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ABSTRACT 
To deal with the complexity caused by a constantly increasing need for product customization many 
companies have adopted a product modularization strategy. Product modularization has the potential 
to give benefits both in the design of products, in manufacturing as well as in the supply chain. But, it 
poses great challenges in its implementation, which includes complex decision-making that will affect 
the whole value-chain. The purpose of this paper is to describe how a game-based approach can be 
used for academic education, and management training, with the aim of improving decision-making in 
product modularization. This by visualizing, and practice, the complex interplay between product, 
manufacturing and supply chain architecture. The paper describes the development of the LEGO 
Exploratorium game set up, based on the LEGO minifigures, and how it has been used for both 
teaching engineering students and in company workshop. Using this game set up will increase 
companies’ possibilities to develop modularized products that are designed for both efficient 
manufacturing and supply chain management. 
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1 INTRODUCTION 

This paper focus on how companies can use game-based management training for improving their 

decision-making in adopting, and implementing, a product modularization strategy in the development 

and manufacturing of their products. It is well-known that many manufacturing companies are facing a 

constantly increasing need for product customization, this for being able to offer products that will 

fulfil specific customer needs (Magnusson and Pasche, 2014). However, global competition often 

pushes companies to offer these customized products at prices similar to what can be achieved by 

mass-produced products (Fuchs and Golenhofen, 2019). This puts pressure on companies to reduce 

both product development cost as well as development lead-time. But, the customization increases the 

product variety, adding complexity to companies’ operations, both in product development, 

manufacturing as well as in their supply chain. To deal with this increasing complexity, together with 

the need for development cost and lead-time reduction, many companies have adopted a product 

modularization strategy (Jacobs et al., 2011). By dividing the product into modules with defined and 

standardized interfaces in between the different modules the customization is facilitated (Gershenson 

et al., 2003; Mikkola, 2007). These interfaces make it possible to mix and match the modules in 

different configurations (Baldwin and Clark, 1997). By this, benefits such as reduced product 

development lead-time and cost can be gained (Marion et al., 2015; Magnusson and Lakemond, 2017). 

By adopting a product modularization strategy, companies can get wide range of other benefits that are 

appearing in many different steps in a product’s value-chain. For example, product modularization 

facilities commonality and re-use of components among different products as well as product variants 

(Baldwin and Clark, 1997), it also gives benefits in manufacturing (Piran et al., 2016). Previous 

research has also identified positive effects on supply chain performance (Zhang et al., 2019; Mikkola, 

2003). In addition, the standardized interfaces and decoupled modules makes it easier to replace or 

upgrade one module in the product without causing disruptions in the surrounding modules (Seliger 

and Zettl, 2008), which means that product modularity can facilitate both product overhaul and repair.  

Since product modularity has the potential to give benefits in design of products and services, 

production set-ups, knowledge and supply chains (Sanchez, 2000), it poses great challenges to be 

implemented. Furthermore, product modularization efforts are generally experienced to be more costly 

(Engel et.al., 2017). Modularization might also have a negative effect on possibilities for product 

innovation (Fleming and Sorenson, 2001). Product modularity therefore calls for involvement of most 

different organizational functions, such as product development, manufacturing, after sales and 

marketing. Previous research has also shown that different organizational functions favour different 

module solutions (Persson and Åhlström, 2006). Moreover, research on game-based training, and 

simulation of modularization effects is limited. Therefore, there is a great need for developing ways to 

both simulate and visualize the effects of decision-making in product modularization. Hence, this 

paper will focus on the following research question: How can management decision-making in regard 

to product modularization be trained? Initially, the focus will be on academic educational settings but 

reflections regarding industrial training will be considered. 

This paper is structured as follows. The next section provides the literature review on product 

modularization, complexity and game-based training. Next, the empirical set up of LEGO 

Exploratorium 2.0 and 3.0 are described. Finally, practical perspectives and conclusions are discussed, 

including a comparison of traditional and game-based approaches to modularization. 

2 PRODUCT MODULARIZATION, COMPLEXITY AND GAME-BASED 

TRAINING  

2.1 Product modularization and complexity 

Herbert Simon linked the concept of modularization to the concept of complex systems. He defines the 

concept complex system in respect to the properties of such a system: "Roughly, by a complex system 

I mean one made up of a large number of parts that interact in a non-simple way. In such systems, the 

whole is more than the sum of the parts, not in an ultimate, metaphysical sense, but in the important 

pragmatic sense that, given the properties of the parts and the laws of their interaction, it is not a trivial 

matter to infer the properties of the whole. In the face of complexity, an in-principle reductionist may 

be at the same time a pragmatic holist" (Simon, 1962, p. 468). One of the critical aspects of complex 
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systems is that the overall logic is not present at the time when a decision on how to move on has to be 

taken (Snowden and Boone, 2007).  

The management of complexity can be implemented through modularization for organizing complex 

products and processes efficiently (Baldwin and Clark, 1997, 2000). Modularization has for a rather 

long time mainly been applied in new product development (Schilling, 2000; Mikkola, 2006; Mufatto, 

1999; Sanchez and Mahoney, 1996), and in recent years also in the development of services (Voss and 

Hsuan, 2009; de Blok et al., 2014; Brax et al., 2017). However, modularization can also be used for 

organizing and managing processes (Sahaym et al., 2007). Adopting modularization can contribute to 

simplifying complex processes and supply chains, where different modules and interfaces are 

standardized so they can be recombined to achieve new process and supply chain configurations, 

without affecting the functionality of the entire system (Mikkola, 2003). In addition, modularization 

can also be used as a basis for designing organizations (Pan et al., 2007; Hoetker, 2006).  

Modularity can be considered as being a design strategy that aims at understanding the degree to 

which components can be separated and recombined into new configurations (Jacobs et al 2007: Lau 

et al., 2007), and is conceptualized in terms of product architectures (that can range between integral 

and modular) and respective components and interfaces (Mikkola, 2006). Integral product 

architectures have more unique components linked with specific interfaces, with the aim of achieving 

craftsmanship and performance. In contrast, modular product architectures are mostly comprised of 

standard components linked through standardized interfaces, with the aim of achieving economies of 

scale (Mikkola, 2006). LEGO toys are prime example of modular products, as all the components can 

be separated and recombined. 

There are many reasons why companies pursue modularization strategies. First, the concept of product 

modularization was extensively used in the development of physical products (Baldwin and Clark, 

2000; Mikkola, 2006). By this companies can gain benefits such as for example increased product 

variety (Persson and Åhlström, 2006), cost savings due to economies of scale (Lau et al., 2007), 

customization and postponement along the supply chain (Mikkola & Skjøtt-Larsen, 2004; Mikkola, 

2007), task specialization (Jose and Tollenaere, 2005), component sharing (Fisher et al., 1999), 

establishment of routines (Voss and Hsuan, 2009), and more. In the last few years modularization has 

increasingly been applied in the development of services (Voss and Hsuan, 2009; de Blok et al., 2014). 

Although there is extensive research on benefits to gain from modularization the process of realizing 

these potential benefits of product modularization have been given less attention. Furthermore, 

research indicates that different organizational functions might favour different ways of managing 

product modularization and prioritization of modules and interface solutions. Sometimes this causes 

complex trade-offs that are not trivial to solve, but call for management involvement to make 

decisions on what to prioritize (Persson and Åhlström, 2013). Hence, adopting and implementing a 

product modularization strategy is a great challenge including a rather complex decision-making since 

it affects many different organization functions and the whole product life cycle and supply chain. 

Game-based training provides risk-free playing field enabling the simulation of various scenarios and 

strategic decisions. Participants are free to experiment a wide range of creative solutions without 

penalty, such as for instance: How much novelty can we incorporate in the product designs without 

sacrificing standardization? Can the current manufacturing process handle this change? If not, what 

has to change and at what cost? Do you need to find new suppliers? In this process the participants 

learn the costly consequences and challenges of modularity as well. 

With the increased application of digitalization technologies, modularity thinking as a way to manage 

complexity has increasingly being adopted in other fields. One such area is on gaming and simulation 

with the purpose of education.  

2.2 Game-based training 

One way to simulate decision-making and its effects is by developing and use serious games. A 

serious game can be defined as any meaningful use of games whose primary mission is not to entertain 

(Zyda, 2005). Michael Schrage sees serious play in line with modelling, prototyping and simulation. 

He emphasizes that the fundamental phenomena involved in serious play remain the same: "Serious 

play is about improvising with the unanticipated in ways that create new value. Serious play includes 

any tools, technologies, techniques, or toys that let people improve how to play seriously with 

uncertainties", (Schrage, 2000). 
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Using cases in teaching is an effective, but often too little used, way of teaching (Andersen and 

Schiano, 2014). Already 60 years ago Cohen and Rhenman (1961) described a number of different 

management games.  By using cases the teacher gives the students and practitioners a possibility of 

testing the reality of managerial decision-making. Making a decision in reality often includes a great 

deal of challenges, such as having incomplete information and conflicting goals. This is exactly how 

the situation is for a company when adopting and implementing a product modularization strategy. 

Using a case, or serious game, creates a really good opportunity to explore which theories that are 

needed and their effects (Courtney et al., 2015). In addition, case teaching is also a good learning 

strategy that shifts from teacher-centred to student-centred activities (Courtney et al., 2015).  

3 THE EMPIRICAL SETUP 

As mentioned, the aim of this paper is to support academic education, and management training, in 

managing product modularization. However, the original background of the initiative was very 

different. The initiative was initiated as an EU-project addressing the challenges of increasing young 

talents interest in and awareness of the various aspects of manufacturing (ManuSkills, 2014). Lacking 

such interest and awareness among young people was from the EU Commission seen as a threat to the 

future development of the European manufacturing industry. 

The ManuSkills project incorporated a number of experiments and one of these was named "The 

LEGO Exploratorium". The manufacturing domain in a cognitive frame can be seen as a number of 

resources (machines, technical processes, materials, information, financial means, and people) that are 

brought together to produce some kind of product. The combination of the resources is to determine 

the business success in both a short as well as longer time perspective. Essentially, the business 

success is determined by the decisions taken by the people involved in the specific manufacturing 

setup. This is the key driver in a game setting: To make decisions about all the parameters related to 

involved resources. 

The game aspect is to choose among a number of options that are mainly derived from the actual 

manufacturing setup of LEGO. However, the focus of the game is reduced to be only the 

manufacturing of the LEGO Minifigure. This choice was made in order to make the manufacturing 

setup appealing to young people. The choice of product also allowed students access to a substantial 

amount of online real-life video materials that efficiently visualize the whole manufacturing process of 

the Minifigure. The main game challenge is to scale the production from only a few hundred thousand 

product per year to millions of products per year. In that respect the game setup replicates the actual 

development as seen at LEGO. The players do not engage in developing new products as these are 

simply determined by the actual products developed and manufactured by LEGO.   

Though the product appeared to be very simple the experiences showed that the simple initiating 

problem (to produce 250,000 LEGO Minifigures) developed into complex problems after just two 

game rounds where increasingly advanced challenges were introduced. The setup was tested on 200+ 

high school students with convincing result in regard to support gaining insight into manufacturing 

challenges (Hansen et al., 2016). 

3.1 LEGO Exploratorium 2.0 

The continued effort of developing the updated version of the game setup has focused on application 

at college and university level. This effort has been organized as a co-creation process. From 2016 and 

forward the development has been driven by people with mechanical and manufacturing engineering 

background. Traditionally, the pedagogical approach of these areas has been to teach the various 

disciplines individually. However, these topics in mechanical and manufacturing engineering have 

changed and expanded. Besides the traditional mechanical and manufacturing engineering topics new 

areas include automation, digitalization, logistics, ecology, supply chain management, and many 

others. The further deepening of the individual disciplines and the emergence of new disciplines have 

led to challenges in teaching the integration of the disciplines, and this is where a game setup have 

significant advantages. 

Given the co-creation approach the game has developed into several versions with different foci. The 

version 2.0 was aiming at bachelor and master engineering students. This version has a dominant 

focus on teaching modularization management (Hansen and Persson, 2016). Based on suggestions 

from the participating students the product focus has been expanded. Instead of the simple LEGO 

Minifigure the product for the game setup has been expanded to incorporate the whole series of the 
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Collectable LEGO Minifigure. This product series was launched in 2010 and is still being produced. 

Each series contains 9-22 various LEGO Minifigures packed in non-transparent aluminium foil bags. 

In total 34 series have been launched with a total of 565 different variants of the Minifigure. Figure 1 

illustrates the Series 1 of the collectable series.  

 

Figure 1. The LEGO collectable Minifigure Series 1, with the non-transparent bag (left) and 
the sixteen various LEGO Minifigures (right). 

Each LEGO Minifigure is based on a modular product architecture that provides interfaces for 

different headgears (hairs, hats, head accessories) and different accessories to be attached to hands, 

legs, and body. The LEGO Minifigures come in a variety of colours and the decoration of head, upper 

body, lower body, arms, and accessories leads to a very high potential variety. The modular product 

architecture is followed by modular manufacturing process architectures (moulding, decoration, 

assembly and packaging) and modular supply chain architectures (sub-suppliers of all kinds). All 

product and process information are based on as "real" data as possible. That goes for product parts, 

material properties, mould design, machine properties, prices, etc. This makes it possible to go deep in 

some particular details, for example detailed analysis and simulation of the filling and cooling process 

of the injection moulding process of the various components. 

The drivers of the game are open-ended challenges that include combined product, process and supply 

chain perspectives. These challenges are given in time windows that depend on the educational setup 

at the individual institutions. In some cases, the challenges are given on weekly basis and some more 

condensed setup lasting only 3 hours. The students respond to the given challenges by deciding on a 

specific setup of the manufacturing processes and the supply chain. 

The first version of the game included a financial calculation based on a simple cost estimation. It was 

clear that this allowed for only limited discussion of the potential benefits of modularization. The co-

creation process and the accompanying involvement of people with different competences made it 

possible to extend the financial dimension to include both an Income Statement and a Balance Sheet. 

This move made it possible to expand the discussion to also including investments, assets and 

depreciation. 

3.2 LEGO Exploratorium 3.0 

The most recent development of the game setup has taken place from 2018. It has become clear that the 

most powerful application of the game has been its ability to demonstrate the integration of the 

continuing specializing individual disciplines of mechanical and manufacturing engineering. Empirically 

it has been demonstrated that modular solution often performs lower on some parameters (e.g., higher 

cycle times for injections moulded components). The game allows to quantify the impact of such 

performance differences and to discuss under which specific circumstances different solutions might be 

superior. 
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It has currently been applied in six engineering programmes. However, integration of disciplines is 

essentially what happens in the real life of industrial companies and, consequently, the game has been 

further developed to facilitate workshops in industrial companies. Until now three workshops have 

been conducted in industrial companies. It has also proven powerful in various types of management 

training efforts and have been applied in three MBA programmes. In terms of content, the setup has 

been expanded by including new financial evaluation option like the Net Present Value methodology. 

In 2019 a Discrete Event Simulation option was added. Elements of the game setup became integrated 

into the discrete event simulation software platform, Enterprise Dynamics. 

3.3 Practical implications and empirical findings 

Currently, the main application of the LEGO Exploratorium game setup is on teaching and company 

workshops focusing on modularization management. That is to support the understanding of how the 

combined modular product architecture, modular manufacturing process architecture and modular 

supply chain architecture need to be aligned to generate the modularization benefits. 

Firstly, by amplifying this understanding in respect to making it explicit and quantifiable. Secondly, 

by coupling this understanding to specific decisions and following simulating how changes in the 

product and process configuration might impact the business performance. One specific example in 

the game setup is the introduction of 2K (moulding simultaneously with two colours) and 3K 

(moulding simultaneously with three colours) moulds in the production of the Minifigures. 2K 

moulding will allow to produce components with two colours of plastic. This will integrate the 

injection moulding process and the decoration process into one process. However, a financial positive 

effect is depending on a mix defined by a complex interplay between longer circle times, the 

investment in developing the solution, the lead time in developing solutions, the scalability of the 

solution, and the anticipated application areas of the solution. 

Changes (as described above) can come from outside of the company in the form of competitor pressure, 

technology upgrade options, etc., or from inside of the company in the form of operations management 

decisions, technology development decisions, etc. The main reason for these opportunities in regard to 

strengthening the participants understanding of the details of modularization management lies in the 

product structure. The fact that the LEGO Minifigure is based on a modular product architecture that is 

one of the oldest and most powerful known modular product architectures is the key to the ability to 

support learning. In the following section, three empirical examples (two from academia and one from 

the company workshops) of the enhanced learning outcomes are presented.  

3.3.1 Uncertainties and commonality in the launch phase  

This application has been tested with 300+ mechanical, manufacturing and industrial engineering 

students at master level. The focus is on the first three product launches of the LEGO Collectable 

Minifigure Series. Each series include 16 different Minifigures. The challenge is to establish a green 

field production. By choosing a green field setup it is possible to relate the technical and financial 

parameters to the Minifigure production only. Initially, only the final number of Minifigures for the 

first year is known. However, alternative scenarios that depend on the marked response to the initial 

launch are provided. It is requested that modularization benefits are made explicit. 

The simple modular structure of the Minifigure makes it obvious that the basic structural component of 

the Minifigure (legs, arms, hands, upper body, head, hip) can be re-used. However, the realization of the 

benefits relies largely on the production and supply chain setup. The game setup allows the participants 

to choose between producing the parts or sourcing of the parts from external suppliers. All required 

specifications for the production equipment (machines, moulds, additional equipment) are provided and 

all prices are set as realistic as possibly. The same goes for prices of parts that are sourced from external 

suppliers. A substantial amount of publicly available video materials supports the participants in getting 

overview and insight into critical details in regard to both products and production technologies. 

Normally, the participants are divided into teams of 2-3 persons in each. In each round the participants 

have to decide on strategy and investments and there is a strict timeline on when decisions have to be 

made. It is required that the strategy must be specific in respect to which effects and benefits to be 

realized. The steps of this application have typically been: 

1. For the first round the production equipment in the form of injection moulding machines, moulds, 

decoration machines, and handling equipment is given. So, the first output is an income statement 

and a balance sheet for the first round. 
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2. Based on the financial results, unit costs for the Minifigures are calculated. The importance of the 

sharing of the basic structural components are discussed and to some extent quantified. 

3. Based on this, each team refines its strategy. They are given the plan for the launch of LEGO 

Collectable Minifigure Series 2 (16 new unique minifigures) and they have a fixed frame for new 

investments. This step results in significant differences between the teams. These differences 

emerge in the form of choice of new types of machinery, moulds and different strategies in 

regard to outsourcing. 

4. The process is repeated for Series 3. 

5. Finally, the participants evaluate the whole process. They reflect upon the total result and make 

proposals for alternative setups that differs in respect to specific goals for modularization. In 

particular, they discuss the distinction between short-term and long-term financial performance. 

3.3.2 Impact of manufacturing technology development 

This application has been tested with 50+ manufacturing engineering students at master level. The 

application is typically done as an extension of the above-described application. The focus is on 

automation levels, integration, and scaling of manufacturing technology setup. In line with the empirical 

development at LEGO the sales number increases with new launches of the minifigure series. The 

increase in sales makes it relevant to consider a change in manufacturing setup. For the standard parts of 

the Minifigure it is relevant to consider a more efficient manufacturing setup, but it is clear that the high 

variety of accessories (head gear, tools, weapons, etc.) requires a differentiated manufacturing setup. In 

line with the empirically observed fact that LEGO does start to apply 2K (moulding simultaneously with 

two colours) and 3K (moulding simultaneously with three colours) moulding this aspect is also included 

in the game. The trade-off challenge is that these more advanced plastic injection moulds have longer 

cycle times which has to be counter-balanced by savings in respect to later parts of the internal value 

chain (e.g., decoration of the parts). Another aspect is the application of modular moulds. This allows for 

faster lead times and has different financial consequences.  

Such aspects can normally only be understood at a high abstraction level. But the game setup allows 

the participants to formulate different scenarios and to evaluate these scenarios through Discrete Event 

Simulations. Thereby, it is possible to illustrate specific and quantifiable outcomes of the impact of the 

modular structure in both product and process. 

3.3.3 Analogy discussions in comparison to an industrial company  

This application is run as workshops and has been tested in three industrial companies from different 

industries (industrial ventilation, offshore, and building). The duration has typically been 4-6 hours 

with involvement of participants from both the product development and production functions in the 

company. The workshops combine a focus on the product portfolio of the company and the game. In 

all cases the product structure of the products in focus is far as modular as the Minifigure. However, it 

has proven that the modular LEGO product can serve as a visionary reference.  

In the three cases the focus has primarily been on developing a modularization vision. The impact of 

applying the game setup has been a strong support to defining the specific goals and to give a realistic 

bid on how the benefits will emerge in respect to the planned strategic efforts. In particular, the 

clarification of which decisions that need to be taken and the connection between these have been 

supported by the game process.  

4 PERSPECTIVES AND CONCLUSION 

The purpose of this paper has been to describe how a game-based approach can be used for academic 

education, and management training, with the aim of improving the complex decision-making in 

product modularization. This game can be used for training by simulating the complex interplay 

between the product, the manufacturing process and the supply chain architecture that all will be 

affected by product modularization, but also affecting its implementation. From our experiences in 

practicing and teaching modularization, the most important observations and the implications for 

supporting an extended understanding of modularization management with the application of the 

LEGO Exploratorium setup are listed in Table 1. This is based on the preliminary results of 

approximately 15 workshops over three years.  
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Table 1. Differences between traditional teaching approach and game-based approach 

Topic Traditional Approach Game-Based Approach 

Modularization benefits Focusing on reuse at 

component level and making 

quantitative estimations 

The time element in the game 

makes it possible to 

additionally include lead-time 

and capital binding aspects 

Financial modularization 

benefits 

Unit cost calculations based on 

scaling 

Combined unit cost 

calculations, depreciation 

polities and practice, liquidity, 

NPV 

Modularization drivers Listing various modularization 

drivers and providing 

qualitative cases 

Letting participants choose 

relevant modularization drivers 

and quantifying impact in 

financial terms 

Modularization management 

decisions 

The complexity dimensions of 

the needed decisions are hard 

to illustrate. Therefore, the 

decisions are experienced one-

dimensional 

The time aspect illustrates that 

decisions are to be taken with 

limited knowledge about the 

future 

Modularization benefit 

horizons 

A few relations between short 

term and long-term benefits 

can be illustrated by cases 

Specific exemplification of 

differences between short term 

and long-term benefits. The 

inclusion of the balance sheet 

quantifies this insight 

 

It has been argued that case teaching is a very effective way of teaching (Andersen and Schino, 2014), 

and that this learning strategy is a good way to shift from teacher-centred to student-centred activities 

(Courtney et al., 2015). Using the LEGO Exploratorium provides a risk-free playing field enabling the 

simulation of various scenarios, and practical implications of strategic decisions. The game also shows 

how important modularization decisions affect different organizational functions, and different steps in 

the product life cycle and supply chain. This increased understanding gives possibilities for companies 

to learn to develop modularized products and product variants, that are designed for both efficient 

manufacturing as well as efficient supply chain design and management.  
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