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1. Introduction
Mechatronic design methodology has become a very important field during the last decade. Since the 
inherent complexity of mechatronic systems influence
new methodologies and methods are required to cope with the 
simulation is 
of simulation
al. 2004]. Nevertheless, studies by the authors 
despite the fact that there are very sophisticated simulation techniques
methodology int
used as a tool that supports or substitutes physical prototypes
reason why the authors developed a framework for simulation
based on a process model that focusses on the specific needs of simulation
In this paper, the developed approach is validated for the early phases
system design.
simulation
of modeling and simulation techniques because they provide an integrativ
best solution concepts within the large solution space of mechatronic system
In the next section the developed 
mechatronic system and
on the development of an active suspension for bicycles. The detailed procedure for early conceptual 
design is described in section 4. Based 
and open issues are discussed. Finally an outlook on further activities is given.

2. Simulation
In [Dohr
simulation
the process are the requirements that are put on the product. The process steps are oriented on the steps 
of the V
phases –
Those phases only build a generic basis and can be adapted and supplemented to any company specific 
process. The process model
activities 
different levels of system hierarchy. This means that the conceptual system d
several times on increasingly deeper level of hierarchy, until development tasks can be assigned to 
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 The use of component libraries assists the generation of concepts based on functions 
 Systems can directly be simulated in one tool and thereby concepts are easy to compare 

Moreover most of the tools offer the possibility to create simplified models of multibody systems 
which often build the basis of mechatronic systems [Schiehlen 1997], [Wallaschek 1995]. Those are 
the reasons why in the context of this paper the Modelica-based tool SimulationX [ITI GmbH 2013] 
has been chosen for simulation purposes. 

4.1 Requirements and initial Analysis Milestones 
The starting point for the process as depicted in Figure 1 is a set of requirements that are put on the 
system that is to be developed. In the case of this validation example, those requirements have been 
very rough which means that only the basic geometry details and some basic restrictions for 
functionality of the system – like its reaction time – have been known. Further requirements will arise 
or will be derived in the course of the development. Based on these requirements a first set of Analysis 
Milestones has been derived for the conceptual system design phase. A selection of those milestones is 
depicted in Table 1. 

Table 1. Preliminary set of Analysis Milestones for conceptual system design 
Analysis 
Milestone Property Pj Value for Pj 

Boundary value 
ΔPj 

Analysis 
procedure 

Analysis 
conditions 

AMSSys_1 
Energy 
consumption 

TBD 
Comparison of 
concepts 

- 
System-level 
simulation, 
SimulationX 

Simplified 
models AMSSys_2 Reaction time 0,5 s max 

AMSSys_3 
Deviation of seat 
position from 
desired value 

10 % +/- 

AMSSys_4 
Overall weight of 
the actuation 
system 

5 kg max 
Estimation 

Based on 
experience and 
rough analyses 

AMSSys_5 
Material cost of 
prototype 3500 € max 

After concept selection (AMSSys_1… AMSSys_5 have been passed) 

AMSSys_6 Reaction forces Derived from 
simulation - 

System-level 
simulation, 
SimulationX 

Simplified 2D 
multibody 
model with 
actuator and 
simplified 
controls 

AMSSys_7 
Required actuator 
speed 

Derived from 
simulation - 

4.2 Generation and choice of solution concepts 
The generation of solution concepts is done according to the procedure proposed by Pahl et al. [2007]. 
Hence based on the requirements the product functionality is identified and after that divided into 
subfunctions to manage complexity. The resulting function structure of the system is depicted in 
Figure 5. Through the identification of working principles to each subfunction an overall solution 
concept can be generated [Pahl et al. 2007]. Here design catalogues, as e.g. described by Roth [2000], 
can be used to identify suitable working principles. At this point one of the benefits of Modelica-based 
tools can be used: they contain standard libraries of models from different categories (mechanics, 
hydraulics, electronics, controls …). Those can also be used as design catalogues. Moreover those 
models are well documented which means that the structure and the behavior of the specific element 
or physical effect is described. One of the main assets of using model libraries as design catalogues is 
that the behavior is already mathematically described and the physical interfaces are already defined in 
the model. So the compatibility of the individual working principles can be directly checked and the 
system behavior can be easily modeled by connecting the individual models of each subfunction. 
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Furthermore it is possible to create own 
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libraries have been used.
Of course there are several iterations as depicted in Figure 1 as 
milestones 
level of detail. However those iterations are currently not specifi
For a more detailed modeling of the structure, the functions and the internal processes of the system, 
SysML [
the requirements diagram has not been used because there are other tools that are more suitable for 
requirements management. A more detailed description of the
scope of this paper.

In the function structure the most important subfunction is “
combination with “
have been considered (other concepts 
fundamental

 electromechanical linear actua
 pneumatic linear actuator
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All of them can be combined with a separate damper, a separate spring or a combination of both.
Since most of the other subfunctions depend on the choice of one of these
been compared by running system
dampers and springs. For the simulation two simplified load cases
requirements:

 Ride over curb
 Ride on uneven surface

At this point the level of detail 
have to be adapted

Table 2. Example of adapted Analysis Milestones based on new design information
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requirements management. A more detailed description of the
scope of this paper. 
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At this point the level of detail 
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Analysis 
Milestone Property P
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Furthermore it is possible to create own 
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Of course there are several iterations as depicted in Figure 1 as 
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level of detail. However those iterations are currently not specifi
For a more detailed modeling of the structure, the functions and the internal processes of the system, 

Object Management Group 
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requirements management. A more detailed description of the
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dampers and springs. For the simulation two simplified load cases
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At this point the level of detail in
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Table 2. Example of adapted Analysis Milestones based on new design information

Property Pj 
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Furthermore it is possible to create own libraries
integrated. This also offers the possibility of creating “early

ble in the conceptual design phase. In the presented example only the standard 

Of course there are several iterations as depicted in Figure 1 as 
Sys_6 have to be passe

level of detail. However those iterations are currently not specifi
For a more detailed modeling of the structure, the functions and the internal processes of the system, 
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the requirements diagram has not been used because there are other tools that are more suitable for 
requirements management. A more detailed description of the

. Function structure

In the function structure the most important subfunction is “
amp vertical movement”. 

have been considered (other concepts could 

electromechanical linear actuator 
pneumatic linear actuator 

 
All of them can be combined with a separate damper, a separate spring or a combination of both.
Since most of the other subfunctions depend on the choice of one of these
been compared by running system-level simulations in SimulationX
dampers and springs. For the simulation two simplified load cases

: curb height 100 m
(LC2): sine wave

in design has 
, which is exemplified for AMS

Table 2. Example of adapted Analysis Milestones based on new design information

Value for Pj

0,3 s for LC1

0,5 s for LC2

libraries so that company
integrated. This also offers the possibility of creating “early

ble in the conceptual design phase. In the presented example only the standard 

Of course there are several iterations as depicted in Figure 1 as 
have to be passed several times, certainly combined with a growing 

level of detail. However those iterations are currently not specifi
For a more detailed modeling of the structure, the functions and the internal processes of the system, 
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the requirements diagram has not been used because there are other tools that are more suitable for 
requirements management. A more detailed description of the

structure for an active suspension of bicycles

In the function structure the most important subfunction is “
ment”. For those two functions mainly three solution concepts 

could have been excluded because they do not fulfil

All of them can be combined with a separate damper, a separate spring or a combination of both.
Since most of the other subfunctions depend on the choice of one of these

level simulations in SimulationX
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in Table 2. 
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System
simulation, 
SimulationX

or product-specific aspects can be 
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nalysis-synthesis
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cally marked in the milestones.
For a more detailed modeling of the structure, the functions and the internal processes of the system, 

2013] has been used, at least where it is reasonable. For example 
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All of them can be combined with a separate damper, a separate spring or a combination of both.
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for an active suspension of bicycles 
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have been excluded because they do not fulfil

All of them can be combined with a separate damper, a separate spring or a combination of both.
three concepts, they

including all combinations with 
have been derived from the 

form with amplitude 50 mm and frequency 0.5 Hz
raised so that the initial Analysis Milestones 

Table 2. Example of adapted Analysis Milestones based on new design information
Analysis 
conditions

level 

 

Only actuators 
with simplified 
control 
algorithms

specific aspects can be 
phases” models which are less detailed 

ble in the conceptual design phase. In the presented example only the standard 

Hence the 
d several times, certainly combined with a growing 

cally marked in the milestones. 
For a more detailed modeling of the structure, the functions and the internal processes of the system, 

2013] has been used, at least where it is reasonable. For example 
the requirements diagram has not been used because there are other tools that are more suitable for 

SysML modeling would go beyond the 

 

hange vertical seat position” in 
For those two functions mainly three solution concepts 

have been excluded because they do not fulfill 

All of them can be combined with a separate damper, a separate spring or a combination of both. 
they have 

including all combinations with 
have been derived from the 

frequency 0.5 Hz 
raised so that the initial Analysis Milestones 

Table 2. Example of adapted Analysis Milestones based on new design information 
Analysis 
conditions 
Only actuators 
with simplified 
control 
algorithms 
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In this way Analysis Milestones are 
possible to add new milestones, 
In Figure 
Based on the simulations that have been run, the electromechanical principle promises to be the best
suited conc
cannot be simulated at this stage of design. For example the effort for the peripheral components of the 
hydraulic and pneumatic concepts might be 
a continuous control of a pneumatic actuator is hard to realize. The benefit of using the simulation 
results is that 
like e.g. the a
results. Based on such an assessment, in the following the electromechanical actuator is further 
detailed. This concept is similar to the suspension system of Bose [
2013]. 

At this point the first iteration within the conceptual s
has to be started in order to detail the system concept with the electromechanical actuator. 
In order to get more accurate results the model is combined with a simplified 2
system which can also be modeled within SimulationX. The mod
Furthermore the control algorithm has been further detailed from an ordinary PID
Skyhook

In a first step this model ha
required actuator speed are determined based on the desired system behavior. The results for the forces 
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5. Discussion 
The example of the development of an active suspension for bicycles that has been presented in this 
paper is used for the validation of the authors’ simulation-based framework for mechatronic design. 
The central aspect of the framework is the process model consisting of two parallel streams which are 
intended to enable simulation as continuous action in parallel to design. This separation has proven to 
be very helpful for the comprehension of the numerous micro-iterations between design and 
simulation. 
The concept of Analysis has been successfully applied. Although it is sometimes difficult to define a 
preliminary set of milestones prior to design, it is helpful in structuring the process. Especially during 
analysis-synthesis-cycles the milestones provide support for the management of iterations. 
Furthermore they contain all relevant information for a specific analysis in one entity which makes it 
much easier to handle information. 
One problem of Analysis Milestones has become obvious during the validation: the chronology in 
which the milestones should be processed within a specific design phase is not clearly expressed in the 
current form – only through the counting index which for example cannot express parallel milestones. 
One possibility to improve this issue is to subdivide each development phase into smaller segments 
and assign the milestones to those segments. In this way they could also be graphically arranged on a 
timeline, also in parallel if necessary. 
Another issue is that most of the milestones are processed several times during the development 
process, generally becoming increasingly detailed. In order to keep track of the milestones and hence 
of the entire process, it would not make sense to create new milestones each time. But just giving an 
index which indicates the iteration is also not sufficient, for example because of traceability. 
In the current paper-based way in which Analysis Milestones are written and managed, a consistent 
description and linking of the individual milestones is not possible and hence clarity is lost. A 
database-centered approach would be much more practical and could for example be directly linked to 
requirements management tools. 
Another aspect which became apparent during the validation example concerns the different use-cases 
for simulation: on the one hand it can be used to check if the required properties can be reached with a 
specific design concept – which means with a defined set of characteristics. But on the other hand 
simulation can also be used to derive properties from other ones, e.g. the required forces and speed for 
the actuator in the presented example. At the moment this aspect is only implicitly covered in the 
framework. It might be useful to distinguish within Analysis Milestones if the analysis is used for the 
first or the second purpose. The derivation or refinement of properties – which in this case is 
equivalent to requirements – requires other aspects than the pure analysis of an existing design which 
would lead to a different structure of the milestones. 
Related to the aspect mentioned before is the management of changing requirements. Currently those 
changes are not explicitly covered in the framework but have turned out to be very important and their 
handling can be supported by the use of simulation. Hence they should be further considered in the 
framework where requirements are depicted more or less static at the moment and are not part of the 
iteration cycles yet. 
Especially in early phases – like in conceptual system design in this paper – knowledge about the 
system is rather low. Hence parameterization of a simulation models is difficult because the relevant 
information is not known yet, or at least only roughly. This leads to a higher degree of uncertainty of 
simulation results in early phases which has to be considered. 
Related to the uncertainty of parameters is the decision of modeling depth. There always has to be a 
trade-off between modeling depth – which in general corresponds to the accuracy of simulation results 
– and the time and capacity spent for modeling. Especially in early phases the choice of modeling 
depth also depends on the knowledge about the system and hence about the parameters required for 
the model. At this point support for the choice of suitable models and simulation tools is needed. 
In the context of this paper a domain-spanning simulation environment based on the Modelica 
language has been used and has proven to be well-suited for application in conceptual system design. 
It offers the possibility to model contents of different domains and uses their specific symbols and 
notations for the graphical representation. Hence all involved designers understand the modeled 
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system and its structure. Furthermore model libraries are provided which speed up model generation 
and also support in finding working principles to each subfunction of the system. As a results of this, 
the system can be directly simulated which supports the concept of micro-iterations between the two 
activity streams in the process model. 

6. Conclusion and future work 
In this paper a simulation-based framework for mechatronic design is validated on the example of an 
active suspension for bicycles. The focus is set on the conceptual system design phase. 
This example shows that the use of simulation as a central design technique in the early conceptual 
design is a useful way for the development of successful systems. Besides just analyzing and hence 
improving design, simulation has also proven to be very useful to increase knowledge about the 
system. The framework has offered adequate support for the use of simulation. Some minor issues 
occurred during the validation project which still have to be addressed. One of these is the structure of 
Analysis Milestones which will be improved prospectively. Furthermore the fact of changing 
requirements has not been explicitly integrated into the framework yet. A third aspect is parameter 
uncertainty which is particularly important in early phases when system knowledge is rather low. 
Future work will focus on the improvement of the identified issues. Furthermore the active suspension 
example will be used to validate the framework also in the later phases of the design process, i.e. in 
domain-specific embodiment design and system-level integration. The basis for this has been set by 
the partitioning of the system into modules and interfaces (see Figure 9). In those phases also the 
CPM-based description of the process will be validated. 
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