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ABSTRACT
This paper focuses on the engineering design of modular systems
in the manufacturing industry, in which companies can benefit from
modular and configurable products that fulfil a variety of customer
needs. The purpose of this paper is to study the types of challenges
faced in the engineering design of modular systems and the types
of support needed to address these challenges. The topic is studied
via a literature review and seven industrial case studies. The analy-
sis method for the case studies combines engineering and business
perspectives. The engineering perspective highlights engineering
concepts related to designing modular systems, while the business
perspective focuses on related managerial issues. We find that the
studied companies emphasised different aspects of modular system
development, despite having similar high-level goals related to the
benefits of modularity and design reuse. We also identify several
challenges, along with the need for support related to the engi-
neering design of modular systems in the manufacturing industry.
Current engineering design practices related tomodular systems are
not sufficient to generate the typical benefits related to modularity
and design reuse; organisations must also focus on other aspects of
the design process, such as knowledge retrieval.
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1. Introduction

Products are manufactured to meet needs and requirements, which continuously change
to reflect products’multiple users, alternative usages, restrictions and rules (e.g. legislation),
and shifts in societal values. While varying customer needs and product designs based on
these needs are major sources of product variety, products also vary based on other prod-
uct lifecycle phases. For example, maintenance and aftersales can affect product design
and functionality. From the design perspective, managing product variety involves several
different tasks:modifying existing variety according tonew requirements, changing aprod-
uct’s modules and components or designing a new version of a product (ElMaraghy et al.
2013). When a company manufactures different products for different needs, it creates a
variety of products (ElMaraghy et al. 2013). Therefore, product variety describes the range
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of products a company can offerwithin a certain timeperiod in response tomarket demand
(Ulrich and Eppinger 2008). Examples can be seen in the automobile industry, which offers
different models and accessories for different markets.

The need for product variety creates challenges for businesses. Variety is a disruptive
phenomenon in the mass and serial production manufacturing industry, where standard
parts and standard working procedures are the basis for high productivity and cost effec-
tiveness. If a product range is not designed to support efficient customisation from a
technical perspective or if a company’s sales-delivery process does not support the reuse
of product elements that do not need to vary, costs related to product design, production,
warehousing, sales and services, andprofitabilitymay fall. In the industry, this issue is solved
by structuring product families according to the principles of modular design, whereby
modules within themodular system are handled as standard elements in the sales-delivery
process, and variants are created by combining the modules in different ways. One classic
example demonstrating the importance of design reuse is that of Sony Walkman personal
stereos (Sanderson and Uzumeri 1995). In the late 1970s, Sony took the first steps towards
the personal portable stereo market from cassette recorders used by reporters by study-
ing the use of recorders exclusively for playback and studying headphones in a separate
project. Finally, these projects were connected, and the first Walkmans were sold in Japan
in 1979. The company maintained its dominance in the global market for over a decade,
largely due to systematic and disciplined development andmanagement of a product fam-
ily and evolution of product platforms. Sony had its own flexible manufacturing system
that was optimised for small production runs and easy model changeover, but many of
Sony’s competitors, such asMatsushita (Panasonic), had similarmanufacturing capabilities.
Thus, Sony invested in key component technologies and key generational platforms that
made it easier tomake large numbers of incremental design changes in features, packaging
and appearance based on knowledge of the lifestyle-driven needs of consumers in major
regional markets. All the variants were built around key modules and just a few platforms,
and single distributorswere not offered customisedmodels. Sony’s official product linewas
broader than those of competitors. The company’s use of platforms also enabled the devel-
opment of models for marginal market segments with occasional success and little fear
of large losses. Aspects of design reuse supported high quality and low cost, enabling the
creation of high product variety with good market impact (Sanderson and Uzumeri 1995).

The aim of this paper is to discuss the industrial practises and challenges of design-
ing such modular systems to support product variety management in the manufacturing
industry. The engineering design of modular systems refers to the application of product
development tactics to find anddefine reusable elements of a company’s existingproducts.
In this paper,modularisation, product family development, product platformdevelopment,
and product configuration are considered the main tactics supporting the engineering
design of modular systems. These tactics are discussed in detail in Section 2. Our research
objective includes studying the challenges inherent in the engineering design of modular
systems and determining the types of support needed to address these challenges. This
study is based on seven industrial case studies, which are discussed in Section 4. These case
studies present industrial projects related to the engineering design of modular systems in
different manufacturing companies, and they provide evidence of such tactics as reducing
engineering hours and costs and increasing commonalities among products in the same
family. We also discuss the generic benefits of design reuse in Section 2. However, themain
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focus of this paper is not to review these benefits in detail, but to draw together a uni-
fied view of the challenges inmodularisation after considering a number ofmodularisation
projects. The seven case studies pursued the benefits of modular systems from different
approaches, but each approach was related to the main building blocks of modular sys-
tems. We consider the building blocks of modular systems to consist of partitioning logic,
set of modules, interfaces, architecture, and configuration rules and constraints. To clarify
the terminology in this paper, partitioning logic refers to the reasons architecture, set of
modules, and interfaces exist in the forms they do. An individualmodule belongs to a set of
modules, which is one of the main building blocks of the modular system. A module com-
plies with certain interfaces and has a position in the architecture. Configuration rules and
constraints specify the situation in which a module is used in a product variant for a cus-
tomer. These building blocks are discussed in Section 3, which also discusses the analysis
approach adopted in this study.

While this study presents some of the same case studies as the previous publication
by Pakkanen et al. (2016), it also presents new case studies, and the method of analysing
the cases and findings is explained in greater detail. The companies in question have
been anonymised to protect sensitive information. This qualitative study used a mixed
researchmethods approach including two researchmethods: An action research approach
(Baskerville and Trevor Wood-Harper 1996), in which researchers contributed to the mod-
ularisation project in each company, was used in case studies A, B, C, D, and G, and the case
study method (Yin 2009) was used in case studies E and F. The first mentioned approach
included two data collection methods because one of the authors worked in company G
for ten years, whereas time and depth of participation in case studies A, B, C, and D was
shorter and lesser. All the case studies were done in different companies. Data from the
case studies were obtained by participating in the modularisation projects as researchers
and consultants (case studies A, B, C, and D), listening to presentations given by the com-
panies’ employees and interviewing key personnel (case studies E and F), and working in
company for longer period (case study G).

To summarise the structure of the paper, Section 2 includes a literature review that pro-
vides background on the engineering design of modular systems from the perspectives of
design reuse and knowledge management, as well as a background on the main product
development tactics used to support design reuse from the perspective of product variety
management. Section 3 presents the approach for analysing the case studies, which are
presented in Section 4. The findings and results, including how they relate to our research
objectives, are presented in Section 5. Finally, Sections 6 and 7 present a discussion and
conclusions.

2. Engineering design of modular systems

Design reuse and knowledge management are important topics in the management of
product variety and theengineeringdesignofmodular systems.We first discuss themotiva-
tionsbehinddesign reuse andknowledgemanagement, aswell as both the relatedbenefits
and the drawbacks and challenges. We then introduce the various approaches to devel-
oping product variety and the engineering design of modular systems, including those
based on modularisation, product family development, product platform development,
and product configuration.
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2.1. Design reuse and knowledgemanagement

Design reuse is a process of reusing existing (previously designed) solutions, concepts,
components, modules, and interfaces in new products or design situations. Hansen and
Andreasen (2004) explained that decision-making during the design process is complex,
and the outcomes of these decisions significantly affect the design solution, design process
and overall business. Compared to working overtime, hiring more personnel or negotiat-
ing longer delivery times, design reuse is considered a sustainable solution to engineering
overload (Pulkkinen 2007), and it can reduce both effort and risks, thus preventing errors
and uncertainties in development (Busby 1999; Siddique and Repphun 2001). Furthermore,
design reuse helps to familiarise production staff with products’ designs, and the use of
similar elements across products makes it easier for customers to use and maintain new
product purchases (Busby 1999; Siddique and Repphun 2001). Through these different
mechanisms, design reuse reduces costs, shortens time to market, shortens testing time,
and improves quality (Duffy and Ferns 1998).

Many elements can be considered when deciding whether design reuse should be pur-
sued for a particular project. Typically, to justify design reuse, onemust consider the whole
product lifecycle and all associated costs with and without incorporating design reuse.
For example, in research on standardisation, Perera, Nagarur, and Tabucanon (1999) and
Wacker and Treleven (1986) emphasised focusing on estimating cost effects of standardis-
ation in specific lifecycle phases. Lifecycle and costswere also emphasised by Fixson (2006),
who suggested modelling the relationships between the product architecture character-
istics and the costs related to specific lifecycle phases. Similarly, Gershenson, Prasad, and
Zhang (2003) discussed the effects of modularity on lifecycle phases, and Ong, Xu, and
Nee (2006) suggested that cost effectiveness can be improved by increasing common-
ality among products. Martin and Ishii (1997) weighed the importance of variety against
the cost of variety using commonality and variability indices. Scholars have also proposed
generic models of product development that highlight time, quality, efficiency, flexibil-
ity, risks, and environment, in addition to costs, when analysing decisions about product
development (Olesen 1992; Andreasen 2011); however, costs remain the most commonly
discussed element when justifying design reuse. For example, Duffy and Ferns (1998) used
the metrics of time, cost, quality, and performance to analyse the benefits of design reuse
in a large companymakingmade-to-order products, asking four practising designers about
current and potential future impacts of design reuse on the design development pro-
cess. The analysis of the benefits showed that cost reduction had the largest scope for
improvement (compared to quality, time, and performance) when considering foreseeable
impacts.

In addition to conducting cost analyses, scholars also frequently discuss the technical
performance of a product in the context of design reuse. Kong et al. (2009) suggested that
the optimisation of product performance and similarity should be considered in manag-
ing product variety. Gonzalez-Zugasti, Otto, and Baker (2000) explained that, in product
family development, the technical performance, costs, and risks of the proposed family of
products should be compared to those of the original product or to some other product
family exhibiting similar variety. Fellini et al. (2002) suggested that aproduct familymay lose
performance and that tolerable performance losses compared to the performance of the
single optimised product should be clarified. Finally, Halman, Hofer, and van Vuuren (2003)
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suggested that, compared to single products, product platforms and product families can
improve cost and time efficiencies, technological leverage, and market power.

However, design reuse is also associated with several potential drawbacks and chal-
lenges. Engineering, cognitive, motivational, organisational, and environmental factors
may prevent design reuse (Busby 1999). Engineering factors can include, for example,
obscure design rationales in situations in which features performmultiple functions. Busby
(1999) offers an example in which a designer understands that a product element has a
locating function and reduces theweight of thepart to savematerial costswithout compro-
mising this function. However, the designer does not realise that the lightened section also
has another function to support orientation-checking that is now compromised because
of lightening the element. According to Bracewell et al. (2009) and Gedell and Johannes-
son (2013), a description of a comprehensive design rationale should include the issues
addressed, the options considered, and the pros and cons of changing the design, thereby
answering the question of how things currently are and why. If this kind of description is
not available, inexperienced designers might not be able to select suitable solutions from
among similar pre-existing solutions,whichmay lead themtodesign anewsolution instead
of reusing an existing one. Design reuse might also prevent innovation and lead to design
fixation if the reuse strategies are too strict (Sivaloganathan and Shahin 1999).

Aspects of design knowledgemanagement are also important when discussing product
variety management. Knowledge capturing, indexing, and retrieval can be considered part
of the design process, and research on this topic has explored design rationale and sup-
port systems. Information systems should help designers store, represent, search, and use
reusable knowledge (Sivaloganathan and Shahin 1999). Derivatives of issue-based infor-
mation systems (IBIS) (Kunz and Rittel 1970) are probably the most popular solution in this
context. Bracewell and Wallace (2003) and Bracewell et al. (2009a) presented two gener-
ations of design rationale editor (DRED) tools for formally capturing and communicating
issues that have been addressed, options being considered, and arguments for and against
each option. In addition to factors inhibiting design reuse, Bracewell et al. (2009) noted that
design rationale capture tools have great potential, but must fit naturally with designers’
working methods and consider the challenges inherent in large and complex projects to
ensure clarity. Other tools, such as Compendium, support the building of shared under-
standing and structured knowledge (Conklin et al. 2001). Leake andWilson (2001) discussed
the role of concept maps in capturing reusable knowledge to support case-based reason-
ing. Ontologies, or collections of knowledge that include structured conceptualisations
defining specific pieces of knowledge (Chandrasekaran, Josephson, and Richard Benjamins
1999), have also been discussed as ways of representing components and parts to support
the reuse of product information (Moon, Simpson, and Kumara 2010).

The success of knowledge retrieval depends on the representation of reusable solu-
tions. Wallace (2006) explained that 30%–50%of designers’ information retrieval needs are
broad during the concept phase and that these needs are the most difficult to satisfy. Col-
leagues are a very important source of information, especially when detailed queries using
indexes and keyword searches prove difficult (Aurisicchio, Bracewell, and Wallace 2010).
Maier, Fadel, and Battisto (2009) reported that affordances are more fundamental than
functions in engineeringdesignand form inarchitecture. They suggestedaffordance-based
design for facilitating knowledge capture and reuse, explaining that such frameworks sup-
port an understanding of past design failures and that understanding the affordances of a
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designmay prevent the same failures in the future. Ahmed (2005) suggested creating a vis-
ible indexing structure for employees to use when searching for knowledge. For example,
if standard catalogue components are going to be used, the main issue is how to find and
select the most suitable example component (Sivaloganathan and Shahin 1999).

The concept of shared understanding is also relevant to design reuse and knowledge
retrieval (Lehtonen et al. 2015); there must be agreement and a mutual view regarding
what elements are designed to be reusable and how and why. If engineers lack a shared
terminology and the metadata are not coherent, then the search itself may require more
effort than simply redesigning a reusable module option. According to Baxter et al. (2007),
reuse requires an understanding of the product, the lifecycle steps and the concepts, as
well as the data elements and relationships among these concepts. This presents chal-
lenges for explicit representations produced during the engineering design of modular
systems. Costa et al. (2012) also highlighted knowledge models in supporting the reuse
of design information when designing variety. Kleinsmann, Buijs, and Valkenburg (2005)
noted the importance of communication solutions in improving shared understanding at
the individual, project, and company levels.

Some researchers have argued that general design methods can be considered design
reuse methods because their fundamental principles are reused in every design, although
the specific design instances are defined each time (Baxter et al. 2007). In addition to
these approaches, Briere-Cote, Rivest, andDesrochers (2010)posited thatdefiningageneric
product structure supports an engineer-to-order (ETO) configuration of product variety
(combining principles of product configuration with the possibility of designing customer-
specific elements). To summarise, systematic and explicit definitions of terms, information,
and knowledge representations are essential elements of design reuse.

2.2. Product development tactics related to the engineering design ofmodular
systems

The need for product variety poses challenges for design reuse in general. Therefore, we
review themain product development approaches used when a business requires not one
standard product, but, rather, a variety of products. Previous discussion has suggested that
such tactics as modularisation, product families, product platforms and product configura-
tion may allow customer-specific product variety while still offering the benefits of design
reuse (Pine 1993; Victor and Boynton 1998; Pakkanen, Juuti, and Lehtonen 2016). These
tactics allow companies to offer product variety without significantly increasing costs (Jiao,
Simpson, and Siddique 2007). The following subsections present the main aspects of each
of these tactics.

2.2.1. Modularisation
Modularisation is a product development approach for increasing design reuse in busi-
nesses when customers require product variety. Modularisation involves defining a mod-
ular architecture, including definitions of each module and interface, to reduce the com-
plexity of company operations and realise the business benefits of design reuse (Andreasen
2011; Pakkanen, Juuti, and Lehtonen 2016). In discussing the role of knowledgemodularity
in supporting design reuse, Meehan, Duffy, andWhitfield (2007) argued that existingmod-
ularisation approaches insufficiently formalise andmaintain the knowledgebehinddefined
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modules. Their approach aims to support the maintenance of modular solutions by high-
lighting andmodellingevolutionarydesign knowledge. This design knowledge can thenbe
analysed to recognise inherentmodularity and tooptimise andmapdesign viewpoints. The
reuse ofmodules and the parameters of modules, interfaces, and architectures support the
process of effectively designing differentiated products (Dahmus, Gonzalez-Zugasti, and
Otto 2001; Harlou 2006; Fujimoto 2007; Ettlie and Kubarek 2008; Schönsleben 2012).

2.2.2. Product platform and product family development
Developing product platforms and product families is also a viable tactic for managing
product variety. A platform is a collection of core assets that are reused to achieve compet-
itive advantage (Kristjansson, Jensen, and Hildre 2004). The platform viewpoint offers sev-
eral possibilities for reuse, such as knowledge, functionalities, designs and design variables,
architectural rules, people and relationships, processes, product foundation, technology,
interfaces,modules, subsystems, components, elements, and singlemonolithic parts (Krist-
jansson, Jensen, and Hildre 2004; Ettlie and Kubarek 2008; Moon, Simpson, and Kumara
2010; Ramani et al. 2010; ElMaraghy et al. 2013). The definition of what can be reused is
broad and varies from company to company. Therefore, when applying platform thinking,
each companymust define the knowledge, elements, and assets it can reuse to bring bene-
fits. Understanding these elements enables managers to set goals for design tasks relating
to design reuse.

Product family development can be based on modularisation or on product platforms.
Product families reduce the number of different product elements (Meyer and Lehnerd
1997; Dahmus, Gonzalez-Zugasti, andOtto 2001; Harlou 2006; ElMaraghy et al. 2013). Prod-
ucts belonging to the same product family can share, for example, modules and other
elements related to product platforms.

Previous research has suggested that product platform and product family tactics are
most suitable when market diversity is at a medium level (Krishnan and Gupta 2001). Stan-
dardised products are suggested when diversity is low, and niche products are suggested
when diversity is high and economies of scale vary from low to medium (Krishnan and
Gupta 2001). Defining product variety without utilising the concepts of product families
results in redundant data,weak relationships among single variants, an inability to combine
existing variety or create new versions of products, and increased delivery risks emerging
from unproved product elements (Sawhney 1998; ElMaraghy et al. 2013).

2.2.3. Product configuration
When product elements are designed to be reusable using the tactics mentioned earlier,
product variety can be specified more efficiently to address particular customer require-
ments. We discuss this specifying of variants under the theme of product configuration.
Configurable products are based on a set of predesigned elements, rules, and constraints
describing how these can be combined into customer-specific versions of a base prod-
uct (Tiihonen et al. 1999; Forza and Salvador 2002; Heiskala et al. 2009). As an activity,
product configuration entails the selection of suitablemodules for customers by using con-
figuration knowledge to meet the necessary variability requirements (Tiihonen et al. 1999;
Pulkkinen 2007). Variability requirements relate to the need for different module options.
Consequently, these requirements must be explicitly defined when various modules and
product families are designed to support possibilities for design reuse.
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From a market segment perspective, each significant variability requirement should
be matched by a certain product variant based on predefined modules and product-
structuring principles. This leads to a question concerning the optimal number ofmodules.
Ideally, no module should require project-specific engineering; rather, all modules should
be available from among existing complete and reusable design options. However, pre-
designing every imaginable variety is infeasible, especially in low-volume businesses, as
it involves too many risks. Using the principles of product configuration does not require
that all modules be completely predesigned before receiving the first order in which they
are needed (Pakkanen 2015). At a minimum, however, the modules’ structuring principles
should be predefined during the engineering design of modular systems. The aim of clari-
fying the underlying structuring principles of the basic product is that the project-specific
elements that are not completely designedwill not harm the product family or related busi-
ness objectives. Such a configure-to-order (CTO) way of operating, based on modular and
configurable products, supports design reuse better than ETO. ETO is based on engineering
the product when the customer orders the product, and CTO is based on configuring the
product mainly from reusable elements (e.g. modules) in the same situation. Engineering
the product entails designing new product elements or modifying exiting ones, whereas
configuring the product can include selecting predesigned product elements, replacing
predesigned product elements with other predesigned elements, or excluding some ele-
ments. In sum, product configuration considers both defining configuration knowledge
and using configuration knowledge to define customer-specific variants.

2.2.4. Cost and value of themain product development tactics for the engineering
design ofmodular systems
This section considers the impacts of applying the tactics discussed above. A variety of
studies have presented quantitativemodels and data and qualitative statements regarding
the cost and value of these product development tactics. Figure 1 summarises the aspects
discussed in this section.

Several studies have investigated the benefits of product modularity, but few have
focused on the costs of developing modular products. Berman (2002) reported that com-
bining modular product design and postponing product differentiation in the Deskjet line
of printers enabled Hewlett-Packard (HP) to reduce total costs (manufacturing, shipping,
and inventory) by 25% compared to centralised production of all varieties, despite higher
manufacturing costs (though the article did not reveal howmuch higher these costs were)
due to postponing product differentiation. Danese and Filippini (2013) concluded that
modularity positively affects new product development (NPD) time and product perfor-
mance because it supports supplier involvement. Engel and Reich (2015) reported that
adaptable products andmodularity reduce the cost of system lifecycles and upgrade cycle
time while increasing the system’s lifespan. They also noted that, while defined interfaces
support adaptability, there is a cost associated with creating new interfaces. Hansen and
Sun (2010) stated that product modularity reduces direct costs, capital binding, and lead
times, but not in every case. They also stated that investment requirements are normally
significantly higher in modular products than in more integrated products. Finally, Jacobs,
Vickery, and Droge (2007) suggested that product modularity has a positive effect on cost,
quality, flexibility, cycle time, and performance.
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Figure 1. Cost and value of the tactics for the engineering design of modular systems.

Publications investigating the development of product platforms and product families
also present insights on cost and value. Halman, Hofer, and van Vuuren (2003) consid-
ered efficiency (costs, maintainability, high variety, and time), flexibility (time to market,
assembly, styling, and serving of different market segments), and effectiveness (training,
learning, brand identity, and ease of explaining products) as the main benefits of product
platforms. The cases they studied indicate that designing a product platform is costly and
that sufficient development time is required tomeet the specifications of all targetmarkets
and to integrate existing elements. Meyer and Lehnerd (1997) presented several indus-
trial examples of product platform and product family development. For example, Black
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& Decker committed to and invested heavily in platform and product family development,
which enabled the efficient introduction of newproduct variants based on standardisation,
modularisation, and automation. Business impacts were particularly related to labour and
material costs, and savings of up to 85% were reported.

Heiskala et al. (2009) and Haug, Hvam, and Mortensen (2012) extensively reviewed
the benefits and challenges of configurable products and product configurators. They
found that the efficiency of fulfilling a wider range of customer needs is one of the
most common benefits of configurable products, whereas configurators are beneficial for
reducing and eliminating errors in sales specifications, freeing up resources, and preserv-
ing knowledge, among other things. Heiskala et al. (2009) also discussed several chal-
lenges of configurable products. According to Heiskala et al. (2009) and Haug, Hvam, and
Mortensen (2012), determining the appropriate amount of customisation to offer, eliciting
customer needs, and defining specifications are among the key challenges of develop-
ing configurable products and configurators, and maintenance requires time, effort, and
money.

This review is by nomeans comprehensive, but it provides amore detailed consideration
of the engineering design of modular systems than the generic benefits and challenges of
design reuse discussed earlier in this paper. Based on the review, it seems that the engi-
neering design of modular systems requires effort and investments and involves risks, but
reusability enables various benefits that can be very valuable to a company. It is impor-
tant to estimate the business potential of applying different product development tactics
before fully implementing them to understand whether the benefits and value outweigh
the challenges and costs.

3. Analysis approach to understanding the engineering design of modular
systems

Section 4 presents seven case studies in which the engineering design of modular systems
has been pursued. In the present section, we discuss how these case studies are analysed
from the perspective of modularisation. First, we discuss the focus of the analysis. Then,
we present the data collection methods. Finally, we describe the criteria used in our data
analysis.

3.1. Building blocks ofmodular systems

The authors (three researchers) of this paper carried out the analysis. We selected five engi-
neering concepts (referred to simply as building blocks) related to the engineering design
of modular systems as the main elements for the analysis. Previous research (Pakkanen
2015; Pakkanen, Juuti, and Lehtonen 2016) has identified several key building blocks of
modular product families:

• partitioning logic of the modular system (referred to as partitioning logic),
• set of modules,
• interfaces,
• architecture, and
• configuration knowledge (referred to as configuration rules and constraints).
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In this paper, the goal is to investigate how the studied companies considered these
building blocks of modular systems and utilised them to support design reuse and
to manage product variety. The paper further seeks to determine what kinds of chal-
lenges the companies faced and what solutions may exist. Some of the above building
blocks have already been mentioned in Section 2.2; however, as partitioning logic, in
particular, is not a very common concept, these blocks are now discussed in greater
detail.

Partitioning logic, or the partitioning of engineering entities, is a critical building block in
engineeringmodular systems (Pakkanen 2015; Pakkanen, Juuti, and Lehtonen 2016). Parti-
tioning logic aims to capture the reasons architecture, modules, and interfaces exist in the
form they do. Other building blocks of modular systems (architecture, modules, interfaces,
and configuration rules and constraints, according to Pakkanen, Juuti, and Lehtonen 2016)
aim to answer the questions of ‘what’ and ‘how’, while partitioning logic aims to answer the
question ‘why’. Partitioning involves dividing themodular system into smaller engineering
entities based on (1) drivers from the business environment, known as product structur-
ing principles, and (2) variability needs from the customer environment. In our approach,
each engineering entity consists of a module or modules. Somemay be standard modules
required in every configuration, and somemaybe interchangeable, ormayhaveparametric
properties. The module type depends on (1) which product principles are allocated to the
particular engineering entity and (2) which variability needs (when relevant) are allocated
to each module. The partitioning logic – that is, the reason the modular system has those
particular engineering entities and specific modules with specific properties – is modelled
during the engineering design effort. Themodel allocates the variability needs andproduct
structuring principles to particular engineering entities. Once the partitioning is complete,
themodel permanently documents the allocation of variability needs tomodules and inter-
faces. This enables the company to discuss, validate, and later manage product structuring
principles, variability needs, divisions of engineering entities, and the allocations of these
to the modules and interfaces. The model also reveals the assumptions and decisions that
result in a particular partitioning of the modular system. Capturing partitioning logic (at
least partially) in modularisation is important to, for example, prevent the loss of valuable
product knowledge due to organisational changes.

Set of modules is required to enable product variety, while interfaces are required to
enable module interchangeability and independence, thus supporting reuse by bounding
the spreading of variety within a product family. Parslov and Mortensen (2015) provided a
good explanation of how interfaces can be understood.

Architecture describes how modules and interfaces are combined to make a product.
Consequently, architecture considers thepossible layout andother engineering restrictions
necessary tomaintain reusability. For example, designersmay need to define product areas
that othermodule variants cannot affect, known as ‘freezing zones’, to support the reuse of
base structures (i.e. the product platform) (Holmqvist 2004).

To support sales teams in reusing modular structures, configuration knowledge must
include rules and constraints for suggesting particular set of modules based on specific
customer needs. We use ‘configuration rules and constraints’ instead of ‘configuration
knowledge’ because the former phrase describes the building block more clearly. Config-
uration rules and constraints also play an important role in enabling reuse, and they are
needed to define information technology (IT)-based product configurators.
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Figure 2. The data collection for the case studies was conducted mainly between 2008 and 2016, with
the exception of case study G (1997–2008).

These building blocks are tools for thinking, as they highlight aspects of engineering
design that are important for realising benefits from reuse and product variety. Previous
research has proposed that successful consideration of these building blocks in the design
process opens up possibilities for business benefits if a company needs to rationalise its
existing product assortment (Pakkanen 2015; Pakkanen, Juuti, and Lehtonen 2016). The
presumption is that this assortment does not enable reuse of product elements or effec-
tive configurability of product variants (in the ideal case, the need for delivery-specific
engineering should be as low as possible).

3.2. Data collectionmethods

Section 4 presents case studies A throughG, each ofwhich involves the engineering design
of a modular system. Figure 2 summarises the main data collection period for each case
study. The data collection was completed from the modular system information point of
view. The research team (authors) used three different data collection methods, which are
presented and discussed in the following.

Data collectionmethod 1was based on field notes, interviews,meetings andworkshops
heldwith company personnel while co-creatingmodular systems. Thismethodwas used in
companies A, B, C, and D, in which the authors participated in the modularisation projects
as researchers and consultants. The data collection focused on the questions presented in
Table 1. The research team consideredwhich topics from Table 1were discussed, including
what kinds of information related to modular systems existed or were created and what
kinds of challenges were identified.

Data collection method 2 was based on interviews and meetings with company repre-
sentatives. The companies were asked to show and demonstrate the documentation they
had on modular systems in a modularisation workshop organised by the research team.
The research team took notes on which modular system areas were covered and in which
areas modular system information was missing based on the topics shown in Table 1. The
research team was not involved in the modular system design projects. This method was
used in companies E and F. In company F, the authors participated in other product devel-
opment projects as researchers and consultants before the workshop. These projects did
not focus on product modularisation and, thus, are not shown in Figure 2.

Data collection method 3 was based on field notes, company documentation on mod-
ular systems, and product development processes, tools, and checklists. A member of
the research team was employed by company G for ten years in the area of modu-
lar system development while simultaneously completing his PhD thesis. This enabled
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Table 1. Supporting questions for data collection indicating existing information onmodular
systems or intentions to create such information and challenges related to building blocks of
modular systems.

(1) Questions indicating existence or lack of information,
Building blocks of modular systems (2) Questions indicating challenges

Partitioning logic (1) Why is the modular system decomposed in such manner?
(1) What are the reasons to implement this partitioning?
(1) Why are certain modules interchangeable?
(1) Why are certain modules standard elements?
(1) Why can certain modules have certain configurable parameters?
(2) How is the partitioning logic designed?
(2) How is the partitioning logic modelled?
(2) How is the partitioning logic documented?
(2) Where are the documents managed?

Set of modules (1) Why do these modules exist?
(1) How is the module manufactured?
(2) How are the modules designed?
(2) How are the modules modelled?
(2) Where are the modules’ documents managed?
(2) How is the lifecycle of modules managed?

Interfaces (1) Why do these interfaces exist?
(1) What interfaces are needed?
(1) How is the interface implemented?
(2) How are the interfaces selected?
(2) How are the interfaces designed?
(2) Where are the interfaces’ documents managed?
(2) How is the lifecycle of interfaces managed?

Architecture (1) What is the architecture?
(1) Which layouts are considered?
(1) How are the modules, interfaces and space reservations placed?
(2) How is the architecture designed?
(2) How is the architecture documented?
(2) Where are the documents managed?
(2) How is the lifecycle of the architecture managed?

Configuration rules and constraints (1) Which modules are needed for certain customer needs?
(1) Which interfaces are needed for certain customer needs?
(1) Which modules are needed with this module?
(1) Which configurations are possible to manufacture and deliver?
(2) How is the configurability designed?
(2) How are the configuration rules and constraints modelled?
(2) Where is the information managed?
(2) How are the changes managed?

reflective practice on both the focus on modular system and the challenges related to
the development process and projects. In company G, only data that were relevant to the
questions presented in Table 1 were considered in the analysis.

The involvement of one member of the research team in a design process for long
period of time and the opportunity for the research team to co-create modular systems
in many companies enabled the research team to study the phenomenon from different
perspectives andwithdifferent levels of involvement. Despite thedifferences in data collec-
tion methods among companies, the research team focused on similar topics, as shown in
Table 1. The meanings of the building blocks (partitioning logic, set of modules, interfaces,
architecture, configuration rules and constraints) did not change from 2008 to 2016. For
each building block, each case offered tangible evidence relating to each question shown
in Table 1.

The research team believes that the three different data collectionmethods support the
validity of the research. The co-creation enabled the research team better access to the
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information and challenges that emerge during the design process. The team members’
long-term employment with company G and exposure to company practices and cultures
provided insights difficult to capture during interviews or meetings.

Typically, the discussions prompted by the questions shown in Table 1 led to other
questions (e.g. how to get enough resources for the project or where to find competent
engineers to do the design work). These questions were captured and classified during the
analysis phase.

3.3. Assessment criteria for analysing the building blocks ofmodular systems

This study presents which building blocks were relevant in which companies and which of
the companies focusedonly on certain buildingblocks. If the informationneeded to answer
the questions presented in Table 1 existed and the company in question had intentions to
improve this information, the building block was noted as considered for the company.
If the information did not exist and there were intentions to create the information, the
building block was also noted as considered. Considering the data collection from this per-
spective decreased room for interpretation in the case studies by comparing like with like.
Building blocks of modular systems form the foundation of the analysis from the engi-
neering viewpoint; however, more detailed categories and criteria within these building
blocks are needed in addition to supporting questions used in the data collection to better
highlight the differences among the case studies. We therefore created assessment crite-
ria to identify companies’ operational maturity level with respect to the management of
the above building blocks. The categories and criteria are presented in Table 2. The model
is based on research on business process maturity management (BPMM), which focuses
on analysing specific organisational capabilities (Harmon 2010; Röglinger, Pöppelbuß, and
Becker 2012). Of the different maturity models, we chose Rosemann and vom Brocke’s
(2010) approach based on research indicating which maturity models have validated con-
nections to business improvement (Tarhan, Turetken, and Reijers 2016). Rosemann and
vom Brocke (2010) defined six categories for maturity assessment, as described in Table 2.
The criteria in Table 2 describe the perspective from which each modular system building
block is analysed.

With regard to the categories and criteria shown in Table 2, one could ask whether the
selected IT criteria are too narrow. Rosemann and vom Brocke (2010) explained that IT
refers to the software, hardware, and information systems that enable and support process
activities. They added that the specific needs of each stage of a process lifecycle must be
considered from an IT perspective in business process management. The same authors

Table 2. Categories and criteria for analysing building blocks ofmodular systems (partitioning logic, set
of modules, interfaces, architecture, and configuration rules and constraints) based on BPMM.

Category Criteria

People Is the building block defined, agreed upon, and in daily use in the company?
Process Is the design information related to the building block documented?
IT Does the design information related to the building block have an identifier (ID), and is it available?
Governance Does the design information related to the building block have an owner?
Culture Is the design information related to the building block under change control?
Strategic alignment Is the building block considered in company strategy?
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suggested such evaluation criteria as customisability, appropriateness of automation, inte-
gration with other IT solutions, suitability, and accessibility. For this study, we simplified
the criteria to focus on identifiers (IDs). An ID could be, for example, a document, an item,
a part, or a serial number. Many designed elements, such as modules, receive ID numbers
automatically via information systems after they are created. We also sought to highlight
theother buildingblocks ofmodular systems (i.e. partitioning logic, interfaces, architecture,
and configuration rules and constraints) and study how these are considered or should be
considered in conjunctionwith IT to support the design reuse of these elements. For exam-
ple, if IDs exist for partitioning logic, interfaces, architecture, and configuration rules and
constraints, in addition to modules, then we can consider the modular system to be very
advanced. We believe that the existence of IDs for information related to different build-
ing blocks is evidence of advanced use of IT solutions; however, considering the criteria
discussed by Rosemann and vom Brocke (2010), this category could also be studied using
other criteria in the future.

Rosemann and vom Brocke (2010) explained that, in this context, culture refers to
responsiveness to process changes, process values and beliefs, process attitudes and
behaviours, leadership attention to processmanagement, and processmanagement social
networks in business process management. This category was also modified to meet our
needs. Our criteria considered culture through the existence of change control processes.
This is important because many of the companies we worked with on the modularisation
projects were previously accustomed to properties of project business, in which explicitly
defined, strict, and systematic processes for how and when changes can be made or who
canmake these changes have not necessarily been defined. Non-managed design changes
are harmful from a design reuse viewpoint.

The criteria we use are not exhaustive, but they do serve as indicators. For example, if
a building block of a modular system and the related design information are documented,
thenwehave observable proof that the design process exists andproduces outcomes. Sim-
ilarly, if a building block of a modular system has a unique ID, we can conclude that an IT
system exists for dealing with the modular system. Considering the challenges identified
through the case studies, the data analysis was executed via discussions with the research
teamon each case. The datawere then studied to identify the itemswithwhich the compa-
nies were struggling in their projects. These items were highlighted by the research team
and discussed with the specific companies.

4. Data and analysis of manufacturing industry case studies

This section presents seven case studies from the manufacturing industry in which prod-
uct variety is necessary and design reuse has been pursued via the engineering design of
modular systems. The aim is to investigatewhat kinds of approaches related tomodularisa-
tion have been used in each of the companies and what challenges and supporting factors
can be identified related to the engineering design of modular systems, thus reinforcing
existing literature in this field.

The industrial sectors, manufacturing volumes, and product values of the companies
are presented in Table 3. All the studied companies are multinational and large. The com-
panies’ names and other detailed information have been withheld due to the sensitive
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Table 3. The studied companies (in alphabetical order based on industrial sector).

Case study Industrial sector Manufacturing volume in a year Product value (decade,e)

A Machinery 50–60 10,000–100,000
B Machinery 5–10 10,000,000–100,000,000
C Mobile machinery 200–300 100,000–1,000,000
D Shipbuilding 1500–4000 100,000–1,000,000
E Shipbuilding 100–200 1,000,000–10,000,000
F Shipbuilding 1–2 100,000,000–1,000,000,000
G Telecommunications 250,000,000–500,000,000 10–1000

nature of the results. Each case study concerns a different company. None of the com-
panies compete with one another. Yearly production volumes vary from low to medium,
depending on the company. Some companies deliver only one similar product per year,
whereas some companies deliver millions of similar products. We use decades to differen-
tiate product value. In most companies, the product price is not public information, and
the case companies asked us not to disclose actual prices. For example, in case study A, a
product value ofe10,000 toe100,000means that the product value varies between tens of
thousands and hundreds of thousands euros, depending on the product variant selected.
Though the information is not detailed, the table helps to differentiate the companies from
one another, as significant variations exist among the studied companies. The number of
modules in each case study could be another interesting category for comparison, but not
all the studied companies disclosed this number. In addition, business environments differ
fromone another,meaning that the logic behindpartitioningproduct variety into a specific
number ofmodules also differs across companies, even if theywere competing against one
another.

4.1. Report from case study A:machinery industry

Company A produces manufacturing equipment for global markets. The starting point of
this case study was diversified product variety because of the company’s operations in the
project business. The company undertook a rationalisation project for selected products
from 2010 to 2012, focusing on modularisation as a way to increase design reuse. While
prior modularisation projects had been carried out, some had not been successful. In addi-
tion, the company had never studied its entire product range from the modularisation
perspective.

In case study A, the benefits of modularisation drew primarily from an increase in com-
monality within the product assortment. The first step in the project was to clarify the
partitioning logic for the rationalised product range. The reasoning was documented dur-
ing designworkshops held by the participants. Defining a set ofmodules required redesign
work; therefore, this step was costly. However, when the business impacts were estimated,
the engineering work was easily justified. Interfaces with external systems were managed
systematically, but separate definitions of internal interfaces were not considered nec-
essary. From the architectural viewpoint, space reservation models were made for some
product elements, but separate, explicit definitions were not available for the whole prod-
uct family. Configuration rules and constraints were documented and maintained using
simple matrix tools. The importance of explicit configuration rules and constraints was
known to the company from previous projects.
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4.2. Report from case study B:machinery industry

Company B manufactures delivery-specific products for global markets with different
requirements. The company is familiar with the principles of modularisation for achieving
benefits via design reuse, and a modularisation project for the company’s whole prod-
uct range was started in 2013. Before this, the company had developed component-level
modularisation.

In case study B, the aim was to reduce operating costs via design reuse. Modular and
configurable products were pursued. The company developed its operations simultane-
ously with product modularisation. During the writing of this article, the project was still
ongoing, but positive results had already been reported in some product areas.

Partitioning logic is stored in a support system for the product development process;
therefore, the criteria listed in Table 2 are well considered. The same applies to the set of
modules. This case study involves no separate interface documentation; this knowledge
must come from the company’s more experienced engineers. From the architectural per-
spective, separate space reservation models have not been created because the overall
architecture is very traditional, despite varying customer requirements. Separate defini-
tions have also not yet been considered important. Configuration rules and constraints
have been defined in detail using separate software.

Strategic alignment was not considered when the modularisation was started; rather,
the project’s module design was based on the existence of conflicts between cost-efficient
manufacturing solutions and existing procurement strategies. However, during the project,
more focus was placed on strategic alignment. Several delivery types were recognised for
the modular system, and this created pressure to change the procurement and manufac-
turing strategy.

4.3. Report from case study C:mobilemachinery industry

CompanyCoperates globally, producingmobilemachines for different product ranges and
markets. The company has aimed to increase design reuse by adapting the principles of
modularisation since the beginning of themillennium. This case study focuses on a product
development project in which the company designed a modular product family based on
existing designs in one of its product ranges from 2013 to 2014.

Concerning the building blocks, the partitioning logic of the studied product range was
modelled using a tool called themodulemap, which presented the generic elements of the
modular product family, their module variants and the relationships betweenmodule vari-
ants and the variability needs arising from the use cases of different customers. Therefore,
to summarise the fulfilment of the criteria listed in Table 2 from the partitioning logic view-
point, the company accepted the concept, and the results were documented. The design
organisation developed a set ofmodules, and deliveries weremade from this set. Themod-
ules were documented, IDs for different versions were defined, and ownership and change
control issues were considered. Critical interfaces were documented separately, but IDs
were not defined for interfaces. The architecture for the product family was defined based
on developing a space reservationmodel for themodule variants. Thismodel also included
interfaces. During the analysis period, the architecturemodel did not include IDs. Themod-
elling of configuration rules and constraints focused on recognising the main customer
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questions and the answers guiding the selection of a particular set of modules. Thesemain
customer questions were also described in the module map describing the partitioning
logic of the product family.

4.4. Report from case study D: shipbuilding industry

Company D provides systems globally for companies producing ETO-oriented products.
Adaption of systems to changing interfaces is typical in business environments. Before
the start of the design project for increased design reuse, the company’s products had
been adapted to tens of different interface; therefore, the company had offered tens of
different solutions. On this basis, the company thought that achieving the advantages of
design reuse would be difficult. As in case study C, until a successful redesign was realised,
extensive delivery-specific engineering was needed during the product’s delivery project.
In 2008, the company became acquainted with the principles and benefits of modularisa-
tion and configuration. The first deliveries of the redesigned product were made during
2011 and 2012.

Concerning the building blocks, company C made many improvements to its parti-
tioning logic. An understanding of the product structure organisation was achieved and
documented, and business estimates were calculated. Later, an engineering configurator
that followed the product’s partitioning logic was developed and implemented, and the
configuration rules and constraints were managed systematically. A set of modules was
defined in the configurator, fulfilling the criteria shown in Table 2. Interfaceswere notmod-
elled separately, but the engineering configurator includes configuration rules on how to
create product variety. Additionally, the architecture of the product assortmentwas consid-
ered via built-in rules in the product configurator to ensure that limited space reservations
are not omitted.

The redesign project, which aimed to increase the possibilities for reusing designs,
focused on encapsulating the elements that often change due to customer requirements
and separating them from the product elements that always remained the same. As dis-
cussed, the resulting product architecture could be configured according to customer
requirements by using an engineering configurator based on predefined parameters and
rules, and delivery-specific engineering became unnecessary.

4.5. Report from case study E: shipbuilding industry

Company E is a subcontractor that produces systems globally for ETO products made by
other companies. Company E started its modularisation project in 2009 and 2010. Shifting
to this new operating paradigm took four years, according to the company, and required
the help of external consultants. After four years, the company considered its own knowl-
edge to exceed that of the consultants and decided that consultants were no longer
needed. During the four years, IT systems, such as computer-aided design (CAD) software
and product data management (PDM) software, were modified to support modular and
configurable products. These systems were previously more focused on unique solutions.

From the partitioning logic viewpoint, this case study is not as straightforward as other
cases. Technically, the product is structured into modules, but the description of the logic
behind specific product partitioning schemes is very implicit. This knowledge ismaintained
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by a small core team of engineers, whose connections to business units are not as strong
as those in other case studies. The project’s main focus was on defining modules and their
interfaces – and, thus, on the overall architecture and subsequent creation of a product
configurator with configuration rules and constraints to support design reuse and product
variety.

The starting point in structuring the product family was to define generic product ele-
ments on a solution-neutral level. This enabled a defining of the final modules, which
included standard, configurable, and project-specific modules.

4.6. Report from case study F: shipbuilding industry

Company F produces ETO-oriented products in low volume. One of the company’s main
challenges is enabling delivery of the first products for the cost of similar, so-called serial
product(s) delivered afterwards. The principles of modularisation have been recognised as
important for increasing the design reuse and efficiency of delivery projects and, thus, for
managing the cost structure. Although most products consist primarily of project-specific
product elements, the company has partly modularised its products’ subsystems.

In one product subsystem, the management of knowledge (e.g. partitioning logic)
focuses more on personnel than on support systems and explicit models. Therefore, when
comparing the partitioning logic to the criteria in Table 2, though the key engineers under-
stood, agreed, and owned this building block, the logic was not explicitly documented,
change control aspects were not considered, and partitioning logic was not considered
on a strategic level. Therefore, as a whole, we do not believe that company F considers
partitioning logic in detail.

The management of interfaces is the most essential element in this case study. In the
studied subsystem, principles ofmodularity have been adapted to support assembly based
on the standardisation of interfaces. The studied subsystem included defined space reser-
vations related to interfaces, and the interfaces were considered from the perspectives
described in Table 2. Because of the assembly focus, aspects of product variety were not
considered. Set of modules and, thus, the overall architecture were not pre-defined, but,
rather, relied on project-specific engineering. For this reason, according to the criteria in
Table 2, set of modules and architecture were not considered, and configuration rules and
constraints based on customer options were not relevant in this case study.

4.7. Report from case study G: telecommunications industry

CompanyGdesigns andmanufactures consumer electronics for globalmarkets. The variety
of customer segments imposes variability needs on the product family. A major challenge
is to manage the logistics and delivery of millions of devices globally. Thus, the logic of
partitioning the products is strongly guided by logistical requirements. As an example,
wireless connectivity was defined for a separate configurable element that was physically
a single component that could be configured according to customer requirements using
software. The company invests in mechanical and software interface and communication
protocol standardisation work, both in-house and through several standardisation bodies.
It also focuses on product architecture work, not to standardise the product layout, but
to ensure configurability of the key components and the partitioning logic. Configuration
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rules and constraints are documented, andmodules of the whole product family are under
strict change control.

The engineering effort was in the range of threemillion engineering hours and involved
several suppliers. There were challenges related to clearly and succinctly sharing the con-
figuration rules and constraints within the development network to prevent misunder-
standings. Further, from time to time, the design teams had to react to firefighting in other
projects. The key component also had many internal customers with a variety of conflict-
ing requirements. Executing engineering andmaintaining schedules in such a setup posed
major challenges.

5. Results

This section summarises the case studies presented in the previous section and analyses
them from the perspective of creatingmodular systems andmanaging business processes,
as described in Section 3. The case studies reveal that the different companies approached
and executed the engineering design of modular systems differently, as presented in
Table 4. In the following subsections, the results are described separately in terms of the
building blocks, the challenges, and the support needs of modular systems.

5.1. The building blocks ofmodular systems

All the case studies focused on partitioning logic, despite taking different approaches and
giving this concept different weights. In companies E, F, and G, the role of understanding
the partitioning logic was perceived as less important than it was in the other companies.
Company E had a small core team of engineers. This allowed the company to build on tacit
knowledge, rather thanmaking the knowledge explicit and available. In company F, though
the knowledge was not documented, the partitioning logic was perceived as self-evident
and self-explanatory; thus, onlyminor effort was used to capture and share this knowledge.
In companies A, B, C, and D, the motivation for capturing the partitioning logic arose from
the lifecyclemanagement of themodular systems and thedesire tomanage these lifecycles
with lessmaintenance effort and fewer human errors. These case studies showed the effort
devoted to describing the logic and reasoning of product partitioning. The approaches var-
ied from reasoning models to unstructured documents with textual descriptions. Hence,
more systematic methods for capturing design reasoning could be beneficial. This is also
an interesting topic for future research.

Although interfaces are typically considered important inmodularisation, the case stud-
ies revealed that the companies devoted more focus and effort towards module and

Table 4. Summary of case study results concerning the building blocks ofmodular systems (considered:
+; partly considered or not considered in detail+/−; not considered:−).

Building blocks of modular systems A B C D E F G

Partitioning logic + + + + +/− +/− +
Set of modules + + + + +/− − +
Interfaces +/− +/− +/− +/− +/− + +
Architecture + + +/− + +/− − +
Configuration rules and constraints + + + + + − +
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architecture descriptions than towards interface descriptions. The modules were largely
predefined in companies A, C, D, and G. Company B discussed an approach in which
all the modules were not predefined; instead, using its knowledge of modular systems,
modules lacking detailed engineering were developed through a DTO approach, rather
than a CTO approach, during the order-delivery process. DTO modules require engi-
neering, but follow predefined restrictions and principles of product structuring. While
these kinds of DTO modules lean more towards possibilities of effective product variety
management, they are not as beneficial as CTO modules, which are based on complete
pre-existing designs. This was a feasible approach for company B, however, as the com-
pany delivers projects rather than products, and the lead time for delivery allowed this
approach.

Six of the seven companies focused on the creation and capture of configuration rules
and constraints so that they could provide necessary information to sales personnel. The
knowledgewas documented and stored in information systems in a very detailed way, and
there were defined processes to manage reusable design elements.

5.2. Challenges and need for support in the engineering design ofmodular systems

The researchers observed the challenges in the engineering design of modular systems
in the case studies presented in Section 4 and discussed these with the relevant compa-
nies. Then, the challenges were categorised using the BPMM framework shown in Table 2.
Table 5 summarises the identified challenges. An additional category – namely, project –
was added later, asmany challengeswere related to themodularisationproject itself, rather
than to the process, IT, or governance categories. These challenges are discussed in the
following subsections.

5.2.1. People
The identified challenges relating to people dealt mainly with knowledge representation
and competence development. A major challenge seems to relate to how individuals

Table 5. Challenges identified in the engineering design of modular systems.

Category The challenge: How can we . . .

People Capture and represent the partitioning logic of modular systems?
Obtain competence in the engineering design of modular systems?

Process Identify and use appropriate tools andmethods in each phase of the modularisation process?
Evaluate the value creation potential or business impacts of a modular system concept?
Define acceptance criteria for reusable elements?
Evaluate customer satisfaction?

IT Build an IT system to manage the lifecycle of the modular system?
Ensure that information regarding modular systems is valid, up to date, and available?

Governance Organise the engineering design of modular systems?
Organise the management and maintenance of modular systems?

Culture Manage conflicting cultures between project deliveries and the engineering design of modu-
lar systems?
Ensure that engineers are dedicated to and allocated only to the modularisation project?

Strategic alignment Create reliable financial calculations for decision-making?
Obtain approval and financing for the engineering design of modular systems?
Ensure that organisational priorities are aligned with the engineering design of modular
systems?

Project Scope the CTO section of the product versus the ETO section?
Scope the development project or product family?
Evaluate the maturity of the modular system?
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construct their reasoning in terms of technical systems and how the learning takes place.
This is partly due to the lack of ontologies and representational tools in the manufactur-
ing industry and partly due to engineering and cognitive factors. As long as the constructs
are personal, the reasoning and logic will differ. This inhibits the creation of a common,
shared, and consistent repository of engineering knowledge of the modular systems. This
was the case in many companies: A few people possessed the reasoning and rationale of
the modular systems as tacit knowledge. Traditionally, an engineer had no incentive to
share the reasoning behind a design because reuse of the knowledgewas not critical. Now,
this knowledge should be made tangible and available to many other people. Companies
must support this effort to capture and represent knowledge and to create a common and
shared understanding of the design rationale of modular systems. Such tools exist for con-
figuration rules and constraints, but the partitioning logic domain is still a novel area. This
also relates directly to the competence requirements of modularisation: Engineers need to
create competitive syntheses and be able to share the reasonings for these syntheses.

5.2.2. Process
A well-defined process for engineering design of modular systems would help enable
the sharing of the reasoning for the partitioning logic; however, other challenges remain.
Operating with the knowledge related to modular systems requires processes other than
designing new module variants for the product family. The overall process of engineering
design for modular systems must be managed if companies wish to renew their offerings
at some point (i.e. when the existing modular systems can no longer be used as a base-
line). However, this kind of radical innovation is not as common in industry as incremental
innovation or development (Pugh and Clausing 1996; Oja 2010).

The literature presents many methods and tools for use in designing product variety,
but there is a lack of support for the selection of such tools or the determination of sit-
uations in which to use them. For example, Okudan Kremer and Gupta (2013) showed
that using different methods resulted in different product structures. Several product-
structuring approaches were suggested, but studies focusing on how to evaluate the fit
of product structures to the business environment are also needed. Several publications,
such as those by Danese and Filippini (2013) and Jacobs et al. (2011), discuss the bene-
fits of doing this, but methods of doing so are presented less frequently. The case studies
reveal that the companies had limited possibilities to explicitly define how the business
environment accepted the designing of reusable elements. Thus, this should be consid-
ered in greater detail. More support is also needed to evaluate customer satisfaction with
modular systems.

5.2.3. IT
None of the companies we studied was at a level at which every modular system build-
ing block had separate IDs related to different types of design information. Typically, only
modules had IDs, and other building blocks were not managed on the same level; thus,
these other building blocks could not be discussed as items in a PDM context. In the case
studies presented in this paper, enablers of reuse were relatively well considered; however,
some companies also scattered design information across different IT systems, or implic-
itly stored it in the heads of engineers. In these companies, there is significant potential
for improvement. Therefore, there is a need for support systems that can synthesise the
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scattered modularisation design information and make the design rationale explicit and
available to whomever needs it.

5.2.4. Governance
Inmany of the case studies, the engineering design ofmodular systemswas carried out as a
project. Theproject challenges are discussed later; the governance challenges relate to how
themodular system ismanaged andmaintained. In companies undertaking projects, there
were mental barriers against setting up a separate group (in some companies, with only
two or three people) to focus on the management and maintenance of modular systems.
These organisations perceived the drawbacks of extra costs with little value.

5.2.5. Culture
All the studied companies faced a constant tension between the engineering design of
modular systems and other projects, whether theywere customer projects or NPDprojects.
Design reuse as an operational mode was largely resisted and neglected by the existing
organisational culture. Cultural change can be difficult for companies that are not accus-
tomed to the principles of design reuse. One could argue that it is irrational to follow an
engineer-to-stock approach (similar to the production approach ofmake-to-stock) because
it implies unnecessary hurry. Why should something that does not have a customer order
or delivery date be engineered? Keeping to the schedule and budget is important for com-
panies. Thus, if the possibility of reusing engineering design knowledge is considered in
addition to other engineering aspects required to produce a solution, a failure to devote
more time and resources to engineeringmay createmore challenges. Developingmodular
systems in delivery projects is a different task than developing them in separate projects
dedicated to that purpose. The companies ensured that the selected engineers could focus
on themodularisationproject by taking the issue to topmanagement andusing arguments
based on the company strategy (e.g. arguments showing how modular systems would
support the company strategy).

5.2.6. Strategic alignment
Of the categories shown in Table 2, strategic alignment is themost straightforward. None of
the company strategies directly considered the building blocks of modular systems; thus,
these were not discussed further in the case studies. There was, however, one exception:
case study B. This study considered important strategic aspects that were noted during the
design project.

Every company must clarify whether the reuse of certain product elements is beneficial
to it and define the scope of its modularisation project. This leads to the need to con-
sider how completely each reusable element is defined during the modular system design
project. It might not be reasonable to design everything to be complete, andmore generic
reusable design guidelines and principles might be sufficient.

Based on our case studies, the engineering design of modular systems requiring large
investments was still challenging and laborious, and traditional design processes were
of little use. Designing modular systems requires investments in product development
because the design task of developing reusable product elements, such as interfaces that
are compatible with different module variants, is more complex than developing one-off
elements. Additionally, investments are needed to develop other operations to support
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modularisation. New supporting systems, for instance, are especially relevant from the
knowledge retrieval perspective. Some companies revisited the sales process in addition to
the purchasing andmanufacturing strategies. All the companies exhibited a severe under-
estimation or neglect of the need for changemanagement (this also relates to the category
of culture, as discussed in Section 3) and leadership efforts.

5.2.7. Project
The most typical challenges in modularisation projects involved the project scope and
goals. The scope issue deals with questions concerning, for example, which sections of
the product offering should be developed as CTO. Especially in project companies, it was
evident that the product would never be more than partially configurable. The literature
provides very little support for applying this type of analysis to partially configurable prod-
ucts. In some companieswhere the ETO scope (sections of themodular systemandproduct
family requiring delivery-specific engineering) was altered, the changes necessitated a
reinvention of the concept of modular systems. This created a certain unpredictability in
managing the project in terms of resources and scheduling.

Another challenge was related to the project goals and which parts of the modular sys-
tem were to be fully predesigned. Despite defining a modular and configurable product
family, it might not be reasonable to develop all the varieties of the product family before
they are ordered. In these cases, having defined, clear, reusable guidelines and a process for
designing module variants during a product sales-delivery process becomes much more
efficient than pure ETO operation. This means that partitioning logic, architecture, inter-
faces, and configuration rules and constraints are fixed, but specific modules still require
detailed design. In other words, engineering related to incomplete varieties of the product
family canbe carriedout duringproduct delivery projects, but this does notmean that engi-
neers are given a free hand. The design process should guide engineers via limitations and
restrictions and should offer beneficial product structuring principles. The design process
should ensure that themodule variant tobedesignedadheres topredefined interfaceswith
the rest of the existing product family to support possibilities for reusing these newmodule
variants later on. Themodules needed for a particular configuration (within the scopeof the
modular system) were designed by deriving the details from the information contained in
the modular system. If the needed configuration fell outside the scope of the modular sys-
tem, it was eithermodified to order or ETO. In these cases, themodules occasionally did not
comply with partitioning logic or predefined interfaces; thus, there was an increased need
for engineering change management.

5.2.8. Summary
Companies must invest in the engineering design of modular systems, including imple-
menting management processes and training personnel to understand the purpose of
modular systems, if they are to ensure that the designed modular systems yield benefits
anddonot deteriorate over time.We identify threemanagerial implications requiredby the
engineering design of modular systems: managing the effects of modularisation on busi-
ness, managing the definitions of product variety and scope, and managing the support
required for reusing and retrieving existing knowledge related to modular systems. There
is a clear need for support regarding the governance, culture, and strategic issues relating
to the engineering design of modular systems as an operational mode.
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6. Discussion

The discussion is broken into two sections. The first part focuses on the research findings,
and the second part focuses on the research process.

6.1. Research findings

The quantitative and qualitative benefits of our case studies have been outlined in this
paper and will be part of future studies. Designing modular systems requires investment
and competent engineers. The engineers in the studied companies perceived themodular-
isation process as muchmore challenging and laborious than the typical product develop-
ment process. We did not investigate this topic in great detail, but we believe that a reason
for this perception is that the engineers were not used to considering product reusability
and product varieties in their design tasks. Drejer and Gudmundsson (2003) compared the
differences between traditional andmultiple product development based on platform and
product architecture supporting design reuse. They stated that the product development
process for multiple products can be described as interactive and dialectic, whereas the
product developmentprocess for single products ismore linear and consensus-based. They
also discussed the organisational perspective and stated that multiple product develop-
ment is dispersed across an organisation’s network, whereas single product development
mostly takes place within one organisation. One obvious downside emerging from our
case studieswas that themost experienced engineerswere allocated to themodularisation
projects andwere not available for other important andurgent engineering tasks. The com-
panies approached the engineering design of modular systems as a long-term investment
to support long-term business profitability.

We found that companies face a range of challenges concerning modularisation. The
challenges were categorised, and support and methods for addressing each category of
challenge were mapped. Most of the literature has focused on the product structure, tools
and processes supporting engineering tasks. Only a few studies, such as that by Bruun,
Mortensen, and Harlou (2013), focus on the IT systems supporting the engineering design
of modular systems; however, this is more common in the field of product configuration.
To date, based on our experiences in the manufacturing industry, we are aware of only a
few commercial IT systems designed for this purpose in the modularisation context.

An analysis of the other categories, challenges, and research in design science reveals
that, with amodular system, there is a clear need formore cross-disciplinary researchwithin
thedomains of projectmanagement, governance, humanelements, organisational culture,
and strategy. Such research will open new, value-adding tracks to existing research, thus
supporting the manufacturing industry and product variety management.

6.2. Novelty, relevance, and validity of the research

The novelty of this research lies in its assessment of case studies based on the building
blocks of modular systems. The assessment builds on BPMM, and it enables an evaluation
of types of engineering knowledge and the manageability of this knowledge in company
settings. This assessment provides new information about why certain building blocks of
modular systems are emphasised or neglected. The case studies also reveal challenges
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with the engineering design of modular systems, such that our study offers a review of a
collection of practices from different companies.

The results presented here are relevant for design science, as holistic descriptions of
how to design modular systems, what kinds of processes are needed, and how typical pit-
falls can be avoided are lacking. Based on the results, we can see similarities between NPD
projects and modularisation projects, but we also highlight the differences between these
projects. It is relevant for design science to address in more detail the challenges in design-
ing modular systems, rather than relying on a generalised understanding of NPD project
management.

The research was carried out usingmixedmethods, combining action research and case
study research. To increase the validity of the results, the case studies were selected to rep-
resent both project businesses and consumer goods, different business areas and different
time frames. The results were derived from the data and aligned through comparison to
other research in the field. In terms of future research, the assessmentmethodwill be devel-
oped further, and it is possible that some aspects of the engineering design of modular
systems remain unidentified. The categorisation of challenges by BPMM did not originally
offer space, for instance, for project-related challenges, and we had to add the project cat-
egory after analysing the case studies. This was natural, as the BPMM focuses on processes,
rather than projects. Our plan is to study project management frameworks suitable for this
purpose.

7. Conclusions

This paper studied the process of designing modular systems from the perspectives of
engineering design and process management in the manufacturing industry and research
in design science. We found that companies face a range of challenges when designing
modular systems to enable product variety that benefits from design reuse. Although the
engineering design of modular systems is discussed and used in the industry, most of the
benefits lie in operations related to retrieving and reusing captured knowledge; thus, it
is relevant to further study the industry’s challenges and best practices in this area using
a more cross-disciplinary approach. To experience the full benefits of modular systems,
companies must use operating processes that support them.
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