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The concept of modular products is far from new. Still, it has lately gained actuality due
to the increased need for shortened lead times, differentiated products, environmentally
friendly products, etc. In general, product modularisation may be seen as one solution to
various problems that increase the product and business complexity. More specifically,
modularisation is used to manage product variety, the organisation of development and
production, as well as various after-sales issues, where the two former are most
important to this thesis.

One objective of this thesis is to clarify and improve existing terminology and theories
for modular products and modularisation. Furthermore, methods during conceptual
design as well as the effect of the technical concept on the potential for modularisation
are emphasised. However, the thesis especially focuses on the problem of balancing the
technical aspects and the business-aspects during the modularisation. The objectives are
approached by an extensive literature survey, by the study of various artefacts, as well as
by the synthesis of methods and the application of the methods on a few cases.

It is here argued that the modularisation process should be separated from the detailing
of variant products and modules. This process includes the clarification of the task,
conceptual and embodiment design, and the detailing of the modular structure. First, in
the conceptual phase the effect of the concept on the potential for modularisation should
be considered by a functional analysis.

Second, the actual modularisation is done in the embodiment phase, where the technical
solutions are grouped to modules by considering both the functional and the strategic
aspects. The strategic aspects represent the reasons for the modularisation, whereas the
functional aspects are based on the functional analysis. Both the functional and the
strategic aspects are represented as relations between the technical solutions, which
facilitate the usage of the so-called Design Structure Matrix (DSM). By using the DSM,
various modular structures may be visualised and evaluated. Moreover, by using
quantitative measures the optimal structure may be searched for.

Third, the detailing of the modular structure is done by optimising the degree of variety
and by freezing the interfaces after the variety has been considered. This is done by
considering both the product performance and the costs, i.e., by considering both the
benefit and the cost of variety.

.H\ZRUGV� modular products, modularisation, product structure, product variety
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7KLV� FKDSWHU� JLYHV� D� EDFNJURXQG� WR� WKH� UHVHDUFK� RI� WKLV� WKHVLV�� 7KH

REMHFWLYH��WKH�IRFXV�DQG�WKH�DSSURDFK�RI�WKH�WKHVLV��DV�ZHOO�DV�WKH�QHHGHG

NQRZOHGJH�DUHDV�IRU�UHVHDUFK��DUH�GHVFULEHG��0RUHRYHU��WKH�VWUXFWXUH�RI

WKH�WKHVLV�LV�RXWOLQHG�LQ�RUGHU�WR�JXLGH�WKH�UHDGHU�

���� %DFNJURXQG

The term “modular products” traditionally refers to products that are designed to satisfy
varying requirements through the combination of distinct building blocks. The most
common purpose behind product modularisation is to generate product variety in a
rational way, and the concept of modularisation is strongly related to concepts such as
design for variety, product family design and platform development. Lately, however, a
range of other purposes have been linked to the concept of modularity, for example, the
parallel development and production of modules as well as the ease of product
maintenance, reuse and recycling.

The concept of modular products is far from new; the basic idea of combining building
blocks in various ways to achieve variety has probably been used in ancient history. The
concept has also been around for a reasonably long time in a modern industrial context;
it may be assumed that Ford’s model T cars included both common and variant elements
for the range of body styles, despite the fact that the colour always was black. The truck
manufacturer Scania had already started to think in terms of modularity during the
1940s, Hulldin et al. 1996, and the approach has been a central and successful part of the
strategy since the early 1980s. Similarly, Ihrig (2000) explains that in the car industry,
the platform thinking was used already by Italian manufacturers in the 1920s, when the
common chassis was combined with variant bodies. Moreover, in the late 1940s, the
Volkswagen (VW) bus was based on many of the existing VW beetle systems. Later in
the 1980s, when Saab worked together with Fiat, Lancia and Alfa Romeo, the platform
approach was employed for the development of new cars across companies. The
platform approach has since been developed by most major car manufactures, not the
least VW.

The reference list of this thesis includes research contributions that date back to the early
1960s when Borowski (1961) defined and described the principle of modular products
and Gläser (1961) discussed the principle as well as the economic importance of
modular products. The concept is later elaborated by Brankamp & Herrman (1969a,b)
and Pahl & Beitz (1974a,b). At the same time, Starr (1965) discusses what he sees as a
new concept, namely modular production, and he states: “The notion of high-volume,
low cost, automated mass production will eventually give way to adaptive automation
capable of producing a sequence of unique outputs at no sacrifice of volume and at no
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significant increase in cost”. The idea that we are moving from the mass production
paradigm to a paradigm with higher degree of customisation is later discussed by, e.g.,
Womack et al. (1991) and Pine et al. (1993), where Pine use the expression “mass
customisation”.

Thus, the application of and the research on the modular concept are far from new. Still,
the concept of modular products has, during the 1990s, gained actuality because of the
increasing differentiation of products in the market. This has lead to the initiation of
many research projects across the world, focusing on product modularisation, design for
variety, product family design, product platform design, etc. It should also be noted that
in the current research, the time aspect of variety is more pronounced than in the early
research, i.e., the active planning for future products within the modular system.
Anyhow, a consistent terminology and theory, as well as satisfying methods, for the
description, design and evaluation of modular products, are still lacking.

This work commenced in April 1997 as one of the projects within the Swedish
Engineering Design Research and Education Agenda (ENDREA). The project was
initially given the name “Theories and methods for modular products” Endrea (1997),
which later was changed to “Modular products – function localisation and
performance”, Endrea (1999). The idea was to build further on the successful research
of Erixon (1998), which resulted in the Modular Function Deployment (MFD) method,
by including more functional and performance-oriented aspects.

���� 2EMHFWLYHV

In the initial project description, Endrea (1997), it is emphasised that the MFD method
focuses mainly on the strategic and economic aspects of the process. Therefore, there is
a need to include better the functional aspects and performance aspects in the
modularisation process. Moreover, the MFD method is best suited for the redesign of an
available product, and thus there is a need for more support in the conceptual phase of
the development. The fact that there are many inconsistent theory and method proposals
was also raised. By considering the content of this thesis, two objectives may be
formulated:

1. Clarify and improve existing theories and terminologies for modular products and
modularisation by studying available literature (in English, German and
Scandinavian).

2. Consider how the technical concepts relate to product modularity and how
modularisation may be considered in the conceptual phase of development process.

Later, in Endrea (1999), an overall research question was formulated: How may the
design team consider systematically the technical aspects of modularity, together with
the strategic and economic aspects, in the conceptual and embodiment phases of the
design process? Also a few narrower questions were formulated: How may a product be
structured by considering both the functional and strategic aspects? How may a product
family be optimised by considering both product performance and economic criteria?
How may simulation tools be used in the design process of modular products to help
decide on the trade-offs between product performance and economic criteria? By
considering the current thesis, another two objectives may be formulated:
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3. Find a method to group technical solutions into modules by considering both the
function structure of the product and the reasons to divide the product into modules,
here referred to as the functional and the strategic aspects.

4. Find ways to optimise the variety of both modules and interfaces by considering the
trade-offs between performance and cost.

Moreover, it may be argued that the overall objective of this work is to combine the
technical aspects with the business aspects of modularisation, both from a qualitative
and a quantitative viewpoint, figure 1.1.

Technical

Functional
aspects

Strategic
aspects

Performance
and behaviour
aspects

Economic
aspectsQuantitative

Qualitative

Business

Figure 1.1. Two dimensions and various aspects on the modularisation problem.

���� 5HVHDUFK�DSSURDFK�DQG�WKHRUHWLFDO�IRXQGDWLRQ

Research work is problem based (induction), theory based (deduction) or both, figure
1.2.  The research presented in this thesis is mainly theory based; i.e., new ideas are
synthesised from current theories, although there are some elements of problem-based
research.

Problem
base

Theory base

ANALYSIS:
external

consistence,
usefulness, etc.

Model

SYNTHESIS:
generating
solutions,
evaluating

consequences,
etc.

Diagnosis

ANALYSIS:
disclosing
structures,
causalities,

empirical rules
etc.

SYNTHESIS:
building

structures,
internal

consistence, etc.

New scientific
acknowledgement

New scientific
acknowledgement

Knowledge
transfer

Practical
result

Research Development

Figure 1.2. Paradigms for research work in Andreasen (1998a) [based on Jørgensen (1992)].

Much of the work has been devoted to the study of previous scientific contributions
described by keywords such as modular design, design for variety, product structuring,
etc. The actual starting point was the work of Erixon (1998), with its definition and
approach. This information was backed up and complemented by a range of theories and
discipline knowledge, as described by figure 1.3. However, engineering design-oriented
theories are the most central, i.e., the theories of technical systems and the theories of
design processes, as classified by Hubka & Eder (1996).

It may be argued that the two phenomena, modular products and modularisation, are
modelled and described based on the theories of technical systems and the theories of
design processes, respectively. The purpose is to understand the concept of modular
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products so that the methods for product modularisation may be improved.
Consequently, the research includes both descriptive and prescriptive elements.

Theory of
technical
systems

Theory of
design

processes

Product costing
Marketing

Performance and
behaviour simulation

Manufacturing
(assembly, logistics)

Organisation

Quality
Integrated
product
development

Modular design

Product structuring
Design for
variety

Platform
development

Product families

��������� �

Figure 1.3. Important knowledge areas for this research.

Andreasen (1998a) discusses the problem of and ways to the validation of design
research. The quantitative validation of design research and design methods often is
difficult. Here, qualitative validation is relied upon, i.e., the logical consistence with
other theories and methods and the potential usefulness is evaluated and discussed. The
suggested ideas are illustrated by cases, which support the validation.

���� 'HOLPLWDWLRQ�RI�WKH�UHVHDUFK

It should be noted that modularisation is applied for various reasons; i.e., modularisation
may be a solution to several problems, figure 1.4. In Chapter 2, these problems are
grouped in three categories, namely, variety versus commonality, organisation of
development and production and after sales. In this thesis, the focus is on the solution
rather than the range of problems. To study modularisation, the problems must, of
course, be touched upon, but alternative solutions to the problems are not approached.
The range of problems is discussed broadly, but the main focus is on the aspects of
product variety versus commonality, whereas the organisational aspects and especially
the after-sales aspects are treated to a lesser extent.

0RGXODULVDWLRQ
0RGXODU�SURGXFW

Commonality/
Variety

Organisation

After sales

3UREOHP 6ROXWLRQ

Figure 1.4. Modularisation is one solution to several problems.
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The subject of product modularisation involves a range of knowledge areas as indicated
in figure 1.3, which are seen as input to this research. The aim of this research is to
contribute to the actual engineering design, not to the areas affecting the engineering
design. Moreover, the focus is on the early phases of product development, i.e.,
conceptual design, embodiment design and the detailing of the product structure. The
detailing of parts as well as the support of this process (e.g., CAD) are not treated at all.
Moreover, the focus is on products where a relatively large part of the complexity is in
the mechanical domain, which includes mechatronic products. This does not necessarily
exclude the applicability of some ideas for purely electronic and software products.

���� 6FRSH�RI�WKH�UHVXOWV

The results of this thesis may be grouped into four parts, each addressing one of the
objectives stated above. The first part is a state-of-the-art review, which leads to a
clarified and improved description of ZKDW� PRGXODU� SURGXFWV� DUH� JRRG� IRU�� ZKDW
PRGXODU�SURGXFWV�DUH and KRZ�PRGXODU�SURGXFWV�DUH�FUHDWHG. The other three parts may
be related to the modularisation process as seen in figure 1.5. These parts are based on
the appended five papers, which are further discussed and summarised in Chapter 5.

The first two papers illustrate how the technical concept relates to product
modularisation and discuss how modularisation may already be considered in the
conceptual phase. The third paper introduces an approach to group solutions or parts
into modules, which is here seen as an embodiment phase activity. Finally, the two last
papers show how the modular structure may be optimised and detailed.

Paper I
Paper II

Conceptual
design

Embodiment
design

Detail
design

Paper III

Paper IV
Paper V

Figure 1.5. The thesis in relation to the design phases.

���� 2XWOLQH�RI�WKH�WKHVLV

The remainder of the thesis is divided into five chapters, figure 1.6, where the Chapters
2–4 provide the state-of-the-art survey. The state-of-art chapters also include the
synthesis and the conclusions of the author, which is indicated by an arrow (→) at the
end of the sections.

In Chapter 5 the core of the thesis is presented, leaning on the survey and based on the
work done in the appended papers. In Chapter 6, the research findings are discussed and
concluded, the scientific contribution and the achievement of objectives is evaluated and
the suggestions for future research are presented. The papers that form the base for the
thesis are appended.
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Chapter 5
Managing complexity by product modularisation

Chapter 6
Conclusion and future research

Summary &
conclusions

Chapter 2
Purposes and
implications of
modularisation

Summary &
conclusions

Summary &
conclusions

Chapter 3
Models and
definitions related to
product structuring
and modularisation

Chapter 4
Approaches for the
development of
modular products

Figure 1.6. Outline of thesis, where the shaded area form the central parts of the thesis.
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7KLV�FKDSWHU�H[SODLQV�ZK\�PRGXODULVDWLRQ�LV�LQWHUHVWLQJ�E\�GHVFULELQJ�D

QXPEHU�RI�UHDVRQV�IRU�DQG�EHQHILWV�RI�PRGXODULVDWLRQ��7KH�IRFXV�LV�RQ�WKH

KDQGOLQJ�RI�SURGXFW�YDULHW\��DOWKRXJK�WKH�KDQGOLQJ�RI�WKH�RUJDQLVDWLRQDO

DV� ZHOO� DV� WKH� DIWHU�VDOH� SUREOHPV� DUH� PHQWLRQHG�� 6RPH� DOWHUQDWLYH

DSSURDFKHV� DV� ZHOO� DV� SRWHQWLDO� GUDZEDFNV� RI� SURGXFW� PRGXODULVDWLRQ

DUH�WRXFKHG�XSRQ�

���� 0RGXOH�GULYHUV�±�VWUDWHJLF�DVSHFWV

The module drivers may be seen as the reasons for the grouping of technical solutions or
parts to modules, a concept introduced by Erixon (1998). Erixon lists twelve reasons to
group product elements into modules, which are related to development, variety,
production, procurement, quality and after sales. Several other authors, for example
Ulrich & Eppinger (1995), Sanchez (1994), Smith & Reinertsen (1995) and Ulrich
(1995), list a range of reasons that both complement and overlap the module drivers of
Erixon. Furthermore, other researchers focus on only a few of the module drivers;
however, they describe and discuss them at a higher level of detail. Based on this, a list
of reasons is presented as keywords in table 2.1, which describes the purposes and the
potential benefits of modularisation.

Modularisation is frequently seen as a way to handle product variety. There may be
variety between products at a certain time as well as variety between products because
they are changed over a time period. In this context, modularisation is performed to
identify common and variant modules as well as carry over and change modules. These
perspectives of variety, Uzumeri & Sanderson (1995), denote the spatial and
generational variety.  They also differentiate between the additive change that increases
the variety and the replacement change that does not affect the variety at a certain time.

At the point of design, the generational variety may be discussed in two directions:
designing a product by using existing designs (reuse) or designing a product to ensure
future reuse (carry over). Moreover, according to Erixon (1998), it is important to divide
the generational variety in the externally driven and the internally planned change. In the
context of product variety other requirements are also discussed, for example Erixon
(1998) and Umeda et al. (1999) discuss upgrading and Ulrich & Eppinger (1995)
mention the reconfiguration and add-on of modules.

The organisational aspects of product development and production may also be
approached by modularisation. In various ways, several authors discuss separate
development of modules, e.g., Pimmler & Eppinger (1994), Erixon (1998) and Sosa et
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al. (2000). Separate development not only means that the modules may be developed (at
different places) with little information exchange, but also means that the modules may
be developed concurrently (in parallel) as well as incrementally (one at a time).
Concentration of risk in the development process is also an important issue, Smith &
Reinertsen (1995). In production, issues such as pre-assembly, e.g., Ungeheuer (1985),
separate testing, Erixon (1998), and late point differentiation, e.g., Bikker (1996), are
important when modularising the product. The issue of in- or outsourcing (make or buy)
is another organisational issue that is central when modularising, see e.g., Erixon (1998)
and Baldwin (1997).

For product maintenance during the product life, it may be useful to establish modules
to ease repair of modules as well as to ease replenishment due to consumption or wear,
e.g., Karmarkar & Kubat (1987), Ulrich & Eppinger (1995) and Gu & Sosale (1999).

Table 2.1. The main reasons or purposes to group elements to modules, module drivers.
5HDVRQ

(keyword)
([SODQDWLRQ

(Group elements because…)
commonality …they all will be common across the products
variety …they all will vary across the products
internally planned change …they are all planned to be redesigned during the period.
externally driven change …they all will be redesigned during the period due to externally

controlled changes.
carry over …they all will stay the same over the period.
concentration of risk …they all are affected by risky development and in case it fails, existing

module may be used.
upgradability …upgrading should be facilitated with them as one module when new

elements are developed
addability …add-on should be facilitated with them as one module to ensure that the

system may be extended.
reconfigurability …reconfiguration should be facilitated with them as one module to

ensure that modules may be exchanged or moved within the system.
separate development …it is beneficial if they may be developed by one team separate from

other teams by ensuring little need for information exchange.
parallel development … it is beneficial if they, as one module, may be developed concurrently

with other modules.
incremental development …it is beneficial if modules may be redesigned and released one at a

time.
pre-assembly …they should be assembled before the final assembly, in parallel with the

assembly of other modules
separate testing …they should be tested together before the final assembly.
late differentiation …they all may used to differentiate the products late in the process.
Out-sourcing (buy) …they all should be bought by a supplier.
In-sourcing (make) …they all should be developed and/or manufactured in house
repair …they should be repaired together as a module.
replenishment …they should be replenished together as a module.
component reuse …they should be re-used together in a later product.
material recycling …they all are of similar material, which is to be recycled after use.
incineration …they all will be incinerated in the same process after use.
landfill …they all will be used as landfill after use.

To reduce the environmental impact and reduce cost of new products, many authors
have approached component reuse and material recycling by advocating modularisation,
e.g., Marks et al. (1993), Newcomb (1996), Erixon (1998) and Gu & Sosale (1999). Of
course, modules may be identified to separate material before incineration and landfill.
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Seliger et al. (1997) discuss the fact that different components have different lengths of
life and thus modularity, which allows upgrading and replacement of some parts, makes
the life longer for the total product.

The reasons to group elements into modules are related in various ways. Therefore,
depending on how they are related, researchers have grouped the reasons in various
manners. Andreasen (1998b) mentions functional, production-oriented, supply-oriented,
service-oriented and quality-oriented encapsulation, which is in line with the product
life phases and stakeholder categories of Erixon (1998). Erixon also describes that some
of the module drivers support, conflict or at least interact with each other. Typically,
variety and commonality as well as carry over and change are in conflict. This is further
discussed by Stake (2000), who not only decomposes the module drivers of Erixon, but
also groups the module drivers according to their strategic focus: product, process or
customer.

commonality

variety �����

internal change � � ���
external change � � ���
	 ���
carry over � � ��� ����������

upgradability 	 ����	 ���
addability 	 ��� 	 ���
reconfigurability 	 ��� 	 ����	 ���
late-point diff. 	 ���
concentrate risk 	 ����	 ���
incremental dev. 	 ����	 ���
separate dev. 	 ����	 ���
parallel dev. 	 ���
pre-assembly 	 ���
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out-sorcing, buy 	 ����	 ����	 ����	 ���
in-sourcing, make �����

repair
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reuse � � � � � � � � �
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Figure 2.1. Analysis of the relations between the drivers described in table 2.1: opposite (opp),
time relations (time), similar but not same (rel), require (req), complement (com), alternative to
(alt). Three main groups of reasons are identified.

→Here it is argued that table 2.1 provides a reasonably comprehensive list of the drivers
for modularisation, however there are conflicts, links and overlaps. For example, reuse
might be seen as a complement to replenishment because if a module is replaced
because it is worn, it might be argued that the rest of the product is reused in a new
product. Similarly may upgrading be seen as a way to prolong the life of the not
upgraded parts, which actually are reused. Moreover, commonality is the opposite of
variety, addability is related to upgradability and reconfigurability, late differentiation
requires variety, recycling is an alternative to reuse, etc. This is further outlined in figure
2.1. Based on these relations between the module drivers, it is argued here that there are
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three main problems that are approached by modularity, namely the problem of variety
versus commonality, the organisational problem of development and production, and
various after-sale problems. This is further discussed and used in Paper III.

���� 9DULHW\�DQG�WKH�FDXVH�RI�YDULHW\

The term variety is normally used for the physical variety in parts and products.
However, it should be noted that variety could be discussed at a more abstract level, i.e.,
functions and technical solutions, which at a concrete level result in a physical variety.
When discussing the physical variety it is important to differentiate between product
variety and component variety, described by Kaiser (1995) as the external and internal
variety. He argues that the balancing and optimisation between the external variety and
the resulting internal variety is the core of variety management. As phrased by Riedel et
al. (1999), the goal is to have externally as many variants as necessary and have
internally as few variants as possible.

A vertical hierarchical representation of a modular product structure may be described
as being hourglass- or X-shaped, Erens (1996) and Slack (1998), figure 2.2. Typically,
the modules in the waist vary; however, the variety is not experienced in the final
assembly due to the standardised interfaces. Both modularisation and standardisation are
frequently mentioned in the context of product variety. Nilsson (1990) differentiates the
two terms by arguing that modularisation is done at the assortment and product level,
whereas standardisation is considered on the component level, as indicated in figure 2.2.

Products – external variety

Modules

Components – internal variety

Modularisation

Standardisation

Figure 2.2. Principle for a modular product structure, combined from Erens (1996) and Nilsson
(1990).

Moreover, the product variety may be described along two dimensions according to
Suzue & Kohdate (1990): variety described by different market segments and the variety
within the segments. Meyer & Lehnerd (1997) describe this by their so-called market
segmentation grid. Typically, in the automotive industry it is relevant to say that
different car models meet different segments, whereas different equipment alternatives
satisfy varying requirements within the segment.

An important reason for the product variety is the demand for customised products from
the market, where, for example, the globalisation of the market has resulted in higher
variety due to the need for country-specific products. As argued by Wildemann (1999),
the market is transferred from the sellers’ market to the buyers’ market, or from the
mass production paradigm to the mass customisation paradigm mentioned in Chapter 1.
The variety is also a result of the introduction of odd products that are sold to ensure
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larger orders of standard products, which may be referred to as “door openers”, Hichert
(1985). Not only the product variety of the competitor, but also the number of
competitors, may affect the variety because it is likely to increase the number of market
niches. As concluded by Lancaster (1990), the competitiveness of the market, together
with the degree of scale economies and the degree to which the customers value the
difference between products, affect the level of variety. The competition on the market
may force companies to extend their product assortment; however it may lead to a
vicious circle, figure 2.3.

Over capacity
Price competition
Stagnated market

Capturing new
segments 
(niches)

Higher 
complexity

Higher 
costs

Higher 
prices

Low 
competitive-
ness

Figure 2.3. The vicious circle of variety according to Kaiser (1995).

Thus, the external reasons, the customers and the competitors, drive the external variety.
The external reasons may be seen as rational reasons to generate external variety,
although the product variety, of course, results in the higher internal variety. Still, all the
created variety is not rational or necessary. Beside the external driving reasons for
variety there are also internal reasons that are less rational, which result in unnecessary
variety. Kersten (1999) states that 27% of the external variety and 36% of the internal
variety may be considered unnecessary.

One of the main reasons for variety is the fact that the conventional approaches for
product costing favour product variety, Eversheim et al. (1989b). In general, it may be
expressed as a lack of knowledge of how variety affects the costs. There may also be
bad communication between the marketing, design and production departments, which
results in unnecessary product and part variety; the downstream effects of decisions are
not known or considered. Information about the variety is lacking, Eversheim et al.
(1988). The customer value of the variety as well as costs of variety may not be
established without integration across the department boundaries. Variety could even be
caused by a low degree of communication within the design department, which lowers
the degree of reuse. Typically, there is a focus on cost reduction for the individual
products rather than the entire product family, Stake & Blackenfelt (1998). The
department goals and the individual project goals may be sub-optimisations of the
company goals, Kersten (1999). Kersten also says that there may be individual goals that
drive variety; e.g., the designers wish to design and not reuse because it improves the
designer’s position or it is simply more fun. Also, the management may affect the
product variety by changing plans and product strategies too sudden and often,
Ehrlenspiel et al. (1998).
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Some companies have products with a long market life. If a company still adds new
products continuously while the old products continue to be sold, the product variety is a
result of historic growth, Stake & Blackenfelt (1998). Suzue & Kohdate (1990) mean
that when there are long lapses between the development of the derivative products, the
products become unrelated, which may be seen as a part of the historic growth.
Historically growing variety may also be explained by low internal communication and
the fact that it is easier to design a part than search for a part that is already designed,
although it already fulfils the specification, Rathnow (1993). It may, for example, be
easier to design in the CAD/PDM systems than to search for existing parts that fulfil the
specification.

→ Thus, the internal product variety is a result of several factors; some factors are
external and others are internal, figure 2.4. The external factors have effect directly on
the external variety and indirectly on the internal variety. The external factors are out of
the company’s control, and it is mainly the internal factors that result in the unnecessary
external and internal variety: this more or less by definition.

���������
	�����

The buyers market,
Globalisation,
 “Door openers”

����	�������� ��� ���
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Figure 2.4. External and internal causes of variety.

���� 7KH�LPSOLFDWLRQV�RI�FRPSOH[LW\�±�HFRQRPLF�DVSHFWV

Modularisation may be seen as an approach to handle product as well as business
complexity, where product complexity in a narrow sense is more or less synonymous
with product variety. Piller & Waringer (1999) discuss the complexity costs and
mention that 15–20% of the costs in car manufacturing depends on complexity. Ceasar
(1991) states that 15–20% of the total manufacturing cost relates to the cost of variety,
and similar values may be found in Hichert (1986a) and Eversheim et al. (1989b).
Larsson & Åslund (2000) describe the product structure-dependent costs, 30–40%, and
the product volume-dependent costs, 30–35%. Consequently, companies try to keep
many parts in the variant products common; for example 50–60% of the value of
Volkswagen’s platform-based cars are reported to be common, Ley & Hofer (1999). In a
wider sense complexity is related to all the reasons described in table 2.1, and the
purpose of modularisation is to reap benefits in cost, quality, flexibility, risk, lead-time
efficiency and environmental effects, i.e., the universal virtues, Andreasen (1998a)
[based on Olesen (1992)].
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When using modularity to handle product variety, the idea is that common and variant
modules should be combined easily to create the wanted product variety. A basic
approach is to differentiate the parts of the product where the customer experiences and
values the difference between the parts and keep the other parts common across the
product family, Hackenberg et al. (1997). By using common parts and modules for the
variant products, cost savings are achieved during all life phases of the products. The
variant parts, on the other hand, are needed to create product variety, which is needed to
satisfy the customer requirement and thus ensure the sale of the products.

The challenge is to offer the right level of the external and the internal variety; a
common consequence of increased product variety is increased turnover, however, with
reduced profit margin due to the increased costs, Quelch & Kenny (1994) and Hildre
(1996), figure 2.5a. Thus, commonality and variety obviously must be balanced by
considering both the income and cost sides of the problem, Hichert (1986b), figure 2.5b.
Still, Åhlström & Westbrook (1999) show that the companies rank the benefits of a
modularisation differently; increased customer satisfaction and increased market share is
ranked as more important than increased profit or reduced costs for customisation by
modularisation.
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Figure 2.5a-b. a) Extension of sales but not profit, Hildre (1996). b) The optimum variety and
profit, Hichert (1986b).

Product variety induces costs in various ways. First, the variant products and parts result
in a range of costly activities across the departments of the company. Second, increased
variety normally reduces the production volume of individual parts and products, and
thus the result is a decreased economy of scale. Thus, the potential for cost savings may
be found both in the direct and the indirect cost area; however, according to Eversheim
et al. (1989b), the largest part of the variety-related costs occur in the indirect cost area.
Moreover, these indirect costs are relatively difficult to calculate, Nilsson (1990),
Franke et al. (1995) and Wildemann (1999).

The indirect costs caused by variety-induced activities occur in virtually all company
departments and product life phases. The costs are induced by both the internal and the
external variety. Since the costs are difficult to calculate, they are often only estimated,
Nilsson (1990) and Franke (1995). However, in order to properly calculate and link
these indirect costs to the individual parts and products, various versions of so-called
activity-based costing is frequently advocated, Nilsson (1990), Kaiser (1995) and
Åström & Larsson (2000). The activity-based costs are often divided in the costs that are
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related to the introduction of a new part and the costs related to the maintenance of the
available parts, Hichert (1986a) and Nilsson (1990).

In fact, because wrong costing approaches are used, the actual costs of odd products and
odd parts are underestimated, Eversheim et al. (1989b). Basically, the odd products may
cause a loss that is carried by the standard products, which makes the standard products
less competitive, figure 2.6a. Similarly, Kaiser (1995) says that it is a danger to deliver
both speciality products (odd) and mass products (standard), figure 2.6b, because there
is a risk that the costs for the mass products is in line with the costs for speciality
products. This idea follows Porter (1980), who argues it is bad to be stuck in the middle
between the generic competitive strategies: differentiation, cost leadership and focus.
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Figure 2.6a-b. a) Potential effect of having to many odd products, Schuh (1998); b) Different
strategies and the potential effect on profitability, Kaiser (1995).

Economy of scale basically means that the part cost is reduced if the production volume
of the parts is increased. This is because the fixed production costs are distributed over
more parts or because the longer production series result in more efficient production,
referred to by Kohlhase (1997) as the genuine and potential reduction, respectively.
These effects are, on the other hand, conflicted by the fact that standardisation may
require over-dimensioned parts and thus increased direct material costs. Moreover, a too
high production volume may result in increased costs, in steps, because new equipment
may be needed, Hichert (1985).

It should also be noted that when trying to reduce the variety from a higher level it is
difficult to achieve the optimum profit because of the fixed variety costs, which may not
be removed when the variety is reduced. Moreover, the income may be negatively
affected when the variety is reduced even though the variety is not really needed, due to
the customers existing expectations, figure 2.7a-b.
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Figure 2.7a-b. a) When reducing complexity, some complexity costs may remain, Rathnow
(1993); b) It may be difficult to reach the optimum profit after the optimum variety is passed,
Hichert (1986b).

As raised above, increasing the product variety often increases the sales. It should be
noted, however, that an excessive product variety might lead to cannibalism and
confused customers, Quelch & Kenny (1994), which affect the sales negatively. The
issue of commonality and cannibalism is often discussed in the literature, recently by
Kim & Chhajed (2000).

Instead of a cost and income/price discussion, several authors address the problem in
terms of benefit, utility or value, however with various definitions. Kaiser considers the
customer utility (value) to be what is left after the purchase price and other customer
costs are withdrawn from the gross utility (benefit). Thus, the gap between the gross
utility and the cost should be maximised as shown conceptually in figure 2.8a-b.
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Figure 2.8a-b. a) Optimisation according to Rathnow (1993); b) Two strategies, differentiation or
cost reduction, Kaiser (1995).

The economical reasoning above deals with the complexity costs induced by the product
variety. However, similar reasoning may be applied for the complexity related to the
organisation of production and development. The organisation of production and
development is, in general, related to time, for example time to market and order to
delivery, which may be quantified in economical terms. Modularisation, however,
requires an effort early in the process in order to reap later benefits such as the efficient
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meeting of variant orders and short time to market of various products and updates,
figure 2.9a-b.
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Figure 2.9a-b. a) Modularisation costs, but gives benefits in the long run, Erixon (1998); b)
Modularisation makes it possible to be quick to market with derivative products, which gives
income benefits, Smith & Reinertsen (1995).

Also the quality may be improved by modularisation, not only by separate testing as
discussed by Erixon (1998), but especially due to higher production volume of
components, i.e., scale effect on the quality. Moreover, issues such as maintenance,
recycling and reuse may, of course, be expressed in monetary terms, such as
replenishment cost, recycling cost, etc. Modularity and this type of costs have been
studied quantitatively by, e.g., Karmarkar & Kubat (1987), Di Marco et al. (1994) and
Ortega et al. (1999).

→ Modularisation should be done by balancing a range of aspects and purposes. In
terms of product variety, it is of primary importance to balance variety (external and
internal) and commonality, with a focus on the profit, not cost or income in isolation,
whereas standardisation is performed mainly with a cost focus. Variety affects the profit
both positively and negatively, and thus there must be an optimum, which has been used
in Paper IV. There are multitudes of effects that need to be considered; however, some
of the most central effects of variety are:
• Increased internal variety ⇒ increased optimisation of components ⇒ decreased

direct manufacturing cost
• Increased internal variety ⇒ decreased production volumes and more set-ups ⇒

increased direct manufacturing costs
• Increased internal variety ⇒ more effort to handle variety ⇒ increased indirect costs

in many parts of the company
• Increased external variety ⇒ more effort to handle variety ⇒ increased indirect

costs in sales and after sales
• Increased external variety ⇒ increased customer satisfaction ⇒ increased income
• Increased external variety ⇒ confusion and cannibalism ⇒ decreased income

���� $OWHUQDWLYHV�WR�DQG�GUDZEDFNV�ZLWK�PRGXODULVDWLRQ

Product modularisation obviously is advocated to handle product variety but there are
also alternative approaches. Åhlström & Westbrook (1999) mention a number of
methods used to customise products, where the assembly of modules was found to be
the dominant approach in their company survey. Other mentioned approaches are
material processing, increasing the range of stock and making the products self-
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customising. Thus, the customisation may be approached by either improving the
product, the process or both.

Flexibility may be described in three dimensions, namely flexibility to product variety,
flexibility to design change and flexibility to volume change, Whitney (1993). In the
context of product variety, it may be argued that modularity provides flexibility through
the combination of common and variant modules. However, in case the product may be
both developed and produced with very high flexibility, the product theoretically would
not need to be based on common and variant modules giving the product discrete
product properties. A very high flexibility of the design, the fabrication and the
assembly would allow real customisation and infinite variety of the products; i.e., each
product would be unique and not based on a discrete number of modules.

MacDuffie et al. (1996) argues that with enough flexibility the variety may be generated
without extra costs; it is “free”, and they have seen evidence in the automotive industry.
Moreover, customised manufacturing is already applied for some products, e.g.,
bicycles, Moffat (1990), although within some boundaries. Thus, the problem may be
described in terms of product and process flexibility, figure 2.10, where the idea of
modularisation is to increase the product flexibility. It should be noted, however, that
the process flexibility, for example the assembly process, might be achieved by
modularising the assembly line equipment, Cooper (1999).
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Variety by
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fabrication

Variety by
combinatorial
assembly

Variety by
customised
fabrication and
/or
combinatorial
assembly

3URFHVV�IOH[LELOLW\
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Figure 2.10. Product or process flexibility adapted from Ulrich (1995).

It is an effort to create a modular structure, from which a number of variant products
may be produced, figure 2.9a. This effort would not be needed if every product were
designed independently. The cost of this initial effort needs to be covered by the future
benefits of the modularisation. If not, there is no point in performing a modularisation.
This could be the case for real one-of-a-kind production where the similarities between
products are small or impossible to plan, Erixon et al. (1994). For high series products,
on the other hand, it could be beneficial to optimise the products, i.e., no commonality,
because the series already are so long that no more benefits would be achieved by
making it longer.



18

When the customer requirements are non-negotiable for certain product parameters, for
example, a high performance-to-weight ratio, it may be difficult to use common parts
across products because standardisation often means that some parts need to be over-
dimensioned for some products. It is also argued that modular products ease reverse
engineering and thus the copying by competitors, Ulrich (1995). Moreover, it is argued
that a modular product structure may conserve the product design because the designers
are forced to keep to the same structure. Ulrich also states that a modular structure may
lead to excessively similar products, with resulting cannibalism, as discussed above.

→ Product modularisation is not the sole solution to the problem of product variety.
Alternatively:
• The unnecessary variety may be reduced by increasing awareness, improving

information, searching for unnecessary variety (standardisation), etc. in the
company, as implied in figure 2.4.

• The product could be made flexible by means other than modularity, i.e., adaptive or
adjustable design

• The flexibility of the processes may be increased so that variety may be created
without problem early in the process.

���� 6XPPDU\�DQG�FRQFOXVLRQV

The reasons to cluster elements into modules are arranged into three main groups:
• Variety management (variety versus commonality)
• Organisation of development and production
• Handling of after-sales issues

These reasons, or purposes, will be referred to here as the strategic aspects. The strategic
aspects are seen as a qualitative expression of the business goals. Between the three
groups there are substantial differences in the level of abstraction, for example carry
over as a part of variety management refers to the reuse of ideas and drawings whereas
reuse during after sale refers to the reuse of the physical component.

Depending on which of the strategic aspects have been considered, modularisation has a
range of economic effects, which are seen as a quantitative expression of the business
goals. Modularisation may give both positive and negative effects, and thus there is an
optimum level of modularisation.

In terms of variety management, it is important to investigate the cause of variety,
rational or irrational, before means are taken. Product modularisation is a way to balance
external and internal variety by a flexible product, while focusing on the profit.
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In design science, various models have been developed to describe a product. The
purpose of the models is to understand and to ease the actual designing. The products
may be described from undetailed to detailed, as well as from abstract to concrete in
various domains, as by Andreasen (1980). According to Birkhofer (1980), a product is
defined by its elements, the relations between the elements and the properties of the
elements and the entire product.

������ 3URGXFW�HOHPHQWV�DQG�UHODWLRQV�±�VWUXFWXUH�DQG�DUFKLWHFWXUH

Hubka & Eder (1988) define structure as the set of elements in a system and the
relationships that connects these elements to one another, e.g., function structure or
organ structure. Andreasen et al. (1995, 1996) state that the structure of a product is the
way in which its elements are interrelated in a system model, based on the actual
viewpoint (genetic, functional, assortment, product life); the viewpoints may be
superimposed to give a total view of the product structure. Later, Göpfert (1998)
emphasises the importance of superimposition of relations, mainly, however, by
discussing pure technical relations (geometrical, functional, etc.).

In a review paper, Tichem et al. (1997) mention that there exist two types of structures;
the hierarchical type, describing “part-of” relationships, and the type describing how
elements are related at the same hierarchical level. Göpfert (1998) refers to these two
types of structure as the vertical and the horizontal structure, figure 3.1a-b. Andreasen
(1980), on the other hand, discusses the vertical and horizontal causality, where the
vertical causality is the relation between domains (functions-organs-parts). Thus, the
vertical causality should not be confused with the part-of structure (vertical structure).
Still, when considering the causality, e.g., in a functions-means tree, a part-of structure
is created based on a functional reasoning, and thus the vertical structure and the vertical
causality may be related.
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Figure 3.1a-b a) Hierarchical (part-of, vertical) structure; b) Non-hierarchical (network,
horizontal) structure.

Especially in American literature the term SURGXFW�DUFKLWHFWXUH occurs, often based on
the definition of Ulrich (1995): (1) the arrangement of functional elements; (2) the
mapping from functional elements to physical components; (3) the specification of the
interfaces among interacting physical components. Thus, the first and the second
statement discuss the mapping within and between domains; statements that resemble
the idea of the horizontal and vertical causality or structure. In fact, Göpfert (1998)
defines the architecture as the vertical and the horizontal structure together. Thus,
authors that use architecture seem to focus more on the relations between the domains.
Here it should be noted that the mapping of functional elements to physical components,
the second statement of Ulrich, is referred to as the “the way to build” (Bauweise) in
German design literature, see, e.g., Koller (1998).

Riitahuhta & Andreasen (1998) provide an odd distinction between structure and
architecture; when the market, the product life cycle and/or the company’s internal
activities have influenced the structure, it is referred to as the architecture. Thus,
structure is purely a technical description, whereas the architecture would include
business considerations. It could also be argued that structure might be used in a general
situation, whereas architecture is only relevant for artefacts.

It should be noted that the term SURGXFW� VWUXFWXUH often refers to the structure of an
entire product family, not only a product, because variety is introduced in the
descriptions. That means basically the part-of structure includes variant or optional
relationships, figure 3.2, as by Schuh (1989) and Janson (1993), which depend on
whether the element is common, variant or optional. Such a product structure focuses on
the variety with a bill-of-material orientation.
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Figure 3.2. Part-of structure with common, variant and optional elements.

→�In this thesis no distinction is made between the terms structure and architecture; it is
believed that the researchers using the two terms often are trying to describe the same
phenomenon. In this thesis the term VWUXFWXUH will be used predominately. The structure
is described by studying the elements of three domains (functions-solutions-parts) and
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the inter- and intra-domain relations. The terms inter- and intra-domain are also used by
Erens (1996). The intra-domain relations may be either hierarchically described (part-of)
or non-hierarchically described (network).

������ 3URGXFW�HOHPHQWV

Both Pahl & Beitz (1996) and Hubka & Eder (1988) provide well-known models of
technical systems, i.e., sets of elements that are connected both internally and to the
surroundings, designed to accomplish a transformation. The technical systems are
described by their elements and the relations between the elements, which together
constitute the structure of the technical system. The structure of the system is described
at various levels, such as process structure, function structure, organ structure and
component structure of Hubka & Eder, or the function structure, working structure,
construction structure and system structure of Pahl & Beitz.

The approach of Hubka & Eder has been further elaborated by Andreasen (1980), whose
FKURPRVRPH�model in the theory of domains includes the four domains of Hubka &
Eder. However, in later publications, Andreasen (1998b), the model includes only three
domains, namely transformations, organs and parts. The organs are central in the
domain theory, where the more complex organs may be referred to as organisms,
Andreasen (1998a), and later Jensen (2000a), refers to a non-decomposable organ as
“wirk element”. In a similar manner Jensen describes the part domain hierarchy by
assemblies, parts and form elements. Others use the term IHDWXUH for form elements.

The three domains of Andreasen seem to be same as the first three structures of Pahl &
Beitz. Consequently, the usage of transformations in Andreasen’s model seem to be the
same as the traditional German functions of Pahl & Beitz and Koller (1998), i.e., a
difference between input and output. Andreasen (1998a) describes the functions with a
verb and a noun as in the value analysis VDI (1997), and these functions are still used in
the so-called functions-means tree. Thus, as described by Buur (1990), two types of
functions may be defined, namely transformation and purpose functions.

Among the authors that specifically deal with product modularity and variety, Erens
(1996) uses a three-domain approach: the functional domain, the technology domain and
the part domain, which seemingly correspond to Andreasen’s model. Ulrich (1995) and
Ulrich & Eppinger (1995), on the other hand, mention only two domains, the functional
and the physical domain.

The axiomatic approach of Suh (1990) and Quality Function Deployment (QFD),
according to Clausing (1994), are also relevant in this context. They may be used to
describe the product from abstract to concrete and undetailed to detailed. Svensson
(2000) includes what he calls the requirement structure (domain) to the three structures
of Andreasen, which makes the approach similar to both QFD and Axiomatic Design.
The QFD and the chromosome model are also compared and combined in Malmquist &
Svensson (1998). QFD, however, might be seen as a general relational description,
where, for example, the conventional product parameters may be exchanged for
functions, which then could be related to components, etc. See for example Ehrlenspiel
(1995).
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→ In this thesis a three-domain approach is advocated to describe the artefacts, based on
three types of elements, namely functions, technical solutions (organs, functions
carriers) and parts (components), figure 3.3. The functions could be described in terms
of the purpose or the transformation, and the intra-domain relations may be either
hierarchical or non-hierarchical. The inter-domain relations arise when functions are
realised by solutions and solutions are materialised by parts. The two types of functions
may be used to describe the same thing. For example, the function of an electric motor
may be described as the difference between input of electricity and output of torque or
simply “generate torque”. Sometimes it is easier to express the purpose than the
transformation, for example “ensure watertightness” and “ensure shock resistance”,
which is, however, more like a product property than a function. In that meaning
product properties (functional properties) or parameters are at the same level as the
functions and may often be seen as a quantification of the function.

)XQFWLRQV

7HFKQLFDO�VROXWLRQV

3DUWV

Figure 3.3. Three domains with inter- and intra-domain relations described both as part-of
structures and network structures.

������ 3URGXFW�SURSHUWLHV

A product may not only be described by its elements and relations, but also by its
properties and/or related terms, such as characteristics, attributes and parameters. Hubka
& Eder (1988) classify a range of properties, which are classified in the three main
groups: design properties, internal properties and external properties. Moreover, they
define the characteristics of a product as a set of several product properties, where the
properties often are more specific and quantitatively described, i.e., parameters. Hubka
& Eder classify the functions as external properties. They also distinguish between the
functions themselves, the functionally determined properties and operational properties,
etc. It should also be noted that Suh (1990) does not differentiate between functions and
properties, and both seem to be covered by the functional requirements.

Andreasen (1998a) distinguishes between two types of attributes, the properties and the
characteristics. The designer directly determines the characteristics whereas the
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properties describe the system behaviour; this seems to be the opposite of Hubka &
Eder. The properties are further classified in the product’s own properties and the
product’s relational properties, where the latter refers to properties that are a result of the
product’s relation to a certain product life phase, Mortensen & Andreasen (1996), which
corresponds to the external properties of Hubka & Eder. Later, Mortensen et al. (2000)
distinguish between structural attributes (what it is, e.g., engine size, car type and
colour) and behavioural attributes (what it is able to do, e.g., acceleration and fuel
consumption).

In German literature the concept of functional properties and design properties occur,
Franke (1997), where the acceleration would be a functional property and the mass a
design property. The design properties of both Franke and Hubka & Eder tend to
correspond to the characteristics of Andreasen. Birkhofer (1980), on the other hand, uses
the term’s structural and extensive properties. An effort to compare these terms is made
in table 3.1.

It should be noted that a distinction could be made between the parameter (attribute,
property, characteristic) and the parameter value, Birkhofer (1980), where, for example,
colour would be the parameter and blue the parameter value.

Table 3.1. A tentative comparison between different terms used for properties.
Birkhofer (1980) Hubka & Eder (1988) Franke (1997) Andreasen (1998) Mortensen et al.

(2000)
Structural Design properties Design properties Characteristics Structural

attributes
Extensive Internal properties Functional

properties
Own properties Behavioural

attributes
External properties Relational properties

→ In this thesis no strong distinction is made between characteristics and properties.
The term property is used predominately to describe the products in general and the term
parameter is used to describe more specific properties. It is acknowledged that it may be
useful to distinguish between properties that are directly chosen by the designer (design
properties), properties that are a result of the chosen design properties (functional
properties) and properties that are a result of the product’s life cycle (relational
properties). Functions are properties; however, in this thesis it is important to
differentiate between the transformation and purpose functions as well as the functions
themselves and the other properties that describe the artefact. In this thesis the
functionally determined properties are often referred to as performance or behaviour.

���� 'HVFULSWLRQ�RI�PRGXODU�SURGXFWV�DQG�UHODWHG�WHUPV

In the product development literature the terms module, modularity, modular system and
modularisation are frequently discussed and defined, partly by giving direct definitions
but also by describing and classifying various types of modularity and modules or even
by describing what are not modules. The descriptions and definitions of modules and
modularity may be categorised into two main groups: descriptions based on the elements
and their relations and descriptions based on the purpose of modularity. Since the
purpose often is to handle product variety rationally, modularity is often described based
on how variety is generated. Moreover, in the context of product variety, other
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expressions such as platform, product family and size range are given specific meanings
in the literature.

������ 0RGXODU�SURGXFWV�GHVFULEHG�E\�WKH�UHODWLRQV�EHWZHHQ�HOHPHQWV

3.2.1.1 Inter-domain relations
Pahl & Beitz describe and classify modules based on functions. Seemingly, a module is
supposed to carry one specific function. However, the reasoning about the functions of
the technical system in relation to its modules is limited in Pahl & Beitz (1996). Since
functions are decomposable, i.e., modules may be decomposed into sub-modules with
part-of relationships, the same system may be seen as a final product, a module or a
component, depending on the point of view, Miller & Elgård (1998). However, from a
certain viewpoint, a module should carry an essential amount of functionality in relation
to the system, as stated by Miller & Elgård and implied by Borowski (1961). Miller &
Elgård also state that modules may not be defined fully without the context of the
system to which they belong, here understood as a system to generate product variety.
Moreover, an important characteristic is that it should be a self-contained functional
unit. Here, self-contained means that it should be possible to separately test the module.
Also, self-contained function probably carries the same meaning as HQFDSVXODWLRQ of
function, a term introduced by Hubka & Eder (1988) and later used by Andreasen
(1998b) in the context of modularisation.

Seemingly, the functional encapsulation follows the idea of Ulrich (1995) who, based
upon his definition of architecture, claims that modular architecture includes a one-to-
one mapping between functions and physical components, whereas an integral
architecture would have a none-one-to-one mapping, figure 3.4a-c. Many recent
researchers, especially U.S. researchers, adopt this description of product modularity.
Erens & Verhulst (1996) also use this definition, although based on their three-level
product model; thus, they discuss the mapping between the functional level and the
technology level rather than the physical component level. The 1:1 mapping between
functions and technology modules is seen as modular, whereas both the 1:N and the N:1
mapping increases the integration at that specific level of the decomposition.

Functions

Parts

Figure 3.4a-c. a) One-to-one mapping. modular structure; b) One-to-many (function distribution),
integrated structure; c) Many-to-one (function sharing), integrated structure.

The mapping between functions and parts has been discussed previously without
discussing modularisation. Ulrich & Seering (1990) discussed function sharing as a way
to achieve better design. Function sharing or integration is also a central part of various
designs for assembly (DFA) approaches. Koller (1986, 1998) has discussed extensively
the relations between functions and parts and has described three types of structures or
“Bauweise”, namely total versus partial, differential versus integral and mono-design
versus multi-design, figure 3.5a-c. The difference between the latter two groups seems
to be the degree to which the integration affects the technical concept. It should be noted
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that integration and differentiation is also discussed by Andreasen (1980), who focuses
on the relations between functions and organs rather than functions and parts. Moreover,
Jensen (2000a) discusses the relation between organs (wirk elements) and parts (form
elements) and classifies three types of integration, somewhat similar to Koller. By
considering that the organs may or may not be active at the same time, Jensen means
that there are six types of function integration altogether.
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Figure 3.5a-c. a) Total versus partial design; b) Differential versus integral design; c) Mono-
versus multi-design.

Miller & Elgård (1998) connect the issue of functionality to the distinction between a
building block and a module. They mean that a module should carry a certain amount of
functionality in comparison with the final product, which is not a necessary requirement
for a building block. Thus, the traditional Lego© blocks are not modules but building
blocks, whereas the more modern Legos© also provide more complex systems that could
be considered modules.

3.2.1.2 Intra-domain relations
Ulrich (1995) describes modularity as a property that may take various values between
totally modular and totally integral; this is based on his definition of modular and
integral architecture. Basically, totally modular architecture would mean that the sub-
systems have no technical relation to each other at all, which would mean that the
modules do not form a technical system. Ulrich & Tung (1991) also mean that no
products achieve complete modularity. Similarly, based on the descriptions of horizontal
and vertical relations between the system elements, Göpfert (1998) describes modularity
as a relative property. A module may be identified in a heterogeneous structure by
grouping elements so that the relations within the modules are stronger than the
relations between the modules, figure 3.6, a definition that is based on the idea of near-
decomposability, Simon (1996). Thus, the strength of the relations within and between
sub-systems defines the architecture (structure). The relations may be of various kinds,
which should be superimposed. Göpferts definition corresponds to the Design Structure
Matrix approach of Pimmler & Eppinger (1994), where modules are identified by
grouping elements based on their intra-domain network relations.
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Module

Figure 3.6. Modules identified by the relative strength of the intra-domain network relations.

3.2.1.3 Inter- and intra-domain relations
Allen & Carlson-Skalak (1998) define modularity as the degree to which the modules in
the structure interact. Moreover, they see modules as parts or group of parts that may be
non-destructively removed as a unit. These two arguments seem to focus on intra-
domain relations. However, they also state that a module provides a basic function for
the product to operate, which is a matter of inter-domain relations. Thus, both inter- and
intra-domain relations are discussed, and that is also the case for most of the authors
mentioned previously. It should be noted also that the inter-domain relations could be
represented in an intra-domain network manner, as in the approach of Oosterman
(2000a,b). If two elements are functionally (transformation) and geometrically
unconnected, they may still realise a function or influence a property at a higher level,
which may be represented by a network relation between the two elements, figure 3.7.

Functions

Parts

Figure 3.7. Inter-domain relations represented in an intra-domain network manner.

→ In this thesis, both the inter-domain and the intra-domain relations are considered to
be important when modularising a product. However, modularity is not defined here in
terms of elements and their relations, but rather the relations are seen as a constraint on
the possibility of fulfilling the purpose with a modularisation. Thus product variety
through the combination of modules may be difficult to achieve if the interface is
located where there are many and strong relations. Moreover, in this thesis it is argued
that the purpose may be represented by intra-domain relations. In a case where such
purpose relations are considered together with the technical intra- and inter-domain
relations, the relative definition visualised in figure 3.6 may be employed.

When decomposing a product, there is always a possibility of decomposing so that a
one-to-one mapping between functions and solutions are achieved. However, between
functions (or solutions) and parts there may be a more complex mapping, unless the
form elements of the parts are discussed. Function integration, of course, affects the
possibility of modularising at the studied level. Two main types of integration are
acknowledged here, namely integration of several functions in one part, physical
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integration, and theoretical integration, where many elements are interrelated in a
complex way.

Here it seems important to differentiate further between two different types of physical
integration, described by the examples in figure 3.8a-b, which corresponds to mono-
versus multi-structure and differential versus integral structure of Koller (1986). The
case of the lamp shows integration where the technical concept is considerably affected
by the integration, whereas in the case of the knife the concept is only marginally
affected. Still, in both cases it may be said that two functions or solutions (organs) are
integrated into one part, and thus the relational reasoning is not enough to describe the
difference. Here, it is tentatively argued that by reasoning in design and functional
properties the difference may be approached. By changing the load-carrying capacity of
the holder plus wire in the lamp case, the electric capacity also will be changed.
However, in the knife case the cutting capacity may be changed without changing the
handle. This type of reasoning may be important where there is variety in lamp weights
or objects to be cut.

Holder

Electric
wire

Holder +
electric wire

Handle Blade

Handle + Blade

� ��� �����
	�� � ���
� ��� ����
	�� � ���

Figure 3.8a-b. a) Integration of two functions (and solutions) in one part, mono- and multi-
design; b) Integration of two functions (and solutions) in one part, differential and integral design.

The theoretical integration depends on the relative independence between technical
solutions or parts, the distribution of functions across a product or the fact that the
relations are homogeneous so that no modules may be identified, according to figure
3.6. Such integration does not necessarily mean that several functions or solutions are
integrated in one physical part. For example two parts may be theoretically integrated in
case a change in one directly inflicts a change in the other; this without the parts is
physically integrated. This type of integration is the integration discussed by, for
example, Ulrich (1995).

Here a tentative distinction is made between building blocks and modules, along the
idea of total versus partial structure of Koller (1986). Thus in the case where a part that
carries the function is divided into smaller parts, which do not carry an entire function in
relation to the total, it would be referred to as a building block. However, it is difficult to
do a clear-cut differentiation to a module. The similarity between a building block and a
part is that the definition for modularity is still valid, i.e., a purpose is required. It may
be noted that building blocks often are used to create variety, normally size ranges, in an
economic way by applying the sectional approach using similar building blocks, figure
3.9.
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Building block ModuleModule Building block

Figure 3.9. The difference between a building block and module is the amount of functionality in
relation to the total.

������ 0RGXODU�SURGXFWV�GHVFULEHG�E\�UHDVRQV�DQG�SXUSRVHV

Traditionally, modular products have been described as being products that fulfil
various overall functions through the combination of distinct building blocks, which
have different functions, Pahl & Beitz (1996, 1997). The particular variants must be
based on a combination of fixed individual parts and assemblies, thus customer’s
specifically designed systems are referred to as non-modules. Borowski (1961) states
that the modular system is a principle, where a limited or unlimited number of things
may be created based on a collection of standardised building blocks. The system should
be based on a configuration plan and is expected to cover only a limited area of
application. Also, Hubka & Eder (1988) define modular design as the grouping of
elements so that many variants of technical systems may be assembled.

The authors above originally discuss “Baukastensystem” based on “Bausteine”;
commonly translated to “modular system” based on “modules”, compare the original
and the translation of Pahl & Beitz (1996, 1997). Alternative translations, e.g., “building
block system” based on “building blocks” have been considered, however, and used,
Pahl & Beitz (1996), Andreasen et al. (1997). Anyhow, these definitions of a modular
system are based on the purpose of the system, namely to create efficiently product
variety. Pahl & Beitz further classify the purpose according to where the economic
benefits occur, i.e., design or production. Borowski provides various statements of what
is and what is not a modular system, where, for example, a decomposition based on the
purpose of easing transport or assembly because of the size of the final product should
not be seen as modular.

The VDI (1993) design procedure emphasises the importance of identifying modules
after the concept have been chosen, principally in order to ease the design organisation,
but also to ease assembly, maintenance, creation of variety, etc. It should be noted here
that in VDI (1993) the word “Modul” is used, not “Baustein”. Baldwin & Clark (1997)
mean that a modular system is composed of modules that are designed independently
but that are still functioning as a whole. Mayas et al. (1993) state that modules are units
with standardised interfaces that are possible to pre-assemble and test, which is
discussed previously by Ungeheuer (1985), although without using the word module.

Erixon (1998) presented a wide purpose-based definition by claiming that a modular
product may be described by building blocks (modules) with specified interfaces, where
the decomposition of the building blocks is based on company-specific reasons. These
reasons are described by the twelve so-called module drivers, alternatively according to
table 1.1, where product variety is one of the most important drivers or reasons. The
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purpose of product modularisation is here widened from the handling of complexity due
to product variety to the handling of complexity due to a range of business-oriented
factors, which are discussed in Chapter 2. According to this definition, also without
product variety, a product may be composed of modules, e.g., with the purpose of
reducing complexity in the development, production or after sales.

→ Different from the definitions based on elements and their relations, the purpose-
based definitions give no specification to the character of the technical systems that are
based on the modular system or the technical system of the modules themselves. It is
stated that the interfaces should be standardised or well-defined, which, however, is a
characteristic of how product variety or other purposes are realised by the modular
system rather than the character of the technical system based on the modular system.

Anyhow, in this thesis the definition of Erixon (1998) is adapted, thus: A modular
product is composed of modules with well-defined interfaces, where the modules are
chosen based on specific reasons or purposes. If the purpose is to generate product
variety, it is relevant to exchange the term “well-defined interfaces” to “standardised
interfaces”. This definition means that modularity may not be studied or discussed
without knowing the purpose. Without a purpose there is no modular product, i.e.,
without relational properties of the products, such as cost, ability to assemble and ability
to recycle, there is no modular product. Consequently, modularity is also a relational
property, not a design property or a functional property.

������ 0RGXODU�SURGXFWV�GHVFULEHG�LQ�WHUPV�RI�SURGXFW�YDULHW\

3.2.3.1 Different ways to create variety by combining modules
Many authors describe various types of modules and modularity, which to some extent
further clarifies the meaning of modular products. However, there exist many different
descriptions. In general, the descriptions are based on how the product variety and
interchange of modules may be realised within the modular system. Ulrich (1995)
provides a classification, which will serve as a reference for comparison here. Slot
modularity is described as the situation where a certain type of module is supposed to fit
in a certain position of the product and cannot be exchanged with other modules of the
product. Bus modularity, on the other hand, provides higher flexibility because various
types of modules may be mounted in various positions. Finally, sectional modularity
allows the modules to be freely connected to each other in various ways by standardised
interfaces. In a former publication, Ulrich & Tung (1991) mention component swapping
and component sharing, which, however, seem only to be two types of slot modularity
differentiated only by the point of reference. They also mention fabricate-to-fit
modularity, which says nothing about the possible combinations, but only about the type
of module; i.e., the module is parameterised.

Pahl & Beitz (1996) provide a lot of information about modular systems; however; in
terms of the type of modularity, the only distinction made is the one between a open
system with a specimen plan and the closed system with a combinatorial plan. The
closed system probably corresponds to the slot modularity; the bus system could perhaps
be included, whereas the open system corresponds to the sectional modularity. Borowski
(1961) used a similar classification.
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In the German design literature the term “Baukastensystem” traditionally is used, which
commonly is translated to the English “modular system”, compare Pahl & Beitz (1996,
1997). Lately, however, the term “Modul” and “Modular” also tend to be used in
German literature and research, Koller (1998), Schuh (1989) and Jeschke (1997), which
further confuses the situation. According to Koller (1998), a modular
“Baukastensystem” is a system where the modules are mounted on a base part, with
freedom, however, to position the variant modules in variant positions, i.e., similar to
the bus modularity of Ulrich (1995). Furthermore, the constrained “Baukastensystem”
and the one- or multidirectional “Baukastensystem” seem to be similar to the slot and
sectional modularity, respectively. The case when the modules are not fully prepared is
referred to as an incomplete “Baukastensystem”. Different from Koller, but according to
Schuh (1989), a module is a special type of building block in a “Baukastensystem”,
where the module is mounted to a larger base in a special position, i.e., slot modularity.
Here, no further classifications of “Baukastensystem” are made, but Schuh introduced
the term SDFNDJH (bundling) for the situation where unconnected building blocks or
modules only occur together, i.e., when the combinatorial possibilities are constrained.

Andreasen et al. (1997) define the modular structure, where overall functionality is
changed by changing variant units with standardised interfaces, and the building block
structure, where different combinations of units are used (type, number, interface type,
etc.). They also discuss a type of structure where the modules are only partly prepared.
Riitahuhta & Andreasen (1998) refer to these systems as a strict module system, a
building box system and a soft module system. Elgård & Miller (1998) introduce the
stack modularity, which, however, is similar to the sectional modularity although
constrained in the meaning that the same type of modules are combined or added in
order to change a certain property of the technical system.

Thus, the cut-to-fit modularity of Ulrich & Tung (1991), the incomplete modularity of
Koller (1998) and the soft module system of Riitahuhta & Andreasen (1998) are
seemingly not describing ways to combine modules but are merely describing the
modules; i.e., the modules are not fully prepared. Similarly, the stack modularity of
Elgård & Miller is rather describing the type of modules, i.e., similar modules. Different
types of modules are discussed below. Table 3.2 shows a comparison of terms related to
the combinatorial approaches.

→ Thus, in this work it seems sufficient to talk about three ways to combine modules,
the slot, bus and sectional modularity of Ulrich (1995). These types may, of course, be
combined to create a modular system.

Table 3.2. Tentative comparison between terms for the different ways to generate variety by
modules or building blocks.
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3.2.3.2 Different types of modules to create variety
Modules may be completely defined, partly customised (parameterised), or entirely
customised. For example, Pahl & Beitz discuss adaptive modules, which, to some
extent, may be customised, and non-modules, which are entirely customised. The
adaptive modules seem to be similar to the fabricate-to-fit modules of Ulrich & Tung
(1991).

Borowski (1961) distinguishes between modular products based only on similar
modules, only on different modules and products based on both similar and different
modules, distinctions that relate to whether it is an open, closed or a mixed modular
system. Seemingly, a sectional modularity with similar modules corresponds to the stack
modularity of Elgård & Miller (1998). It should be noted that Borowski also classifies
the modules as small and large, which seems a bit trivial.

The distinction between necessary and optional modules [“muss” and “kann” in Pahl &
Beitz (1998) and essential and possible in Pahl & Beitz (1996)] is used to clarify
whether the function of the module must or may be included in the product. Bartuschat
(1994) introduces the necessary/optional (muss/kann) between the extremes to
distinguish the case where the function is necessary but the components may vary,
whereas Ungeheuer (1985) uses the terms basic modules (necessary without variants),
variant modules (necessary with variants), and options (not necessary). Lingnau (1994)
has a similar classification, but he also mentions the case where the number of a certain
module may vary within a product, which he sees as a special case of optional modules.

Pahl & Beitz also distinguish between modules performing different types of functions
in the product, i.e., the basic modules performing the main functions, the helping
modules, which connect and locate other modules, and the special modules, which
implement optional functions. Similarly, Borowski (1961) discusses accessory,
equipment and connecting modules for the main modules.

→ As stated above, slot, bus and sectional modularity seem to sufficiently describe the
combinatorial possibilities. The modules themselves may, however, be classified in
various ways, for example:
• degree of preparation of the modules when ordered,
• degree of similarity between modules in the final product,
• degree of necessity of the modules in the product when ordered, and
• degree of complexity of the modules.
Independent of the type of modules, they may still be combined in the slot, bus or
sectional manner. In terms of preparation, there are completely defined, parameterised
or customised modules, where the latter two do not really belong to a modular system.
In terms of necessity, it is argued that the function of the product may be necessary or
optional, whereas the technical solutions and/or the parts are common or variant, figure
3.10. This means that a part or technical solution may be optional/variant,
optional/common, necessary/variant or necessary/common. In this thesis there is a focus
on the necessary functions.
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Figure 3.10. The relation between necessity of the function and the commonality of the solution
or the part.

3.2.3.3 Modular products versus size-range products
In the context of product variety, so-called size-range products are products where
rationalisation may be achieved by implementing the same function with the same
technical solution (and preferably with the same production process) across a product
range, Pahl & Beitz (1996). For pure size-range products, where more or less every part
is changed for each final product, the main problem is to define the needed size steps to
cover the customer requirements satisfactorily. As mentioned by Pahl & Beitz, the
modules of a modular system may themselves be based on a size-range approach. This
fact has been discussed previously by Brankamp & Herrman (1969b) and Dietz (1983),
who means that a system to create variety well may be explained in two dimensions,
namely the modular dimension and the size-range dimension, figure 3.11.

Size range

Modular

Figure 3.11. The modular dimension and the size-range dimension for the generation of variant
products.

Most examples provided in the literature, e.g., gearboxes, pumps and turbines by Pahl &
Beitz, motors, gears and spark plugs by Koller (1998) and gearboxes by Ehrlenspiel
(1998) show how the products geometrically grow in three dimensions, normally in
order to create the variety of an important functional property, e.g., maximum torque.
However, size ranges not only refer to a range of geometrical differences, but could as
well be any functional property, according to both Pahl & Beitz and Koller. Moreover,
in the definition there is nothing that says that one-dimensional increases would not be
covered by the term size range also, e.g. an increase in the length of a container only in
order to increase the volume or the length of table only to increase the possible number
of seats.
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Koller classifies three types of size ranges, namely: functional property size range, pure
geometrical size range and quantity size range, where the quantity size range is based on
the idea that, for example, 4-, 5- and 6-cylinder engines may form a size range. Here, the
term size range comes close to the idea of sectional modularity. Moreover, since Koller
does not state that the size range is based on the same technical solutions, the term tends
to be rather vague, as raised by Rapp (1999). By Kühborths’ (1986) characterisation of
size ranges, the term is further confused with modular systems, because it emphasised
that between the sizes, at least some parts or assemblies should be shared.

In the U.S. literature the term VWUHWFKLQJ is used, Rothwell & Gardiner (1990) and Fujita
et al. (1998), which seemingly carries the same meaning as size ranges. Moreover,
Simpson (1998) mentions parametric scale factors and conceptual/configurational scale
factors, which correspond to the two dimensions shown above. Simpson also means that
the parametric scaling is used for within-segment variety and the configurational scaling
for the between-segment variety, which seems somewhat far-fetched in a general case.

→ In this thesis, size-range products carry no other meaning than that the properties
(parameters) of a product family or a module are increasing over a range. Thus it is not
considered as anything different from modular products, but rather as natural part of
modular products. The idea of size ranges, however, emphasises the fact that
commonality may give effects in various ways, where a pure size range would mean
entirely different parts but the same function and solution, which would lead to scale
effects in development, for example.

3.2.3.4 Modular products, product families and product platforms
Product platforms and families are frequently mentioned together with modularisation
when discussing the handling of product variety. The term SODWIRUP tends to carry
various meanings, spanning from wide descriptions that include a large part of the
company’s activities to more narrow descriptions that focus mainly on the physical
products and parts. Robertson & Ulrich (1998) provide a wide description where the
platform is seen as a collection of assets that are shared by a set of products. The assets
may be divided into four categories: components, knowledge, and processes, as well as
people and relationships. On the other hand, Gonzalez-Zugasti et al. (2000) include only
the shared product elements and interfaces as well as manufacturing processes in the
platform definition.

Meyer & Lehnerd (1997) have a more narrow description; the platform is seen as a set
of subsystems and interfaces developed to form a common structure from which a
stream of derivative products can be efficiently developed and produced. However, in
another work, Meyer et al. (1997) state that the platform embraces the manufacturing
technology and processes. Meyer et al. define a product family as a set of products that
share common technology and address a related set of market applications, a definition
which does not demand any component commonality between family members. It
should be noted that the term SURGXFW� IDPLO\ might also be used to describe those
products that have the same appearance or field of application. Ley & Hofer (1999), on
the other hand, define the platform as the components, interfaces and functions that are
standardised across a product family, a definition that relates the platform to the family.
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→ It is acknowledged that commonality may be thought of in wider areas than just the
product parts, especially the technical solutions and the manufacturing processes are
important to share. Still, in this thesis a narrow definition of the platform is advocated,
based only on the product parts. The modular system includes all modules that are used
to create all the variant products, which are defined to be based on the modular system.
The platform, on the other hand, is only the common, necessary parts, according to
figure 3.12. Here a product family is seen as all the products that are based on the
modular system and the same platform, i.e,. a product family is defined by the
commonality in parts. Thus a modular system has one platform, which results in one
family. This defines the relative boundaries between the terms, but the absolute
boundaries must be defined by the users of the terms in a specific situation. The
boundaries of the modular systems, as well as the boundaries of the platform, are to
some extent defined by what should be considered as the product family or vice versa.

Common necessary
modules = product
platform

All modules =
modular system

Product family = all
products based on the
same platform

Figure 3.12. The relations between the modular system, the platform and the product family.

3.2.3.5 Alternative ways to create product variety and utilise commonality
To meet customer demands variety may be realised by approaches other than the pure
tailoring of unique products or the clever combination of common and variant modules.
A property may be designed to be adjustable, as discussed by Elgård & Miller (1998)
and Yu et al. (1998) (the position of a car seat), or adaptive, as discussed by Elgård &
Miller (shoes that change to form to the wearer’s feet). The main difference between
adjustable and adaptive customisation seems to be that adaptive customisation is done
automatically and adjustable customisation needs some activity. Both may be seen as
flexible design approaches.

In Erixon’s (1998) module drivers, two types of variety are included, namely different
specification and different styling. However, the product variety may be in the function
as well as in any other property of the product, for example, the functionally determined
properties (performance), aesthetics (styling), ergonomics, etc. In general the variety
exists to meet the different customer requirements and specifications. Moreover, the
variety in the product may occur at the function, solution or part domain, as discussed in
figure 3.10.

Also within parts, i.e., at a lower hierarchical level, the degree of similarity may be
relevant to this discussion. Jensen (2000a) and Fujita et al. (1998) refer to the lower
level as form elements and attributes, respectively. Fujita et al. (1998) mention three
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levels of similarity: independent design, where a specific module or part is uniquely
designed for a specific product; similar design, where a specific module or part is
partially the same as the modules and parts used in other products, i.e., some attributes
are the same; same design, where a specific module or part are identical across the
product family.

Also, the idea is that “similar” design, not only “same” design, will lead to scale effects
in both development and production. Thus, it is relevant to discuss commonality and
variety in various steps of the process, because two parts may be entirely different but
still based on the same method of fabrication and assembly. This touches on the wider
definition of platform mentioned above. Anyhow, it may be argued that similar design
with the same assembly is the basic idea behind modularisation, where certain form
elements should be the same, namely the interfaces.

→ The focus in this thesis is on part commonality. It is here acknowledged that there are
three main ways to create variety in functions and parameters, namely the design of
unique products, the design of a modular system where common and variant modules
are combined (slot, bus, sectional) and, finally flexible design (adjustment, adaptation),
as exemplified in figure 3.13.

Unique Modular
(sectional)

Flexible

Figure 3.13. Illustrating example for unique, modular and flexible design for a table leg for which
two different lengths are required.

Commonalisation or standardisation means that one part replaces at least two parts. In
any case, the principle demands over-dimensioning, either in terms of topology
(function, solution) or shape/material (part), figure 3.14. The standardisation of the
shape or material may be seen as pure over-dimensioning. The standardisation of
topology may be seen as the integration of functions or solutions in one part. In the
context of function integration, Jensen (2000a) argues that the solution may be active at
the same time or at different times, but here it is added that it may be active in different
products.

Over-dimensioning
of topology (function)

Over-dimensioning
of shape (part)

Integration of
function

Figure 3.14. Over-dimensioning of topology (function) or shape (part).
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The location and design of module interfaces are the core of product modularisation.
The requirements for module interfaces have been discussed in the literature with
epithets such as standardised and well-defined, Ulrich (1995), and specified, Erixon
(1998). Standardised is used when the variety is the central reason for the
modularisation, and it refers to the fact that the interfaces should be common for many
variant modules. Well-defined and specified are less obvious, because it may be argued
that all interfaces must be well-defined and specified in order to make the product work.
Well-defined and specified probably means that the interfaces should be understood
without ambiguity by the people concerned, which also includes standardisation,
because those traits probably make the interface design less ambiguous.

Sellgren (1998) defines an interface as a pair of mating faces between two elements, i.e.,
a module interface is a pair of mating faces between two modules. This definition
resembles that of Hamvik & Stake (1997). The term PDWLQJ�IDFH should be seen in wider
sense and may be replaced by, for example, SRUW or other terms that better suit the field
of technology or level of abstraction. Of course, an interface is not only a geometrical or
mechanical issue, but may also be seen as a functional issue, Piller & Waringer (1999),
because an interface may, for example, be described by the transfer of energy (E),
information (I) and material (M). Moreover, the spatial requirements between two
modules may also be seen as an interface, see for example Pimmler & Eppinger (1994)
or Sanchez (1994).

The interfaces are sometimes handled as a separate entity in discussions; e.g., Hamvik &
Stake see the interface as a system consisting of two mating faces. Rapp (1999) notes
that the degree of variety may not only be discussed for the modules but also for the
interfaces; therefore the interface is included as a separate entity in the structure.
Similarly, Sellgren (1999) models the interface separately in order to ease the
combination of modules for system simulations. Jensen (2000b) models the interaction
between modules as an interaction object in order to preserve knowledge. Moreover,
without using the word interface, Allen & Carlson-Skalak (1998) mean that parts such
as hoses, wires, and fasteners should not be seen as modules, but rather as something
that connects modules, unless they are complex like a wire harness.

Smith & Reinertsen (1995) state that the interfaces should be simple, robust to variety
and defined early in the process. The early freezing of interfaces is often advocated, but
it should also be balanced by thoughts of set-based engineering, Sobek & Ward (1996),
where more flexibility in the decision making is emphasised. Reinertsen (1997) also
means that the interfaces are crucial because interfaces often are the weak spots and the
cause of problems. Andreasen (1998b) describes simple interfaces and a controlled
interaction as a principle for modular system, which probably carries the same meaning
as well-defined, which is discussed above. Ulrich (1995) introduces the idea of
decoupled interfaces, which means that they should be designed so that a change in one
module does not necessarily lead to a change in the neighbouring module.

→ In this thesis a module interface is defined as the mating faces between two modules,
where mating faces have a wider meaning than physical contact. The interface may be
defined in various domains where the functional relations (E, I, M) give a description at
the function/solution level, whereas geometry, space and other more detailed
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descriptions may be used at the solution/part level. It is argued that the interfaces should
be localised, where the relations within modules are stronger than the relations between
modules. The module interfaces should be designed so that the relative weakness of the
relations between the modules is further emphasised, which may be done by over-
dimensioning them, making them robust and making them simple.

���� &RPSOH[LW\

There is no generally accepted definition for complexity; however, it is often described
in terms of the number of elements and the number of relations between the elements.
Patzak (1982) provides a definition of the product complexity, where both the type and
the number of elements and their relations describe the complexity, figure 3.13. Based
on this type of definition, Franke (1976), Pugh (1990) and Jeschke (1997) have
developed measures of the product complexity, where Pugh’s measure is included in
figure 3.15.

Complexity

Connectivity Variety

No. of
relations

Type of
relations

No. of
elements

Type of
elements

3 ��� 111
I

.
& ⋅=

Figure 3.15. A definition of complexity, from Patzak (1982). Pugh’s complexity measure,
includes the number of parts, 1 ���  the number of part types, 1 � , the number of interconnections
and interfaces, 1 � �  as well as the number of functions I, and . is a constant.

Both Pugh (1990) and Pahl & Beitz (1996) consider complexity as the opposite of
simplicity, where Pahl & Beitz mean that simplicity should be a guiding principle when
designing. Another guiding principle is the rule of clarity, i.e., unambiguous
relationships between the functions as well as between cause and effect. These two
principles also carry similarities to the two axioms of Suh (1990), which often are used
as guiding principles for modular design, e.g., Chen et al. (1994). In the context of
modularity, Göpfert (1998) discusses the reduction of the lack of clarity, rather than the
reduction of the complexity, where the degree of clarity depends not only on the degree
of complexity but also on the degree of novelty, change and lack of clear goals.

Complexity, defined by figure 3.15, may be used to describe the product complexity, but
also the business complexity or the process and organisational complexity; instead of
product elements, the elements could be, for example, suppliers, customers,
organisational units, as well as activities. As phrased by Ehrlenspiel et al. (1998), the
complexity is a result of a multiplicity of products, parts, orders, customers and
suppliers. Thus, for example, the reduction of suppliers is one way to reduce the
organisational complexity. Still, complexity is strongly related to the issue of product
variety because the variety directly affects the product complexity and indirectly the
process and organisation complexity. In fact, authors such as Schuh et al. (1998), Rapp
(1999) and Piller & Waringer (1999) more or less use the term FRPSOH[LW\�PDQDJHPHQW
as a synonym of product YDULHW\�PDQDJHPHQW. It should be noted that several authors
have specifically described product variety rather than the complexity in general by
introducing various variety/commonality measures rather than complexity measures,
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e.g., Collier (1982) and Martin & Ishii (1996). Different from the authors above,
Riitahuhta & Andreasen (1998) describe product variety and commonality as an issue
separated from the issue of product complexity during the development of the product
architecture.

→ In general it is argued that modularisation is an approach to reduce or handle
complexity. In this thesis there is a focus on the complexity due to variety and the
organisational complexity. In this context it is relevant to talk about the product, process
and organisational complexity. The product complexity is defined by adhering to the
definition of figure 3.15, where the elements may belong to different domains (functions
– solutions – parts) and the relations may be both inter-domain and intra-domain, figure
3.16. By including the different domains and relations in the definition, both the
concepts of clarity and simplicity of Pahl & Beitz are included in the definition of
complexity.

Moreover, it may be argued that development process goes from one domain to the next
domain, although with iterations, whereas the development organisation is structured
around certain elements. Tentatively, the process and organisational complexity could
be defined similar to the product complexity, where the elements are activities and
organisational units. The process relations would then correspond to the inter-domain
relations and the organisational relations to the intra-domain relations.
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Figure 3.16. A definition of product complexity including different domains.

���� �6XPPDU\�DQG�FRQFOXVLRQV

It is here explained that a product is described by its elements, its element relations and
the properties of the product and its elements. This work is based on a three domain
approach (functions, solutions and parts) and both inter-domain and intra-domain
relations are seen as central.

In this thesis the purpose for the modularisation also defines the modules and
modularity, thus a modular product is composed of modules with well-defined
interfaces, where the modules are chosen based on specific reasons or purposes.
However, it may be easier to fulfil the purpose of the modularisation in case the product
is designed in a certain way. The various domain elements and the technical intra- and
inter-domain relations may be seen as a constraint, which must be considered for a
successful modularisation. Thus, modularisation should be performed by both
considering the purposes, in this thesis referred to as the strategic aspects, and the
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elements and their relations, here referred to as the functional aspects. Also, the
contribution of the elements (design properties) to the overall functionality of the
product (functional properties, performance) must be considered.

Three main approaches for designing variety into the products are acknowledged:
unique design, modular design or flexible design. The modular design may be of the
slot, bus or sectional type. The product platform is the necessary common elements of
the product, and the size of the platform is based on what is considered to be the product
family or vice versa.

Here, two main types of integration are identified, the integration of several functions in
one part and the theoretical integration. The integration may be described by the
mapping of functions or solutions to parts, but also by the mapping of product properties
to parts. The integration of several functions in one part may affect the concept to
varying degrees, which also affects the potential to modularise the product.
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Before modularising or re-structuring a product, a range of factors ought to be
contemplated, such as the type of product, company and market, as well as the current
situation and the goal. It may be noted that the product, the company and the market are
seen as inputs to the general design process of Pahl & Beitz (1996).

In the literature a wide range of products has been presented as practical examples of
applied modularisation, spanning from consumer to industrial products, from very
complex to reasonably simple products, from pure mechanic, electronic or software
products to mechatronic products. The automotive industry is frequently discussed,
where, for example, Piller & Waringer (1999) provide a good overview. Hackenberg et
al. (1997) and Marchart & Srock (1999) present practical examples for total cars,
whereas Kussmann et al. (1999) illustrate modularised car seats and Whitney (1993)
discusses modularised panel meters, radiators, etc. However, modularisation has been
discussed for all sorts of vehicles; bicycles, trams and trains, ships, aeroplanes and even
spacecraft. The list may be extended with consumer products such as hi-fi equipment,
Sanderson & Uzumeri (1997) and power tools, Meyer & Lehnerd (1997). In the German
literature there are many examples of industrial equipment such as pumps, gears and
machine tools, Gläser (1961), Pahl & Beitz (1996), Koller (1998), etc. Also the
construction of total plants has been approached by modularisation, Häuser & Engel
(1998). Moreover, seemingly “integrated” systems such as steam turbines, Fällman
(1998), and aircraft engines, Rothwell & Gardiner (1990), have also been seen as
modular. This list of applications could be much longer.

In many cases, slot modularity is applied, for example, in the automotive industry,
consumer electronics, etc. However, in some cases the sectional modularity is central,
for example, to the extension of trains and trams, Lashin (2000), ships or aeroplanes.
Bus modularity is also applied, especially in applications that involve electronics and
software.
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Depending on the type of product, modularisation may be more or less difficult. For
example, Whitney (2000) argues that there are many fundamental differences between
pure electronic products (VLSI) and electromechanical products. It is more difficult to
apply the modular approach to the mechanical products. Consequently, complexity is
often transferred from the mechanics to electronics or software, which has been noted by
many authors, e.g., Wildemann (1999), and it is also discussed in Paper I-II of this
thesis.

Depending on the product, company and the market, one-of-a-kind products, short-
series products and long-series products may be identified, where both short- and long-
series production may involve a varying degree of variety. The difference between the
long and short series often lies in the possibility of planning the needed variety. The
question is whether the products are made to stock, assembled to order, made to order or
even engineered to order, see, e.g., Erens (1996). In the literature, researchers of product
variety have focused both on the long-series production, Schaller (1980), Schuh (1989)
and Bartuschat (1994), and the short-series production, Jeschke (1997) and Kohlhase et
al. (1998). Schuh & Speth (1998) introduce the term YDULHW\� RSWLPLVHU for companies
producing products in long series and the term YDULHW\�FRQILJXUHU for companies where
the market demands customer-specific solutions. Suistoranta (2000) exemplifies
shipbuilding as short-series production, whereas the automotive industry would be a
common example for long-series production, both with the potential for much variety.
Suzue & Kohdate (1990) state that depending on the situation, the focus of the company
should be different, figure 4.1a.

Based on the product, the company and the market, the company needs to choose a
balance between economy of scope and economy of scale, figure 4.1b. As seen in figure
2.6b, it may be risky to produce both mass products and customer-specific products,
because the costs may follow the costs for the special products.

Depending on the company, but especially the products and the market, the degree of
change as well as the degree of variety should be evaluated, Uzumeri & Sanderson
(1995). Some products may undergo a high technological evolution and change rapidly
over the time, others are characterised by high variety, whereas others involve both great
variety and change. Some products are more stable and tend to behave as commodities,
figure 4.1c. Uzumeri & Sanderson also mean that it is likely that companies are forced
into a trade-off between variety and rate of change, due to the limitations of resources.
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Figure 4.1. a) The focus in terms of production volume and product variety, Suzue & Kohdate
(1990); b) The company in terms of economy of scope and scale, Kaiser (1995); c) The product
or technology in terms of degree of variety and rate of change, Uzumeri & Sanderson (1995).
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When applying methods for modular design it may be important to consider the type of
development, i.e., novel design, improvement, derivative, etc. Ulrich & Eppinger (2000)
classify four types of development: new platform, derivatives of platform, incremental
improvements and fundamentally new products. This influences to what extent the
current products and structures will be seen as a reference or constraint in the process.

When modularising it is, of course, necessary to know why modularisation is performed,
i.e., variety versus commonality, organisation of development and production or various
after-sales issues. In terms of variety versus commonality, the cause of the variety
should be contemplated, as discussed in figure 2.4. Obviously, modularisation is not the
sole approach to handling product variety; increasing one’s consciousness of the
problem, making the processes more flexible, etc., are alternatives and complements.

When approaching the issue of product variety, a few main strategies have been
advocated. Franke et al. (1996) state that the part variety may be reduced by simply
reducing the number of end products or by substituting parts with standard parts. An
alternative is to redesign the products to fit in a modular system. It is argued that the
latter strategy gives a larger effect. Similarly, according to Wildemann (1999), reduction
basically means that the product and the processes are kept basically the same, however,
the product and the process are optimised in terms of number of parts, number of
suppliers, number of customers, etc. Management, on the other hand, means that the
products are modularised or a complex variety in mechanical parts is replaced with
variety by software or the process is changed by moving the point of differentiation,
introduction of work groups, etc. Avoidance is a separate strategy where methods and
tools are employed to help the company dealing with the product and part variety; i.e.,
the costs of the complexity is reduced although the complexity is still there.

Eversheim et al. (1989a) discuss four strategies or phases, because they are also linked
to the design process. He means that the excess variety may be prevented by careful
platform and family planning, the excess variety may be avoided by the product
structuring, the excess variety may be handled when going into the detailed design of
parts and, finally, the variety may be reduced by redesigning. A higher effect is achieved
by preventing excess variety early in the process rather then reducing in the end of the
process.

→ It is here assumed that the principles for modularisation may be applied to virtually
any product, unless it is very simple. The question is to what degree, i.e., how far, the
product may be decomposed into modules. Before modularisation, circumstances for the
product, the company and the market should be considered. The current situation, i.e.,
the reason for modularisation, and the goal should be evaluated. In terms of product
variety three main strategies are acknowledged:
• avoid variety by better utilising and spreading information,
• manage variety by modularising the product or by improving the processes, and
• reduce variety by reducing the external variety or the internal variety

(standardisation).
None of the strategies exclude the others. In this thesis, the main focus is on the
management of variety by product modularisation.
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The design process is often described as a number of sequential steps with iteration
possibilities included, for example the systematic approach of Pahl & Beitz (1996), the
general procedural model of Hubka & Eder (1992) and the guidelines of VDI (1993).
They describe four basic phases, namely: planning and clarifying the task, conceptual
design, embodiment design and detail design, figure 4.2a. Others have described the
process in a similar manner, however, with parallel activities for the various
departments, for example, the integrated product development model developed by
Olsson, Mekan (1985), or the interdisciplinary model of Ehrlenspiel et al. (1998), figure
4.3a-b. A more conceptual view of the design process may be found in Suh (1990),
where the process is described as a control loop where the iteration proceeds until the
result is satisfactory, figure 4.2b.
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Figure 4.2a-b. a) Design process adapted from, e.g., Pahl & Beitz (1996); b) Design process
adapted from Suh (1990).
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Figure 4.3a-b. a) Integrated product development, adapted from Mekan (1985); b)
Interdisciplinary development, adapted from Ehrlenspiel et al. (1998).

In the context of design for variety or design for modularity, similar representations
have been used. Ceasar (1991) provides a control loop representation of the design for
variety process, which is referred to as the Variant Mode and Effect Analysis (VMEA),
figure 4.4.
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Figure 4.4. The Variant Mode and Effect Analysis process according to Caesar (1991).

In the context of modularisation, however, a distinction is often made between product
structure development, sometimes referred to as the platform development, and the
development of variant products and modules. This has been discussed by authors such
as Kohlhase & Birkhofer (1996), Meyer & Lehnerd (1997), Elgård (1999), Pulkkinen et
al. (1999) and Tichem et al. (1999), figure 4.5a-b.
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Figure 4.5a-b. a) Development of modular products according to Kohlhase (1997); b) Platform
development, adapted from Pulkkinen et al. (1999).

It seems fairly obvious that design for variety and modularity demands an integrated
product development approach since the upstream development of the structure or the
platform will inevitably affect the downstream activities, as emphasised in Chapter 2.
Moreover, in order to maximise the profit, the external and the internal variety must be
balanced by considering both the business and technical aspects, figure 4.6. Thus, the
marketing, design and production departments may have different views on the product
structure which must be compromised into a physical structure as discussed by Rapp
(1999) and Becker at al. (1989), among others.

Typically, in the automotive industry, platform development has been approached by
integrating various competencies in so-called module teams, Piller & Waringer (1999)
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and Volvo (1997). As discussed by Muffato & Roveda (2000), the cross-functional
teams improve the sharing of information, but there is a risk of reduced level of the
technical expertise, since expertise may be best nourished in specialised teams.
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Figure 4.6. A process to balance variety and commonality while optimising profit, Fujita et al.
(1997).

Pahl & Beitz (1996) mean that the development of modular products follows their
general presentation of the design process. They emphasise that during clarification
special attention must be focused on the needed variety. Moreover, they mean that the
establishment of a function structure is of particular importance in the development of
modular products, and in the search for solutions to the functions the designer should
strive to create variety without changes in the working principle and the basic design.
During evaluation and selection of the concepts, as well as in the embodiment phase, it
is argued that the economic factors are of crucial importance. In VDI (1993), one of the
central steps is dedicated to the grouping of technical solutions to modules, where issues
such as work content, assembly, recycling, variety, etc. should be considered.

Modular Function Deployment (MFD) by Erixon (1998) is a design process for the
modularisation of products. This process not only considers design for variety, but
addresses modularity in general, although with a focus on product variety. The approach
is based on five steps, which includes the use of various methods, figure 4.7a.

Schuh (1989) presents a design for variety process, comprising four steps, beginning
with the analysis of the situation and ending with evaluation. Similarly, Janson (1993)
presents a process for variety handling, which begins with the analysis of the situation
and ends with evaluation and decision, figure 4.7b. The process of Caesar (1991) is
based on Schuh; however, Caesar means that the modules are defined in two steps: first
a rough definition of the modules and later a finer definition, figure 4.7c. Ceasar’s
process is also similar to that of Ungeheuer (1985), who considers the structuring for
assembly and variety, where the coarse and the fine structuring need a qualitative and
quantitative approach, respectively. Kahmeyer et al. (1994) describe one approach to
product modularisation, where the word IUDFWDO is used instead of module, figure 4.7d.
Fujita et al. (1997, 1998) describe four main product variety design tasks, where the two
former are considered to be too open-ended and combinatorial to be approached with



47

mathematical means, whereas the two later phases may be approached by mathematics,
figure 4.7e.
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Figure 4.7a-e Design for variety or modularity, according to a) Erixon (1998); b) Janson (1993);
c) Caesar (1991); d) Kahmeyer et al. (1994); e) Fujita et al. (1997).

Jiao (1998) also presents sequential models for design for variety. In fact, he introduces
one sequential model for each of his three design domains: the functional, the
behavioural and the physical domain. In each of the processes, he focuses initially on the
actual grouping into modules and later focuses on the degree of commonality.
Moreover, it may be noted that the process for the physical domain includes more
quantitative evaluation than the other processes.

Göpfert (1998) argues that there is an interplay between the product design and the
organisation and it is necessary to design them together. Therefore, he introduces a
process where both the product structure and the development organisation are
considered. In the five-step approach, both the product and the organisational needs are
initially defined. Then, the product is conceptualised and evaluated before the
organisation of the development is considered. Finally, both the product concept and the
organisation are evaluated so that changes may be done in either the organisation or the
concept.

→ Thus, the process for product modularisation should be divided into the actual
modularisation project and the variant and module development projects. It should be
noted that the platform or modularisation project corresponds to the initial effort shown
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in figure 2.7a. Modularisation may be seen as an integrated product development
approach to the product structuring, and thus departments such as marketing, design,
production, purchasing, quality, etc. need to be involved. Moreover, the organisation of
the various technical disciplines must be carefully considered together with the grouping
of various technologies into modules. The necessity and the problem of integrating
different technical disciplines during development as well as integrating different
technologies in the modules are touched upon in Paper II.

The design for variety or modularity process may be described sequentially, where the
actual modularisation corresponds principally to the embodiment phase of the general
process. Initially, a course modular structure is designed based on qualitative thinking
(identify modules), and afterwards, this structure is optimised and evaluated by a
quantitative thinking (optimise the degree of variety).
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The design of modular products involves a great number of economic decisions. The
product costing may be done in various ways, depending on what is required and what
sort of information is available. In the context of product design, Ehrlenspiel et al.
(1998) describe common costing methods such as the full costing, marginal costing and
activity-based costing. As discussed in Chapter 2, one important reason for the excess
variety in various companies is that faulty costing methods have been used. In the
literature, the activity-based costing is frequently favoured for the variety-oriented
product costing, see e.g., Kaiser (1995) and Wildemann (1999). It is argued that the
other approaches either do not consider all costs or they allocate the costs incorrectly to
the variant parts and products.

Based on the activity-based costing, Hichert (1986a) and Nilsson (1990), for example,
have studied the cost of variety for some cases, where the costs are divided into the cost
for introducing a new part and the cost for maintaining the part. Nilsson says that the
result of such an analysis may be reused in subsequent product developments to estimate
the costs of variety. Larsson & Åslund (2000) further develop this approach. Jeschke
(1997) also outlines an approach using activity-based costing, with a special focus on
the variety costs that cannot be removed, see figure 2.7.

In the literature, simplified approaches to calculate part and product costs are also
discussed. Ehrlenspiel et al. (1998) list some short-costing approaches, where the cost is
based on the knowledge of the costs of existing products, the cost is related to the
weight of the material, or the cost is calculated based on the interpolation and
extrapolation between similar products with other properties. Pahl & Beitz (1996) also
discuss a similar estimation of the costs and introduce the simple regression equation
4.1, based on a design or functional property [. This type of short calculation has been
employed especially for size-range problems, see, e.g., Rieg (1983).

p b  a   [&RVW += (4.1)
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The economy of scale effect is of special interest when designing for variety, and it has
also been discussed extensively in the design research. This effect is often estimated by
learning effect equations, see, e.g., Kühborth (1986), Kohlhase (1997) and Fujita (1999).
In the German design research the estimations are often based on the study of Bronner
(1966), where it is stated that the costs are reduced by 20%, on average, when the
production volume is doubled, equation 4.2.
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The main reason to use simple or short-costing approaches is to perform the estimation
early in the design process when the available information is limited, i.e., in order to
shorten the iteration loops, Ehrlenspiel et al. (1998). Ehrlenspiel et al. also mean that so-
called target costing may be employed to shorten the loops, where the target costs may
be evaluated at each step rather than at the end of the process. Target costing is
performed by evaluating what the customer is prepared to pay, which leads to a target
price. Then, a target profit is estimated, and by also considering the indirect costs, an
allowed target manufacturing cost is decided. The allowed total cost is distributed to the
modules and the parts of the product or the properties and the functions, as suggested by
Ehrlenspiel et al. (1994).

This may be seen as top-down approach in contrast to the normal costing, where the
price is calculated based on the actual costs, Ehrlenspiel et al. (1998) and Buggert &
Wielputz (1995), figure 4.8a-b. A benefit with the target costing is that it not only
considers the costs but also the profit, which has been outlined as crucial in Chapter 2.
In the area of design for variety and modularity, the target-costing approach has been
advocated by, for example, Kaiser (1995), Kohlhase (1997) and Sauter (1999).
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Figure 4.8a-b. a) Target costing according to Ehrlenspiel et al. (1998); b) The principal process
of target costing including the allocation of total costs to parts.

Product costing is central to the approaches of Ceasar (1991) and Bartuschat (1994),
also. Bartuschat presents an approach to reduce the variety for a product family by
evaluating the possibility of substituting parts with other existing parts based on cost
analysis by also considering the technical feasibility.
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→ Thus, to properly distribute the indirect costs to the variant products, activity-based
costing should be used. The target-costing approach, together with the activity-based
approach, ensures that products are developed to meet the demand of the market. To do
early estimations of the costs, various short-costing approaches may be employed.
General ideas from activity-based costing, together with short-costing approaches, are
employed in Paper IV.

������ $SSURDFKHV� WRZDUGV� WKH� EDODQFLQJ� RI� FRVW� DQG� SULFH� DQG� RWKHU
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As part of the target costing a diagram that shows the components’ relative contribution
to both costs and utility may be created, figure 4.9, as suggested by Kaiser (1995) and
Kohlhase (1997). Similarly, the traditional value or utility analysis, VDI (1997), may be
used to calculate the product’s value and relate it to the costs as in Malen & Hancock
(1995).  The utility or value may be seen as the weighted sum of the product attributes
or parameters. Thurston (1991) sees the cost as one attribute, which is included in the
overall value, whereas Pahl & Beitz (1997) discuss the product’s technical value and the
product’s economic value. In the context of product variety, Du & Tseng (1999) and
Jiao (1998), for example, have advocated value or utility analysis.
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Figure 4.9. Target-cost diagram, adapted from Kohlhase (1997).

Conjoint analysis is a multivariate technique, which may be used to understand the
customer’s preferences for products. The method is used to calculate the utility of the
product based on a number of product attributes, where one attribute could be the price,
Hair et al. (1998). The conjoint analysis is much related to the value or the utility
analysis mentioned above. Thus, it provides an approach to study the trade-off between
various attributes, as well as the price. Together with product costing, it may be used
when designing for product variety, as in Moore et al. (1998). The conjoint analysis has
also been advocated by Kaiser (1995), in combination with target costing, as well as by
Du & Tseng (1999).

Instead of studying the costs of the products, authors such as Collier (1981), Martin &
Ishii (1996), Kota & Sethuraman (1998), and Siddique & Rosen (1999) have developed
various indices to evaluate, for example, the degree of commonality or variety for a
product family. Since it may be assumed that high commonality results in low costs, the
indices may provide information about the cost situation; Martin & Ishii even argue that
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the indirect cost of providing variety may actually be calculated by their indices when
having suitable regression coefficients. To these measures a range of complexity
measures may be added, see, for example, Franke (1976), Pugh (1990) and Jeschke
(1997).

Martin & Ishii (1996) present a chart where the importance of variety versus the cost of
variety are graphed, which may be seen as a tool to use to make the right decisions. The
goal is to produce important variety to low cost, figure 4.10a. A similar thinking may be
found in Robertson & Ulrich (1998), where the differentiating attributes have been
ranked in terms of increasing value of variety for the customer, whereas the chunks or
modules are ranked in terms of the increasing cost of variety. They also show that,
depending on the chosen structure, there are different possibilities for positioning the
products in the distinctiveness versus commonality diagram, figure 4.10b.
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Figure 4.10a-b a) The structure in terms of importance and cost of variety, Martin & Ishii (1996);
b) The structure in terms of distinctiveness and commonality, Robertsson & Ulrich (1998).

In Simpson (1998) and Conner et al. (1999), the so-called Non-Commonality Index and
the Performance Deviation Index are introduced. They describe the variety in the
product parameters across the family and the deviation from the goal values for the
parameters due to commonality across the product family, respectively. These indices
are then graphed versus each other to provide information about the product structure,
figure 4.11a. Thus, the approach uses the product parameters to study the commonality
and the degree of optimisation of the products, which may be seen as rough
representations of the cost and the customer satisfaction. Franke et al. (1993) value the
modules or components in terms of their relative share of the product’s cost and the
production volume, figure 4.11b.
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Based on both costing and pricing, i.e., by considering the issues described above,
Fürderer (1996) outlines in detail how options and parts may be bundled for cars by
using mathematical approaches. Similarly, Kühborth (1986) considers both the price and
costs when optimising size ranges with many common parts.

A number of authors have employed Robust Design, Design of Experiments or related
approaches to optimise the level of variety, e.g., Hernandez et al. (1998) and Fujita et al.
(1998). Cook (1997) especially has extensively employed Robust Design and utility
analysis in order to optimise the profit. The approaches have been employed when there
are many parameters to consider and when there are uncertainties in the forecasts, for
example, the forecasted volume, which affects the optimal level of variety.

Hernandez et al. (1998) ensured robustness by formulising the problem as a Decision
Support Problem (DSP), which has been followed up by a number of authors, Conner et
al. (2000), Nayak et al. (2000), etc. In this type of optimisation, i.e., trade-offs between
cost and performance, several authors have discussed the search for pareto-optimal sets
or frontiers, Nelson et al. (1999), Ball et al. (2000), Messac et al. (2000) and Gonzalez-
Zugasti & Otto (2000). When optimising the profits, most approaches focus on the
trade-off between cost and utility (fulfilment of specifications). However, some authors
also include the aspects of cannibalisation, e.g., Kim & Chhajed (2000).

Most authors have focussed mainly on the size-range dimension, i.e., they have chosen
the right parameter steps for optimal profit. However, some authors have included the
modular dimension in the optimisation of profit, Fujita et al. (1999) and Gonzalez-
Zugasti & Otto (2000), and because of the combinatorial nature of the problems,
simulated annealing and genetic algorithms have been advocated, respectively.

→ Thus, when modularising a product, the trade-off between variety and commonality
is central. The external variety may be expressed as distinctiveness, deviation from
optimum performance, which is related to the experienced utility, and, potentially, the
market price, which is utilised in Paper IV. The internal variety, on the other hand, is
expressed as the number or percentage of common parts, which potentially relates to the
costs. Thus, not only the degree of variety should be discussed but also the importance
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and cost of variety, which is used to estimate the strength between elements in Chapter
5. Moreover, Robust Design has been employed to consider the forecast uncertainty
when balancing variety and commonality in Paper IV.

���� �0HWKRGV�WR�KDQGOH�FXVWRPHU�UHTXLUHPHQWV

To handle the wide range of customer requirements, several authors advocate so-called
market segmentation as an important step in order to handle the variety and create the
right product structure, e.g., Hildre (1996), Kaiser (1995), Meyer & Lehnerd (1997) and
Rapp (1999). Kaiser (1995) sees variety management as the activity to find the right
clusters of customer requirements and meet these clusters with the right clusters of
products, figure 4.12a-b. The segmentation may be performed by analysing the customer
requirements, for example by using multivariate techniques such as conjoint analyses
and cluster analyses, Kaiser (1995).

Meyer & Lehnerd (1997) introduce the so-called market segmentation grid to support
the segmentation, whereas Silferhielm (2000) has developed an approach based on pair-
wise comparison of the requirements: both in the context of design for modularity.
Simpson (1998), especially, has employed the market segmentation grid.
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Figure 4.12a-b. a) Clustering of needs and variants, Kaiser (1995); b) Cluster analysis of
parameters along two dimensions, Hildre (1996).

Yu et al. (1999) directly try to use the customer requirement information to get an idea
of a suitable product structure. By surveying the needed product parameter values and
linking this to defined segments, they receive information about the variance in the
requirements for the various segments. Based on this information, they suggest a fixed
(unique), an adjustable (flexible) or a platform-based (modular) structure.

Quality Function Deployment (QFD) is a general approach to relate the customer
requirements to the product design, which is advocated frequently in the design
research, and it has also been advocated by researchers focusing on design for variety
and modularity. In Modular Function Deployment (MFD), Erixon (1998), the first house
of QFD is used to clarify the customer requirements by conventionally establishing the
relation between the customer requirements and the product parameters. In a later work,
Nilsson & Erixon (1998), the approach is further developed to include also the relations
to the technical solutions as well as the so-called module drivers in one chart, i.e.,
several houses are used as in Clausing (1994). Similarly, Martin (1999) advocates the
QFD with the relations between the customer requirements, the product parameters and
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the components, which also are used by the author to estimate the product’s sensitivity
to the change of the customer requirements.

Reinders (1993) introduces a relational tool, similar to QFD, where he defines the
family by relating customer segments rather than customer requirements, to the product
parameters. Moreover, he defines the modules by studying the relations between the
product parameters and the components.

In terms of handling the customer requirements, some authors have used the so-called
Kano-model, figure 4.13, to classify the customer requirements, which may help to rate
the importance of variety for the product attributes or parameters, see Rapp (1999) and
Sauter (1999). According to Sanchez (1996), such information tells for which elements
the cost should be reduced, the performance should be improved or the technology
should be developed. This not only gives information about the spatial/generational
variety, but also what should and should not be out-sourced.
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Figure 4.13. The Kano-model.

→ To keep control of the variety in customer requirements, it seems wise to group
customers with similar requirements, i.e., market segmentation. The linking of the
requirements to parameters and functions and, in the next step, to parts seems important
when designing for variety and modularity, and it is used in this thesis. By classifying
the requirements according to the Kano-model, an idea of the importance of the variety
is achieved.
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Hierarchical structures or part-of relational models are often used to describe the
product structure. They describe the product variety by describing which component is a
part of certain modules and by also including necessary, variant and optional parts and
modules. Based on this information, the width and the depth of the structure may be
analysed, as by Janson (1993). When generating variety by a modular product the
representation of the structure should look like an hourglass, according to Erens (1996)
and Slack (1998), figure 2.2.
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Schuh (1989) introduced the so-called variety tree, where both the variant parts and the
assembly order are visualised. Then, the part-of relations describe the assembly
sequence rather than a functional relationship, figure 4.14a. The module variants
contribute differently to variety in the end products, i.e., the introduction of a new part
or module contributes differently to the internal and external variety. Schuh & Tanner
(1998) introduce a tool to show which variants contribute most to the external variety, a
measure of how effectively the internal variety contributes to external variety
(assembled variety); this because the possible combinations are normally constrained.
The method is launched as a management version of the variant tree, figure 4.14b.
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Figure 4.14a-b. a) Variant tree, Schuh (1989); b) The “management” version of the variant tree,
Schuh & Tanner (1998).

The theoretical product variety for a family based on the combination of variant and
common modules often is extremely large. Normally, however, there are many
combination restrictions so that the variety in practice is much smaller. Sundgren (1998)
introduces a tool, which is rather trivial, to visualise what variants may be combined (in
two dimensions, figure 4.15).
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Figure 4.15. The variety dimension matrix is used to visualise allowed combinations, Sundgren
(1998).

Mortensen et al. (2000) introduce what they call the Product Family Master Plan which
consists of two main elements. The part-of structure describes what elements should be
included in the product (modules, assemblies and parts), whereas the kind-of structure
describes the variety for the included elements.

→ Part-of relational models are only marginally discussed in this thesis.
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The tools used for modularisation are often based on the principles or definitions for
modularity, as presented in Chapter 3. Thus, a so-called functions-means tree or the
axiomatic design approach of Suh (1990), may be used to study the inter-domain
relations; it visualises how functions are mapped to solutions or components. As raised
previously, this mapping may indicate where to locate the module boundaries, and thus
the tree would show the consequences of various technical concepts for the possibilities
for modularisation. Moreover, as discussed by Liedholm (1999), the functions-means
tree may be used to show variety in both functions and means (solutions, parts).

The mapping between functions and solutions discussed above deals with the functional
independence. The functional independence between modules has also been approached
by Axiomatic Design, Chen et al. (1994), where measures, based on the first axiom of
the axiomatic approach, have been employed to achieve modularity. Also Hillström
(1994) discusses the first axiom of the axiomatic approach, however with focus on the
second axiom, the minimisation of the information content, to choose location of the
module interfaces.

For example, Umeda et al. (1999) see functional independence and insensitivity as
guiding principles for modularisation, in their case to support design for upgradability.
Here, independence means that a module may be changed or even removed without any
functional effects on the rest of the system. Insensitivity refers to the fact that the
parameter values of a module may be changed without affecting the rest of the system.
The modules may be designed in a way that is insensitive to changes in the neighbouring
modules by ensuring robustness to the variety. The so-called Robust Design approach is
often discussed in this context, Rothwell & Gardiner (1990) and Smith & Reinertsen
(1994). Phadke (1994) states that the variety in one module may be seen as noise when
designing the neighbouring modules; this has been exemplified by Chang & Ward
(1995), Simpson et al. (1999) and Conner (1999). In Paper V, this usage of Robust
Design has been employed.

By describing the product in different levels of abstraction and detail, including concept
as well as total system, sub-systems and parts, Clausing (1994) and Witter et al. (1995)
introduce the so-called reusability matrix. The matrix describes the different levels of
the product and from where the solution or the part is sourced, a tool that is seen as a
planning tool to ensure reuse.

������ ,QWUD�GRPDLQ�UHODWLRQV��PRGXODULVDWLRQ�IURP�D�IXQFWLRQ�VWUXFWXUH

Like Pahl & Beitz (1996), Stone (1997) sees a function structure as an important base
for the identification of modules. He has developed an approach to identify modules
from a function structure, based on three function heuristics, namely: the dominant flow,
the branching flow and the conversion/transmission, figure 4.16. Considering the
definition of modular products that is advocated in Chapter 3, which emphasises the
purpose, the approach of Stone is not sufficient.
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Figure 4.16.  The function heuristics according to Stone (1997).

In a later publication, Zamirowski & Otto (1999), the approach has been developed to
include variety heuristics which consider what functions are affected by variety in the
customer requirements and separate variant and common functions. In Stone et al.
(1999), it is suggested that the variety is considered by developing different function
structures for the variant products and then comparing the different structures to find
similarities and differences, and thereby find suitable modules. The latter approach is
further expanded in Dahmus et al. (2000), where functions are related to the variant
products in a matrix, in order to identify possible common modules. This matrix is
similar to the parts index analysis of Suzue & Kohdate (1990) or the commonality plan
of Robertson & Ulrich (1998), figure 4.17.

Model 1 Model 2 Model 3

Function/Part 1

Function/Part 2

Function/Part 3

Function/Part 4

Figure 4.17. A view of what functions or parts are included in which product variants.

������ ,QWUD�GRPDLQ�UHODWLRQV��'HVLJQ�6WUXFWXUH�0DWUL[�DQG�JUDSKV

Pimmler & Eppinger (1994) introduce a matrix representation of a function structure,
sometimes referred to as a component-based Design Structure Matrix (DSM), where the
components, functions, or technical solutions are related in terms of energy, material,
information or a spatial relation. It may be argued that the spatial relation, in comparison
to the other three relations, is more concrete and is defined later in the process,
Liedholm (1999). The relations are also quantified between –2 and +2, to indicate the
degree of necessity of the relation for the overall functionality, where a minus relation
indicates a potential detrimental relation.

The basic idea behind the scheme is to choose modules so that the relations within the
modules are strong, whereas the relation between modules is week, figure 4.18. It is
argued by Pimmler & Eppinger and, for example, Verho & Salminen (1993), that the
strength of the technical relations between modules indicates the need for co-ordination
between the module designers. It should be noted that the DSM also has been employed
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to optimise both development organisations and development processes, Morelli et al.
(1995) and Eppinger at al (1994), respectively. Later, Sosa et al. (2000), show that there
is dependence between the development organisation and the product structure, by using
a matrix approach.
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TS 1
���

���
2 -1 2

TS 5
���

2
���

-1 2 2

TS 3
���

2
-1 -1

���
2 -1

TS 6 2
���

2 2
���

TS 2
���

2
2 2

���
2

TS 4 2
���

-1 2
���

Figure 4.18. The component-based Design Structure Matrix, adapted from Pimmler & Eppinger
(1994).

The matrix approach of Pimmler & Eppinger (1994) is based largely on a function
structure, with transformation functions. However, Oosterman et al. (2000a, b), seem to
include two types of functional representations, both transformation functions and
purpose functions in the matrix representation. It is argued that the representations
complement each other. Moreover, it is argued that for the organisational complexity,
the purpose functions and the resulting inter-domain relations are more important than
the transformation functions and their intra-domain relations. Also Salhieh & Kamrani
(2000) search for independent modules by relational matrices, where not only the
relations between functions and components are included but also the effect of these
relations on the satisfaction of customer requirements at a higher level.

Other authors have used relational matrices (DSM) where not only functional or
physical relations are represented as intra-domain relations but also the purpose
(strategic aspects) of the modularisation. Newcomb et al. (1996) and Coulter et al.
(1998) represent material compatibility and thereby recyclability, whereas Gu & Sosale
(1999) represent maintenance, reuse and recycling. With the purpose to ease
maintenance and recycling, Marks et al. (1993) have developed a graph-based approach
to modularise products by including information about, for example, accessibility and
material compatibility.

In a relational matrix, Kusiak & Huang (1996, 1998) indicate how often an interaction
between two functions or components occur across a product family, which is used to
modularise the product. Siddique (2000) introduces a graph-based approach, where
modules are identified by considering assembly, module intent and module connections.
Most of these approaches are based on the idea that various information of the structure,
various views, may be superimposed and used together to find the most suitable
structure.

Gu & Sosale (1999) as well as Newcomb (1996) have developed measures to evaluate
the clustering of parts based on their respective matrix approaches. However, when
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modularising based on a matrix representation, a multitude of alternative combinations
must be evaluated to find the best modular structure. The combinatorial amount requires
that some method is employed to find the best or nearly the best solution, where, e.g.,
Gu & Sosale employ simulated annealing and Newcomb et al. a heuristics approach. For
this type of problem, i.e., combinatorial solution space when clustering parts, Singh &
Rajamani (1996) describe a range of approaches, covering heuristics and simulated
annealing, genetic algorithm, neural networks, etc.

Ungeheuer (1985) and Erixon (1998) use a matrix approach, similar to DSM, to
visualise and decide on the assembly order. It should also be noted that the matrix
format is only one way to represent the information, and some authors represent similar
information by using relational graphs.

→ The Design Structure Matrix (DSM) approach of Pimmler & Eppinger is seen here as
useful and is consequently utilised to consider the functional aspects in this thesis,
although slightly adapted and complemented. The approach not only provides
information about the technical relations, but also the organisational aspects, which are
one of the strategic aspects. It is here noted that some authors also use the DSM to
represent other strategic aspects, which however, may be improved, especially the
consideration of variety versus commonality. The approach of Oosterman is seen as an
interesting development of the approach of Pimmler & Eppinger.

������ 7KH�0RGXOH�,QGLFDWLRQ�0DWUL[��0,0�

The Module Indication Matrix (MIM) is the central tool of the MFD approach, Erixon
(1998). In the MIM, the twelve module drivers are linked to the technical solutions by a
relational matrix. The strength of the relation (9, 3 or 1) indicates the importance of a
certain module driver for a specific technical solution. The strength of the relations is
summarised vertically for each technical solution, and the technical solutions with the
highest sum will form the module candidates or initiators. The remaining technical
solutions are distributed to these module candidates, preferably by grouping technical
solutions with similar module profile, see figure 4.19.
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Figure 4.19. The MIM, adapted from Erixon (1998), where the technical solutions four and five
have a similar module driver profile.
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A number of authors have seen benefits in the combination of the DSM approach of
Pimmler & Eppinger (1994) and the MIM approach of Erixon (1998), especially since
the component-based DSM considers the functional aspects and the MIM considers the
reasons or purposes for the modularisation, here referred to as the strategic aspects.

Malmström (1998) uses both tools to analyse a product and Jiao (1998) includes both
tools in his design for mass-customisation process. Lanner (1996), on the other hand,
combines the two tools by including the MIM information in the diagonal of the DSM.
Lange (1998) combines them by using the fact that one of the MIM dimensions, the
technical solutions, may be shared with the DSM to include the information in one
chart.

Later, Stake (2000) combines the original MIM with both the DSM and the functions-
means tree, although not at the same time, in order to consider the functional and
strategic aspects. He also shows how the MIM may be used together with the second
house of a QFD, the house where the relations between product parameters and the
solutions/parts are established. In all three cases Stake employs cluster analysis to
identify the modules.

→ In this thesis the MIM, or at least the module drivers, are seen as important carriers
of the strategic aspects. Clearly, the MIM itself does not consider the functional aspects
and thus, some authors have mated the approach with various functionally oriented
approaches. In Paper III and Chapter 5, that type of work is continued by integration of
the module drivers into the DSM approach. It should especially be noted that the
conflicts (opposite character) between some module drivers, as discussed in Chapter 2,
are not emphasised enough in the original MIM approach.

������ &OXVWHU�DQDO\VLV

Several authors have employed the multivariate technique cluster analysis, for various
tasks, when designing for variety or modularity. Schuh (1989) introduce a range of
variety characteristics to classify the type of variety and where in the process it occurs.
The characteristics are somewhat similar to the module drivers of Erixon (1998). Each
technical solution (or part) is then classified according to these characteristics. The
frequency of the characteristics for the product is then compared with the normal
frequency for a range of possible structures to suggest a suitable structure. In this
process, cluster analysis is advocated as an approach to cluster characteristics with the
same frequency and to judge the similarity between the possible structures and actual
product. The utilised module drivers are rather comprehensive, however somewhat
unstructured.

Stake (2000), but already Stake & Blackenfelt (2000), use cluster analysis to find groups
of elements that not only have similar module driver profile, according to the MIM, but
also belong to the same functional branch of the functions-means tree. As mentioned in
the previous section, Stake also applies cluster analysis when the DSM or the relations
to properties are used instead of the functions-means tree.

Cluster analysis may be performed to group customer requirements or product
parameters, as implied in figure 4.12. For example, Pedersen (1999) uses cluster
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analysis to indicate which components or modules may be common for a product
family, by studying the similarity in parameter values. By choosing a suitable level of
allowed dissimilarity within a cluster, a few different parameter values may be covered
by one standardised value. The level of allowed dissimilarity is subjectively chosen
based on experience, figure 4.20. However, Knosala (1989) already used cluster analysis
to choose the step values for size ranges and modular products. He based the allowed
dissimilarity on two criteria, namely allowed minimum number of steps and the allowed
loss due to over-dimensioning.
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Figure 4.20. The clustering of parameters to chose size-range steps, dendrogram according to
Pedersen (1999).

→ There exist many approaches to group elements in modules. The approaches are
based on either the relational strength between the elements, both inter- and intra-
domain relations, or the similarity between elements, e.g., similar product parameters or
similar reasons for being a module. The similarity between elements may, however, be
seen as an intra-domain relation.

���� 6XPPDU\�DQG�FRQFOXVLRQV

It seems obvious that integrated and interdisciplinary product development is crucial
when developing for variety or modularity. The decisions about variety or structure in
one company department will have a great effect on the other departments. Moreover,
the structure may be changed so that complexity and variety is transferred between the
technology domains. It is here seen as important to differentiate between the
modularisation project and the variant or module projects.

The actual design for modularity and variety process may be sequentially described, like
the general design process of Pahl & Beitz (1996). In the planning and clarification
phase, the market needs, including the importance and allowed cost of variety, should be
clarified. In the conceptual design phase, the effect of the concepts on the potential for
modularisation is discussed. The structural principles (unique, modular, flexible) for
variety may be evaluated. In this thesis it is argued that the actual modularisation takes
place in the embodiment phase when the overall technical concept is known, i.e., the
grouping of technical solutions to modules. In the detail design phase, the degree of
variety is optimised and the interfaces are decided. Concurrently, the detail design of the
variant products and modules is started. Thus, a differentiation is made here between
detail design of the structure and detail design of the actual products, which is visualised
in figure 4.21.
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Figure 4.21. A model for design for modularity (variety).

There exists a range of design for variety and modularity approaches, which both
complement and overlap each other. Here, approaches such as activity-based costing,
target costing, conjoint analysis, part-of structures, etc. are seen as prerequisites. It is
argued, however, that the balancing of cost and product performance is central when
designing modular products and the existing approaches may be improved. Moreover,
the systematic consideration of both functional aspects and the purposes, here referred to
as the strategic aspects, may be improved.

Qualitative methods are used in conceptual and embodiment design phases, where the
elements and their inter- and intra-domain relations are studied. The detail design phase,
where the variety and the commonality are balanced, is more quantitative.
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Product modularisation is seen here as the actual grouping of technical solutions or parts
to modules. Thus, by definition, product modularisation may not be performed before
the solutions or the parts are known. This means that the products may not be
modularised in the actual conceptual design phase, since the main focus of this phase is
to find a technical solution that solves the technical requirements. Thus, a technical
concept must first be proposed before the possibilities of modularising a product based
on the technical concept may be evaluated. When evaluating the technical concepts,
business requirements may, of course, be considered.

The technical concept must fulfil the technical requirements of the specification. When
there is variety in the specifications, due to variety in customer preferences, it seems
sensible that designers must aim for a technical concept, which fulfils the toughest
requirements, unless variety at the solution level is accepted. Although the products may
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not be modularised directly in the conceptual phase, the alternative ways to create
variety may serve as a support:
• unique design,
• modular design (slot, sectional, bus), and
• flexible design.

The potential to modularise a product depends on the concept, or more specifically, the
inter- and intra-domain relations of the concept. In Paper I and II, the relations between
the functions and the technical solutions are discussed, where the functions may be
solved by mechanical, electronic or software solutions.

In Paper I, a simple sectional modularity is designed for the mechanical parts of a
mobile wheel-based robot. However, this modular solution demands a sophisticated
control system which is difficult to modularise, and it may be said that the robot is only
partially modular. When studying the total system functionality at an abstract level, a
complex mapping between the main functions and the main modules may be identified,
figure 5.2. For the control system there will be strong technical relations between the
two mechanical modules. Still, the main mechanical modules fulfil the purpose to create
variety, i.e., further building blocks may be added easily to the robot to enlarge the
system. It may be argued that the technical concept forms a constraint on the potential
for modularisation.

Control the
 speed

Control the
 direction

0RGXOH��

Motor 1-2
0RGXOH��

Motor 3-4

Figure 5.2. The main functions and their relation to the modules of the wheel-based robot.

In Paper I it is argued that some of the conceptual design decisions directly constrain the
structure, e.g., the number of wheels to be driven, whereas other decisions may be
accommodated in various structures, e.g., the energy generation. Although at a more
theoretical level, this difference is similar to the difference between figure 3.8a-b, i.e.,
the potential to modularise a product may be locked into the concept to various degrees.
Here, by changing from four-wheel drive to two-wheel drive or by changing from joint
type 1 to joint type 3, figure 5.3, a simpler control approach may be created because
more of the functionality is transferred to one of the modules. These changes affect the
relations between the modules (intra-domain) as well as the complexity in the mapping
between functions and the modules (inter-domain). The performance and behaviour of
the robot is of course also affected.
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Type 1

Type 3 Type 4
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Figure 5.3. Different possible joints between the modules of the wheel-based robot.

Also, Paper II discusses the potential to create a modular structure for the mechanics, the
electronics and the software of a product: in this case a leg-based mobile robot. By
having some sort of mapping or similarity in the structure between the technology
domains, co-location (distribution) of the technologies may be facilitated. In case the
technology domains do not have a similar structure it will be more difficult to generate
product variety by modules as well as to co-ordinate the design effort. This is discussed
by comparing the four-legged robot, with a few industrial cases.

As mentioned above, the technical requirements for a product may constrain the
possibilities of modularising the technical concept. This is illustrated by comparing two
entirely different industrial robot systems with the four-legged robot, figure 5.4. To fulfil
its requirements, the left robot is controlled by an integrated control system, which
handles the six degrees of freedom. Moreover, changes in the location of actuators, in
the arm lengths, etc., would directly affect the system and require other changes because
it is highly optimised. It may be argued that it is not robustly designed to product
variety. In the right robot, on the other hand, there is larger agreement between the
control system and the mechanics, the actuators are distributed, etc., which eases
separate development and variety of each degree of freedom. The relations between the
degrees of freedom are weaker and it less optimised for a certain application.

Although the two industrial robots do not compete in the same market segment, it may
be concluded that the differences in technical requirements have constrained the
potential of modularising the products to varying degrees. Transferred to the four-legged
robot, the difference in requirements could be “running” instead of “walking”, which
would require dynamic instead of static walk and, at the least, would affect the control
architecture considerably.
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Figure 5.4. The leg-based robot compared with two types of industrial robots. The requirements
and the resulting concept affect the potential for modularisation.

���� (PERGLPHQW�GHVLJQ�±�3DSHU�,,,

In the embodiment design phase the technical concept is structured to a modular
concept, i.e., the actual product modularisation takes place. The result of the conceptual
design phase is a technical concept, chosen by at least considering variety and
modularity. At this point, both the product parameters and the product functions are
known as well as their relations to the technical solutions. As discussed in previous
chapters, it may be useful to choose modules so that the product parameters relate to one
module and the functions are solved by one module. Thus, the purpose functions, the
parameters (properties), the technical solutions and the relevant inter-domain relations
are addressed, partly according to Oosterman et al. (2000). Moreover, the concept may
be described by its technical solutions or parts and their intra-domain relations (Energy,
Information and Material), basically according to Pimmler & Eppinger (1994), figure
5.5.
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Figure 5.5. The product properties (functions and parameters) and their relations to the technical
solutions, as well as the relations between the technical solutions.

As stated in the previous chapters, a product may not be modularised by considering
only the relations between the various elements of the artefact, which are referred to as
the functional aspects. Modularisation is done primarily by considering the purposes or
the reasons for modularisation, table 2.1, which is here referred to as the strategic
aspects. In Chapter 2, three main strategic aspects are mentioned, namely the variety vs.
commonality, the organisation of development and production and after sales.
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The main focus of this thesis is on the consideration of both functional and strategic
aspects when grouping technical solutions to modules. The problem is here approached
by further building on the DSM framework. As in Pimmler & Eppinger (1994) and
Oosterman et al. (2000), the organisational aspects are implicitly considered when
describing the function structure. The relations between technical solutions basically
require communication between the developers that are developing the technical
solutions. However, here another organisational issue is explicitly added, namely the
issue of make or buy.

The central part of this work is the consideration of variety versus commonality aspects,
both in a spatial and a generational sense. When modularising a product, it is important
to discuss what should be common with previous products, what should be common
across the initial products and what should be kept stable in the future developments of
the products, figure 5.6. Here, the opposition between reuse and develop, commonality
and variety, as well as between carry over and change, is used. This is also the case for
make and buy.

As described in Paper III, it is argued that common elements should be separated from
variant elements, make elements should be separated from buy elements, etc., when
modularising the product. This is represented as negative and positive relations between
the elements, where two common elements get a positive relation whereas a common
and a variant element gets a negative relation, this in order to match the concept of
Pimmler & Eppinger (1994).

It should be noted that in the previous chapters, as well as in Paper III, the after-sales
aspects are discussed. But since the main focus of the thesis is on the variety and the
organisational aspects, the after-sales aspects are more or less left out in the current
approach.
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Figure 5.6. The studied module drivers in three dimensions, spatial and generational variety, as
well as the location of the effort.

In Paper III, the strategic relations between the elements are given different strength,
from –2 to +2, just as in the functional relations of Pimmler & Eppinger. In Paper III,
the strength is directly derived from the scores used in the MIM of Erixon (1998). In the
MIM, the scores are chosen subjectively and Erixon does not provide any clear advice.
The scoring is further developed here by basing it on either the importance of variety or
the cost of variety, which relates to the contribution to utility or the cost of involved
parts, respectively. This is according to the reasoning in Section 4.3.2.
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Thus, firstly it should be decided whether the variety in the specification requires variety
in the element (technical solution or part) or not. Secondly, in case variety is needed, a
judgement of the importance of variety, based on the element’s contribution to the total
utility (low or high), is made. In case commonality is acceptable, the importance of
commonality is based on the cost of the element, figure 5.7. A similar reasoning may be
applied for carry over versus change (CC), reuse versus develop (RD) and make versus
buy (MB). The relation between two elements is then based on the scores for the
involved elements, figure 5.7.
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Figure 5.7. The scores for the two module drivers,  variety and commonality, for two technical
solutions and the resulting strategic relation between the involved technical solutions. The bold
figures are the figures relevant for the two technical solution of the example.

The strategic aspects may now be represented in a DSM, figure 5.8a. The functional
aspects are still represented by the DSM, according to Pimmler & Eppinger (1994).
However, the spatial relation of Pimmler & Eppinger is replaced here by an inter-
domain relation, i.e., two elements contribute to the same function or parameter (FP),
figure 5.8b. Since both matrices are symmetrical, half of the matrix may be omitted, as
shown in the fictive example, figure 5.8a-b.
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Figure 5.8a-b. a) The strategic DSM, where reuse versus develop (RD), commonality versus
variety (CV), carry over versus change (CC) and make versus buy (MB) are included. b) The
functional DSM, based on figure 5.5, where energy (E), information (I), material (M) and the
contribution to the same function/parameter (FP) are included.
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Based on this information, suitable modules may be identified by grouping elements so
that the relations between modules are weaker than the relations within modules.
Moreover, the negative relations preferably should be between the modules. This
follows the idea of figure 3.6 and its related definition. The matrix is modularised by
reordering the rows and columns, as well as evaluating various module boundaries, until
a satisfactory solution is found. Figure 5.9 shows a result based on the fictive example in
figure 5.8a-b, where the functional and the strategic aspects are combined.
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Figure 5.9. The combined strategic (S) DSM and functional (F) DSM, sorted and clustered.

The matrices may be used to view the effect of different module boundaries. Simply,
when there are many negative relations within the modules or many positive relations
between the modules, a problem is identified and suitable measures may be taken until a
satisfactory technical and modular concept is reached. That is a qualitative use of the
approach. However, in Paper III, the Module Independence (MI) and the Average Ratio
of Potential (ARP) are suggested to measure the goodness of the modular structure.
These measures provide quantitative measures of the structure’s goodness, which may
be implemented in an optimisation algorithm that searches for the optimal structure.
Alternatively, the measures may be used to compare different modular structures.

relations all of sum the

modules all inside relations  theof sum the
MI = (5.1)

modules ofnumber  the
modules  theinside relations potential  theof sum the

modules  theinside relations  theof sum the
ARP = (5.2)

���� 'HWDLO�GHVLJQ�±�3DSHU�,9�9

At the end of the embodiment design phase a basic modular concept is available. This
structure is based on qualitative ideas of variety versus commonality, make versus buy,
etc. In the detail design phase, the structure may be optimised by quantitatively
optimising the degree of variety, the number of suppliers, etc. Moreover, the interfaces
should be specified and designed so that they suit the variety range. Thus, here the detail
design phase refers to the detailing of the modular structure, not the parts, as shown in
figure 4.20. As discussed in Chapter 2, the degree of variety should be balanced by both
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considering the utility and the cost, where it may be assumed that the utility is
proportional to the potential price or income. The focus should be to maximise the
profit.

In the case of Paper IV, the external variety is decided from the very beginning. The
internal variety is optimised by using some simple cost equations for the direct costs as
well as some assumptions about the indirect costs, taken from the literature. A standard,
production volume-independent, indirect cost for the introduction and maintenance of
each part type is used, ,&. Moreover, the volume-dependent indirect costs are
proportional to the direct cost by a factor c. The direct costs, '&, are seen as
proportional to some property (functional or design) of the parts or the modules,
equation 4.1. Moreover, the direct costs are influenced by the learning effect, equation
4.2.

The deviation from the customer requirements due to commonality is seen as loss of
income, or alternatively as an increase in cost, figure 5.10. This is modelled by a
reduction in the forecasted ideal price, ,3, by a factor O. The total cost and the total
income are summarised in equations 5.1-2, where Y refers to the production volumes or
sales of parts and products, respectively. Thus, the product performance is here directly
linked to monetary terms, which facilitates the balancing of performance aspects and the
economic aspects.
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Figure 5.10. The principle trade-offs considered when optimising the lift-table.

Here the degree of variety for the products is optimised by choosing the level of variety
for the constituent modules, which is facilitated by the structure. In the study, the
uncertainty in demand as well as the uncertainty in the loss due to commonality is
considered. This is done by introducing the module variety as a control factor and the
uncertainty as a noise factor in a Robust Design experimental plan, figure 5.11, where
the objective is to optimise the profit. Thus, the goal is to do the internal variety robust
to changes in the market preferences.
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Figure 5.11. Experimental plan to optimise the level of variety while considering the uncertainty
in the forecasts.

When the degree of variety for the modules is decided, the degree of variety for the
interfaces may be optimised. The goal is to have as few different interfaces as possible
for the variety range. Above, it is argued that the product variety requires variety in the
modules. Now, the variety in modules may require variety in the interfaces. To fit the
total variety range, in principle the interfaces need to be over-dimensioned, but here,
also, the deviation from optimal requirements may be seen as a quality loss. Moreover,
over-dimensioning is not straightforward when multi-objectives need to be considered.

In Paper V, it is assumed that the interfaces may be defined vaguely within some
boundaries, until the modular structure and the degree of variety are decided. It is argued
that an interface may not be designed in isolation from the modules that are mating at
the interface. The vague definition of the interfaces may be seen as a black box, figure
5.12, which, after the definition, may be referred to as an interface component. The
point is that the interfaces should be specified reasonably late in the process and not
frozen too early, somewhat in line with the ideas of set-based engineering, Sobek and
Ward (1996).

Motor

Gearbox ��� �����	��
��

�� �����	��
��

Figure 5.12. Examples of a black box, which may be detailed to an interface component.

Thus, the degree of variety for the modules is decided first, as discussed above, and then
the design and the number of interfaces, figure 5.13. In this case the black box is
optimised by the Finite Element Method, topological and shape optimisation, and
Robust Design, in combination. First, topologies are generated, from which the
preferred one is selected. Second, the shape of the topology is defined by the parameters
(features) as well as parameter value levels that meet the requirement range. Then the
Robust Design approach is used to choose the parameter value (control factor) that
satisfactorily fulfils the requirements considering the variety in the involved modules
(noise factor), figure 5.14.
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Figure 5.13. The inputs and steps of the detail design phase of the modularisation process.

In case it is not possible to satisfactorily use only one interface for the variety range, at
least two interface shapes are needed. Then, analysis of variance (ANOVA) advises on
where to divide the variety range for the interfaces as well as on what parameter (form
element, feature) of the shape that needs to be different between the two interfaces. The
variety range should be split for the module variety (noise factor) which contributes
most to the variance, and the difference in the interface design should be focused to the
parameter (control factor) that contributes most to the variance.
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Figure 5.14. Experimental plan to optimise the parameters (features, form elements) of the
interface component, while considering the variety in the mating modules.
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In Paper I-II it is discussed how and to what extent the concept affects the potential to
modularise a product. It is argued that the possibility of dividing the product into
modules depends on how the product elements (solutions, parts) contribute to the
overall function and the performance/behaviour of the product. This may be seen as a
guiding principle for modular design, and a functional analysis could be seen as a
supporting method. Moreover, in terms of variety for a certain parameter, the
alternative’s unique, modular, or flexible design may be considered.

In these papers, no new theory or method is proposed for the creation of concepts. The
ideas of previous authors, e.g., Ulrich (1995), are merely evaluated and tested. It is
stated that the functional description is not enough to describe modularity. The purpose
of modularisation is central, whereas the functional description may be seen as a
constraint. It is argued that it is difficult in the conceptual design phase to guide ideas
towards a concept that may be modularised. The evaluation of the potential to
modularise and the choice of the concept to be modularised may be done when the
technical concepts are available.

������ (PERGLPHQW�GHVLJQ�±�3DSHU�,,,

The focus of this thesis is on the transfer of a technical concept to a modular concept,
i.e., the grouping of technical solutions to modules, Paper III. This is done by studying
the functional relations, both intra- and inter-domain, and the strategic relations of the
products, in a Design Structure Matrix (DSM) format. The benefit with this approach is
that not only the functional relations but also the strategic relations are used when
modularising.

The functional relations are more or less based on the DSM approach of Pimmler &
Eppinger (1994). The strategic relations are initially based on the module drivers from
the Module Indication Matrix (MIM) of Erixon (1998). Since the strategic relations
represent the actual purpose of the modularisation, they are crucial to include.
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Moreover, since both the strategic and the functional aspects are included, the approach
is clearly different from the purely functional approaches of Stone (1997) and Pimmler
& Eppinger (1994), although the functional description tells something about the
organisation.

The common format of the functional and strategic information makes it possible to
consider all information by one approach. However, other authors have also approached
the same problem by using the DSM together with the MIM. Malmström (1998) and
Jiao (1998) simply use the two methods, without any changes. Lanner & Malmqvist
(1996) introduced the MIM information for each of the technical solutions in the
diagonal of the DSM, but that approach does not show how the technical solutions are
related to each other in terms of the module drivers. It merely makes all information
available in one matrix in a way that makes it difficult to utilise the information. Lange
(1998) used the possibility to add the DSM next to the MIM, but this approach also
delivers the information mainly in a more compact format.

Stake (2000) combines the original MIM with both the functions-means tree and the
DSM, although not at the same time. Based on this information, cluster analysis is
employed to group the technical solutions to modules. The information used is basically
the same as in the approach of this thesis. Still, the approach does not consider the
opposition between some of MIM module drivers; i.e., no negative relations are
included as in the approach of this thesis. The organisational aspects are not considered
at the same level of detail, but on the other hand, the after-sales aspects are included.
The big benefit with the cluster analysis is that there are software tools available to
support the approach.

A few other authors have included aspects, which are here referred to as strategic, in a
relational format. Newcomb et al. (1996) and Gu & Sosale (1999) focus on the after-
sales aspects, but do not consider the variety versus commonality aspects. Huang and
Kusiak (1998) include the spatial, but not the generational, variety versus commonality
aspects. The approach presented in this thesis considers the issue of variety versus
commonality and its time aspects as well as considers the organisation of development,
including the issue of make versus buy. However, it does not consider the issue of after-
sales and some other more detailed module drivers mentioned in table 2.1.

One problem with the approach is that the information in the matrices is dense, and in
cases where the matrices are much larger than the matrices presented in this thesis, a
computerised approach is needed for the modularisation. Such a computerised algorithm
must evaluate alternative structures by sorting rows and columns, grouping the technical
solutions to modules, as well as using some measure of goodness for the suggested
modular structure. The main problem, however, is the immense number of possible
combinations that need to be evaluated.

In this thesis two types of goodness measures are suggested, namely the Module
Independence (MI) and the Average Ratio of Potential (ARP), where the former is the
same as the Cluster Independence of Newcomb et al. (1996). The two measures seem to
complement each other. The MI strives towards positive relations within the modules
and negative relations between the modules. The ARP, on the other hand, may be used
to find smaller modules within the large positive MI modules, as described in Paper III.
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Thus, for the same problem the two measures do not give the same result, table 6.1,
although they are not directly contradictory. The simply describe the problem
differently. The measures, especially the ARP, are not based on any deeper scientific
analysis or survey, and thus they may be further studied.

Table 6.1. Six possible ways to cluster the DSM of figure 5.9 and the corresponding MI and ARP
measures.  Within brackets, the best to the worst structure according to the measure is rated
(1)–(6).

Module: Technical solutions MIpos MIneg MIneg / MIpos ARP
1: 1, 5
2: 2, 4
3: 3, 6

0.5 0.11 0.22 (2) 0.2083 (1)

1: 1, 5, 2
2: 4, 3
3: 6

0.53 0.25 0.47 (4) 0.13 (4)

1: 1, 5
2: 2, 4, 3
3: 6

0.73 0.037 0.051 (1) 0.194 (3)

1: 1, 5, 2
2: 4, 3, 6

0.61 0.4 0.66 (5) 0.052 (5)

1: 1, 5
2: 2, 4, 3, 6

0.81 0.25 0.31 (3) 0.2031 (2)

1: 1, 5, 2, 4, 3, 6 1.0 1.0 1 (6) -0.004 (6)

The strength of the strategic relations was initially (Paper III) based on the module
driver scoring of Erixon (1998), where the importance of the module driver is
subjectively chosen. The approach of figure 5.7 may still be seen as imprecise, but by
linking the strength of the relations to the utility or cost of the technical solutions the
scores become more objective. Moreover, the cost and the importance of variety are
directly considered during the clustering. The most dubious issue of the strength of the
relations, of course, is the relative importance of the relations. Here the functional and
the strategic relations are given the same importance, just as E and I, MB and CV, etc.
are given the same importance.

It is argued here that the technical solutions that are common (or carried over) should be
grouped to modules. In a case where there is an absolute stability, this seems
straightforward. However, it is less obvious that two modules that are characterised by
variety (or change) should be clustered. The reason for the variety or the time for the
change may entirely different for the two technical solutions, and therefore the
rationality in the clustering may be debated. Thus, a higher degree of detail would be
needed to identify modules within the variety/change modules. In terms of make or buy,
the issue is clearer. It may be argued that it is irrational to group two solutions that are
bought, if they are not bought from the same supplier. On the other hand, the
modularisation may lead to that the two solutions are bought from one of the two
suppliers and this supplier buys from the other supplier.

������ 'HWDLO�GHVLJQ�±�3DSHU�,9�9

Paper IV and V raises the fact that the approach discussed above provides only a rough
modular structure. The degree of variety and the interfaces must be decided before the
modules and the individual products may be detailed. Both papers show how the Robust
Design approach may be employed to optimise the degree of variety in both modules
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and interfaces. In both cases it is argued that the deviation from optimal design leads to
a cost; the question is what is accepted in the specification or by the customer.

Paper IV follows up ideas employed previously by showing how these ideas may be
combined in the specific case. For example, Hernandez et al. (1998) have used Robust
Design previously to optimise the degree of variety in terms of economy. Here,
however, the link between the performance and cost is further emphasised and the
Robust Design experiment is set up differently, with the degree of variety as a control
factor. Moreover, the presented examples are based on a higher degree of detail in the
product costing; the volume-dependent and volume-independent indirect cost are
considered as well as the direct costs with the learning effect. Still, product costing is
based on simple equations and assumptions, and thus the preciseness could be
improved. On the other hand, the point is to use such costing approaches reasonably
early in the process, when it would be difficult to be more precise anyhow.

Paper V follows the ideas of Chang & Ward (1995). They optimise the number of
modules, whereas here the application is transferred to the optimisation of the number of
interfaces. For the ideas of where to split the variety-range for the interfaces and what
parameter of the interface to change; their concept is largely followed, but here it is
further tested and verified.

In Paper V, the idea of defining a black box volume, which may be detailed to an
interface component, is introduced. It may be seen as dubious because the black box
volume also has some sort of boundaries. Still, it could be beneficial to treat the actual
interfaces and the surrounding material separate from the modules. Moreover, the point
is that the interface components should be detailed when the knowledge of the modules
and their range of variety are available. The freezing of the interfaces is the last step of
the modularisation process, but should be done before the parts and modules are
detailed.

It may be argued that the black box approach, including topological and shape
optimisation, could be used for the modules as well. Such an argument is valid, but the
approach seems especially promising for optimising interfaces rather than full modules
due to the level of complexity. The Robust Design approach is applied to choose an
interface shape robust to the product variety. The approach could, however, theoretically
be applied to choose an interface topology when there are many topologies to choose
from, which was not the case in the example presented.

The examples of Paper IV and V are limited and reasonably simple in order to
demonstrate the ideas. Problems may arise when applying them on more complex cases.
On the other hand, it may be argued that a more complex case may be decomposed to a
level where the approaches may be employed. For the optimisation of interfaces, as
described in Paper V, the usage of the Robust Design (Design of Experiments) is more
important for complex cases because the approach may be used to reduce the number of
calculations.

���� &RQFOXVLRQV

A modular product is composed of modules with well-defined interfaces, where the
modules are chosen based on specific reasons (purposes). When developing modular
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products, it is important to differentiate between the modularisation project and the
detailing of variant products and modules. The modularisation project includes the
clarification of the task, conceptual design and embodiment design, as well as the
detailing of the product structure.

In the conceptual phase the focus is on the technical requirements, although alternative
ways to generate variety and the potential to modularise may be contemplated. The
technical concept has large effect on the possibilities of modularising the product. The
actual modularisation, i.e., the grouping of elements to modules, is an embodiment
phase activity.

In general, modularisation is performed to manage complexity. More specifically, the
reasons to cluster elements into modules may be arranged in three main groups, namely:
• management of variety (variety versus commonality),
• organisation of development and production, and
• handling of after-sales issues.

These reasons to cluster elements are here referred to as the strategic aspects. The
technical relations between the product elements, both inter- and intra-domain, describe
the functional aspects. Both the strategic and the functional aspects must be considered
to create a sensible modular product structure. It is here shown that it may be considered
by describing both the strategic and the functional aspects as relations between the
product elements (solutions, parts). Moreover, the relations may be represented in a
Design Structure Matrix format, which may be used to cluster elements as well as to
visualise and measure the goodness of the modular structure.

When detailing a modular structure, e.g., optimising the degree of variety, both product
performance and cost must be considered. To handle this balance, product performance
could be described monetarily, i.e., related to income or cost. Moreover, it is shown that
the Robust Design approach may be employed to consider the uncertainties when
optimising the degree of variety. The freezing of interfaces should be the last step of the
modularisation project.

���� $FKLHYHPHQW�DQG�FRQWULEXWLRQ

This thesis contributes to the embryo of a theory for product modularisation in various
ways. This is achieved by targeting the issues raised in the project descriptions, Endrea
(1997, 1999), and the four objectives of Section 1.2.

The extensive literature survey and the connected conclusions in Chapters 2-4 largely
meet objective 1. Thus, the theories and the terminology are clarified and to some extent
improved by this thesis. Paper I-II deals with objective 2 by exemplifying how the
technical concepts constrain the possibilities of modularisation. Objective 3 is more or
less met by Paper III. The relational approach may obviously be used to integrate, or
balance, the strategic and the functional aspects. Paper IV-V show ways to consider the
trade-off between performance and cost, and thus objective 4 is reached.

Thus the thesis targets its main research objective by showing ways to consider
functional and strategic aspects, as well as performance and economic aspects, during
the design process. However, it could be argued that initial objective of focusing on
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modularity as a general solution to several problems has drifted too much to a focus on
the problem of product variety.

The approaches of this thesis, mainly Paper III-V, are logically derived by the synthesis
of available approaches, i.e. deduction. The approaches conform to the definition of
modularity and the theories of technical systems and design processes, which form the
basis for the thesis. Moreover, the approaches seem to be useful in a practical situation.
Still, the practical verification is limited. The approaches are applied to semi-fictive
cases and not directly to a sharp product development situation. Thus, the approaches
seem useful, but are not fully proven.

The thesis deals with both modular products (technical systems) and the development of
modular products (design processes). Moreover, the thesis includes both descriptive and
prescriptive statements. Consequently, the contribution of the thesis may be described
according to figure 6.1.
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Figure 6.1. The contribution of the thesis in relation to the map of Hubka & Eder (1996).

���� )XWXUH�UHVHDUFK

The natural extension of this work would be to further develop and test the suggested
approaches, especially the integration of strategic and functional aspects in a relational
format.

As mentioned, the relational approach ought to be computerised in order to handle more
complex matrices. Moreover, a search algorithm that finds the best solution based on
some goodness measure ought to be developed, e.g., an algorithm based on simulated
annealing. Also, the mentioned measures should be tested further and developed.
Furthermore, the relative importance of the relations (module drivers) probably varies
from case to case, but the relative importance should be further evaluated. Finally, the
relations (module drivers) used in the approach are rather undetailed, and in case the
approach is computerised, a higher degree of detail should be included.

The robust design approach described in Paper IV is tested by using simple economic
models. It would be interesting, however, to test the approach by basing the calculation
on actual company estimates and supplier quotations. The robust design approach
described in Paper V should be tested on a more complex case with multi-physical
effects.
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