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Abstract—The objective of this paper is twofold. Firstly, we 

discuss the shortcomings of current practices, methods and tools 

within mechatronic design to signify the most important 

challenges. In this aspect, requirements management and 

traceability, support for decision making, and maintaining 

consistency are highlighted as important challenges. Secondly, 

potential solutions and directions where further work is 

important are presented. This includes providing common 

language, providing means for managing dependencies, utilizing 

an integration infrastructure, support for informal sketching 

and support for optimization and decision-making. Our main 

aim is to trigger discussions within the mechatronic community 

so that a mutual understanding on the challenges and research 

directions could be sought, and common roadmaps for future 

research could be devised.  

I. INTRODUCTION 

Mechatronic products contain mechanical, electrical and 

software modules that come together as one system in order to 

deliver the required functionality and performance. Due to the 

increased complexity caused by either the large scale of a 

system or the number of functions performed, methods and 

tools supporting the multi-domain mechatronic design activity 

are essential [1]. The partitioning of the overall design task 

into domain-specific tasks introduces an integration challenge, 

requiring communication and collaboration between design 

engineers. Ineffective communication causes delays during 

design and manufacturing, misunderstanding between design 

teams, and inconsistencies between models, all of which leads 

to significant financial loss [2]. 

Mechatronic design is characterized by strong cross linking 

of involved domains, resulting in complex product 

development. In order to manage this complexity, it is 

important to study the nature of this cross-linking and what 

effects it has on the design process. Typically, the cross 

linking leads towards dependencies between properties of 

domain-specific models. These dependencies if known are 

managed in ad-hoc basis, and if not known, could lead 

towards fatal consequences. In the current practices in Model 

Based Systems Engineering (MBSE), these dependencies are 

only implicitly known, usually residing in the minds of design 

engineers. Capturing dependencies formally and explicitly is 

currently not supported by available methods and tools in 

MBSE, and having no explicit knowledge of dependencies is a 

main cause of inconsistencies and potential failures [3]. 

Organizations such as Airbus
1
 and NASA

2
 have had large 

financial losses due to inconsistencies between modeling tools 

utilized during the design process, and due to inconsistencies 

between physical units as used by different design teams.  
The challenges in mechatronic design vary from the product 

related challenges to the organization-related challenges [4]. 
An earlier study by the authors provides a detailed description 
of mechatronic design challenges and available solutions. For 
some time now, many of the product related challenges are 
either unaddressed or only partial solutions are available [4]. 
Bradley [2] provides a discussion on many questions facing 
designers involved in designing mechatronic products, but 
only from a high-level viewpoint i.e., not focusing on details 
of specific problems and their potential solution. The aim of 
this paper is to forefront what we believe are the main 
challenges to be addressed through future research in 
mechatronic design. Our aim is to bring those challenges into 
discussion within the mechatronic community so as to devise 
common roadmaps in finding their solutions. We also discuss 
potential solutions and their corresponding benefits with 
respect to a number of challenges. The solutions are presented 
not for the sake of judging whether they perfectly address the 
challenges or not, but to utilize them as discussion points, 

1Airbus delay problems were due to use of different versions of the CAD 

software (in part). 2NASA Mars polar lander was destroyed due to wrong 
landing velocity calculation resulting from analysis performed in British and 

American units. 



again to find common roadmaps for future research.  

The remaining part of this paper is organized as follows. 
Section 2 presents a discussion on main challenges related to 
the mechatronic product development. Section 3 examines 
potential solutions to the challenges presented in section 2, in 
comparison to the current state of the art. Section 4 concludes 
the paper. 

II. CHALLENGES 

This section presents a discussion on a number of 
challenges faced during mechatronic design whose solutions 
are indispensable.  The challenges are highlighted based on a 
literature study [4], and based on the authors experience in the 
research and development of mechatronic products. The 
challenges are: 

A. Requirement handling and traceability 

B. Support for decision making 

C. Consistency 

While addressing these challenges such as managing 
consistency are already quite challenging considering design 
efforts only within a domain such as electrical or mechanical 
design. However, it becomes even more challenging and 
difficult to address the above reported challenges while 
performing mechatronic design, especially due to cross-
domain dependencies and integration demands. Since the 
focus of this paper is towards mechatronic design, we aim to 
bring forward the driving forces behind mechatronic design 
challenges, and the discussion on how to address challenges 
while performing mechanical, electrical or software design is 
not a part of this paper.   

In the following, a short description about each of the above 
challenges is provided. 

A. Requirement handling and traceability 

An important part of the design activity is to decompose 
the requirements and formulate product specifications based 
on them. The specifications help in directing the search for 
solutions. The predictions about the solution (design concept) 
can then be compared against the requirements, in order to 
verify whether a particular requirement is satisfied or not.  

Due to the cross-linking of involved domains, and the 
system complexity, requirement verification is difficult to 
manage in mechatronic design. The evolving design has to be 
maintained in terms of why a particular choice was made. 
Also, after making certain design choices, if the prediction is 
not satisfactory, then it is desirable to be able to trace back to a 
particular point where the roots of the problem can be 
identified, considering design decisions, design alternatives 
and the models of the design alternatives. Changing 
requirements will also lead towards change in specifications, 
and managing this change in different domains is complicated 
and error-prone without knowledge of what effects the change 
will bring.  

B. Support for decision making  

As designers, our decisions influence the evolving product 
design concept [5]. During different stages of the design 
process, different questions are answered about the product at 
different levels of abstraction and detail. The resources we 
spend in finding effective answers define how good decisions 
we make and how efficiently they are made. Our main aim is 
to make better decisions as early as possible while utilizing 
less resource. Success in this requires support that based on 
predictions, provides a good comparison of what is gained or 
lost by making a certain design choice. 

C. Consistency 

Consistency can never be guaranteed [6], however, a 
capability to avoid as many inconsistencies as possible aids in 
avoiding wrong decisions and potential losses at different 
stages of design. Model consistency and interoperability is an 
active research area. Gausemeier et al. [7] discussed an 
approach based on model transformations to maintain 
consistency between domain-specific models. Hehenberger et 
al. [8] discussed a rule based consistency checking solution 
based on a Model/Analyzer approach. It can be said that the 
work within this area is promising; however, most of the 
solutions are not complete.  

We believe that dependency modeling is at the heart of a 
solution to maintain consistency. The reviewed literature does 
not suggest explicit modeling of dependencies, rather an 
implicit and ad-hoc management of dependencies is proposed. 
Research on modeling and management of dependencies is 
likely to be a well-spent effort towards managing consistency 
problems. Section 3C provides further details on the 
dependency modeling.  

III. POTENTIAL SOLUTIONS 

In section 2, we have presented a number of important 
challenges. This section presents a discussion on potential 
solutions to these challenges, and highlights what can be 
achieved by addressing them. The solutions are: 

A. Provision of common language/languages 

B. Support for informal sketching 

C. Approach for dependency modeling 

D. Provision of an integration infrastructure 

E. Optimization and decision support 

In the following, each solution is discussed from the 
problem viewpoint. Based on the authors’ research in 
mechatronic design, introduction to a number of solutions is 
also provided to promote discussions. 

A. Provision of common language/languages 

Mechatronic design is usually performed by design teams, 
each consisting of domain experts who are unlikely to possess 
inter-disciplinary knowledge to get a detailed enough 
understanding of the whole design problem. In order to 
establish a common understanding especially during the 
conceptual phase of the development process, a medium that 
permits the designers to effectively communicate with each 



other is required [1]. This has been regarded as a common 
language issue by many researchers within the mechatronic 
community such as Tomiyama et al. [9], Gausemeier et al. 
[10], Buur [11], and Salminen and Verho [12]. 

Different solutions to the common language issue have 
been proposed. Among them, functional approaches have 
caught attention of a number of researchers. Buur [11], Gero 
[13], and Umeda [14] proposed different methods based on 
functional thinking. Van Beek et al. [15] combined functional 
methods with the Design Structure Matrix (DSM), relating 
functions and corresponding dependencies in between 
functions.  

Apart from functional approaches, modeling languages 
such as A3 overviews [16], Semi-Formal Specification 
Language [10] and SysML

TM
 [17] by Object Management 

Group (OMG) have been suggested. These languages aim to 
establish a good understanding of the complete system 
between engineers who have different backgrounds and 
expertise. However, these languages differ in their nature; 
some are more inclined towards informal representation, and 
some towards a more formal representation. This variance in 
their nature suggests that one common language might not be 
possible, rather different common languages might be suited 
depending on the problem domain, such as automotive, 
aerospace, robotics. Furthermore, the information contained in 
informal sketches is later utilized to build a system 
information model through descriptive languages such as 
SysML. However, currently, methods that support reuse of 
informal sketches into a creation of a system model are 
lacking. This leads towards an information gap between 
different phases of design supported through different types of 
modeling activities.  

Our experience with the use of SysML in different projects 
and case studies [1] suggests that SysML has matured to a 
great extent through many revisions. A number of researchers 
have attempted to gain the advantage of combining the 
descriptive capability of SysML to the analysis and simulation 
capabilities existing in other languages. SysML to Modelica 
transformation specification [18] is a prime example of this. 
We believe that this makes SysML a reasonable choice to be 
considered as a general purpose common language which is 
adequate for system-level design of mechatronic systems. 

B. Informal sketching 

During the early phases of product development and 
especially during the conceptual design phase, sketches are 
created that reveal different characteristics of the product, and 
provide visualizations of different parts, life phases, and 
packaging. Hence, informal sketching during conceptual 
design is inevitable. However, it is difficult to represent the 
resulting knowledge (gained by informal sketching) in the 
form of formal models. This is a problem since formal models 
provide the advantage of enabling analysis and simulation to 
predict the properties of a design concept. Fig. 1 shows a 
sketch of electronic components of an alpine skiing watch 
displayed in Fig. 2. The sketch served the purpose of 
communication between the involved design teams to gain a 
visual consensus rather only a verbal consensus. Sketches are 
often used by designers to discuss their design concepts. 

Therefore, it can be said that although sketches are informal, 
much of the information contained in sketches becomes part 
of formal models built later. By supporting the construction of 
informal sketches through a language that carries a certain 
level of formal semantics to it, the sketches can be interpreted 
and then simulated. In our opinion, such a solution can be 
considered as a possible solution to bridge the gap between 
formal and informal models created in the early phases of 
design. The solutions might also provide directions towards 
integrating informal languages with more formal languages 
such as SysML. Murugappan and Ramani [19] provide an 
example of a sketch based interface. 

 

Figure 1. A sketch for main electronic components for the 

watch system, adapted from [4] 

 

Figure 2. The watch and the separate electronic unit for 

alpine skiing, adapted from [4] 

C. Dependency modeling 

A model is only useful if it is consistent with the rules of 
the underlying formal system, with the beliefs and preferences 
of the designer, and with the laws of nature [6]. Ensuring 
consistency across models is a challenging issue, and 
difficulties in managing dependencies are a key inhibitor 
towards ensuring consistency. Since many stakeholders are 
involved in mechatronic design, different models are created 
serving the purpose of different domains. The underlying 
dependencies between modeled properties are usually only 
implicitly known. Hence it is difficult to deduce the effects of 
changes introduced in one model on other models, resulting in 
inconsistencies. 

It is important to study the nature and role of dependencies 
existing both inside a model and in between models. In current 
industrial practice, workflow management techniques are 
employed to synchronize and streamline the design activities, 
with an implicit management of dependencies [3]. A process 
describing the activities to be performed is used and 
specifications are used to direct the design process and verify 
the predicted outcomes [3].  

Among the dependency modeling approaches, methods 
based on the Design Structure Matrix (DSM) have gained 
wide attention. As per the findings presented in [3], we 
differentiate between predicted and selected properties. 



Selected properties are chosen by a designer. On the other 
hand, there are properties which are predicted by employing 
analysis models called as predicted properties. A DSM treats 
all properties as the same, and does not differentiate between 
the properties that are selected and the properties that are 
predicted. Often, a property is chosen initially and later during 
an optimization study, the same property is predicted. Hence, 
it is vital to differentiate between predicted and selected 
properties. Qamar and Paredis [3] discuss such a distinction 
between properties along with an approach to model 
dependencies, leading towards the creation of a dependency 
model. Fig. 3 shows an illustration of a dependency model 
where properties between Model A and Model B are bounded 
together. The main purpose of the dependency model is to 
maintain an explicit knowledge about dependencies between 
properties which come from different domain-specific models. 

Model transformations will play an integral role in the 
creation of a dependency model. Many patterns can be 
identified where properties are designed (selected or 
predicted) through one model and are later used among 
different models. For example, geometry is designed in CAD 
and used during dynamic analysis. A pattern such as the one 
between CAD and dynamic analysis can be generally referred 
to as a dependency pattern [3]. The patterns can be supported 
through model transformations, so that the corresponding 
dependencies between a CAD model and a dynamic analysis 
model (property binding in this case) can be automatically 
created [3]. Other examples of dependency patterns are: 
between system hierarchy and CAD assembly, between CAD 
and Finite Element Analysis (FEM). The dependencies in Fig. 
3 are only shown in the form of property bindings, however, it 
must be noted that dependencies can be more complex than 
just a binding. For instance, an algebraic expression or an 
analysis model can also be a dependency. For further 
understanding, the reader is referred to [3].  

Model A Model B

P1

P2

P3

P1

P2

P3

P1

P2

P3

P1

P2

P3

Dependency Model

 

Figure 3. Visualization of property binding between two 

models through a dependency model, adapted from [3]. 

PX represents a modeled property. 

Several dependency patterns can be modeled (a-priori) 
based on known pattern of dependencies between properties of 
different domain-specific models. By capturing these patterns 
formally through a model transformation, the dependency 
model can be created. In this case, a model transformation will 
create known dependencies between two models 
automatically, for instance the property binding between CAD 
and dynamic analysis.  

The execution of domain-specific models provides values 
to the properties. Due to the availability of the dependency 
model, it is possible to perform consistency checks between 
property values. We believe that an explicit modeling of 
dependencies as in Fig. 3 is critical to avoiding 
inconsistencies, hence avoiding fatal errors and big losses. 

At present, a significant effort might be required to 
construct dependency patterns, and create and manage the 
dependency model to avoid inconsistencies. This effort 
contributes to a higher modeling cost during the initial phases 
of the development process. However, this effort could save 
from huge potential losses that can happen (because of 
inconsistency) during integration, testing and manufacturing 
phases of a project. Therefore, we can infer that at present, the 
initial modeling cost including managing consistency can be 
more than the cost of a normal modeling procedure; however, 
the later cost could be significantly less. We believe that this 
benefit is substantial enough for companies to invest in 
consistency management.  

D. Integration infrastructure 

To support the communication between models and tools 
utilized in different mechatronic domains, an integration 
infrastructure is necessary. Fig. 4 shows a proposal for an 
integration infrastructure, where the integration between a 
system model (built in SysML) and a domain-specific model 
is presented. In order to fetch information from models 
developed in different tools, tool adapters are needed. The 
Eclipse Modeling Framework [20] is utilized where models 
are represented in a common formalism such that model 
transformations between them could be performed. In figure 4, 
a domain-specific model-A is read through a tool adapter 
which creates an Eclipse Ecore representation of model-A 
(Domain-A model). To create a one-to-one mapping between 
a system model (built in SysML) and a domain-specific 
model, a SysML profile for each domain needs to be created, 
for example a SysML profile for Mechanical Computer Aided 
Design (MCAD). A model transformation is then performed 
between model-A that conforms to domain-A meta-model and 
the resulting model that conforms to the SysML profile for 
domain-A (Domain-A specific SysML meta-model). The 
resulting model can be read through a tool adapter for a 
SysML tool, for instance the Magic Draw plugin for Eclipse. 
The plugin creates a SysML representation of Model-A 
utilizing SysML profile for domain-A (Domain-A model 
through SysML profile). Correspondence relationships can 
then be drawn between the SysML model and model-A. The 
infrastructure could be extended for integration between any 
two models. 



 

Figure 4. An overview of the integration infrastructure, 

adapted from [1] 

The integration infrastructure such as in Fig. 4 supports 
transformation between models existing in different domains. 
The infrastructure also plays an important role in supporting 
dependency patterns as shown in Fig. 3, where properties 
between two models are bounded to each other with a priori 
information about relationship between them. Therefore, the 
infrastructure provides necessary tools for maintaining 
consistency and performing abstractions between domain-
specific models. It binds the loose ends of a systems 
engineering problem together so that design studies that 
typically include different design models (within 
mechatronics) can be performed. Cao et al. [21] and Shah et 
al. [22] also explain infrastructures – in their case based on 
MOFLON [23] –  to support model transformations. An 
approach based on the extension of SysML to support 
mechanical, electrical and software views of the mechatronic 
system is proposed in [24]. In this case, the SysML model is 
treated as a central-view model and other three views are 
drawn from it. However, we argue that a SysML should be 
treated in a similar fashion as the models developed in 
mechanical, electrical and software domains. We envision a 
PDM/PLM system as a central player in the model-based 
development of mechatronic systems, where a SysML model 
is used for a systems view, and the dependencies are managed 
through a dependency model rather than a SysML model 
[3](see figure 14 ). Never the less, an integration infrastructure 
is a key ingredient of a solution that attempts to address the 
challenges presented in section 2.  

E. Optimization and decision support 

To be able to optimize a multi-domain system, Process 
Integration Design Optimization (PIDO) approaches are 
available. ModelCenter [25] is an example of a PIDO tool. 
PIDO tools provide support in integrating disparate models 
into a workflow process, so that design optimization and 
trade-off studies can be performed through these models. 
However, usually, these tools only show how the properties 
are bounded (dependencies), without any knowledge of 
semantic relationships. Semantic relationships provide a 
meaningful context about the properties. For example, inertia 
can be a property of an arm of a robot manipulator, or a 
property of a wheel of an automobile; semantics help us 
establish the context around the property inertia. Moreover, 
there can be properties which do not influence each other; 
however they are a part of the same system [3]. For example, a 
battery and an arm are parts of the same robot manipulator, 
another semantic relationship. Therefore, semantic 
relationships are important for the modeler to build a good 
understanding of the dependencies.  

In mechatronic design, optimizing properties such as 
weight, cost, profit, or utility require performing trade-off 
studies through multi-domain models. The main aim of 
combining disparate models into a trade-off study is to be able 
to come up with better design concepts. By finding the best 
possible values for different properties (distributed between 
disparate models) through an optimization, the net profit or 
utility can be maximized. We wish to be able to take decisions 
in the right direction during all phases of product 
development, and for that purpose, PIDO tools and an 
integration infrastructure can be used concurrently to support 
us in taking the right decisions. The integration infrastructure 
and dependency model supports in maintaining consistent 
property values between disparate models, along with 
supporting change management scenarios where the designer 
is informed about the influence of change in property values. 
Whereas PIDO approaches support performing design trade-
off studies through disparate models, showing a coarse-
grained view on properties. 

Optimization also involves choosing the right components 
that fit the design concept in terms of cost and performance. 
For this reason, component models are also incorporated into a 
design study as discussed in [26]. These models can then be 
utilized to optimize the objective function (preferences) to find 
the right components.  

IV. CONCLUSION 

The objective of this paper is not to present a single 
contribution relating to mechatronic design, but rather to 
create common grounds for a fruitful discussion on current 
challenges, state of the art and future research towards 
effective solutions. Although some of the challenges around 
which the discussion revolves are also mentioned by other 
researchers, we have taken a slightly different direction in first 
highlighting a number of important product-related 
challenges, and then building a discussion around potential 
solutions. The benefits we seek for the reader of this paper is 
to get accustomed with the problems faced during mechatronic 
design and some potential solutions. In this way, the reader 



can easily relate to the benefits we seek in the future methods 
and tools, and will be able to criticize weaknesses, emphasize 
advantages and complement with additional discussion points. 
We believe that the research on dependency modeling is of 
great significance, despite the fact that it still has not gained 
any substantial attention from the mechatronic community. 
Many of the potential benefits presented in this paper revolve 
around the solution to the dependency management problem. 
An integration infrastructure that supports transformation 
between disparate models to a level-of-granularity of specific 
properties is also essential. We hope that the mechatronic 
community can join efforts in building comprehensive 
solutions, and attack the challenges we have been facing for 
over a decade.  
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