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Abstract- The conceivable development of communication and information technology (ICT) opens up fascinating 
perspectives which move far beyond current standards of mechatronics: mechatronic systems having inherent partial 
intelligence. We call such systems intelligent systems. Intelligent technical systems are adaptive, robust, anticipatory and 
user-friendly. The development of this systems is characterized by an increasing involvement of non-technical disciplines e.g. 
cognitive science, machine learning or mathematical optimization. Mechanical engineering and related industrial sectors are 
already on the way to intelligent technical systems. In order to provide companies from mechanical engineering with the 
knowledge to integrate intelligence into the systems, the knowledge has to be transferred from research to the companies. 
Therefore, we developed a methodology for the model-based integration of intelligent features in mechatronic systems, which 
supports engineers in a systematic way.The methodology consists of a procedure model and methods for the identification of 
demands to change the current system. Within this paper also the usage of the methodology is shown based on the case 
example of a dedusting system.  
 
Index Terms- Intelligent Technical Systems, Systems Engineering, Mechatronics, Self-Optimization 
 
I. INTRODUCTION 
 
The increasing integration of ICT in the field of 
engineering implies a large potential for technical 
innovations. The term “mechatronics” expresses this 
progress. This term refers to the symbiotic cooperation 
of mechanics, electronics, control and software 
engineering in order to improve the behavior of a 
technical system. The perspectives for mechatronic 
systems go far beyond current standards [1]. 
Keywords such as “Things that Think”, 
“Cyber-Physical Systems”, “Swarm Intelligence” or 
“Self-Optimization” express this perspective of 
intelligent technical systems [2]. The integration of 
methods and technologies of non-technical 
disciplines, e.g. cognitive science or neurobiology, 
characterizes such systems. They will enable features 
like an online-analysis of large amounts of data of 
integrated sensors, an improved adaptive control of the 
system or the connection of different systems to gain 
more information about the environment [3]. In 
accordance to KANG ET AL., within this work we 
define a feature as an extension of the current 
functionality of the technical system [4]. Based on the 
implementation of intelligent features these systems 
will be more adaptive, robust, predictive and 
user-friendly[5].  
 
However, a major challenge is to consider the 
possibility of the integration of intelligent features in 
mechatronic systems and to show a way for the 
integration. Especially for small and medium-sized 
companies in machinery and plant engineering it is a 
challenge, because usually there are no experts 
involved in their development projects, like from 
mathematical optimization or machine learning.  

 
Therefore, a methodology is needed for a model-based 
integration of intelligent features in existing technical 
systems. For the identification of this potentials it is 
also essential to integrate the customer at an early 
stage in the development phase to match suitable 
requirements for the system [6]. The main research 
questions to define the methodology are: 
 Which possibilities exist to realize improved 

systems? 
 Which demands from the customer require the 

integration of intelligent features? 
 How can a rational participation be ensured based 

on the developments in the context of ICT?  
 
In order to provide companies a guide for the 
integration of intelligent features in existing systems, 
we have developed a five-stage approach. This paper 
shows the individual phases of the methodology and 
the activities which the developers have to perform. 
Therefore, this paper is organized as follows: In Sect. 
2 a brief overview of intelligent features in technical 
systems, the development of intelligent technical 
systems and model-based analysis is given. Sect. 3 
introduces the methodology for the model-based 
integration of intelligent features. Additionally, the 
paper shows in Sect. 4 the usage of the methodology. 
We will conclude the paper in Sect.5. 
 
II. RELEVANT TOPICS TO CONFINE THE 
PROBLEM AREA 
  
In this section the relevant topics which have an 
influence on the methodology will be described. Based 
on the approach of PORTER and HEPPELMANN the 
capabilities of intelligent systems will be described in 
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Sect. 2.A. In Sect. 2.B the development of intelligent 
technical systems will be discussed, followed by 
approaches in the context of model-based analysis we 

will show in Sect. 2.B. 
 
 

 

 
Fig. 1: Four levels of intelligent capabilities and approaches for realization (in accordance to [7]). 

 
A. Intelligent Features in Technical Systems 
Future mechanical engineering systems will comprise 
of configurations of system elements with inherent 
partial intelligence. These system elements are able to 
realize functions such as "to share knowledge", "to 
coordinate behavior" or "to learn from experience". In 
accordance to PORTER/HEPPELMANN these functions 
and can be grouped into four levels: monitoring, 
adaptation, optimization and autonomy [7]. 
Each capability is valuable in its own right and also 
sets the stage for the next level. For example, 
monitoring the current situation of the system and its 
environment is the foundation for adaptation, 
optimization and autonomy. Figure 1 describes some 
of that capabilities and the four levels. A company 
have to choose the right set of capabilities that deliver 
customer value and improve the competitive 
positioning of the company. 
 
Monitoring the current situation. 
The current situation includes the current state of the 
system as well as all observations of the environment 
that have been carried out. Observations can also be 
made indirect by communication with other systems. 
Furthermore, a system’s state contains previous 
observations that were saved [7]. To realize 
monitoring capabilities conventional sensors (e.g. 
temperature sensors), virtual sensors (e.g. by using 
learned correlations between data), approaches from 
the context of condition monitoring and predictive 
maintenance can be used. 
 
Adaptation:  
Changed conditions of the system and its environment  
demand an adaptation of the behavior of the system 
and its components. This can be realized by adapting  

 
the parameters and, if required, by adapting the 
structure of the system. Parameter adaptation means 
for example changing a control parameter.  
Structure adaptations affect the arrangement of the 
system elements and their relationships. Here we 
distinguish between reconfiguration, which changes 
the relationships between a fixed set of available 
elements, and compositional adaptation, in which new 
elements are integrated into the existing structure or 
existing elements are removed from it [1]. 
Additionally, adaptive control strategies can be used to 
adjust the controller of the system in real time by using 
adaptation algorithms [8]. 
 
Optimization: 
Optimization describes the ability of a technical 
system to adapt its objectives endogenously (e.g. 
“maximize productivity”, “maximize reliability”, 
“minimize energy consumption”), regarding changing 
influences and thus adapt the system’s behavior. These 
systems exceed the familiar rule-based and adaptive 
control strategies. The system’s objectives can be 
extracted by choice and adjustment. ‘By choice’ 
means the selection of one alternative output of a 
predetermined quantity of possible objectives; the 
‘adjustment’ of objectives means the gradual 
modification of existing objectives respective to their 
relative weighting (e.g. by using multi-objective 
optimization [9]). The consideration of system´s 
objectives enable the realization of a self-optimizing 
control as an advancement of adaptive control. 
 
Autonomy:  
Autonomy can be realized, for example if the system 
gains information from networked systems 
automatically and improves the behavior adaptation 
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based on these information. Additionally, it is 
conceivable that the system performs a sensitivity 
analyzes in order to check which factors from the 
environment affect the performance of the system 
(learning correlations in operational phase) 
independently. For example, machine-learning 
methods can be used to analyze patterns in the 
influences and thus improve the behavior [10]. 
 
B. Development of Intelligent Technical Systems 
For the systematic design of intelligent technical 
systems, the developers need a guideline to select 
suitable procedures, methods and tools for the 
individual design task. There are many design 
guidelines which exist within the different disciplines 
involved in the design of intelligent technical systems. 
These are for example: 
 the VDI (Association of German Engineers) 

guideline 2422 “Systematical development of 
devices controlled by microelectronics” for the 
development of electrics and electronics [11] 
 the VDI guideline 2221 “Systematic approach to 

the development and design of technical systems 
and products”, which is essential for the 
development of mechanics [12],  
 the V-Modell XT, which is significant for the 

development of software [13] or  
 the reference process for the development of 

self-controlled logistic processes (ALEM-P) [14]. 
 
For the development of multidisciplinary mechatronic 
systems, multidisciplinary guidelines were needed. 
Therefore, the VDI guideline 2206 “Design 
methodology for mechatronic systems” were 
developed [15], but also other design guidelines like 
the extended V-Modell for Model-Based Systems 
Engineering [16]. To address the specific 
requirements for the development of intelligent 
technical systems in the sense of self-optimizing 
systems, the researchers within the CRC 
(Collaborative Research Centre) 614 
“Self-Optimizing Concepts and Structures in 
Mechanical Engineering” developed a new approach.  
The result is a reference process, which qualifies 
developers to realize self-optimizing systems 
independently [1]. This reference process focuses in 
particular on the development of new systems; the 
process does not address an integration of intelligent 
features into existing systems explicitly. Approaches 
exist, which suggest e.g. a systematic integration 
based on the identification of self-optimizing 
potentials, as e.g. from POOK [17]. In the industrial 
practice we noticed, that the approaches do not match 
very well, especially for the use in businesses in the 
context of machinery and plant engineering. The 
developers in the mentioned businesses for usual do 
not have the time to perform approaches, which seems 
to be to “academic”.  
Thus, we identified a need for the further development 

of those methods to identify potentials for the 
integration of intelligent features in all levels: 
monitoring, adaptation, optimization and autonomy. 
Therefore, a knowledge transfer has to take place, to 
show the experts in the companies, e.g. in machinery 
and plant engineering, which possibilities exists. Fig. 2 
shows the ways, how a knowledge transfer could take 
place. 
 

 
Fig. 2: Knowledge transfer of intelligent features. 

 
C. Model-Based Analysis: 
For the systematic integration features in intelligent 
systems, it is helpful to work with different models of 
the system to identify the demand to change the 
system or for the further development of the current 
system. Based on models a better as-is analysis can be 
performed because all involved experts have the same 
understanding of the system of interest [18]. To get 
many potentials for the improvement it is useful to 
involve experts from the different business divisions, 
like the service, the mechanic engineering or the 
automation. Furthermore, it is essential to integrate the 
customer very early in the development to match the 
right requirements for the system. Thus, there is a high 
need to use models or descriptions of the system, 
which are usually discipline-spanning. The 
discipline-spanning description of the whole system 
(Model-Based Systems Engineering) can be 
performed by using modelling languages like SysML 
(Systems Modelling Language) [18], UML (Unified 
Modelling Language) [19] or CONSENS [1]. This 
description of the system, allows further analysis of 
different aspects, like a dependability analysis or the 
analysis of dynamic behavior.  
A first step to identify potentials and thus the demand 
for the integration of intelligent features into technical 
systems is to identify the current weak points and 
disturbances of the current system and wishes from the 
customer or other stakeholder for future generations of 
the system [5]. Based on the identified weak points 
and wishes, it is possible to analyze intelligent features 
for monitoring, adaptation, optimization and 
autonomy.  
DUMITRESCU [20] and POOK [17] describe possibilities 
for the system analysis, in which concurrent objectives 
are identified e.g. as basis for the further integration of 
functions to realize self-optimization. By performing 
the methods, the developers mainly identify potentials 
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for the optimization. Many approaches exist, which 
already focus on the identification of faults and 
disturbances for the analysis of the safety and 
reliability of the system, like the FMEA (Failure Mode 
and Effects Analysis) or FTA (Fault Tree Analysis) 
[21]. Actually the developers have the possibility to 
perform both analysis; based on CONSENS [22], 
SysML [23] or UML [24]. However, the analysis are 
often just used for an as-is analysis of the system. The 
possibilities of the FMEA or FTA to identify new 
potentials and the demand of the customer for the 
integration of intelligent features are not considered. 
 
III. METHODOLOGY 
 
In order to provide companies with a guide for the 
model-based integration of intelligent features in 
mechatronic systems, we have defined a five-stage 
approach (see Fig. 3). 
The methodology consists of a procedure model and 
methods for the identification of demands to change 
the current system (e.g. methods in the context of 
quality management based on MBSE-approaches or to 
identify weak points and requirements of customers). 
 

 
Fig. 3: Procedure model for the consideration of intelligent 

features in future mechatronic systems. 
 
Phase 1 – Discipline-spanning system modelling: 
During the integration of intelligent features, the 
involved experts from different domains have to 
cooperate closely. Hence, a system model is necessary 
which combines all the essential aspects of 
mechanical, electrical and software engineering. 
Based on that model, an improved analysis of the 
system can be performed. For this purpose, the 
developers create the mechatronic system description, 
by using the specifications technique CONSENS [24]. 
According to Fig. 4 the specification of the system 
model consists of eight interrelated aspects: 
environment, application scenarios, requirements, 
functions, active structure, behavior-states, 
behavior-activities and behavior-sequences. The 
modelling of these aspects is provided by 
SysML-Tools (Enterprise Architect etc.) and a 
SysML-Profile, which allows a CONSENS-compliant 
modelling [26].  
 
The main goal in this phase is to create an active 
structure for the part of the considered system. The 
representation is created using so-called system 
elements. These elements represent modules, 

components, or software components. Material flows, 
energy flows, and information flows as well logical 
relations describe the interactions between the system 
elements. Ultimately, it is the basis for the further 
steps for the integration of intelligent features. 
 

 
Fig. 4: Aspects for the domain-spanning description of 

advanced mechatronic systems [1]. 
 
Phase 2 – Identify potentials to improve the 
system: In this phase the developers have to find out 
where potentials exist to develop an improved system. 
Therefore, they have to find out, which weak points 
exist in the current system or where the customer see a 
demand to realize a better system behavior (e.g. better 
handling with system). For example, based on the 
mechatronic system description a system fault analysis 
(e.g. by using a combination of the FMEA (Failure 
Mode and Effects Analysis) and FTA (Fault Tree 
Analysis) [21] can be performed. Possible faults, their 
causes and relationships in the form of failure chains 
can be shown in a diagram and thus a documentation is 
performed. To analyze these correlations we have 
developed a documentation card, where disturbances, 
their consequences and their causes can be defined. 
Additionally, according to the FMEA, the developers 
also can notice,  
 which system element or process steps are 

relevant for the disturbance,  
 which counter-measures are already existing 

and  
 which measures could exist in future for 

prevention, monitoring, adaptation or 
optimization/autonomy.  

This is relevant for the further phases (phase 3 – 
abstract the problem and phase 4 – search for 
intelligent features). Fig. 5 shows the documentation 
of this kind of information. The shown card set is 
simplified and not in correct dimensions. 
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Fig. 5: Simplified FMEA/FTA card set. 

 
To identify the wishes and demands of the customer 
e.g. lead-user workshops can be performed, and it is 
also possible to get indirect information from the 
customer if experts from the service or the sales are 
integrated in this process step [27]. In Fig. 6 the 
different ways are shown, how an integration of 
user-knowledge can be performed to get potential for 
the modification of the current systems. The potentials 
can be documented by using the aspects 
“requirements” and “application scenarios” of the 
specification technique CONSENS. 
 
Phase 3 – Abstract the problem: In this phase, the 
identified problems (weak points) of the system and 
the identified customer requirements are abstracted to 
allow a search for intelligent features. Therefore, a 
first step is to define, which level of intelligent features 
is relevant to improve the systems behavior. For 
example, sometimes it is a system upgrade, if the 
system will be able to detect any kind of disturbances 
and inform the user about the identified undesired 
state. In another case the system should perform an 
adaptation to realize improved system´s behavior. 
This will be realized by defining functions like “detect 
occurring disturbance” for monitoring or 
“situation-specific prioritization of objectives” for 
optimization. This phase is usually performed 
integrated with the second phase.  

 

 
Fig. 6: Different ways for the identification of future customer 

requirements [28], [29]. 

Phase 4 – Search for intelligent features: 
Accordingly to the identified demand, in this phase the 
developer will define solution-ideas, how the system 
could be improved. Therefore, it is essential to search 
for possibilities to improve the system by the 
integration of intelligent features. The search for 
intelligent features is currently performed manually. 
For example, the function “detect occurring 
disturbance” could be realized by known sensor 
systems or features e.g. “Data-Mining”, or the 
function “situation-specific prioritization of 
objectives” can be realized by the approach 
“Multi-Objective Optimization”. The ideas will be 
modelled in so-called “Idea-Models”. 
 
Phase 5 – Evaluate and select suitable features: 
After the phase “search for intelligent features”, the 
identified features have to be prioritized and a 
classification have to be performed in terms of various 
criteria. Thus, the company gets a better overview to 
initiate development projects to realize the identified 
potentials. The criteria include: feasibility (Does 
actually expertise exists in the enterprise in the field of 
machine learning and mathematical optimization?), 
enthusiasm at the customer, cost estimation, degree of 
innovation, etc. After the evaluation and prioritization 
the company is able to plan how the adaptation of the 
current system has to be performed to integrate the 
identified intelligent features. 
 
IV. APPLICATION EXAMPLE 
 
The methodology has been applied on the case 
example of a dedusting system for workpieces. In the 
following, we show some results from this work. 
Dedusting systems are needed e.g. for surface 
finishing processes (coating, deposition etc.). The task 
of a dedusting system is to discharge the surface of a 
workpiece electrostatically and remove dust from the 
workpiece by an air jet. These two functions are 
realized by an ionizing rod which has integrated slot 
nozzles for the needed air jet [30]. Fig. 7 shows the 
principle of a dedusting system and the correlation 
with the workpieces. 
 

 
Fig. 7: Working principle of a dedusting system. 

 
Phase 1 – Discipline-spanning system modelling: In 
this paper, we will explain the most representative 
activity of the first phase: the modelling of the active 
structure. The active structure defines the internal 
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structure and the operational mode of the system. It 
describes system elements as well as the relationships 
between system elements. Depending on the level of 
concretization, system elements may be described 
either abstractly (e.g. temperature sensor) or 
specifically (e.g. resistance thermometer). If 
necessary, it is also possible to model elements of the 
environment (e.g. user, workpiece) and their 
interaction with elements of the system (e.g. 
interaction of the user with the 
human-machine-interface of the system). Fig. 8 
visualizes an excerpt of the active structure of the 
embedded dedusting system. In particular, it shows 
that the ionizing rod has a logical interaction (air jet 
and electrostatically field) with the workpiece. To 
realize this interaction, the ionizing rod has two 
incoming flow relations: the system element ‘power 
supply’ within the dedusting system provides the 
‘electrical power’ for the ionization; the ‘magnetic 
valve’ delivers the ‘air’ for the air jet. Additionally, the 
dedusting system is part of a ‘pre-treatment system for 
surfaces’, which furthermore is part of a ‘plant for 
surface processing’. Such a visualization can be 
defined by the different experts (e.g. from mechanics 
and electrics), which are involved within the 
development of the system. Moreover the experts from 
other units of the company are able to read that model, 
like from sales or even the customer. 
 

 
Fig. 8: Active structure of the embedded dedusting system 

(excerpt). 
 
Phase 2 and 3 – Identify potentials to improve the 
system: and abstract the problem: The phases 2 and 
3 were carried out integratively. As already explained 
in Sect. 3, a modified version of the FMEA and FTA 
can be used to identify potentials for intelligent 
features in a systematic manner. Fig. 9 shows an 

excerpt of the model, which gives an overview about 
faults and failures, system elements and identified 
potentials.  
 
At first, with these approach we can visualize what 
faults can be caused by the specific system elements. 
For example, it could happen that the ionizing rod 
doesn’t have the performance (in electrostatically 
way) which is needed to get a dust-free surface. This 
could cause problems with further process steps (e.g. 
coating). The causes for this fault could be that the 
performance value of the ionizing rod is not 
well-chosen for the current workpiece (by the user) or 
that the ionizing rod is soiled or worn during the 
operational phase. 
 

 
Fig. 9: Identified faults and failures and future requirements 

(potentials) (excerpt). 
 
Based on this description, it is possible to define what 
kind of features could be integrated to reach a better 
system behavior. For example, a monitoring for these 
faults is not realized yet. Thus, the monitoring features 
“detect the performance of the ionizing rod” and 
“detect soiling or wear of the ionizing rod” are 
potentials which can be realized in the future. In case 
of detected problems with the ionizing rod the user can 
realize the adaptation function and the cleaning or 
changing of the ionizing rod can be performed. There 
are also some faults with the magnetic valve of the 
system which are not shown here explicit. 
 
Phase 4 – Search for intelligent features: In this 
phase, the developer will search for intelligent features 
and define solutions, how the system could be 
improved accordingly to the identified demand. For 
example, the function “detect the soiling or wear of the 
ionizing rod” could be realized by using approaches 
from the context of condition monitoring (e.g. 
regression [10]).  
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Fig. 10: Idea-Model for the description of intelligent features in 

the systems. 
 
This idea will be defined in a model-based idea 
description (see Fig. 10). The descriptions are 
modelled in modified application scenarios. The 
description contains:  
 the identified potential (motivation for the idea),  
 the use case (idea name),  
 involved actors,  
 a further operational behavior description of the 

idea (state machines),  
 additional notes (short text description, identified 

benefit of the idea, critical implementation points) 
and  
 the link to faults that can be better managed.  

 
These idea-models forms the basis for the next phase. 
 
Phase 5 – Evaluate and select suitable features: In 
this phase, the identified ideas have to be prioritized 
and a classification have to be performed in terms of 
various criteria. Thus, the company gets a better 
overview to initiate development projects to realize 
the identified potential. The evaluation and selection 
will be performed based on the idea-models from the 
previous phase. Therefore, it is necessary to define the 
evaluation criteria (for benefit and effort) first. In this 
application example we asked the involved 
stakeholder for the benefit as follows:  
 Does the feature generate enthusiasm at the 

customer?  
 Does the feature represent a unique selling point 

at the market? 

 Does the feature increase the performance or 
reliability of the system?  

 
The stakeholder (e.g. experts from mechanics, sales 
and lead user) were asked for their estimation of the 
benefit criteria. Therefore, they had to give 
“benefit-points” from 0 to 6 for evaluation (0: very 
small benefit; 6: very high benefit). Additionally the 
experts have to evaluate the effort as well. In this case 
the effort is defined as effort through missing 
competences to realize the features, costs, time etc. 
Now the experts have to give “effort-points” (0: very 
high effort; 6: very small effort) for the evaluation. 
Afterwards, the results of the evaluation will be 
visualized by a portfolio. Based on that visualization 
the company is able to define:  
 which features should be analyzed in more detail 

and what could be realized in future system 
generations,  
 which features should be investigated further,  
 which features are currently not taken into 

consideration.  
 
The results for the evaluation of the features from the 
dedusting system and further systems of the entire 
surface processing are shown in Fig. 11. 
 

 
Fig. 11: Results of the evaluation of the identified ideas. 
 
CONSLUSION 
 
The design of intelligent features in mechatronic 
systems is still a challenge due to the various 
disciplines that are involved. We have presented the 
approaches for a model-based development of 
intelligent features and a discipline-spanning 
specification technique for the system design. We 
focused primarily on integration of intelligent features 
in conventional mechatronic systems. Thus, we 
explained our developed methodology in a general 
manner. The methodology supports the identification 
of the demand and the definition of ideas in a 
model-based way. Additionally, the methodology 
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generates synergies in quality and knowledge 
management and thus an improvement of the 
development of innovative systems in a pragmatic 
manner. In conclusion, we presented the evaluation of 
our methodology exemplified by a dedusting system. 
In our future work, we are going to use the 
methodology by further application examples and will 
detail the methodology based on the new experience. 
Additionally, we will also develop a description for 
intelligent features to allow an improved search of 
them. 
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