is provided with 40 million 

euros for a period of five years, but only if the participating companies are in-

vesting at least the same amount of money. 

After the third and final round of the competition, there are 15 “Leading-Edge 

Clusters” in Germany (figure 8). Each cluster consists of a close alliance be-

tween top-level science and leading industry within a region that focusses on a 

special field of research. For example, the Biotech-Cluster Rhein Neckar re-

searches personalised medicine to fight cancer. Another example is the aviation 

Cluster Hamburg that focusses on innovative solutions for the increasing air 

traffic. The objective of our cluster it`s OWL are intelligent technical systems for 

tomorrow.  

Solarvalley 

Mitteldeutschland

BioEconomy Cluster

Cool Silicon Saxony

Medical Valley EMN

Munich Biotech 

Cluster m4

Electric Mobility South-West
MicroTec Südwest

Forum Organic 

Electronics

Biotech-Cluster Rhein-

Neckar BioRN

Software Cluster

Aviation Cluster 

Hamburg

Intelligent Technical Systems 

OstWestfalenLippe (it s OWL)

MAI Carbon

Efficiency Cluster 

Logistics Ruhr

Cluster Individual 

Immunintervention CI3

 

Figure 8: 15 Leading-Edge Clusters in Germany 
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Ostwestfalen-Lippe (OWL) belongs to one of the most powerful regions for 

product development in Europe. Important characteristics are the ability to inno-

vate as well as the high rate of export and employment. In total, OWL has a 

population of two million. The cluster`s vibrant industry consists of mechanical 

engineering, electrical/ electronic and automotive supply industries. The core 

are built by mostly independent family-owned companies and a high number of 

small and medium-sized enterprises (SME). These include numerous global 

market leaders, strong brands like Class, Gildemeister, Hella, Miele und Wincor 

Nixdorf as well as additional hidden champions.  

The local institutes are well known for interdisciplinary top-level research.  

 The University of Bielefeld is excellent in the field of cognition.  

 The University of Applied Sciences Ostwestfalen-Lippe is focused on in-

dustrial automation.  

 The University of Paderborn and in particular the Heinz Nixdorf Institute 

have strengths in the fields of mechatronics and self-optimization. 

Altogether, 174 partners – 128 companies, 16 universities and research institu-

tions as well as 30 business-related organizations are translating the cluster`s 

vision into action. New product und production innovations are being developed 

in 45 projects with a total volume of 100 million euros. There are three types of 

projects, which I will explain in the following (see figure 9).  

7 Measures for Sustainability
creating development dynamics beyond funding period

Energy-Efficiency

Systems Engineering

Human-Machine Interaction

Intelligent Networking

Self-Optimization

Technology TransferStrategic Foresight

5 Platform Projects
creating technology platform for 

innovation projects and transfer

Examples:

• intelligent sensors

• drives

• automation components

Examples:

• manufacturing equipment

• household appliances

• ATMs

Examples:

• smart grids

• production plants

• cash management

systems

Business Start-UpsEducation and TrainingPrevention of Product Piracy

Subsystems Systems
Networked 

Systems

Market Orientation

33 Innovation Projects
of industry partners lead to superior market performance

Global Market for Intelligent Technical Systems

Acceptance

founding the basis for 

partlially geographically 

dispersed networked 

systems

founding the basis for 

systems

adjustable during run

time

 
Figure 9: Operationalization by Projects 

Platform projects provide a common technology platform that enables compa-

nies to enter the business with intelligent technical systems within the next few 
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years. Furthermore, the platform is the key lever for knowledge transfer into the 

great number of SMEs. We have identified five topics for platform projects 

which are essential for the development of intelligent technical systems: 

 Self-Optimization  

 Human-Machine-Interaction 

 Intelligent Networking 

 Energy-Efficiency 

 Systems Engineering  

Innovation projects are defined and driven by the leading companies to prevail 

in the global competition. We distinguish between subsystems (such as drives), 

systems (e.g. machine tools or household appliances) and networked systems 

(e.g. manufacturing lines or cash management systems). These projects are 

based on the technology platform as mentioned before.  

The Sustainability projects shall contribute long-term sustainability beyond the 

promotional period of the programme. In particular, within these projects smaller 

and medium-sized enterprises shall be enabled to develop intelligent technical 

systems themselves within the next years.  

Coming back to the innovation projects I`d like to give three examples. 

1) Energy Management in Smart Grids with Intelligent Household 

Appliances 

Underlying problem: 

The electricity supply structure in Germany, and sooner or later, in all parts of 

the world will change. The main reason for this is the growing acceptance and 

use of regenerative energy. The problem is the limited controllability of the en-

ergy generated. Hence, the demand needs to be adapted according to the fluc-

tuating supply. This idea is the core of smart grids.  

Vision: 

The vision is shown in figure 10. The objective is to provide intelligent energy 

management for a household by complementing it with an adjustable household 

appliance – in this case a washing dryer that reacts to flexible changing margin 

conditions in Smart Grids. The energy management communicates with local 

energy suppliers, e.g. photovoltaic equipment, and all internal consumers. It 

controls the energy demand of internal home consumers according to the avail-

ability of energy. The result leads to optimized energy costs reduction.  
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Figure 10: Energy Management in Smart Grids 

2) Intelligent Virtual Machine Tool 

Underlying problem: 

Today, numerical-controlled machine tools are used for flexible machining of in-

creasingly individualized products. The selection of the most economic tool, 

machining strategy and clamping position is part of the manufacturing opera-

tions planning and is based on the employee`s practical knowledge. Generally, 

the NC programmer is supported by current CAM systems. But often the behav-

ior is insufficiently reproduced; for example, the dynamic characteristics of axes 

or the change of tools are simplified or neglected.  

• Geometry
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• Drives` 

behavior

• Technology

data

• Geometry of
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• Interpolation/ 

motion behavior
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• Interpretation of

NC syntax

ControlToolsMachine

Manufacturing 

Data

Cloud Application

Verified NC-
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Figure 11: Virtual Machine Tool 

Vision: 

The vision is a cloud application which supports the operation planning, sched-

uling and dispatching of machine tools. This requires an image of the physical 

machine in the virtual world. The underlying manufacturing is verified by simula-

tion before it is forwarded to the shop floor as a verified NC program. Additional-

ly, the practical knowledge of the manufacturing planner and the results of the 

optimizations are pre-processed for reuse by an integrated knowledge base. 

 



Page 16(17) Presentation Manuscript 

3) Adaptive frontlighting system 

Underlying problem: 

Correct adjustment of the frontlights of a car can solely be guaranteed directly 

after it`s installation (at the end of the assembly line). During the use-phase, a 

de-adjustment can have dangerous consequences (see figure 12, left): for ex-

ample, if the frontlights are set too high, other road users are blinded – oncom-

ing cars as well as cars in front via mirrors.  

Vision: 

The objective is an adaptive frontlighting system that optimizes the illumination 

of the street by itself. The system will consist of integrated sensors like a cam-

era, an intelligent information processing and an actuator based lighting module 

for continuous and partial adjustment.  

 
Incorrect adjusted frontlights!

Optimized illumination by

self-adjusting frontlighting system!

 

Figure 12: Incorrect adjusted frontlights (left) and adaptive (right) frontlighting 

system 

Conclusion – Leading Position in Intelligent Technical Systems 

The presented Leading-Edge Cluster and its underlying technology concept de-

scribe the innovation leap from mechatronics towards intelligent technical sys-

tems by a powerful cooperation between industry and universities (figure 13). 

Our overall vision is a leading position for Intelligent Technical System on the 

global market. Our mission is to create products with the highest degree of re-

source efficiency, usability and reliability. The innovation leap will ensure the 

success in the global market for the long term and will provide a high degree of 

added value and employment to our region. 

With regard to the future, the partners want to achieve the following measurable 

objectives: saving 80.000 jobs in OWL, creating 10.000 new jobs, 50 start-ups, 

five new research institutes, 500 additional research positions and four new 

courses of study with 500 enrolments per year. 
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Figure 13: It`s OWL objectives for the year 2017 

That`s ambitious. But I`m sure we will succeed. My optimism is based on both 

tangible results already achieved so far and an outstanding team- and fighting- 

spirit unique to our cluster.  


