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Abstract

Product systems no longer consist merely of discrete components that can be designed and developed independently. Instead, the product
systems take on an increasingly complex shape, reflected in product architecture development. Various stakeholders in this product architecture
must collaborate across life phases and disciplines to an increasing extent. To support the exchange in multi-disciplinary product systems in the
context of modularization, the visualization tool of the "Module Harmonization Chart (MHC)" is presented in this paper. The "MHC" enables
the representation of components in a multi-disciplinary system, thus supporting cross-disciplinary collaboration in developing an integrated
modular design. Aspects such as discipline-specific module drivers and targeted sub-system segments can be used to address a holistic module

design and improve overall system integration.
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1. Introduction

This paper introduces the Module Harmonization Chart
(MHC) visualization tool. This visualization tool aims to
support the collaboration of different disciplines as
stakeholders in the development process of modular product
families. Due to the increasing number of requirements,
features, and functions a product system has to fulfill for the
customer, the necessity for comprehensive integration of
several development disciplines is continuously evolving [1,2].

Concerning software, as well as electronics/electrical
engineering, in particular, the early and integrated view of the
system form is gaining more importance for the development
of the target system [3,4].

With the development of modular product families, there are
already valid approaches to address the complexity of product
system design. The decoupling and formation of modules result
in additional difficulties considering different development
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disciplines, which are also affected by module scopes and
specific interfaces [5,6].

The Module Harmonization Chart was developed to support
this integrated view of modular product families in multi-
disciplinary products. The visualization tool is intended to
improve transparency and, thus, the collaboration of various
stakeholders in the product system design process. In addition,
it enables an improved integration of multi-disciplinary sub-
systems or modules into the overall system by applying a
harmonized design across participating disciplines.

In the following, underlying research and references are
considered in section 2, and the identified deficit is shown in
section 3. Afterwards, the Module Harmonization Chart is
introduced in section 4 and further described and validated
through an example in sections 5 and 6. In section 7, the current
state of the tool is discussed, and further adaptations and
objectives are considered in the outlook.
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Nomenclature

Veomp. o Variant Component A

Vcomp. a1 Variant Sub-Component A in Discipline 1
Scomp. 8 Standard Component B

Scomp. Bz Standard Sub-Component B in Discipline 2
X gg,ﬁzmél Default optional Component (V or S)

X gnofrllgplc Default multiple Component (V or S)

2. Research Background

The limitation of this paper is the modularization of
mechatronic systems in multi-disciplinary structures. This
elaboration focuses on the product-sided consideration,
whereas the collaboration of organizational structures is out of
this paper's scope. To clarify the background of this work, on
the one hand, the methodical development of product systems
and, on the other hand, the methodical development of modular
product families are discussed.

2.1. Methodical Product System Development

In the development of mechatronic and cyber-physical
systems, various approaches support the consideration and
integration of different stakeholders in the methodical
development; in this research, development disciplines [2].

As an example of the methodical procedure, the V-model,
according to VDI2206, is stated, which visualizes and
circumscribes the system analysis, the discipline-specific
designs, and then the system integration, including verification
and validation. During system analysis, the underlying product
system or corresponding sub-system is fragmented from the
requirements to discipline-specific designs. This cascade
enables the pervasiveness of the relevance of technical
concepts based on the given requirements. Subsequently,
discipline-specific designs allow the respective expertise of the
individual development disciplines to be incorporated into the
product system design to best implement the required design.
The unique discipline-specific designs are then integrated into
the overall system and cross-checked for the corresponding
functions and requirements. The V-Modell thus provides a
suitable framework for coordinating the collaboration and task
distribution of different disciplines and planning them in the
overall context [7,8]. The V-Modell is also adapted in systems
engineering, a discipline that deals with developing complex
systems, including mechatronic and cyber-physical systems
[9,10]. Here, technical processes address the definition and
design of the system architecture by involving all relevant
stakeholders. There is a seamless link from the requirements to
the unique designs and implementation. [9]

2.2. Methodical Development of Modular Product Design
As mentioned in the introduction, various valid approaches

for developing modular product families exist for managing
complexity. They all focus on dividing products by

characteristics of modularization, like the decoupling of
components, into sub-systems and/or modules. Additionally,
combinatorics can be handled by suitable interface definitions
[5]. A further aspect is structuring the architecture concerning
variant-oriented design. The combination of variant-oriented
design and modularization reduces the variant-induced
complexity in the best possible way for modular product
families and, thus, the design of an efficient product
architecture [5]. There are various supporting methods for the
consideration of variant-oriented product architecture. E.g., the
Design for Variety offers an advantage in mapping and
analyzing the variant product architecture by modeling
different levels and allocations across the architecture. [11]

There is a diversity of approaches for systematic support for
modularization of product architectures. Most approaches can
be classified into technical-functional and product-strategic
considerations. Technical-functional approaches are, for
example, the Design Structure Matrix (DSM) [12], the
Functional Modularization [13], and the Heuristics, according
to Stone [14]. The Life Phase Modularization [15] and the
Modular Function Deployment [16] can be mentioned for
product-strategic approaches. Furthermore, there are also
holistic approaches that combine the advantages of both
approaches. These include, for example, the Product Family
Master Plan [17] and the Integrated PKT Approach [5].
Considering multi-disciplinary system architectures and
modularization, the selected approaches of van Beek et al. [18]
and Askhoj et al. [19] are referred to.

3. Identified Research Deficit

In the research background, some aspects dealt with
methodological support for developing complex systems, such
as mechatronic and cyber-physical systems. Likewise, some
aspects address the systematic design of modular product
families. In addition, the Research Background also mentions
approaches that explicitly apply modularization to mechatronic
systems. Thereby, there are approaches of the technical-
functional view, as well as the product-strategic and the
integrated view. However, the research background shows no
approach to modularizing multi-disciplinary product systems
that also integrates the technical-functional and product-
strategic view. Likewise, the complete integration of all
stakeholders in the system design process is still missing.

The approach of van Beek et al. [18] shows a deficit in
considering the collaboration of different disciplines as it
focuses on the functional modeling of the integrated system.
The MESA approach by Askhoj et al. [19] does not depict
components that rely on different disciplines simultaneously,
e.g., a pump depending on mechanics and fluidics.

Consequently, there is also a lack of suitable visualization
to support the systematic design of modular product systems.
Although some approaches, like the method of the DSM, can
be extended by using MDMs and DMMs and adaptations for
the targeted case [20], a suitable illustration for transparency
and visualization is missing [21].

In conclusion, a visualization tool that supports the
methodical development of complex modular mechatronic
product families must be elaborated.
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4. Module Harmonization Chart as Proposed Solution

The Module Harmonization Chart is presented in this
section to support the modularization of multi-disciplinary
product systems. It should be noted that the MHC is a
visualization tool and not a method. The tool takes aspects from
the research needed for improved collaboration and
transparency. For the limitation of application, the MHC is
classified as a comprehensive visualization tool of Design for
Variety and Life Phase Modularization methods. Prior
consideration of Design for Variety provides an already
variety-improved product architecture, which can subsequently
be transferred into a modular product architecture. Due to the
integration of several stakeholders and the value-adding goal
of harmonizing the product architecture for the overall
company, the aspects of technical-functional and product-
strategic modularization are relevant for consideration.
Therefore, the Life Phase Modularization is relevant. The aim
of the tool is to fulfill the requirement of being versatile and
usable in many different application situations. Thus, the tool
is designed to be used both as a visual and a matrix-based tool.

4.1. Identifying Stakeholders and Components

The Module Harmonization Chart considers the
collaboration of development disciplines in multi-disciplinary
product systems, meaning that the stakeholders will be
identified and located in the Research & Development life
phase. Compared to Life Phase Modularization, in which the
stakeholders from Module Process Chart (MPC) are the
individual life phases or the departments considered and
involved, the MHC focuses on one specific life phase [15].

Analogous to the MPC from the Life Phase Modularization,
attention must also be paid to the existing structures in the case
of arequest when selecting the stakeholders in the environment
considered here. For further consideration, according to Zuefle
et al. [21], the stakeholders are divided into the five
representative disciplines of mechanics, electrics/electrical
engineering, fluidics, control software, and firmware.

Figure 1 shows that the stakeholders are arranged in the
rows in the Module Harmonization Chart. Components are
arranged in columns according to the goal of assigning the
stakeholders to them; this has several reasons:

o Better usability due to the higher number of components

e compared to involved development disciplines.

o The arrangement of the stakeholders among themselves
corresponds to the representation of the parallel design
process from the V-model mentioned in section 2 [10].

The components represented in the Module Harmonization
Chart correspond to the product architecture components,
which have been arranged before in the Design for Variety [11].

Since only variant components must be considered in the
Design for Variety, the standard components are added to the
Module Harmonization Chart. The prior Design for Variety
does not have to be essential; however, it recommends taking a
variant-improved architecture as the basis with the result that
modularization can be accomplished more effectively.

In Figure 1, the components in the columns took over the
notations of the product structure from the Design for Variety
(circles above the component label). Thus, it is possible to
regard the effects of the variance on the formation of the
modules transparently.
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Fig 1. Arrangement of Stakeholders in MHC

Figure 2 also shows the MHC in two possible forms. Once
in a visual form for workshop-based work in online
collaboration tools or on-site, as well as spreadsheet-based.

000000

hes E-motor

h gear
h housing
rol unit

[Acoustic sensor
Battery
Bottom plate

Con

5 5 & & @
OCm=DX XX T
Fluidics|
O mes XX Electronics| X x| x
Software (Firmware)| X = x X
O /e X software (Hvi / 1) SRR

Others (Mixed / Optics)|

o>  xx =

Fig 2. Workshop-oriented MHC (left) and spreadsheet-oriented MHC (right)
4.2. Allocating Stakeholders to Components

In contrast to Life Phase Modularization [15], the multi-
disciplinary view of product architecture does not require that
each stakeholder and, thus, each development discipline uses
the same components. There are differences in the allocation of
individual components depending on their origin and use.
Examples, therefore, are mechanical components such as the
wheel of a vacuum cleaning robot. However, it is also the case
that electrotechnical components such as a sensor can be
installed. According to the granularity of the preceding
consideration of the Design for Variety, it is either two
components with different disciplines or one component with
two disciplines. Furthermore, the integrated components of
software development can be added, which integrates
immaterial components. The distinction between material and
immaterial components creates a natural separation between
hardware and software, but a conditional linkage of the
components results.

In the Module Harmonization Chart, the components are
assigned to the appropriate disciplines, which can be mapped
and implemented exemplarily in a Domain Mapping Matrix
(DMM) [21]. This results in the allocations between the
stakeholders and the components. However, this binary
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mapping is further extended in the Module Harmonization
Chart to provide a more detailed understanding of the designs.
In the MHC, the notations of variance are also applied to the
discipline-specific representation. Thus, the components can be
classified separately in their variety on the level of the
discipline-specific design. On the one hand, it supports further
analysis of variety and, on the other hand, increases the
understanding of interactions above all respective component
stakeholders.

Variant components from the Design for Variety must
contain at least one variant component on the discipline level
(1). Conversely, standard components from the Design for
Variety may only include standard components on the
discipline level (2). This circumstance allows a first validation
of the variance analysis across disciplines:

VComp. AT VComp. a/ (SComp. A2 VVComp. 42) (1)

SComp. B = SComp. eRA SCOmp. B2 2

The same applies to the components, which are determined as
optional (3), (4), or variant quantity (multipl.) (5), (6):

Vo, ¢ = Veomp. 1/ Scomp. ¢V Veomp. 62) &)
ot = S ASEEn @
Vommntbt: = Vol A Xeomp. c2 V Xoomp! 62) (5)
SoonttPl = SpamiP ey A (Scomp. c2 V Seamal 62) (6)

Figure 3 illustrates the exemplary linking of the stakeholders
with the components from the previous Design for Variety
method. In addition, the linkage can be established
spreadsheet-based by mapping a DMM or manually in a
workshop by a writable MHC.
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Fig 3. Transfer of component Level from Design for Variety into MHC
4.3. Evaluating Allocations between Components

For the wusability and value-adding of the Module
Harmonization Chart, the tool goes beyond the representation
of a DMM. The elementary part of the MHC is to map the
interactions between the stakeholders and the corresponding
components. The interaction illustration refers to the
characteristics of modularization, which describe the coupling,
interface standardization, and functional connection between
components and/or modules. The couplings are documented

and extracted from the DSM and MDM as flows and
interactions [21]. In a previous analysis by Zuefle et al. [22], it
has already been suggested that module drivers can be
considered and used in a diversified manner, in line with the
goal of the architecture. Based on this concept, module drivers
are used in the MHC to investigate discipline-specific designs.
Since the existing product-strategic module drivers are too
generic for the examined view, more specific module drivers
must be used for the use case. In addition to the existing module
drivers, according to Erixon, the use case maps non-functional
requirements of the development disciplines [16],[22].

The selected module drivers are first quantified in an
adapted utility analysis to transfer module drivers to the MHC
in a differentiated manner. The adjusted utility analysis weights
the module drivers in the overall context and assigns the
module drivers to the components, depicted in Figure 4. Based
on matrices, the DMM under consideration is additionally
extended by the domain of the module drivers. It must be
mentioned that it is not the evaluation of the module drivers to
the components that determine the coupling but their weighting

[21].
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Fig 4. Relevance of Allocation by quantification of Module Drivers

The adapted utility analysis of the module drivers and the
assignment to the components has a crucial advantage for the
MHC by couplings being qualitatively quantifiable; thus,
conclusions about the dependencies between components are
made possible. This analysis supports, particularly in the
context of modularization, in which the purposeful decoupling
is aimed. The basic idea is that lower couplings by module
drivers are better suited to create interfaces than couplings with
a higher evaluation since the dependence is too large for
creating interfaces [201],[23].

4.4. Harmonization of Sub-Systems

The Module Harmonization Chart aims to provide
transparency and support for module formation in multi-
disciplinary product systems. For this purpose, harmonized
module concepts shall be created as an output of the
visualization tool. The evaluation of the couplings between the
subcomponents provides a way to decouple the components
precisely. In a conceptual approach, harmonization was
performed by prioritizing stakeholders [21]. Using the MHC,
this prioritization is replaced by the utility analysis of module
drivers, enabling a more objective modular architecture design.
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However, to best implement harmonization, supplementary
information must be considered in addition to 4.1 through 4.3.
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Fig 5. exemplary filled Module Harmonization Chart with Allocations

As described in the introduction of chapter 4, the MHC is
supposed to be used as an additional tool between Design for
Variety and Life Phase Modularization. Thus, the MHC can
rely on already technically and functionally designed modules,
which can be integrated into the mapping for better
transparency (Figure 5, shaded blue). The representation
enables transparency and a basis for discussing new and
adapted module cuts, which would be more equitably designed
in a cross- and multi-disciplinary harmonized context. For this
purpose, the MHC shows action points in the design of cross-
and multi-disciplinary module sections and gives incentives to
rethink existing modules and harmonize them to an integrated
context.
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Fig 6. Exemplary alternative module Cut in MHC

Therefore, Figure 6 shows an exemplary illustration where
the couplings between the components and the evaluation
according to module drivers allow an alternative concept of
module sections. Especially concerning an overall machine
software system, this can have advantages since individual
modules can be adapted to modules of other disciplines. Thus,
maintenance, replacement, and extension can be simplified
without touching other components in the modular product
system.

5. Application of the Module Harmonization Chart

The presented Module Harmonization Chart is applied
using the example of a robot vacuum cleaner. In doing so, the

previous work of Kiichenhof et al. [23] and Zuefle et al. [21],
among others, was used to leverage Design for Variety —
already performed — in a multi-disciplinary product system.

The example of a vacuum cleaner robot is also well suited
for illustration, as its product architecture consists mainly of
mechanical components and includes various electrotechnical
and fluidic components. In addition, control technology
software can also be considered in the example. For further
information, it is referred to Kiichenhof et al. [23]. The basis of
the Module Harmonization Chart is derived from the available
data and shown in Figure 7. The regarded development
disciplines are listed in the rows, and the components of the
variant-improved product architecture are listed in the
columns. In the tabular representation itself, the sub-
components of the discipline-specific designs are entered and
connected vertically since they correspond to a parent
component. In addition, modules are drawn in at the
mechanical level by the underlying technical-functional
modularization conducted in previous work [21, 23] (Figures 5
and 6, shaded blue).

00

Fig 7. Module Harmonization Chart of Vacuum Cleaning Robot before
Harmonization

In this example, Figure 7 shows that the discipline-specific
designs are also modularized according to technical-functional
aspects, which result in conceptual module selections. These
discipline-specific modules have emerged from the survey of
discipline representatives who have assigned components to
each other based on their experience according to technical-
functional aspects [21]. These module sections are harmonized,
i.e., aligned, with the help of the MHC.

Among other things, the module drivers used for the
representation are Upgradeability, Transferability, and
Exchangeability [22]. Due to the conducted utility analysis,
exchangeability and the mechanical structure received the
highest prioritization. As seen in Figure 7, the weightings from
the utility analysis were plotted in the Module Harmonization
Chart and show various action points in which the discipline-
specific module designs can negatively influence each other.
By qualitatively quantifying the weights of couplings, issues
for adjustment of the harmonized module intersections can be
identified. As seen in Figure 7, there is no coupling between
two of the orange modules, but they were put together in one.
As a concept, the right-sided component is separated from the
origin module and put into an isolated module located to the
right-hand components. There are further action points for re-
allocation along the mentioned one. All action points are
discussed, and components are shifted due to the gained
insights.
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Brush Control [ver]

Fig 8. Harmonized Module Structures by Module Harmonization Chart

Figure 8 shows the harmonized module structure due to an
expert workshop, which results from applying the MHC. The
result shown is only one of several possible concepts.
Depending on the stakeholders involved in the discussion,
alternative solutions may emerge.

6. Discussion and Outlook

The presented tool works effectively in the examples to
increase transparency in multi-disciplinary product systems
and support the collaborative creation of modules. Even if the
tool is not yet elaborated in its final maturity level, it already
brings advantages in elaborating harmonized modular product
system architectures. However, a few key points of the MHC
must be detailed and refined in further research. For example,
performing a utility analysis for prioritizing and quantifying
module drivers is beneficial for evaluating the couplings.
However, there is a lack of more in-depth studies and research
on discipline-specific module drivers and their expression [22].
In the demonstrated use of the MHC, the connections between
components were evaluated by their coupling. During the
application, transparency of the product structure was
increased with the result that it was possible to examine
interfaces beyond the documentation in the DSM. In further
investigation, it is also possible to regard the connections
between the components and sub-components as interfaces and
to generate statements based on it regarding the characteristics
and organization of interfaces. On the one hand, this has
advantages for module formation and maintenance of modules;
on the other hand, it also benefits in structuring responsibilities
around the interpretation of the interfaces between modules and
in modules to define. However, this assumption requires
further investigation, which will be initiated based on this

paper.

References

[1] Sankowski O, Kiichenhof J, Dambietz FM, Ziifle M, Wallisch A, Krause
D, Paetzold K. Challenges in early phase of product family development
processes, Procedia CIRP; 2021. 840-845, 10.1016/j.procir.2021.05.034.

[2] ElMaraghy W, EIMaraghy H, Tomiyama T, Monostori L. Complexity in
engineering design and manufacturing, CIRP Annals 61; 2012. p. 793—
814, 10.1016/j.cirp.2012.05.001.

[3] Porter ME, Heppelmann JE. How Smart, Connected Products Are
Transforming Competition, Harvard Business Review; 2014. p. 64-88.

[4] Birk C, Zuefle M, Albers A, Bursac N, Krause D.
INTERDISCIPLINARY SYSTEM ARCHITECTURES IN AGILE
MODULAR DEVELOPMENT IN THE PRODUCT GENERATION
DEVELOPMENT MODEL USING THE EXAMPLE OF A MACHINE

TOOL MANUFACTURER, Proc. Des. Soc. 1; 2021. p. 1897-1906,
10.1017/pds.2021.451.

[5] Krause D, Gebhardt N. Methodical Development of Modular Product
Families. Berlin, Heidelberg: Springer Berlin Heidelberg; 2023,
10.1007/978-3-662-65680-8.

[6] Mertens KG, Rennpferdt C, Greve E, Krause D, Meyer M. Reviewing the
intellectual structure of product modularization: Toward a common view
and future research agenda, J of Product Innov Manag; 2022,
10.1111/jpim.12642.

[7] Graessler I, Hentze J. The new V-Model of VDI 2206 and its validation,
at - Automatisierungstechnik 68; 2020. 10.1515/auto-2020-0015.

[8] John O. Clark. System of Systems Engineering and Family of Systems
Engineering from a standards, V-Model, and Dual-V Model perspective,
2009 3rd Annual IEEE Systems Conference; 2009. p. 381-387.

[9] Walden DD, Roedler GJ, Forsberg K; Hamelin, R. Douglas; Shortell,
Thomas M. (Eds.). Systems engineering handbook: A guide for system
life cycle processes and activities; INCOSE-TP-2003-002-04, 2015:
Wiley. Hoboken, NJ; 2015.

[10] Zuefle M, Muschik S, Bursac N, Krause D. COPING ASYNCHRONOUS
MODULAR PRODUCT DESIGN BY MODELLING A SYSTEMS-IN-
SYSTEM, 17TH INTERNATIONAL DESIGN CONFERENCE; 2022,
10.1017/pds.2022.258.

[11] Kipp T, Krause D. DESIGN FOR VARIETY - EFFICIENT SUPPORT
FOR DESIGN ENGINEERS. In: 10th International Design Conference
Design 2008, May 19 - 22, 2008, Cavtat - Dubrovnik, Croatia. Zagreb;
2008.

[12] Pimmler TU, Eppinger S. Integration analysis of product decompositions.
In: ASME Conference on Design Theory and Methodology. Minneapolis,
MN; 1994, p. 343-351.

[13] Gopfert J. Modulare Produktentwicklung. In: Franke N, Braun C-F
von, editors. Innovationsforschung und Technologiemanagement. Berlin,
Heidelberg: Springer Berlin Heidelberg; 1998, p. 139-151, 10.1007/978-
3-642-48173-4_12.

[14] Stone RB. Towards a Theory of Modular Design. Austin, TX, USA; 1997.

[15] Blees C, Jonas H, Krause D. Development of Modular Product Families.
In: Wynn DC, editor. Managing complexity by modeling dependencies.
Miinchen: Hanser; 2010, p. 169—182.

[16] Erixon G. Modular function deployment: A method for product
modularisation. Stockholm: The Royal Inst. of Technology Dept. of
Manufacturing Systems Assembly Systems Division; 1998.

[17] Simpson TW, Bobuk A, Slingerland LA, Brennan S, Logan D, Reichard
K. From user requirements to commonality specifications: an integrated
approach to product family design, Res Eng Design 23;2012. p. 141-153,
10.1007/s00163-011-0119-4.

[18] van Beek TJ, Erden MS, Tomiyama T. Modular design of mechatronic
systems with function modeling, Mechatronics 20; 2010. p. 850-863,
10.1016/j.mechatronics.2010.02.002.

[19] Askhgj C, Christensen CKF, Mortensen NH. Cross domain
modularization tool: Mechanics, electronics, and software, Concurrent
Engineering; 2021. 10.1177/1063293X211000331.

[20] Browning TR, Yassine AA. Managing a Portfolio of Product
Development Projects under Resource Constraints, Decision Sciences 47;
2016. p. 333-372, 10.1111/deci.12172.

[21] Zuefle M, Kiichenhof J, Hanna M, Krause K. Assessing the Influence of
Digital Innovations on the Organizational Design of Product Family
Generations. In: DS 121: Proceedings of the 24th International DSM
Conference (DSM 2022), Eindhoven, The Netherlands, October 11 - 13,
2022: The Design Society; 2022, p. 58—67, 10.35199/dsm2022.07.

[22] Zuefle M, Rennpferdt C, Kuhl J, Schwede L-N, Krause D. Analyzing
Dependencies between Product Architecture and Module Drivers. In: DS
119: Proceedings of the 33rd Symposium Design for X (DFX2022): The
Design Society; 2022, p. 10, 10.35199/dfx2022.22.

[23] KiichenhofJ, Tabel C, Krause D. Assessing the Influence of Generational
Variety on Product Family Structures, Procedia CIRP 91; 2020. p. 796—
801, 10.1016/j.procir.2020.02.237.



