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Abstract

This paper presents a methodical approach for the development of mechatronic product
concepts. The task of domain allocation, i.e. the selection of the appropriate engineering
domain (mechanics, electronics or software) is identified as a major step in mechatronic
design. In order to develop a methodical approach for domain allocation, existing methods for
the conceptual design of mechatronic products are analysed. Requirements on a domain
allocation method are identified and a methodical framework is presented. The interfaces
between the mechanical and the electrical domain are represented by actuators. Thus, actuator
selection is strongly related to domain allocation. For this reason, a model-based approach for
the design of actuation concepts is integrated into the domain allocation method.
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1. Introduction

Mechatronic products fulfil their functions by a synergetic interaction of mechanics,
electronics and software. In the context of mechatronics, the term “mechanics” is often used
to subsume the disciplines which are usually assigned to the area of mechanical engineering,
namely mechanics, hydraulics, pneumatics etc. In this paper, the term is used in the same
manner for clarity reasons. Especially in the phase of conceptual design of mechatronic
systems, tight cooperation between experts of the different disciplines is required [1], since a
superior mechatronic product results from a global optimum taking into account all involved
domains. However, the combination of design principles from different domains leads to a
large number of possible solutions for a given design task. In order to achieve the desired
optimum with a minimum of time-consuming iterations, a systematic approach to the design
of mechatronic systems is desirable. In the later phases of the mechatronic development
process like embodiment and detailed design, domain specific methods can be applied,
because the solution principles as well as the interfaces between the different domains have
been determined in the conceptual design phase. Hence, rather domain-specific tasks like
circuit layout, microcontroller programming or optimisation of the mechanical structure have
to be fulfilled and can be treated with the feasible methods from the respective disciplines.
Although the efficient development of mechatronic products also requires an integration of
domain-specific methods and tools, e.g. the coupling of multi-body-simulation and control
design, in particular the early stages of the mechatronic design process need methodical
support [2].



A major task in the conceptual design of a mechatronic product is to decide, which functions
should be realised in which domain, i.e. which ones should preferably be realised by
mechanics, which ones by electronics and which ones by software. In literature, different
terms are used for this important step in the design process. For example, in [2] the term
“technology allocation” is used, while other authors refer to this design step as “partitioning”
of the mechatronic system [3], [4]. In this paper, the term “domain allocation” is used as a
synonym.

The design and selection of the interfaces between different domains is strongly related to the
issue of domain allocation. The interfaces between the mechanical and the electrical domain
are represented by sensors and actuators. While sensors transform non-electrical properties
into processable electrical output signals, (mechatronic) actuators transform electrical signals
into non-electrical physical properties [2]. Consequently, the domain-structure of a
mechatronic system, i.e. the part of the product-structure which describes the relations
between functions and appropriate domains, can only be generated if feasible domain-
interfaces (actuators and sensors) exist. Therefore, a systematic approach for the design and
the selection of actuators and sensors is desirable. This paper describes a methodical support
for the design of domain interfaces in mechatronic products. Exemplarily, the focus is set on
the area of actuation principles. However it should be mentioned that the proposed method
can be adapted to the design and selection of other system components such as sensors or
mechanical converters like gear mechanisms. Thus, the approach is not only limited to the use
in the context of mechatronics and can be adapted to a wider field of application.

This paper is organized as follows: In chapter 2, existing approaches and research results
related to the problem of domain allocation and actuator selection are analysed. Chapter 3
presents a framework for a methodical support for the creation of domain-structures and
identifies the task of actuator selection as an important subproblem. Chapter 4 concretises the
developed method for the design and selection of actuation principles. Chapter 5 presents a
prototypic software tool which is based on the proposed method. Furthermore, the application
of the method is shown exemplarily. Chapter 6 concludes the results of the presented work.

2. Related work

2.1. Methods for conceptual mechatronic design and domain allocation

Due to the nature of mechatronic systems, namely the synergetic interaction of working
principles from mechanics, electronics and software technology, existing methods from the
involved disciplines cannot be directly transferred to the use in mechatronic design. This
problem in particular arises in the early design phases where the product concept is generated
in a domain-spanning, collaborative development process. The specific requirements on a
methodical support for the conceptual design of mechatronic systems have led to a number of
research activities aiming on the provision of methods and tools for the mechatronic
development process.

Buur [2] defines a set of axiomatic statements that describe the general characteristics of
mechatronic systems. Based on these axioms, he suggests a number of theorems for
mechatronic design. The axioms and theorems can be considered as a theoretical basis for the
development of design methods for mechatronic systems. In regard to domain allocation, the
Law of Vertical Causality is adapted to mechatronics and the importance of the
function/means tree is emphasized. Although the results cover some fundamental aspects that



have to be considered in the development of design method for mechatronics, a holistic
integrative approach is not presented.

Isermann [5] mentions that simultaneous engineering has to take place during the
development of mechatronic systems, since the mechanical and electronic components have
to be considered as an integrated overall system from the beginning. However, the proposed
design methods are rather related to the control aspects of mechatronic systems. A more
generic concept is presented in [6]. Based on the process that has to be carried out by the
system, the functions which are preferable realized by information technology are identified
as well as the ones which are fulfilled by energy-dominated principles. At this point also the
interfaces like sensors or actuators are considered. In later steps, the initial allocation is
checked for possible optimizations and improved if necessary. Thus, domain allocation can be
considered as an iterative approach that starts in early phases of the development process and
the domain-structure can vary during the development process due to optimizations.

The guideline VDI 2206 describes a flexible procedure model which is based on the V-shaped
model on the macro-level and the cycle of problem solving on the micro-level. In addition,
several predefined process modules for typical design tasks are provided. The partitioning of
the system, i.e. the process of domain allocation, is mentioned in context of transition from
functions to solution elements. However, the guideline does not give any detailed methodical
support concerning the conceptual design and the task of domain allocation [7][3].

A more detailed description of domain allocation is presented in [8]. The domain-structure is
generated in different steps. Before the functions are allocated to the mechanical, electrical or
software domain, the system is divided into energy- and information-dominated areas. After
that, the domain-structure is detailed and varied in order to obtain an appropriate solution.
Although the proposed differentiation between energy- and information-dominated product
functions is an interesting approach for domain allocation, a concrete method for the synthesis
of the domain-structure is missing.

Salminen and Verho, who have analysed mechatronic design processes, emphasize the
necessity for a tight collaboration of experts from mechanics, electronics and software
especially in the conceptual design phase. They propose a combined application of feasible
existing domain-specific methods. However, they mention that missing linkages between
complementary methods complicate this procedure. [1]

In [4] the partition of functions in mechatronics and the choice of means to fulfil the functions
is characterized as a problem of high complexity due to the large number of means and their
relationships. The author emphasizes the need for a computer tool which can support the
designer in creating the product concept and proposes an approach of function-costing as a
methodical basis.

An object-oriented computer tool for conceptual design of mechatronic systems is presented
in [9]. The tool is supposed to support the designer by providing solution principles for
abstract functions which are stored in a knowledge base. Thus, the creation and representation
of the product concept rather takes place on an abstract level and the problem of domain
allocation is not explicitly addressed.

2.2. Creation and representation of product models and structures

Domain allocation is tightly related to the issue of modelling product concepts and the
representation of product structures. All involved disciplines, mechanics, electronics and
software, have their own ways of conceptual modelling (e.g. sketches of mechanisms, block
diagrams or state diagrams). However, a total view of the product is important since the



selection of a particular design principle influences the properties of the entire product [10].
Nevertheless, until today there exits no domain-independent modelling language that is
capable of covering all aspects of the domain-specific approaches. Due to the diversity of the
different aspects which have to be modelled (e.g. geometries in mechanics, signal flows in
electronics), it seems difficult to define a common modelling language for all disciplines and
it is questionable if such a language would be beneficial in terms of efficiency and
unambiguousness.

While a number of approaches for product structures aims on the representation of existing
products e.g. for the purpose of manufacturing or assembly, others are rather related to the
synthesis of new products. In [11], a graphical language for the representation of product
structures is presented. The approach enables the designer to create product structures on
different levels of abstraction, since the graphical symbols for functions, working principles
and parts can be modelled simultaneously. Furthermore, the concept also defines the
representation of the relations between the elements and considers hierarchical relations as
well as non-hierarchical ones. The approach is intended to cover domain-spanning design as it
is required in mechatronics through the use of domain-independent graphical elements and
domain-specific representations by providing different views on the product structure such as
hydraulic circuits or block diagrams for control design. The presented concept seems to be a
good basis for the representation of mechatronic product concepts. However, some important
aspects like the process of generation of domain specific views are not described in detail.
Furthermore, state transitions as they occur in mechatronic systems are barely considered.

2.3. Actuator selection

The interfaces between electronics and mechanics are represented by actuators. The selection
of appropriate actuator principle and the location of the actuators within the mechatronic
product strongly influence the properties of the whole system. For example, the properties of
a system with a central actuator and gear-coupled mechanical movements will differ from
those of a mechatronic system with independent actuators coupled by electronics. In
mechatronic systems, different types of actuators are used. Many of them like DC motors,
solenoids or stepper motors are based on the electromagnetic or electrodynamic principle.
However, in recent years a number of alternatives, for example piezoelectric ceramics and
polymers or shape memory alloys, have arisen. The properties of the actuator principles are
different and for an advantageous mechatronic product concept, the selection of the best
suited principle is a crucial factor.

For the selection of electromagnetic actuators like DC motors, a number of selection methods
and tools exists. In most cases, a preselection of motors is carried out by the comparison of
the required peak power and the maximum motor power. For motors which pass this test, the
range of feasible transmission ratios is determined by speed and torque analysis and
simulations. In [12] a selection criterion for servo motors is presented. The criterion is based
on a load curve derived from the required motor torque, which is normalized with respect to
the motor inertia. The load torque is represented by an average or peak value, which leads to a
loss of precision regarding the dynamic behaviour of the movement. Thus, also this approach
cannot supersede the use of simulations for the selection of an appropriate actuator.

A method for the selection of actuators that operate in linear fashion causing a finite change in
length such as piezos and shape memory alloys is introduced in [13]. Different performance
indices which measure the effectiveness of an actuator are defined. The performance indices
are estimated from manufacturers’ data and simple models of performance limitation.
Furthermore, the authors provide graphical representations of actuator characteristics which



allow the comparison of different actuation principles. A database prototype for the selection
of actuators based on performance indices is presented in [14].

3. Framework of a methodical support for domain allocation

3.1. Requirements on a domain allocation method

In general, domain allocation is a problem of selecting the best suited technological domain
for a specific product function or a set of interrelated product functions. An overview of the
requirements on the domain allocation method and the main interrelations between them is
shown in figure 1.
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Figure 1. Requirements on the domain allocation method

As already mentioned, domain allocation is strongly related to the creation of the product
concept and structure. In some cases the decision for a certain domain can be made without a
detailed analysis of substituting working principles. This is for instance the case, if general
restrictions like preferred technologies for certain functions exist (e.g. the use of a specific
actuation concept due to modularization issues). However, in most cases the appropriate
domain can only be selected if different alternatives of working principles and their
interrelations with the product structure are considered. Therefore, a method which can
support domain allocation has to support the creation and representation of the entire
mechatronic product concept. In order to develop the concept, product requirements,
restrictions and resources have to be considered. The method should provide appropriate



means to manage these influencing factors. The concept should be represented in a flexible,
task-oriented way. Therefore, different principles of visualization and different levels of
abstraction should be used. For example, it should be allowed to mix 2D sketches and 3D
representations of working principles with verbal descriptions or black-boxes that only define
the inputs and outputs of a function. Furthermore, the properties of the product concept should
be estimated as accurately as possible with respect to the level of concept concretization. The
selection of domains should be supported by general rules which for example can help the
designer to identify the advantages or disadvantages that result from the use of a certain
domain in a certain context.

The creation of the domain-structure, especially the selection of domain-interfaces
represented by sensors and actuators, should be supported by simulations of the system’s
behaviour and property estimations. The knowledge which is generated during the design
process (e.g. reasons for design decisions, identified problems or advantages as well as
simulation results) should be stored and provided if necessary.

3.2. Concept of a domain allocation method

Product requirements and restrictions can be considered as sources of influencing factors on
the layout of appropriate domain structures [15]. Furthermore, the resources available for the
design and manufacturing of a mechatronic product have to be considered as illustrated in
figure 1. Thus, a methodical support should handle product requirements, restrictions and
resources in order to guide the process of conceptual design in general and the task of domain
allocation in particular. The proposed approach considers these aspects by assigning them to
the concept elements. The procedure is exemplarily demonstrated in figure 2 for the
development of a mechatronic robot leg.

In the first step, the overall function of the system is defined and the input and output
variables are added. The influencing factors (requirements, resources, restrictions) are linked
to the overall function. In the next step, the overall function can be divided into subfunctions,
if it is too complex to serve as a basis for the search for appropriate working principles.

In order to decide which domain or domains should or have to be used to fulfil a certain
function, an analysis of the function is necessary. In general, all functions which influence the
movement of material are related to mechanics. This includes for example the acceleration,
the deformation and the support of bodies. Consequently, the means required to fulfil a certain
product function must contain working principles from the mechanical domain, if the
movement of material has to be influenced by the function. This general result can be
considered as an example for a general allocation rule and can support the process of domain
allocation, since it can help to identify functions which have to be fulfilled by the use of
mechanical means. Another example of a general allocation rule is the fact, that the use of
software-based functions enhances the flexibility of the product with respect to its versatility
on the one hand and its adaptability to specific requirements on the other hand.

In the example, the overall function requires to influence the movements of the leg. Thus, the
mechanical domain is naturally involved. In the next step, a simple model of the leg’s basic
mechanical components is created. The model can be represented by a 2D sketch or a 3D
model. Due to this flexibility, the designer can adapt the modelling approach to the
requirements of the design task and the level of concept concretization. Furthermore, different
types of concept elements like functions and working principles, can be combined in the same
representation scheme, as suggested in [16], for example. Interrelations between different
concept elements, influencing factors etc. can be added.
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Figure 2. Design of a mechatronic leg as an example for the systematic creation of
mechatronic product concepts

In figure 2 a signal-based interaction between the functions “detect obstacle” and “drive knee
joint” / ”drive hip joint” has been identified. In further design steps this interaction has to be
concretized. There is also an interrelation between the two drive functions. In the illustrated
state of concept, it has not yet been decided whether the synchronization of movements
should be realised by mechanical principles or by signal, i.e. by electronics and software.
Since the leg is supposed to react on obstacles in a flexible way, a mechanical coupling
between the hip movement and the knee movement seems inappropriate. For this reason, two
independent actuators synchronized by electronics and software should be preferred. In order
to describe and analyze the interrelations between concept elements, an approach similar to
the one presented in [17] seems promising, where the interactions are quantified with respect
to their level of necessity and harmfulness.

Moreover, design spaces for the identified subfunctions can be defined. The usability of
design spaces for product modelling is for example described in [18]. A similar approach
seems reasonable in the context of domain allocation, since spatial aspects have a major
impact on the selection of feasible working principles and technologies. The design spaces
can be considered as black-boxes, if only a function description or input and output variables
are determined. The black-boxes can be filled with subfunctions, working principles or
components in order to establish the product concept step by step.



As already mentioned, the selection of working principles and components should be
supported by a domain allocation method. In particular the selection and arrangement of
domain interfaces is of major importance. Therefore, a systematic approach for the selection
of actuator and sensor principles should be embedded into the proposed method. Exemplarily,
figure 2 shows the basic procedure of actuator selection. Before an actuation principle can be
designed, the functions which cover domain interfaces have to be identified. In the example,
the function “drive hip joint” represents a domain interface between electronics and
mechanics. Thus, the working principles of this function will include one or more actuation
principles that transform electrical power into mechanical power. As illustrated, the
characteristics of the required movements that have to be generated are linked to the function.
From the movement characteristics, the inertial properties of the moved parts and the external
forces, different values like the required mechanical power, the maximum speed and
acceleration etc. can be calculated. The available design space and other requirements like
maximum input voltage, weight or cost can be added to the interface function and can be used
as input parameters for the selection of actuation principles, too. From a database, the models
of different actuator and gear principles are selected and their feasibility for the specific
actuation task is analysed by an algorithm. Furthermore, information on typical electronic
drive circuits for different actuator principles can be provided. The so-gained information
enable the designer to select a feasible actuation principle. The principle is added to the
product concept and can be linked to other related concept elements. The next section
provides a more detailed description of the method for the design and selection of actuator
principles.

4. Model-based design and selection of actuator principles

In mechatronic systems, the interfaces between the electrical and the mechanical domain are
represented by actuators. All actuators have in common, that they contain one or more
physical effects which transform energy from one type into another type. Figure 3 gives an
overview of the most common energy transformation effects that are used in mechatronic
actuators.
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Figure 3. Energy transformation effects used in actuators

As shown in the figure, not all transformation effects used in actuators have an electrical input
and a mechanical output. In order to use these effects within an actuator that couples the



electrical and the mechanical domain, they have to be combined with other physical effects. A
hydraulic cylinder for example transforms fluidic energy into mechanical energy.
Nevertheless this effect can be used to couple electrical and mechanical variables, if an
electrically controlled valve is added which influences the fluid pressure in the cylinder.

Figure 4 shows the basic structure of an actuator and exemplary specifications of the
elements. The input signals, which in mechatronic systems usually are electrical, are
combined with auxiliary energy in an amplifier. Thus, the output energy of the amplifier is a
function of the input signal and represents the input of the transformer. By the transformer,
the energy type is changed into the required output energy type. If the quantities of the
transformer’s output do not match the required quantities, they can be adapted by a converter.
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Figure 4. Basic structure of an actuator

The basic structure can be used as a starting point for the development of a method which
supports the design and selection of actuation principles. In order to select a feasible
transformation and conversion principle, the required output of the actuator has to be analysed
with respect to the type and characteristics of the physical quantities. Since the output energy
of a mechatronic actuator is usually of mechanical type, the methodical approach is described
for this case. However, it should be mentioned that a similar procedure can be used if the
required output energy is of non-mechanical type, e.g. thermal or fluidic.

The concept of the proposed method is shown in figure 5. The method starts with an analysis
of the required mechanical movement that has to be driven by the actuator. The required
characteristics of the movement derive from the considered product concept. Usually the
designer can estimate the displacement, speed or acceleration of a specific movement already
in early phases of the conceptual design phase. In order to provide an input for the method, an
arbitrary movement can be created by specifying the time-dependent behaviour of the linear
and rotatory components of the movement. In the next step, the estimated inertias of the
moved bodies can be linked to the movement as well as springs, dampers or arbitrary external
forces and torques. Based on these information, the time-dependent drive forces and torques
as well as the required mechanical work and power output which have to be provided by the
actuator are calculated. Furthermore, a number of characteristic values like maximum power
or maximum displacement are determined. These characteristic values describe the basic
properties of the movement and can be used for a first assessment of the applicability of a
particular transformation component, for example.

In order to create an advantageous actuation concept, the properties as well as the behaviour
of different transformation principles have to be considered. For this purpose, a generic model
is provided for each transformation principle. The model describes the principle by defining
the relevant geometric and physical properties as well as the input and output types of the
transformation principle. For example, the generic model of a DC motor includes variables for
the length and the diameter as geometric properties, the weight, the torque constant, the
electrical resistance etc. as physical properties and furthermore defines the input as electrical
power and the output as mechanical power. Following the notation of bond graph theory, the



input and output power is expressed as a product of an effort variable (e.g. voltage, torque)
and a flow variable (e.g. current, velocity). This differentiation is beneficial for the modelling
of element couplings, since a coupling requires continuity of both, the flow and the effort
variable.
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Figure 5. Model-based method for the design of actuation principles

Furthermore, the model comprises methods for the calculation of the values of dependent
properties from the properties which serve as independent inputs. In the case of the piezo
stack in figure 5, the length, the cross-section and the plate thickness could serve as
independent geometric variables. In combination with material properties like elastic
modulus, piezoelectric constant etc., the dependent variables like mass, capacity or stiffness
can be calculated.

The specification of a model can be performed in two different ways. On the one hand, the
data of available components stored in a database can be used to specify the variables of the
model. In this case, the usability of an existing component for a particular actuation task is
analysed. On the other hand, new components can be created by assigning arbitrary values to
the model’s variables. In this way, a synthesis process can be performed and usability of the
created components can be analysed again.
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The performance of working principles is limited by certain principle-specific factors. This is
also true for transformation principles used in actuators. In the case of a piezo stack, for
example, the maximum work output per unit volume that can be achieved is limited by the
actuator material properties, namely the maximum permissible stress, the maximum
permissible electric field and the piezoelectric constant. Thus, given a required work output
per actuator stroke, the minimum material volume which is necessary for this actuation task
can be calculated. The so-gained value can serve as a lower bound for the actuator volume. It
represents the volume which is necessary if the force on the piezo stack is equal to the
maximum permissible force during the entire stroke at maximum permissible electric field. In
reality, the force of the actuator usually is not constant and the applied voltage should not be
too close to the maximum permissible value. Thus, in most cases a larger volume of
piezoelectric material will be required. Nevertheless, the performance limit can be used as a
basis for first feasibility tests. Actuators with a smaller material volume than the lower bound
do not have to be considered in further steps of analysis. Besides the discussed performance
limit of maximum work per volume, other performance limits can be considered. For
example, the first resonance frequency of a piezo stack which depends on the mass, the
geometry and the stiffness, can be calculated from the independent parameters and can be
used as an upper bound for dynamic operation.

As exemplarily described for a piezo stack, performance limits can be determined for other
transformation principles, too. For example, in the case of actuators based on shape memory
alloys, the maximum frequency usually is limited by the heat transfer between the actuator
and the environment, since the actuator has to cool down from the austenite finish to the
martensite start temperature in order to complete an actuation cycle. In contrast to the heating
time which theoretically can be arbitrarily decreased by increasing the applied power, the
cooling time depends on the shape of the actuator as well as on the surrounding medium and
its flow. Thus, the cooling process usually takes considerably longer than the heating process.
Similar to the piezo stack, the mechanical work which can be performed by a shape memory
wire within one cycle is limited by the maximum permissible deformation, the maximum
permissible stress and the material volume.

The maximum mechanical power that can be provided by a permanent magnet DC motor
depends on the applied voltage and the armature resistance, while the maximum torque
depends additionally on the torque constant. Figure 6 summarizes some examples of
performance limits of different transformation principles.

C Piezo stack ) C DC motor ) C Shape memory alloy wire )
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\_"'33  constant \ [ max power AN wire P capacity /

Figure 6. Examples of performance limits for piezo stack , permanent magnet DC motor
and shape memory alloy wire
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The performance limits can be compared to the characteristic values of the movement and
thus can be used for the purpose of a rough dimensioning and feasibility tests in early phases.
But in order to design and select an actuation concept that meets all requirements, further
investigations are necessary. Especially the dynamic behaviour of the actuator has to be taken
into account. In most cases, a converter principle with a certain transmission ratio has to be
added. Thus, an optimization of the complete actuator requires the consideration of the
interaction between transformation and converter principle. Therefore the transmission ratio is
included as a parameter in the feasibility test function. This function is used to evaluate the
usability of an actuation concept for the generation of the required movement. In the function,
which is exemplarily shown in figure 5 for a piezo stack, the required electrical input of the
actuator (e.g. electric field strength, voltage or current) is calculated from the dynamic
movement characteristics (displacement, speed, acceleration, force etc.). An actuation concept
is considered as feasible, if the calculated electrical input does not exceed a principle-specific
critical value. Regarding the piezo stack, for example, this value is represented by the
permissible maximum field strength.

In order to generate solutions which adequately fulfil the requirements, the actuation
principles have to be optimized. For this purpose, specific optimization algorithms for the
different transformation principles are provided. These algorithms vary the parameters of the
model and evaluate the result with respect to the criteria derived from the requirements and
restrictions. If, for example, the usability of a particular DC motor from the database has to be
analyzed, the transmission ratio of the converter is varied in order to get the desired dynamic
behaviour. However, also an optimization based on variation of more than one parameter (e.g.
length and cross-sectional area of a piezo stack or a shape memory wire) is possible. For this
purpose, genetic algorithms are used. The fitness functions of the genetic algorithms depend
on the user-defined optimization criteria like volume or weight. In order to influence the
optimization process, the designer can rank the criteria or combine them with weight factors.

5. Software prototype and validation of the method

The presented method for domain allocation in general and the model based approach for the
design of actuation concepts in particular should be implemented in a computer tool in order
to increase the efficiency of use. Especially for the appropriate representation of mechatronic
product concepts, for the handling of interrelations between concept elements and for the
execution of extensive calculations and optimizations, a software-based tool seems
appropriate.

In order to investigate the usability of the developed methodical approch, a first software
prototype which covers a number of the aspects described above, has been realized. For the
implementation, an object-oriented approach has been chosen which is well suited to
represent the structural aspects of domain allocation. Java has been chosen as programming
language, since it is platform independent and strictly object-oriented. The implementation of
three-dimensional aspects of the product concept is realized in Java3D, which provides
powerful means for the representation of virtual worlds. The data of product concepts,
available components, requirements etc. is stored in an object-relational database, namely
PostgreSQL, which is coupled to the Java program via the Hibernate-Framework. This
increases the flexibility of the design tool, since the database can be exchanged without
changing the source code of the program. Figure 7 shows a screenshot of the user interface of
the design tool.
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Figure 7. Screenshots of the design tool prototype based on the presented method

The software prototype has been tested in a mechatronic development process. The design
task was the development of a mechatronic leg which is used for educational issues. In the
first step, the required movements of the leg were estimated and designed. For this purpose,
the computer tool is equipped with a graphical user interface which enables the designer to
create arbitrary movement characteristics by defining translatory and rotatory displacement,
speed or acceleration. As described above, the method is intended to support different ways of
modelling and representation. For this reason, the software prototype is capable of
representing three dimensional components and working principles as well as design spaces
and 2D-sketches in the same model. For the representation of components, simple shapes are
used. All components can be linked to each other in order to represent their interrelationships.

In the next step, the required drive forces and torques are calculated. For this purpose, the
forces and moments of inertia of the moved components, the force of gravity etc. are
calculated. The so-gained information is used for the dimensioning and the selection of an
appropriate actuation concept. In the example, the use of a DC motor in combination with a
transmission gear is analyzed. Since the calculated motor voltage does not exceed the
permitted voltage, the proposed motor could be used for the given drive task.

6. Conclusions
Domain allocation is an important step in the conceptual design of mechatronic systems. The
development of a superior product requires a deliberate design of the product structure. In

mechatronic design, the domain structure is an important aspect of the product concept, since
it defines the interrelations between the engineering disciplines and the functions of a product.
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For the creation of the domain structure, appropriate methods and tools are required. In this
context, especially the means used for the representation of the product concept can be
considered as a crucial aspect. Since today there exists no common language for the
description of solution concepts from different domains, a mix of different means of
representation seems reasonable. The presented methodical approach tries to meet these
requirements by providing a modelling approach which supports formal and informal
descriptions of solutions as well as a coexistence of functions, working principles and
components in the same structure. On the one hand, the semiformal approach can support
creativity, since the designer is not forced to formalize his thoughts and ideas. On the other
hand, a stepwise formalization is possible which enables the designer to evaluate a concept by
simulations or interrelation analysis.

In order to guide the design team during the conceptual design of mechatronic systems, a set
of general rules or suggestions for the creation of the domain structure should be provided.
For example, the mechanical domain cannot be completely substituted by electronics and
software, if the considered function requires to influence the movement of material. Provided
that they are used in the right context, general allocation rules can increase efficiency and
creativity in the design process.

The design of the interfaces between the different domains has been identified as a major
issue for domain allocation. Therefore, a systematic approach which can support the design
and the selection of actuation concepts has been developed. The approach is based on an
analysis of the required movements within a specific product concept. Scalable models are
used to evaluate the applicability of the different actuation principles. For the purpose of an
efficient preselection of feasible transformation principles, principle-specific performance
limits have been identified. For the detailed investigation of the feasibility of a particular
actuation concept, the required value of the electrical input variable is calculated and
compared to the permissible value. An optimization of properties is performed by genetic
algorithms. The applicability of the method has been tested in a mechatronic design process.

The results of the validation indicate that the proposed methodical approach can enhance the
efficiency and transparency of the design process. The practical usability of the method is
strongly related to its implementation in a software tool. Therefore, the method will be
extended and detailed in future work, accompanied by an optimization and completion of the
presented computer program.
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