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Abstract

In addition to the known approaches for product development new or supplementary approaches have
emerged. An important approach in this field is Systems Engineering (SE) and Model-Based Systems
Engineering. Through these approaches, new procedures, level-focused description concepts and terms come
into product development. However there are still some uncertainties as to how the known approaches of
product development can be combined with the SE approaches. This paper aims to show how the known
development approaches can be extended by and integrated with SE approaches.
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1. Introduction

Product development is in a state of transformation since several years. Mechatronic or even cybertronic
products, sometimes in combination with services (so called Product-Service Systems (PSS)), are usual-
ly necessary to meet the requirements of the stakeholders (Krause and Heyden, 2022). Thus, in addition
to known, mostly domain-specific development approaches (models, procedures and methods), new or
supplementary approaches are required to support the cross-domain development of mechatronic or
even cybertronic products. An important approach in this field is Systems Engineering (SE) and, in
connection with models, Model-Based Systems Engineering (MBSE). Through SE and MBSE new
procedures and new description concepts for the product (see section 3) as well as new terms come into
product development. However, both in academia and industry, there are still some uncertainties as to
how the "traditional" approaches, among them quite elaborated methods for layout and detail design of
products in the mechanical domain, can be combined with the SE approaches for the cross-domain
development. This paper aims to show how the known development approaches can be extended by and
integrated with SE approaches. The following three research questions are discussed in the paper:

¢ How do Systems Engineering approaches help extending existing methodologies and methods
to deal with different mechatronic (cross-domain) and domain-specific system levels?
(Answers, see section 3.1.)
e Which added value do semi-formal systems descriptions (like the ones provided by MBSE)
offer at the mechatronic system level? (Answers, see section 3.2.)
e What information (requirements, decisions, development results) has to be exchanged between
the different system levels, and how to do that? (Answers, see sections 3.1 and 4.)
For reasons of space, the considerations are mostly focussed on linking the mechatronic level to mech-
anical (sub-) issues. However, the same could be shown for the other domains involved in mechatronic
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systems (electric/electronic, information processing, hydraulics, optics, ...), which has also already been
discussed much more intensively than the linking to the mechanical domain.

2. State of the art

Domain-specific models, methods and methodologies (in the sense of usage prescriptions of a consistent
set of methods, guidelines and tools to produce solutions for a defined class of design tasks) have been
around for a long time. Their aims were and are the support of designers in practice, provide a common
base for teaching, and quite often enabling standardisation of products/components (*'solution patterns",
(Weber and Husung, 2016)). In the early days (starting in the 19th century), most approaches were
dedicated to specific branches of industry or particular classes of products. Examples are models and
methods dealing with Machine Elements, i.e. well-known and frequently used solution patterns in mech-
anical products. We find similar "pattern-based" approaches in other domains. These models and meth-
ods are continuously enhanced with new knowledge and transferred into contemporary tools (e.g. com-
puter-based tools), and they are still useful and used today.

In the second half of the 20th century, more general approaches were developed: Not limited to particu-
lar branches or products and - more importantly - aimed at dealing with design tasks where the solution
is not known from the beginning, thus focussing on invention and innovation (Design Theory and Meth-
odology, DTM). These developments denied the previously prevailing view that designing is pure art
(i.e. based on intuition which supposedly could not be taught and trained) and propagated that it can be
systemised based on scientific findings and concepts, supported by appropriate models, methods and
tools (maybe even automated).

The most widely spread approach to DTM goes back to early works at the Technische Universitat IIme-
nau (at that time: “Hochschule fiir Elektrotechnik”, “College of Electrical Engineering”) by Bischoff
and Hansen (Hansen and Bischoff, 1953; Hansen, 1955) and was later picked up, extended and special-
ised by many other authors in Germany, Scandinavia, Switzerland and the Netherlands. The literature
in this field is by far too numerous to be referenced here, important authors were Rodenacker, Roth,
Koller, Andreasen, Eekels and Roozenburg. Because of translations into the English language, best
known in the international context are the VDI guideline 2221 (\VDI, 1987), the books of Pahl & Beitz
(Pahl et al., 2007; Pahl et al., 1996) and of Hubka & Eder (Hubka and Eder, 1996). In (Blessing, 1996),
a good overview is given over history, impact and also some open problems of the “European” (in this
article designated “German”) approaches and models.

The core of these approaches is a phase model of the development/design process that proceeds from
the clarification of the task to functional and principle considerations (conceptual phase) to embodiment
(i.e. layout and detail) design issues. This model is often misunderstood as a “linear” one, while in reality
several iteration loops between the phases have to be expected.

In the last 20 years, a number of authors have introduced considerable modernisations, particularly ad-
dressing computer support, distributed design processes and management issues. Prominent examples
come from Ehrlenspiel (Ehrlenspiel and Meerkamm, 2017; Ehrlenspiel, 2009), Lindemann (Lindemann,
2009), Weber (Weber, 2014, 2005), Albers (Albers et al., 2005; Albers and Wintergerst, 2014). An
overview over contemporary approaches is given in (Chakrabarti and Blessing, 2014).

All these approaches have their origin in the mechanical domain; as a result - even if they are decoupled
from particular branches or products - they still remain quite domain-specific.

A first attempt to integrate several domains, i.e. to ""go mechatronic"”, was made by VDI guideline 2006
(DI, 2004b). VDI 2206 introduces the mechatronic system level above domain-specific levels (mech-
anical, electric/electronic, information processing, hydraulics, optics, ...). Based on the concept deci-
sions at the mechatronic system level, domain-specific procedures are conducted for embodiment and
detail design. In recent years, VDI 2221 has also been further developed into the direction of mechatro-
nic system development (DI, 2019). In this guideline, the development process is described as loops,
independent of system levels, on the basis of Systems Theory (Ropohl, 1975).

Systems Engineering (SE) has its origins in the 1940ies and 1950ies (in a way in parallel to the origins
of Design Theory and Methodology) as an approach to model and handle complex and increasingly
multidisciplinary engineering systems and their behaviour. Today, SE is a well-known concept that is
described in the ISO/IEC/IEEE 15288 and the INCOSE Systems Engineering Handbook (Walden et al.,
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2015). SE includes processes and related methods, with the aim “to enable the realisation of successful
systems” (Walden et al., 2015). A wide spectrum of methods is described in (Haberfellner et al., 2019).
The enhancement of SE with models is called Model-Based Systems Engineering (MBSE). The most
widely used modelling language in MBSE is the Systems Modeling Language (SysML) (Friedenthal et
al., 2015). SysML is a semi-formal graphical modelling language to describe products on the mechatro-
nic system level(s) as well as the system context. The SysML model can additionally facilitate analysis,
verification and validation activities on the design (Husung et al., 2021; Hick et al., 2019).

Seen in relation to the earlier, domain-specific approaches - especially the ones from mechanical engin-
eering that were outlined above - MBSE provides a new way of systematically capturing requirements
and functions, at the same time promising to link these to more concrete and detailed representations of
the product being developed and to subsequent activities of the development process. This will be an
important starting point for further considerations in this paper.

3. Description of products and methods on different system levels

For the development of mechatronic or cybertronic products, their description using Systems Theory is
recommended (Ropohl, 1975). Based on this, products are described as models of so-called mechatronic
systems (systems are themselves models of the product, possibly in combination with processes). The
introduction of systems thinking implies a decomposition of the mechatronic system into sub-systems
(Pohl, 2012). The decomposition is, in principle, arbitrary and different decompositions can be chosen
for a product depending on the objectives (Ariyo et al., 2008). The decomposition is often carried out
through organisational structures or by focussing on specific properties (such as functions) (Browning,
2001). This may result in sub-systems for which specific departments or suppliers are responsible. In
any case, the decomposition of a system into sub-systems results in hierarchically structured levels,
whereby for some products several levels with mechatronic sub-systems are possible (see also section
5). Eventually, from a certain level down, the mechatronic (sub-) system is split up into domain-specific
sub-systems (including mechanical sub-systems). The domain-specific sub-systems can also be further
decomposed, but this is not addressed in this paper because knowledge on this exists inside the domains.
Figure 1 shows a simple example of three levels, of which two are mechatronic (sub-) systems. It may
be noted that further up in the hierarchy, the more the models are related to functions, further down, the
more they include principle and embodiment information.
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Level n+2 1.1.1 Mechanical 1.1.2 Electrical 1.1.3 Electr./soft-
evein sub-system sub-system ware sub-system

Figure 1. Decomposition of a mechatronic system (example) - Interactions between the sub-
systems are not displayed (according to (Walden et al., 2015))

3.1. Procedure at the different system levels

Approaches for the development of mechanical sub-systems are well known (see section 2), e.g. the
procedure according to VDI 2221 (DI, 2019) or on the layout and detail level according to VDI 2223

SYSTEMS ENGINEERING AND DESIGN 1897

https://doi.org/10.1017/pds.2022.192 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2022.192

(DI, 2004a). The same can be stated for the other relevant domains. At the end of the development
activities of the domain-specific sub-system, a detailed description of them must be available for the
further product life phases. However, the domain-specific approaches and models often reach their li-
mits when connected to the mechatronic system level(s) because, among other things, the explicit dif-
ferentiation between system levels is not made, the function description is not sufficient due to the
numerous logic decisions (e.g. decisions which functions are active when) and the solution principles
are often based on domain-specific physical effects (Koller, 1994; Roth, 2000). Against this background,
it is often useful to extend the known approaches at the mechatronic system level(s) with systems en-
gineering approaches. The resulting procedure is described in more detail below.

For the development of mechatronic (sub-) systems, approaches from Systems Engineering have be-
come established (Huth and Vietor, 2020; Gausemeier et al., 2015). These approaches are specifically
domain-spanning and are initially developed in a "top-down" way of working (Pohl, 2012). This implies
that the detailed descriptions of the sub-systems, as specified later, must ultimately be brought together
in "bottom-up" fashion (Hick et al., 2019). So, at the beginning of the development, the mechatronic
view of the system is addressed with the goal of decomposing the required functions into sub-functions
based on requirements (Srinivasan et al., 2012; Lamm and Weilkiens, 2014). Other required properties
and boundary conditions may be added. The relations between the sub-functions have to be specified as
functional chains (van Eck et al., 2008; Stone and Wood, 2000). The functional chains describe the
temporal and logical dependencies between the sub-functions as well as the concrete flow variables
(material, energy, information) that are exchanged between the sub-functions. The temporal and logical
dependencies of the sub-functions are a characteristic feature at the mechatronic system level (Husung
et al., 2022). Temporal dependencies are mostly series or parallel connections of functions. These are
also very common in the domains. Logical dependencies can be significantly more complex. On the
mechatronic system level, it often occurs that certain functions are only active in specific states (e.g. an
actuation only takes place when the system is in the operating state (see section 5)) (Yildirim et al.,
2017; Morkevicius et al., 2017). In addition, there are numerous decision-making elements between the
sub-functions, e.g. determining which sub-function shall be currently active, as well as loops that control
the activation of (sub-) functions depending on specific conditions (Morkevicius et al., 2017).

The sub-functions are passed "downwards" as required functions of the sub-systems. For this purpose,
the (sub-) system is broken down into appropriate further sub-systems (Morkevicius et al., 2017). The
sub-functions are assigned to these sub-systems. This decomposition is not to be understood as a water-
fall: Depending on the possibilities of implementation incl. verification in the sub-systems, the decom-
position into the sub-functions and assignment to the sub-systems must be adapted. This iterative pro-
cedure between the system levels is explained in detail in several sources (Pohl, 2012; Morkevicius et
al., 2017).

When decomposing a system into sub-systems, the term "logical element" is often used in the field of
Systems Engineering, as the concrete realisation of the sub-systems is often not known at the beginning
of the development (Pohl, 2012). A logical element is an abstract representation of a sub-system to
realise specific functions that will be concretised later (Estefan, 2008). If already existing components
(real parts of the later product) are used, the sub-systems can already be concrete and corresponding
descriptions can be inserted into the description hierarchy (Anacker et al., 2020).

In addition to the required functions, further required properties must also be passed on to the sub-
systems. These required properties include, among other things, criteria like durability, reliability, etc.
The required properties, together with design constraints, result in the requirements for each sub-system.
The requirements can be passed on to the sub-systems at the next-lower level via model elements (e.g.
model elements for the required functions) (Pohl, 2012) or (textual) requirements (see also figure 4). In
this case, the requirements are distributed to N sub-systems (Béhm, 2021).

After the sub-system on the lower level has been developed (or is already developed because an
existing solution is chosen) its As-is description is compared with the requirements and, if necessary,
changes are made to the requirements or descriptions. Hereby, an important task at the mechatronic
system levels is to combine the As-is descriptions of all related sub-systems (integration within the
system descriptions at the appropriate place) and to analyse their interaction (keyword: emergent
behaviour).
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Figure 2. Interactions during development at the different levels of the system (expanded on
the basis of (Pohl, 2012), concrete models on mechatronic levels are not visualised)

The descriptions of the systems and sub-systems on the mechatronic levels at the beginning of the de-
velopment are usually mainly related to functions, thus still quite abstract. Therefore, many decisions
about the realisation of required-properties (term according to the CPM model (Weber, 2005)) that go
beyond the function (e.g. with regard to service life, reliability, suitability for manufacturing/assembly,
etc.) cannot yet be made conclusively at this stage. For this, one has to wait for the results of the domain
developments. It is therefore important that the As-is-properties of the sub-systems are passed back to
the higher levels of the system in such a way that they can be compared with the required properties
(Weber and Husung, 2016).

Table 1. Differences in the descriptions of the (sub-) systems and related procedures

Mechatronic system level

Mechanical (and other) system level(s)

Descriptions of

The functions and logical elements are

The functions and solution principles

status with the focus on the realisation of the
necessary required functions and further
properties. Further elaboration of the sub-
systems can only be achieved by iterative
collaboration with the organisations/people
who are responsible for the sub-systems.

the (sub-) mostly abstract (i.e. not yet verified by (counterpart to the logical elements) are
systems concrete solutions). But the temporal and usually more concrete (among other things
logical dependencies of the functions are because they are specific to the domain).
usually more complex (i.e. implying, among
other things, the assignment of functions to
states as well as definitions of which
functions are active and when).
Methods/ The first selection of the sub-systems is When selecting the solution principles,
procedures made according to their implementation several required properties are already

considered on the basis of experience (e.g.
through the use of solution patterns).

The main focus of the activities is the de-
composition of the functions and the
assignment of the sub-functions to the sub-
systems, the necessary orchestration of the
sub-systems and verification after in-
tegration.

The main focus of the activities is the se-
lection of physical effects as a basis for
solution principles as well as the elabora-
tion of detailed design with regard to the
design, considering numerous other (not
directly functional) required properties -
e.g. service life, reliability, suitability for
manufacturing/assembly - as well as
verification.
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The explanations show that different approaches at the mechatronic and mechanical (and other) system
levels are all useful and complement each other. Significant differences in the procedure and in the
descriptions of the (sub-) systems (always seen in relation to one another) on mechatronic and mecha-
nical system level are shown in table 1.

When moving from a level with a mechatronic (sub-) system to a mechanical (sub-) system, i.e. moving
top-down, at least the following information is required:

¢ Required functions that the mechanical sub-system has to take over, with the relevant required
input and output flows (quality and quantity) (Albers and Wintergerst, 2014) as well as detailed
information about the properties of the function (e.g. accuracy, reproducibility, etc.),

¢ Boundary conditions for the sub-system, e.g. with regard to interfaces,

e Requirements for other properties that do not result from functional decomposition (e.g. service
life, manufacturing, etc.).

3.2. Models at the different system levels

The description of the elements in the mechatronic (sub-) systems differs slightly from the descriptions
on the domain-specific (lower) levels due to different objectives. The domain descriptions, especially
on the level of layout and detail design, require unambiguous formal models (e.g. CAD models with a
mathematically unambiguous description of the geometry, but also CAE/CAO models for simulation/
optimisation). On the mechatronic system levels, semi-formal descriptions are often used at the begin-
ning of development (Hick et al., 2019), e.g. using the standardised modelling language SysML, among
others due to

o the more abstract nature of the system elements and their relations (incl. the temporal and logical
dependencies of the functions) as well as
o the need for simple adaptability in the event of changes during iteration loops.
The semi-formal models can (strictly speaking: have to) be supplemented or replaced by formal models
as development progresses and the maturity of the sub-systems increases (Hick et al., 2019). This is,
among other things, important in order to plan and perform final verifications based on these models.
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Figure 3. Description of the elements in the (sub-) systems and used tools

The standardised modelling language SysML finds its application mainly in modelling the logical sys-
tem elements as well as the functions (see figure 3). Looking further "down" the hierarchy of models,
SysML is not really suitable to describe solution principles, since they contain, besides physical effects,
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geometric information on the arrangement and relations of the solution principle elements; SysML cur-
rently does not include an efficient possibility for capturing such information. Research on the model-
based description of solution principles (see gap between MBSE and CAX in figure 3) is presented e.g.
in (Meussen, 2021). Approaches to extend the SysML language, especially to represent geometric infor-
mation, have been discussed in projects such as FAS4M (Grundel et al., 2014) or SysML4FMArch
(Jacobs et al., 2022).

In some cases, SysML is also used to represent some additional requirements directly; however, this
does not look very promising for some classes of requirements (e.g. for manufacturing) because, among
other things, the versioning of the requirements cannot be ensured. However, at present it seems to be
more adequate to use requirements models in special requirements' management tools; by the way, their
application is independent of the level of the system.

4. Linking the elements

In order to trace the relevant information in the model elements (requirements, required and As-is-
functions, interface descriptions, etc.), it is often useful to define links between the model elements. The
links in the domains of the electronics/software sub-systems are usually very complex, as humerous
sub-functions with specific temporal and logical dependencies are implemented here. The links in the
mechanical domain focus primarily on functions that are implemented by individual components or
assemblies, as well as interface specifications including the expected flows (e.g. torques or forces and
velocities) (Albers and Wintergerst, 2014). Further links to specific expected properties are possible. If
these are not explicitly present in the models at the mechatronic system level(s), it is still possible to
connect them with the requirements. This type of linking will be called indirect linking here, as it is not
done directly via model elements, but via requirements (see figure 4). Such linking helps achieve trace-
ability in the overall development process.
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Function(s) Logical element(s)

|

|

| |

Requirement(s) | has has |
. 4 b 4 A

F Y | |

and Flows Interfaces /

| provides |

Assembly

Requirement(s) | _

= Possible indirect relations |,

== Relations to/from further | k
elements (omitted here ¢
for simplicity)

Figure 4. Possible traces/links between the model elements

5. Example

In order to show the interaction between the different system levels (especially between the levels re-
presenting the mechatronic and the mechanical (sub-) system(s)), a product from precision technology
(see SFB 622) will be used as a use case (highly simplified). At the highest system level, based on the
determined use case "Precision positioning of measuring object" it has to be identified what the product
must offer as function(s) to the outside world. The overall function is the actual execution of the
positioning, which has to become active when the system is in the corresponding state (e.g. after
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successful initialisation and when a start signal is actuated). On the next level, the overall function is
divided into appropriate sub-functions for movement execution, measurement and control. The sub-
function for movement execution is assigned to the corresponding sub-system (here "Movement Sub-
System™). The sub-system is itself also a mechatronic system. Therefore, on the next sub-system level,
there is a further decomposition to the direct drive and - in this case - a precision guidance that is realised
purely mechanically. During the development of the product, it is important that the interactions at the
interfaces between the respective sub-systems are coordinated. Top-down, the requirements for
positioning lead to decisions in the control sub-system and measuring sub-system. These decisions must
be coordinated with the direct drive. The effects of the direct drive on the precision guidance must be
considered as a load spectrum. This requires coordination between the system levels and orchestration
of the sub-systems.
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Figure 5. Simplified example of decomposition across levels for use case "Precision positioning
of measuring object” (figure inspired by (Morkevicius et al., 2017))

6. Conclusion and next steps

The combination of "traditional" development approaches and Systems Engineering approaches is be-
coming increasingly important for overcoming the challenges in product development. The approaches
have many parallels, but at the same time they have their own specific meaning and justification on
different levels of the system. This paper discusses the reasons for the complementary approaches and
describes basic procedures and descriptions used.

Especially in the early development phases, abstract (i.e. mainly function-related) descriptions of the
product are necessary at the mechatronic system level, as the federation of the sub-systems and the
necessary changes can be carried out in a target-oriented way. The interaction of the approaches must
be clearly understood so that the mechatronic and domain-specific levels can work together effectively
and efficiently. Understanding the interactions between system levels and system elements is also an
important basis for end-to-end model and tool support between system levels.

For future research activities, it should be discussed whether the existing models, methods and method-
ologies that are at present existing separately - as is even implicitly defined in VDI guideline 2006 (VDI,
2004b) - should be merged into one domain-spanning approach (also taking into account the other
domains) or whether the separation of the different approaches with defined interfaces and interactions
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is more purposeful. This, however, would lead to massive consequences in science, practice (including
organisational issues) and teaching.

Further activities of the authors and others deal with the target-oriented development of meta-models
for the continuous model description. Above all, the description of solution patterns in the domains and
at the lower levels of mechatronic systems is an important basis for the further (re-)use of existing
knowledge.
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