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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract

This paper studies modular product structures based on teaching product modularisation in a university course. In product modularisation, one of
the most important tasks is to identify the appropriate partitioning logic for the product portfolio based on the business environment describing
why each product element should be thought of as its own module or not. Central to this are the product structuring principles that create value
for the company and the customer's variety requirements creating value for customers, as well as other requirements and boundary conditions set
by the business environment for the chosen product. Based on the literature and empirical findings, product modularisation enables many benefits,
especially in terms of reusing designs and supply chain elements, but modularisation as a product strategy is challenging to implement. It requires
not only successful product development but also changes in company practices, such as delivery chain and new type of thinking and skills. In
our university course for master's degree students, product modularisation has been taught for several years with the help of an exercise that
utilizes the wheel loader set of Lego Technics. The main content of the exercise has been mainly similar in different implementations in 2017 -
2020. The article presents the content of the assignment and analyses what kind of modular solutions based on the same assignment topic the
students have implemented in different years and how different solutions have met the requirements of the assignment. The result of the paper is
an analysis of the key partitioning types, i.e. the typical ways of partitioning a product into modules, what the pros and cons of each partitioning
type are and how they fit into different requirements.
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1. Introduction

This paper presents findings related to a teaching
experiment in which master student groups are tasked with
redesigning an integral Lego Technics Wheel Loader [1] into a
modular product family. The paper reviews the content and
results of the exercise, Modularisation Challenge (MC), from a
modularisation perspective, utilising data collected from course
implementations.

The intended learning outcomes of the course are described
in the following seven sentences. Students perceive the
mechanisms through which modularity creates value in
business. Students will understand how the design information
for a modular and configurable product portfolio differs from
the design information for individual products. Students know

tools that can support the design of modular architecture.
Students are able to connect customer requirements and the
customer's perspective to the module variants being developed.
Students know the concept model and development tool that
supports the development and management of design
information specific to modular products. Students know how
the business impact of modularity can be measured. Students
understand what a modular way to operate means in a
company’s operating culture, organisation, and product
management.

There are several design methods for modularisation, as can
be seen from the literature [2–8]. The course applies a
development method derived from the Brownfield Process [9].
An ICT-based development environment built to support
modularisation is also included in the course. Groups document
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There are several design methods for modularisation, as can
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An ICT-based development environment built to support
modularisation is also included in the course. Groups document



 Jarkko Pakkanen  et al. / Procedia CIRP 100 (2021) 476–481 477
2 Author name / Procedia CIRP 00 (2019) 000–000

their modular wheel loader structure using this tool. The
experiences from the course will be used in future tool
development for industry. The new modelling environment for
modularisation also allows for new ways of teaching that are
not yet in use.
The MC exercise was organised for master’s degree students
for the first time in 2017. At that time, the exercise was
voluntary and the number of participants was limited.
However, based on the type of master theses started, the
manufacturing industry needs a lot of expertise in the
development and management of customisable products. For
this reason, from 2018 onwards, teaching and learning
activities included lectures and course project as the standard
way to complete the course. In this case, students receive a
grade for the course based on the assignment, and they do not
have to participate in the exam. The exam is organized only for
those who, due to special reasons, have not been able to
complete the course with an assignment. 2016 and older course
implementations were based on mere lectures without project
assignment and an exam held at the end.

Section 2 presents the current course content including
typical teaching events as well as the content of the MC.
Section 3 presents the research process including the research
question and the research methodology. Results are presented
in Section 4, and, finally, Chapter 5 includes the conclusions.

2. Description of the current course implementation and
Modularisation Challenge

The current framework of the course (2019-2020
implementations) including the learning events and the main
phases of the MC is presented in Table 1. The course is based
on learning events (one two-hour lecture per week, for a total
of 12 weeks) and the MC assignment. All course material is
freely available online at the beginning of the course.

At the beginning of the course, the basics of business-
oriented modularisation are presented, using examples from
industry (for example Scania [10], Atlas Copco and
Volkswagen AG [11]). In addition, the value creation
mechanisms of modularisation are reviewed [8,12] and the
structure of the MC exercise is introduced. At the end of the
first lecture, MC groups are formed.

The second event covers the modularisation framework (the
description of the module system [13]), the modularisation
process (Brownfield Process [9]), briefly introduces the tool
used in the course, and the related key concepts [14]. MC
groups will receive a LEGO package and will be tasked with
assembling a standard machine according to original
instructions, allowing them to familiarize with the technology.

The third lecture focuses on identifying requirements for the
module system from the business environment. The frame of
reference is Company Strategic Landscape [10,15]. In addition,
the importance of market segmentation for products variety
management is discussed using a Scania example [10]. Based
on the Scania example, customer requirements and needs are
taught to be identified from a product configuration
perspective. The goal is for students to learn to define the key
questions that should be asked of the customer to be able to
determine the client’s needs and to define possible customer
choices based on the product offering. Based on the detailed

requirements discussed using the Scania example,
requirements are connected to four main categories including
rate of use, capacity, use environment and prestige and
preference topics as a guiding framework for clarification of
requirements in other products. In the MC, the groups are
introduced the variation expectations and the groups choose
what variety they aim for. Some requirements are “must have”
requirements and some of the requirements are available with
alternative options. The requirements and their linking to the
grade are presented below. There must be a wheel loader
variant available with:

1. Safety cabin (roof) located at same height as in the
standard wheel loader

2. Same bucket reach as in the standard wheel loader
3. The distance between the inner parts of the left and right

tires in front and rear must be the same as in the
standard wheel loader

4. Similar speed and good uphill performance with four-
wheel drive as with the standard wheel loader

5. Mechanical boom cylinders (only pneumatic cylinders
are unacceptable)

6. At least twice as fast as the standard wheel loader
7. Narrow-width (19 LEGO units). The width of bucket is

not taken into account as it is variable element
8. Low height. When the boom is in the driving position,

the height of the machine must be less than 190 mm.
9. Standard boom same as in the standard wheel loader.

This relates to requirement 2
10. Boom extending to a high landing site. The height of

the edge is 260 mm
11. Wide. The distance between the inner parts of the left

and right tires in front and rear must be 12 LEGO units
wider than in the standard wheel loader to enable
driving over a wide service pit or other obstacle. Such a
feature is not required in a narrow-width variant (req. 7)

12. Preparation for wireless charging. The wireless
charging unit is otherwise similar to the standard battery
case, but it is four LEGO units longer than the standard
case and its ground clearance must be exactly one unit

Once the above requirements have been considered
successfully, the grade of the evaluation criterion ‘variation’ is
three out of five. If a group wants a grade of four, they must
consider one of the following alternative requirements:

13. Pneumatic boom. The variant must be compatible
with all other module variants designed by a group

14. Extra wide. The distance between the inner parts of
the left and right tires in front and rear must be 18
LEGO units wider than in the standard wheel loader to
enable driving over an extra wide service pit or other
obstacle. Such a feature is not required in a narrow-
width variant (req. 7)

In addition to these, there are a number of things valued by
the wheel loader customers (teachers) that student groups can
implement arbitrarily into their modular wheel loader product
family. If one or more of the following wishes are fulfilled, then
the grade of the variation is five out of five:
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15. Unobstructed view from the safety cabin to the wear
spikes of the bucket when filling the bucket. Good
visibility to the front (cab in front of the front wheel or
the structure of the wheel loader such that the design of
the front end does not obstruct visibility in any position
of the bucket)

16. Extra narrow and low wheel loader. Width max. 17
LEGO units and height maximum 160 mm

17. A machine that is particularly easy to operate during
loading and unloading. Thus, the wheel loader is able to
quickly pick up a large amount of dried peas from to its
bucket and drop them quickly and accurately into the
unloading hopper.

18. Combination of requirements 13 and 14. Pneumatic
operation and extra wide wheelbase both available.

The fourth learning event focuses on how to start structuring
the product into independent and interchangeable elements. We
discuss about partitioning a product into generic elements (GE)
as a starting point in forming a modular architecture. GEs are
design elements, i.e. those do not necessarily appear as single
technical units in the substructure, but the physical structure
will appear later through GE-related module variants [14]. The
lecture also includes a presentation on different ways
(partitioning types [16]) to divide the product into modules. An
illustrative figure and the advantages and challenges of each
partitioning type are presented based on the experiences gained
from the previous course implementations and the literature
[16]. MC groups select a partitioning type to follow. They have
to document the reasoning why they selected a specific
partitioning type. The course implementations for 2017 and
2018 did not include presentations and selection of partitioning
types. This is the main difference between different years.

The fifth lecture deals with product structuring principles.
These are different product development tactics that can be
used in realizing modular product structures [17]. The MC
groups must select and describe in the loader's modularisation
plan (blueprint) what principles they have applied in different
areas of their wheel loader.

Introduction to the ICT-tool that is used in documenting and
designing a module system partitioning logic is given in the
sixth session. The early version of the tool was based on the
concept model described in the article [14]. MC groups receive
access in the tool and their blueprint must be finished in the tool
in the MC event. The MC's evaluation takes into account the
goodness of the plan (whether it corresponds to an actual
modular wheel loader and whether the plan is consistent). The
blueprint must include the product structuring principles, the
partitioning of the loader into generic elements, the possible
module variants contained in the generic elements, the main
customer questions and possible customer choices for these
questions according to requirements presented in Section 2, and
the relations between all these aspects. The generic element
division should represent the primary partitioning type chosen
by the group as the guideline for making the module
partitioning.

The seventh lecture considers interfaces, layout, and space
reservation aspects. Examples including ATX form factor,

headlamps [18], trucks [19,20] are presented in addition to
different interface definitions [21]. This lecture also shows
examples of modular LEGO wheel loaders from previous
years.

Preliminary blueprints of student groups are evaluated and
commented during the eight week by teachers. MC teams will
continue designing and assembling until week 10, when the
modular loaders should be finished.

Event in week 10 is a sales day where customers (a group of
teachers) take turns ordering one randomly selected variant of
the offering from each MC group based on the blueprint
modelled on the ICT tool. Each MC group should assemble the
ordered variant within five minutes. This target time will show
the success of the modularisation from the ease of assembly
viewpoint and the interfaces. Staying on target is one of the
evaluation criteria. In some years, the importance of interface
documentation has been tested with another group having to
assemble a product variant using interface and module variant
documentation. After the assembly, a variant is being driven on
the test track. The behavior of each machine is observed on the
test track.

In the 11th learning event concluding remarks and findings
of the MC are discussed with the students. The last lecture deals
with what else the transition to a modular mode of operation
requires in addition to the success of technical modularisation.

Table 1. Learning events and the main steps of MC

Learning event (lecture) topics MC steps

1 Business-driven modularisation and
introduction of MC

Forming MC groups

2 Module system elements,
modularisation process, and ICT
tool support in modularisation

Assembling the standard
LEGO wheel loader
(getting to know the
technology)

3 Business and customer
requirements

Selecting which variety is
pursued

4 Generic elements and partitioning
types

Selecting partitioning type
for modular wheel loader

5 Product structuring principles Identifying potential
product structuring
principles

6 Creating a blueprint of module
system partitioning logic in the
ICT-based modelling environment

Designing a partitioning
logic for the modular wheel
loader concept using the
ICT tool

7 Interfaces, layout, and space
reservation issues

Designing and assembling,
preparing interface
descriptions based on
module variants starts

8 Approval of the modularisation plan
modelled in the ICT tool

Designing and assembling

9 (no learning events; guidance
provided by teachers if requested by
MC groups)

Designing and assembling

10 (no learning events; guidance
provided by teachers if requested by
MC groups)

MC event: Assembling
specific variant requested
by customer in 5 min time
limit, test drive

11 Final comments related to MC

12 Modular way to operate
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3. Research focus

The partitioning type chosen by the MC groups in 2019 and
2020 already leads in itself to different ways of partitioning the
wheel loader into generic elements and module variants. In
addition to this, students are allowed to choose the target level
for the customer variants to be carried out in their
modularisation work. These factors cause differences in the
results between different groups. MC was organized for the
first time in 2017. A total of 24 groups (on average 4-5 students
per group) have completed the exercise in the master's course
in 2017-2020. Despite the sources of variation between groups
and small differences in course implementations over the years,
interesting data has emerged in the exercises to be studied from
the perspective of modularisation.

This paper investigates whether repetitive patterns can be
identified from the developed modular wheel loader structures
or whether the results are completely irregular. The main focus
is on the 2019 and 2020 courses. The 2019 implementation has
been discussed earlier [16]. In contrast to that paper, this article
expands the research, taking into account the results of the
latest course implementation, and describes in more detail the
content of the course (previous section). The aim of the paper
is described using the following research question (RQ):

RQ. Can repetitive patterns be seen when modular structures
are designed based on some particular partitioning type in a
similar (but not exactly the same) type of assignment by several
groups?

We answer this question by analyzing the course data of 2019
and 2020. The outputs are examined, taking into account the
structures of the technical solutions, the pursued variety and the
partitioning type chosen as the guideline for modularisation at
the beginning of the course.

4. Observations of partitioning types

Six partitioning types were presented to the groups (see Fig.
1), from which the groups selected a type according to which
they intended to start planning the module partitioning.
Backgrounds of these types are presented in the previous article
[16].  In addition, pictures of the 2017 and 2018 modular LEGO
wheel loaders were displayed.

Fig. 1. Sketches of partitioning types to inspire the students [16].

In summary, the following aspects were told to the students
(same material in 2019 and 2020): Working machines have
been made by following partitioning type of big building
blocks (BBB). The challenge has been to find the right element
size. The challenge at small building blocks (SBB) is the
number of interfaces, but it was explained that one good
machine (but not the best) was made in 2017. Several wheel
loaders have been made according to big common element
(BCE) partitioning type, but not very good in terms of
variation. It was explained that in 2018 there was a good
attempt at applying multifunctional core element (MCE). The
challenge is to identify the functions that will be included in the
core element. Machines compliant with frame-like base
element (FBE) partitioning type have not been made before,
but in other products the structure has been superior. Modular
wheel loaders according to function-based elements (FE)
partitioning type was told not to be done before. The challenge
of encapsulating functions into separate physical module
variants was raised. In the following subsections, observations
related to each partitioning type are presented. At the beginning
of the courses, we ensured that the outputs of each group could
be used for research purposes. Fig. 2 represents an example of
wheel loader module variants designed and built a group in
2020. At the bottom right of the figure is an image of the
standard model.

In the evaluation of the assignment, attention was paid to
both the plan of the modular wheel loader and the actual
implementation. This article mainly discusses the
implementations and experiences with the different
partitioning types that each group chose as a starting point at
the beginning of the course. The modularisation plan had to
include the chosen partitioning type, product structuring
principles, and the desired product variation with respect to the
requirements described in Section 2. In addition to these,
generic element division as a starting point for modularisation
and the module variants associated with each generic element
had to be described. The information structure and the main
concepts of such a modularisation plan is described in more
detail in another article [14] . The evaluation also paid attention
to whether the implemented machine complied with the plan,
how robust the machines were on the test track, and whether
there was anything specific about the performance of the
machines related to speed and maneuverability (steering, boom
and bucket movement). The course grade consisted of these
factors.

Fig. 2. An example of modular wheel loader structure and the original [1].
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4.1. Observations of big building blocks

In 2019, two of the ten groups initially chose BBB as the
partitioning type, but neither of them made a modular loader
according to this partitioning type in the end. The groups found
this too challenging. The first group eventually ended up with
a wheel loader whose partitioning has been made more
according to MCE partitioning type (MCE is presented in
Section 5.4). They managed to make a modular product that
met the product variety requirements related to the grade of five
described in Section 2, but the interfaces were complex from
an assembly perspective. Assembling the machine from the
prefabricated module variants required dexterity. The second
group ended up with a BCE-type implementation (BCE is
presented in Section 5.3). The variability of their machine met
the grade five, as explained in Section 2. Among other things,
the group had implemented a gearbox for the wheel loader.

In the 2020 implementation, three groups initially chose the
BBB partitioning type. The first of the groups designed and
built a machine like this. This was the first modular wheel
loader to clearly follow this partitioning type in 2019 and 2020.
It was not clear from the products of the second and third
groups that their machines would be fully BBB compliant.
Structures of their machines were more in line with BCE and
MCE partitioning types.

Based on these course implementations, this partitioning
type has proven challenging to implement. Although several
groups have chosen this partitioning type at the beginning, the
results have been in accordance with a different partitioning
type.

4.2. Observations of small building blocks

By observing the selected partitioning types and the final
machines, we were unable to identify any machines from the
2019-2020 course implementations where the module
partitioning would follow the SBB partitioning type. One could
speculate whether this partitioning type was presented in the
theoretical presentation as too challenging and thus no group
dared to choose this even at the beginning.

4.3. Observations of big common element

In 2019, two of the ten teams began designing a modular
loader according to the BCE partitioning type. The machine of
the first group could not meet the variation requirements very
well. This was probably due to a large standardized element.
Based on the implementations of 2017 and 2018, this is a clear
challenge when applying this partitioning type. The advantage
was quick and easy assembly. The second group succeeded
better in developing the common element so that it allowed for
more variation. The performance of this was excellent.

In the 2020 implementation, one group out of six initially
chose BCE partitioning type. However, no big common
element could be identified from the result and, in addition, the
standard element also included variability that not all
customers expected. In the future, teachers should pay more
attention in the theoretical presentation of BCE that it should
not need to be adaptive.

By applying this partitioning type, it seems that it is not
entirely easy to meet all the requests for variation, because the
machine includes a large entity resembling a standardized
element, which itself contains only very few functions.
Applying this partitioning type seems to require more work
(and more items) from the technical development of module
variants than some other partitioning types (e.g. the MCE
discussed next). It was also seen that the principles of applying
this partitioning type were difficult to adhere to until the end of
the MC, given the requests for variety.

4.4. Observations of multifunctional core element

In 2019, five of the ten groups chose the MCE partitioning
type. The machine of the first group did not purely meet the
variation requirements they had chosen to pursue; the machine
was not particularly fast and the loader test track revealed
difficult handling. The machine of the second group followed
the principle of MCE well and the selected customer variation
was implemented very well. The third group performed best in
the 2019 MC. The fourth group implemented a machine that
also complied with the MCE partitioning type. Their assembly
and the test run were smooth and the machine was one of the
best of the year. The modular wheel loader of the fifth group
met the requirements and passed the driving tests.

In 2020, MCE was selected by two of the six groups. The
implementation of the first group followed the MCE
partitioning type. This was supported by the use of a
mechanical boom (pneumatic variant was not pursued). In this
way, the largest base element would become really expensive
in reality because it contains a lot of functionalities. In addition,
their machine was not fully comparable with the others because
the group had changed the frame steering to wheel steering, but
the wheel loader was a success as a whole. The core structure
of the second group loader eventually became more of a
combination of BCE and FBE (presented in Section 4.5), to
which the module variants are attached. The basic unit had a
safety cab that was adaptable to different heights. If the
machine did not include a variable cab, the main element of
their wheel loader would be more like the FBE.

Applying the MCE partitioning type seems to be a feasible
approach based on 2019 and 2020 course implementation for
this kind of design task, but applying this partitioning type in a
module partitioning requires a lot of work to design and make
a compact and functional machine.

4.5. Observations of frame-like base element

In 2019, one group chose this partitioning type. The module
variants were designed around the frame and their modular
wheel loader met the variation requirements well and the
design also supports the development of new modular variants.
The machine was challenging to assemble.

In 2020, none of the groups chose this partitioning type.
However, some indications of the application of this
partitioning type were seen on the wheel loader by one group.

This partitioning type has not been very popular. One reason
for this is probably that the application of this type requires a
significant redesign, as the load-bearing and anchorage frame
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must be separated from all the other functions of the product.
However, if designed successfully, this would open up
opportunities to develop a wide variety of module variants
independently from a functional point of view.

4.6. Observations of function-based elements

By observing the selected partitioning types and the final
machines, we were not able to identify any machines from the
2019-2020 course implementations where the modular product
structure would follow the FE partitioning type. The FE was
perhaps avoided because during the assembly of basic wheel
loader, the groups saw the complex placement of functions
around the machine because of the LEGO technology. It must
be remembered that the MCE partitioning type has applied
certain principles of functional partitioning, although MCE
does not reflect the “one function is one module” principle.
Presenting the partitioning type may also favor other
partitioning types as an easier option. Therefore, if this
partitioning type would be presented in a more encouraging
way, probably we could gain more experience in applying this
partitioning type as well.

5. Conclusions

The set to be analyzed consisted of 16 LEGO wheel loaders
designed to be modular in a university course. A preliminary
indication was seen that a certain style of module partitioning
is easier to implement than the other. Here, however, the small
sample size must be taken into account. Although several
groups applied the same partitioning type, all the machines
were very different at the end. The multifunctional core
element partitioning type has been such that by taking it as a
starting point and clearly sticking to the selection, the majority
of the groups (five out of seven) have arrived at a good result
in terms of variability, assembly time, and performance. The
usefulness of other partitioning types in this exercise is less
clear. Preliminary generalizations of these partitioning types
cannot be made. Teaching provides a good opportunity to
research this topic further and also to develop better support for
module partitioning in industry. Many products in the industry
are based on the application of multiple partitioning types in
different design areas. The exercise work could be developed
in this direction as well to provide more experiences on the less
used partitioning types.
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