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Abstract

Mass-producing companies of standard products need to become more agile because of the
customisation trend. Capabilities to respond to customisation requirements is also required in
the manufacturing industry, where production volumes can be small and products large,
complex and expensive. The delivery chain for unique products puts a lot of pressure on
companies, because almost the same product has to be invented over and over again in different
projects. Product development tools are needed in developing capability to produce
customisable products. Efficiently customisable and modular products enable many benefits in
the supply chain if successfully implemented. For example, engineering resources may be freed
from engineering work in delivery projects to develop new concepts. Few modularisation
projects succeed in the first time. Designing a modular product architecture is difficult. In many
cases, modularisation has been started on a purely technical basis, without consideration of the
business environment and the type of design information that will allow the benefits to be
realised. Due to a lack of understanding of the design information associated with the modular
product architecture, it has not been well documented and the development of tools has been
limited except a few consulting companies. Software commonly used by industry does not focus
on modularisation. This research is part of a research project to develop software support for
developing and managing modular products in different environments. We discuss problem
definition, solution goals, and criteria definition for the modularisation support tool. It is
difficult to produce and manage information for which there is no conceptual model. Therefore,
the results of the paper illustrate what kind of design information is specific for a modular
product. This is also described as a conceptual model, because without it, software supporting
development work cannot be done.
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1 Introduction

Demand for customisation is one of the many megatrends (Deloitte, 2017). Mass-producing
companies manufacturing standard products are forced to become more agile as the
customisation trend spreads. Manufacturers operating in the project business, where the
customer gets a unique product that meets their specific requirements, also have to develop their
operating methods and products. The delivery chain for unique products and parts puts a lot of
pressure on companies if product customisation is not intelligently designed. Methods and tools
are needed to support designing these capabilities to respond to customisation trend.

Andreasen (2011) explains that the aim of modularisation is to reduce complexity in business
operations while enabling customising the products from the customer's point of view so that
similarities between the alternative building blocks, typically called module variants, exists. He
continues stating that modularisation includes designing modular product architecture and
modules. Fujimoto (2007) defines that in a modular product architecture, interactions between
modules occur through defined interfaces. The importance of interface documentation (Stevens,
1998) and modular product structures (Hanna, Schwede, & Krause, 2018) has been presented
in the context of systems engineering. In addition to these, model-based approaches to support
modularisation have also been studied (Albers et al., 2019). Forg, Stocker, Kreimeyer, &
Lienkamp (2014) and Holmqvist (2004) suggest that space reservations for modules and layout
options must be considered in designing modular architecture. Product family based on modular
architecture supports effective making of different products (Harlou, 2006). Efficiency is based
on identifying product customisation requirements already within the product family design
phase. Customisation requirements describe what kind of product variants customers are
expecting. According to Pakkanen, Juuti, & Lehtonen (2016), these requirements have to be
considered in defining the partitioning logic of the modular product. Partitioning logic describes
the reasons why the product range is divided in a specific way into a set of modules (Pakkanen,
Juuti, & Lehtonen, 2019).

The research presented in this paper is part of a larger research project that focuses on the
possibilities of digitalisation in designing modular products. In this context, digitalisation refers
to the development of software-based tool support for modularisation. In this paper, we focus
on what to consider in the conceptual model needed in developing the tool. Section 2 considers
the paper's goals in more detail. Section 3 presents the methodology used to study the topic.
Section 4 presents results and Section 5 concludes the paper.

2 Aim

This study seeks an answer to what kind of conceptual model supports the designing modular
products and the development of a dedicated tool. The objective is supported by two research
questions (RQs):

RQI1. What design information elements related to modularisation can be identified?
RQ2. How do the identified design information elements relate to each other?

If it is not understood and described what kind of design information and concepts are
associated with designing a modular product architecture, its documentation and management
is difficult. According to our assessment, very few software-based tools have been developed
specifically for modularisation. This topic is being studied to support modularisation of
different products in different business environments. The overall research methodology is



presented in the next section. The following section describes the steps of the entire research
and how to answer the research questions.

3 Methodology

The aim of the overall research is to define a tool that supports modularisation and evaluate its
impacts. The research is based on a constructivist research methodology. Figure 1 presents the
main tasks of the research and how the tasks are connected to each other. The overall research
begins with task clarification and ends with the identification of further development measures
and recommendations and analysing the contribution to modularisation theories. There may be
a need for iteration in the tool development based on the findings from pilot projects in which
the tool will be tested. This article contributes to the research stages highlighted in red in Figure
1. Tasks highlighted in light grey are part of future research.

The objectives of the study are confirmed at the beginning of the research. This will take
advantage of the literature and experiences from the previous modularisation projects. Existing
tools to support modularisation are also studied at this point. Then, a description of the
conceptual model for tool development is made. The description of the conceptual model begins
by defining the key design information elements of the modularisation and the relationships
between them. A literature review is used to identify the elements. The reference model and
impact model tools of the Design Research Methodology (DRM) (Blessing & Chakrabarti,
2009) are applied in presenting the results of the literature review. The aim of reference and
impact models is to describe the interplay between different elements and to show what types
of elements are included in the model (e.g. findings from the literature, assumptions,
experiences, or hypotheses). In this paper, all the findings of the model are based on the studied
literature. According to Blessing and Chakrabarti (2009), making models like this helps to
describe different design situations.
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3.1 Product-related information systems in manufacturing industry

The manufacturing industry uses a number of information systems related to products. Figure
2 presents typical information systems used by the manufacturing industry and the type of
information they process. Although there are many product-related information systems, there
is very limited software tool support specifically for modularisation. Software commonly used
by industry does not emphasise on modularisation.
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Figure 2. Typical product-related information systems in manufacturing industry and the gap.

Blessing and Chakrabarti (2009) explain, that at all stages of the design process, it is important
to keep in mind the rationale behind each decision, such as possible problems, proposed
solutions, and arguments for the decision. Variations of issue-based information systems (IBIS)
(Kunz & Rittel, 1970) are some of the most common solutions for knowledge capturing,
indexing, and retrieval.

Configurators support the user in creating product specifications by restricting how different
components and properties may be combined (Haug, 2008). He classified configurators into
three groups: stand-alone software shells, modules in Enterprise Resource Planning (ERP)
systems, and company-specific software. ERP systems are generic, off-the shelf software
packages that are aligned to the particular requirements of a company to support many key
functions and business processes (Soffer, Golany, & Dori, 2003). One example of a product
configurator is made by Tacton (2020).

Product Lifecycle Management (PLM) is the extension of Product Data Management (PDM)
that leads toward extensive support and management of product-related information of the
whole product life cycle within an enterprise (Bruun, Mortensen, Harlou, Wordsch, &
Proschowsky, 2015). Commercial PLM systems include Teamcenter (Siemens, 2020c) and
Windchill (PTC, 2020), for example. Computer-aided design (CAD) and computer-aided



engineering (CAE) systems are tools for 3D modelling and simulation. Several commercial
software tools are available, such as Solidworks (Dassault Systémes, 2020c) and NX (Siemens,
2020a).

Requirements management tools support elicitation, analysis, specification, verification and
validation, and storing of product requirements in a single dynamic repository that is accessible
to project teams (Violante & Vezzetti, 2014). Commercial tools are made by, for example,
Siemens (Siemens, 2020c) and Dassault Systémes (Dassault Systémes, 2020b). As an example,
quality management software provided by Siemens (2020b) includes tools for manufacturing
and ERP operations. The Siemens quality system brochures refer to product development
mainly for future products, stating that the knowledge gained from manufacturing, use, and
maintenance can be used in product development. Another example is the ENOVIA system
(Dassault Systémes, 2020a), which includes a section on quality management that is advertised
as including, for example, support for quality auditing, management of requirements, and
proactive and corrective actions.

To summarise the contribution of existing information systems to modularisation, to our
knowledge, only one consulting firm has its own specific tool for modularisation (Modular
Management, 2020). There has been little published research into the effects of the
modularisation tool on design and management. One of the interesting research areas where
tool support for modularisation is being explored is model-based systems engineering. For
example, Albers et al. (2019) have developed a framework to support the modeling of modular
products and systems based on SysML. They note that their framework provides a consistent
way to model a modular product and supports reuse, but modeling requires time and interfaces
to other systems do not yet exist.

Design rationale (DR) systems do not consider the defining and capturing of all the important
issues in modularisation and do not include methodological support. However, DR aspects are
important to manage the modular product in the long run. Product configurators are perhaps the
closest to modularisation, but they do not guide the modularisation except by emphasising the
need to study the customisation requirements. Implementing product configurator is easier
when products are modularised already and the configuration rules and constraints exist (Haug,
Hvam, & Mortensen, 2012). Bruun et al. (2015) suggested an approach in which the visual
architecture of a product is represented and handled in a PLM system. They added that the work
is still in an early phase but it is one of the few focusing on modularisation. Belkadi, Gupta,
Vlachou, Bernard, & Mourtis (2016) studied the application of PLM in managing the link
between the modular product structure and the selection of suppliers. Their approach is based
on the fact that a number of module options are available in the PLM for all options displayed
to the customers in the configurator; from these options, the designer creates the final
architecture based on a set of existing and predefined architectures. Thus, the PLM research
relates to modularisation, but the approaches require further development or assume that the
modular system has already been developed elsewhere. CAD and CAE applications are relevant
at the embodiment design stage. In terms of designing a concept of modular product, these tools
go too deeply into the details and properties of solutions. The requirements management
systems alone are not sufficient to capture and document the information related to modular
products; more tailored support is needed. Finally, if the user wants detailed support for
modularisation, the focus needs to be directed elsewhere also from the quality management
systems.



3.2 Design information elements of modularisation

This section deals with the key aspects in the literature that should be considered when defining
the conceptual model of modularisation. Peer reviewed journal and conference articles, books
and doctoral theses were identified from the selected databases (Scopus, Google Scholar, Web
of Science), the most relevant publications were selected, information was collected from the
publications, and finally a concise synthesis was performed applying the DRM reference and
impact model presentation shown in Figure 3. Earlier publications, such as Pakkanen et al.
(2019), suggested that the result of modularisation is a module system (MS) that should include
descriptions of modules, interfaces, architecture, configuration rules and constraints, and,
finally, partitioning logic. Figure 3 is built around these concepts (red rectangles with rounded
corners), but there are other concepts that will be discussed in this section. Only selected
references have been included based on the research aim. Figure 3 can be read from many
different directions. The grey rectangles describe the refinements and details associated with
the red rectangles. There are directed arrows between the rectangles to describe relations
between elements. Relations are briefly described and references supporting each relation is
presented.

Partitioning logic is one of the central concepts of modularisation. It sums up the reasons why
the elements of a modular system are of a particular type (Pakkanen et al., 2019). Partitioning
logic is influenced by the requirements of the business environment, including requirements for
product variety from the customer's point of view (Meyer & Lehnerd, 1997; Pakkanen, 2015).
For example, Jiao, Simpson, & Siddique (2007) suggest that customer viewpoints and
production and supply-chain issues should be considered in development of customisable
products and analysing of economic effects should be considered.

Concrete examples supporting the designing the structure of a modular system can be found in
the literature. For example, Erixon (1998) talks about using basic units that always remain the
same, with customisable elements attached. Another example comes from the truck industry
where space reservations have been made for product architecture and layout for different
module variants (Forg et al., 2014). Holmqvist (2004) proposes defining freezing zones in
modular architecture to prevent the variation from spreading across the product. It has been
discussed in connection with the manufacture of forest machines that a single-level module
system is easier to control than if there were other variable modules inside the modules
(Nummela, 2006). As a final example, cars of Volkswagen Group emphasise standardisation
where no variety is needed (Winterkorn & Potsch, 2012) We refer to these types of guidelines
in this context as the product structuring principles. The purpose of these is to help find a
modular product structure whose elements are capable of encapsulating product-specific
customisation requirements so that the product-specific customisation needs are not spread
throughout the product but remain within a particular element. These elements are referred to
as generic elements.

A generic element is an supporting abstract concept for defining modules (Pakkanen et al.,
2016). Juuti (2008) suggests that modules can be categorised from a configurability perspective.
He identifies four main categories: standard, configurable, partly-configurable, and unique.
Standard modules enable use of the same module in many products (Ulrich & Eppinger, 2008).
Hubka & Eder (1988) explain that standardisation can follow from international, national,
industrial or company-in-house agreements or from market trends.
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Both generic elements and modules are related to modular architecture in addition to interfaces
(Pakkanen et al., 2016). According to Salvador (2007), interface standardisation essentially
originated in the computer industry, going back to the 1930’s. Stevens (1998) emphasises
making separate interface documents. With examples from the automotive industry, Fujimoto
(2007) highlights the importance of understanding that interfaces can be standardised, either
model-specific, company-specific, or based on industry standards. Parslov and Mortensen
(2015) presents different types of definitions for an interface. These are listed in Figure 3.
Lehtonen (2007) crystallises that the interchangeability and independence of the modules is
ensured through the design of interfaces.

In addition to the variation requirements mentioned above, the modules are needed to define
configuration rules and constraints (Lehtonen, 2007; Soininen, 2000). Haug et al. (2012) have
studied the implementation strategies of configurators, and have identified several benefits if
the configuration knowledge is described as a separate representation in the implementation
project of the configurator. In addition, they have recognised a number of benefits associated
with the use of product configurators, such as freeing of engineering resources and reduced lead
time.

4 Results

Figure 4 illustrates a highly simplified conceptual model of the modularisation domain,
generalised purely for the purposes of this article. The figure and descriptions in this section
are our answers to RQ1 and RQ2. Unified Modeling Language (UML) notation is used here.
UML is a commonly used way to describe concepts and the relationships between them, and
the figure is all about them. The authors developed the conceptual model together with software
development professionals. The concepts related to modularisation were discussed in joint
workshops. At the same time, software developers documented the relations between the
concepts.
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Figure 4. Simplified conceptual model of partitioning logic in modularisation.



The design area is a product or a smaller part of a product or, for example, a large entity such
as a processing plant. An organisation may have several design areas, for example, for different
product families (e.g., a camera family).

For each design area, there is a set of possible customer requirements, expressed as main
customer questions. For each main customer question, there can be several possible customer
choises. An example main customer question might be as follows: “What are you
photographing?” The corresponding possible customer choises might be “far distance objects”
and “tiny objects from a short distance.”

Product structuring principles are principles and limitations of, for example, how products are
designed in the organisation. A blueprint describes a proposed partitioning logic for the design
area, following the selected product structuring principles and the main customer questions.

The conceptual model has two types of design elements related to building blocks of product
variants: generic elements and modules. An interface description can be attached to both design
elements. Probably the most central concept in any blueprint are the generic elements. Generic
elements abstract the possible varying elements in the design area based on the main customer
questions and product structuring principles. The whole design can be considered in this level
using generic elements, main customer questions, and product structuring principles, even when
the actual module variants have not been defined yet.

Developing an module system based solely on standardised options is not always possible;
instead, modular products may also need to consider delivery-specific design. Therefore, in our
modeling approach, we will use the term delivery type to describe whether or not the module
requires designing in the order-delivery process. Modules with different delivery types have a
different impact on the lead time and cost of the order-delivery process. Delivery type is
therefore a property of a module. Generic elements can consist of modules with different
delivery types. The most typical delivery types are standard, configurable, partly configurable,
unique, and optional. The optional module can be selected or unselected in the product.

When information about the possible customer choises is available, the actual modules can be
proposed. When decisions about the design elements (generic elements and modules) are made,
the design element is attached to the product structuring principles, main customer questions,
and possible customer choises that led to the decision, and a reason is given for each
relationship. In the conceptual model shown in Figure 4, the connection describing the
reasoning between the product structuring principle and the design element is described as a
business value carrier, whereas the relationship between the module and the possible customer
choise is called the customer value carrier.

Conceptual model was discussed with a company producing customisable manufacturing
technology. Their main criticism focused on the concept of the module, which is perhaps too
simple as such and requires further structuring. The tool should support the management of
module variants and their different versions. The company pointed out that if the tool is made
with the current structure, user interface can become very cumbersome when all versions of the
module variant are directly under the generic element. One solution to this would be to split the
concept of module into generic modules and module variants. In this case, generic modules
with different delivery types could be highlighted under the generic element without the
structure being expanded further from the viewpoint of usability due to the different versions



of module variants. Module variants would then be under generic modules in the concept
hierarchy. This requires further consideration.

5 Conclusions

In this article, we first explored typical ICT systems used in the manufacturing industry and
how those relate to modularisation. Few dedicated systems exist for the design and management
of modular products. Perhaps one reason for this is that well-established modularisation
practices and terminology have not emerged in the industry, although much has been done in
terms of methods and publications. Such a systems could be beneficial for the conceptual design
of modular products, documenting design decisions and rationale, as well as management
purposes. Second, this article contributes to theories of modularisation by suggesting a
conceptual model that includes concepts of design information elements considered relevant in
modularisation. Preliminary discussions have been held on the rationale of the model, but from
a tool development perspective, it makes sense to validate the conceptual model on a larger
scale before development of more formal information models.
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