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Abstract 

The construction industry is experiencing further industrialisation to achieve greater 

efficiency and flexibility in the development of manufactured construction products. 

The development of these products poses challenges because of new complex design 

requirements and manufacturing processes. There is therefore a need to develop 

product planning methods that can effectively address these challenges. 

This research aims to develop product planning methods for complexity management 

of manufactured construction products. A framework for product planning for 

manufactured construction products is proposed, which involves application of 

methods for requirements management and modularisation.  

Using a reverse engineering approach, the Quality Function Deployment (QFD) 

method was applied to a modular plantroom to model and analyse its requirements. 

The plantroom QFD model facilitated a deeper understanding of requirements analysis 

than existing practice at the collaborating company. The QFD method was 

subsequently applied to a whole modular apartment building to analyse its 

requirements and investigate how requirements flow down across hierarchical levels. 

The application showed that a series of connected QFD models support requirements 

analysis by allowing to investigate systems structure, traceability and data analytic 

solutions of complex building systems. The QFD models were evaluated and validated 

by engineers at the collaborating company and were found to be effective at capturing 

and analysing requirements. QFD is a powerful requirements analysis method for 

manufactured construction products because it offers a more systematic, holistic and 

structured approach to requirements analysis than those currently adopted in the 

industry.  

The research also investigated the development and application of a multi-driver 

modularisation approach for manufactured construction products. The approach uses 

and integrates three modular tools, namely Dependency Structure Matrix, Modular 

Identification Matrix and Generational Variance Indexes, which support the design of 

flexible product systems. The approach is able to address multiple modularisation 

drivers and provide valuable design information.  

Keywords: Product planning, complexity management, systems engineering, 

industrialised construction, requirements analysis, and modularisation. 
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List of Definitions 

The terminology used in this thesis can be grouped into industry specific terms, 

research concepts, and technical terms. 

 

(i) Definition of industry specific terms  

Figures 1 and 2 illustrate how various relevant industry specific terminologies are 

related.  

 

 

Figure 1. Terminology related to industrialised construction 

 

 

Figure 2. Terminology related to manufactured product in construction 
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Bespoke construction:  Construction projects which are made for a specific 

customer, typically in relation to traditional on-site construction operations and 

practices. 

Off-site construction:  The production of building components or assemblies at a 

location different to the building site. It involves prefabrication and off-site factories. 

Prefabrication: Prefabrication is the production and assembly of building components 

in a factory or manufacturing site, which are then transported for assembling at the 

construction site. 

Engineered-to-order: A type of manufacturing process in which a product is 

designed, engineered and finished after an order has been received. The product 

is engineered to meet the specifications desired by the client or as stipulated in a 

receive order. 

Industrialised construction:  A construction system that uses innovative techniques 

and building components or assemblies manufactured in a factory. They are then 

transported to the final location and subsequently assembled there. 

Manufactured construction product: A building segment or construction product 

that are manufactured in a factory and transported to the final location for assembling. 

Modular building systems: Building systems which have been deconstructed into 

independent units called modules, to manage the system’s complexity or to increase 

its flexibility.   

 

(ii) Definition of research concept terms 

Figure 3 illustrates how various relevant research concept terms are related. This 

thesis focuses on work at the intersection between systems engineering, requirements 

analysis, product planning and modularisation.  
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Figure 3. Key research concept terms and their intersection 

 

Complexity management: The management of complex issues which could arise 

from various sources through the implementation of management or engineering 

methods. Complexity challenges could arise from business processes along the value 

chain, design of complex products, decision making to determine an effective product 

option, or control on patterns of relationships among the system’s elements. 

Product planning: Product planning is the process of developing a product idea to 

fulfil a business objective. Product planning may include management of product 

features, implementation of marketing strategies, and design preparation for product 

improvement. 

Systems engineering: “An interdisciplinary approach and means to enable the 

realisation of successful systems. It focuses on defining customer needs and required 

functionality early in the development cycle, documenting requirements, then 

proceeding with design synthesis and system validation while considering the 

complete problem: operations, performance, test, manufacturing, cost and schedule, 

training and support, and disposal” (INCOSE 2019). 

Requirements analysis: In systems engineering and software engineering, 

requirements analysis encompasses those tasks that go into determining the needs 

or conditions demanded by a new or altered product or project. 
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Modularisation: The clustering of different product sub-systems or components into 

modules to increase the flexibility of the overall product system and to support 

complexity management.  Modularisation is an approach that effectively organises 

complex designs or processes by decomposing them into simpler portions.  

 

(iii) Technical terms used 

Approach: An overview or perspective for addressing a problem to attain a desired 

solution. For example an approach to designing a product is to efficiently meet a 

customer’s requirements, whilst another is to balance multiple business needs (e.g. 

manufacturing and marketing).  

Tool: A device or instrument used to carry out a specific function. For example, QFD 

is a tool for requirement analysis and DSM is a tool for complexity management of a 

system.  

Method: An engineering method (i.e. engineering design) is a systematic procedure 

or approach for addressing a problem to attain a desired solution. A method can apply 

tools. For example the method for modularisation can be the processes from product 

information collection to the realisation of a module, and the tool implemented can be 

DSM for interdependencies clustering.   

Framework: A foundation or flexible structure of system or concept to address a 

problem, which can include tools and an approach.  

Model: A representation of a phenomenon or system. This can involve information of 

a phenomenon or system being structured through a tool or framework.  For example, 

the QFD concept is a requirements analysis tool until it has been filled out with 

information of a case study (e.g. a plantroom). 
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List of Abbreviations 

 

AM&MD advanced manufacturing and modular design  

AHP   Analytical Hierarchy Process 

CI  Coupling Index 

DfV  Design for Variety  

DfX  Design for Excellence 

DfMA  Design for Manufacturing and Assembly  

DRM  Design Research Methodology  

DSM  Design Structure Matrix 

Fr  Functional requirements  

GVI  Generational Variety Index  

HQFD  Hierarchical Quality Function Deployment 

MEP   Mechanical Electrical Pumping 

MFD   Modular Functional Deployment 

MIM  Module Identification Matrix  

Nfr  Non-functional requirements  

Ps  Product systems 

QFD  Quality Function Deployment 
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Chapter 1  

 

Introduction 

 

1.1. Introduction 

In 2015, all United Nations member countries adopted the 17 sustainable development 

goals with the aim to end poverty, protect the planet and ensure that all people enjoy 

peace and prosperity by 2030. The construction industry, which employed in the first 

half of 2019 an estimated 7.2 per cent of the United Kingdom’s workforce1 (Office of 

National Statistics 2019), can play a role in contributing to realising many of these 

global goals. They include, among others, from Goal 1 (no poverty), goal 6 (clean 

water and sanitation), goal 7 (affordable and clean energy), goal 8 (economic growth), 

goal 9 (industry, innovation and infrastructure), goal 11 (sustainable cities and 

communities), goal 12 (responsible consumption and production) to goal 13 (climate 

action) and goal 17 (partnership for the goals). Some examples of specific 

contributions from the construction industry could include employment generation 

(goals 1 and 8); building renewable power plants and sustainable infrastructure (goals 

7, 9 and 13); building better, faster delivery and affordable homes (goal 11); ensures 

efficient use of resources and minimise the environmental impact through careful 

planning (goals 12 and 13); and the industry can be an effective partner together with 

other stakeholders to contribute to goal 17. Contributing to the SDGs requires strong 

commitments by the industry and companies. There are also challenges to address 

such as the need to move away from business-as-usual and to adapt business models 

to fit the requirements of SDGs.  

The construction industry is also facing other challenges. In particular, it has difficulty 

in meeting housing expectations, and productivity in the industry has also stagnated 

 

1 “EMP13: Employment by industry”, Office of National Statistics, August 2019 
(https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/d
atasets/employmentbyindustryemp13) 

https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/datasets/employmentbyindustryemp13
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/employmentandemployeetypes/datasets/employmentbyindustryemp13
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(KPMG 2016). It is experiencing a technological challenge in that many construction 

companies have been slow in using new technology to increase efficiency, including 

in the production of construction products. The industry is shifting from on-site to off-

site environments to increase efficiency and delivery. This shift brings in complex 

engineering management issues (e.g. associated with off-site manufacturing of 

construction products) in addition to those already in existence. 

In the last decade, the growing demand for sustainable high-value building products 

together with the need for cost competitiveness and fast delivery are pushing further 

industrialisation of the industry. Housing and labour shortage, increasing social 

expectation and strict government sustainability targets are also contributing to the 

move towards construction industrialisation (Gann 1998; Höök 2006; Lawson et al. 

2012; and Marchesi et al. 2013).  

Although off-site construction has already spread throughout the industry, the depth 

of its influence is still limited. This is because small- to medium-size prefabricated 

components used in construction have little total value compared to the size of the 

whole industry. For example, the UK Commission for Employment and Skills estimated 

that in 2013 the total market value for off-site construction was just £6 billion, which 

accounted for only 7% of the total construction industry (KPMG 2016). Despite the 

current situation, there is great potential for off-site construction to gain more 

importance as “70% of all construction projects can be conducted using off-site 

construction components” (KPMG 2016). 

Firms investing in off-site construction systems are targeting not just mass-production 

but also mass-customisation. They want to develop building systems that can be made 

more adaptable to changing situations thereby reducing engineering risks, while 

addressing the needs of customers and providing product variation. To achieve this, 

firms have to invest more in product planning in the early phases of the construction 

process. In particular, they need to increase the quality and efficiency of the processes 

and the flexibility in the production of manufactured construction products.  

Their approach to planning at present relies on the use of internal knowledge and 

expertise, rather than on consolidated and systematic methods, methods for 

requirements management and modularisation. While the benefits of systematic 
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planning methods are well accepted in other industries, their utilisation in the 

construction industry has been limited. One reason is that each construction project is 

unique (Gilbert et al. 2013) and the industry tends to tackle engineering work focusing 

on solution development rather than problem understanding. Another reason is that 

past research on requirements management and modularisation in construction has 

not been tested on advanced and industry-relevant case studies.  Past research work 

did not also look off-site construction. The shift from building on-site to off-site 

(industrialised construction) manufacturing operation provides a favourable 

environment for the adoption of product planning methods (Jensen et al. 2014), 

especially in the early stages of the construction process (Veenstra et al. 2006; and 

Marchesi et al. 2014).  

In light of the above background and context, the construction industry needs effective 

product planning tools to help increase production efficiency, delivery and productivity. 

This chapter provides an overview of the evolution of the construction technology and 

explains the research objective. The chapter also discusses the research plans and 

approaches, and presents the layout of the thesis. 

 

1.2. Overview of development of construction technology 

As a result of pressing economic considerations such as cost reduction and increased 

efficiency, industries continue to change or adapt to the changing environment. 

Technological development also contributes to the change as it affects industries, 

production processes and the manner in which goods and services are delivered. It is 

important to understand the nature of the technological change (e.g. new methods of 

production) and how such change can influence the development of industries and 

businesses. In this regard, there is no exception for the construction industry, which is 

also moving further along the industrial evolution path.  

At different stages in the development of the construction industry different 

technologies have been used. As the industry advances towards a state of mass-

customisation, understanding technological influence on industrial shifts in 
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construction, product technical solutions, and requirements for mass-customisation is 

important to advance the industry.  

1.2.1. Technological influence on industrial shifts in construction 

The evolution of the construction industry can be characterised by three main 

dimensions, namely its states, product technical solutions and the production 

orientation. The principal states are engineered to order, mass production and mass 

customisation. The main product technical solutions emerged over time are bespoke 

(Kamara et al. 1999; and Piroozfar and Farr 2013), component, panelar, volumetric 

(Lawson et al. 2012; and Piroozfar and Farr 2013), platform (Gilbert et al. 2014; and 

Marchesi and Matt 2017), modular, and parametric (Gunawardena et al. 2013; Gilbert 

et al. 2014; and Marchesi and Matt 2017). The production orientations are off-site and 

on-site. Figure 1.1 illustrates progressive shifts in the industry at the intersection of the 

three dimensions. . As the industry moves from engineered to order towards mass-

customisation, the technical solution becomes more complex moving from bespoke to 

parametric. 

 

Figure 1.1. Evolution of technology in the construction industry  
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The three states of industry development are explained below. Note that the mass 

customisation state has been broken into two sub states to highlight important 

differences in it. 

• Engineered-to-order (bespoke) refers to construction projects that are 

developed to meet a specific client order. Typically, this refers to traditional 

methods of on-site construction that are labour intensive. It includes some 

forms of prefabricated components (e.g. bricks, doors, windows). 

• Mass-production involves increasing use of machine assisted manufacturing 

and increasing complexity of products manufactured in a factory. Mass-

production includes construction operation involving an off-site manufacturing 

environment.   

• Mass-customisation (1) relates to the ability to deliver a tailored product and 

high production efficiencies, which will require more advanced product and 

production solutions. The technical solution for mass-customisation includes 

platform and modular product designs.  These technical solutions will require 

the introduction of a fully integrated and digitalised information system 

(associated with Industry 3.0), as well as semi flexible or restricted production 

systems.   

The phenomenon of increasing customer demand and industrial shifts is not 

unique to construction. Many industries including construction are facing the 

rise in demand for product specifications and for a variety of products. Such 

situation put a strain on producers to deliver timely, efficiently and cost 

effectively for customers. Due to the availability of new technologies (e.g. 

robotics, information systems, data science), advanced solutions can now be 

developed to address these challenges and help move construction towards 

achieving efficiency leading to mass-customisation (Cuperus 2003; and 

Marchesi and Matt 2017). 

• Mass-customisation (2) relates to the industrial shift that involves product 

progression, introduction of parametric design and fully flexible production 

systems. This state of mass-customisation is unique to industry 4.0, which 

enables completely unrestricted product flexibility and delivery systems (Sun et 

al. 2017).    
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1.2.2. Product technical solutions in construction 

Among construction companies there are diversities in the use of technical solutions 

for building systems (Kamara et al. 2013; and Piroozfar and Farr 2013). While there is 

a shift in usage from simple to more complex approaches, many construction 

companies have not moved beyond volumetric construction solutions (Lawson et al. 

2012; and Piroozfar and Farr 2013). The state of technical advancement in 

construction has saturated at volumetric design and other more advanced technical 

solutions (e.g. platform, modular and parametric) have yet to gain more attention in 

the industry. This contrasts with industries such as the automotive, aeronautics and 

consumer electronics, which are using platform and modular designs to increase 

production efficiency and faster delivery of products. The construction industry would 

need to make an improvement in the development and use of more advanced 

technical solution designs such as in the areas of platform, modular and parametric to 

realise mass-customisation.  

 

1.3. Complexities of manufactured construction products 

As the technological capabilities of the construction industry continue to develop, the 

organisation and operations of the industry will increase in complexity. Advancement 

in technology (e.g. product technical capabilities and production capabilities) will 

introduce new technological features and requirements, leading to increased 

complexity. Hence, it becomes increasingly crucial that the new level of complexity be 

effectively managed to prevent undesired outcome (e.g. wasted time, effort and loss 

of resources) and to ensure a higher level of industrial efficiency (Gann 1996; KPMG 

2016; Marchessi 2016; Sun et al. 2017 and Li et al. 2018).  

Complexity management can support implementation of methods for the management 

and analysis of complex issues, which could arise from various sources. For instance, 

complexity challenges could arise from business processes along the value chain, 

design of complex products, decision making to determine effective product options, 

control on patterns of relationships among the system’s elements, and complex 

engineering management challenges and trade-offs.  
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Systems engineering techniques have been used to aid in the management of 

complex projects such as aeronautics design, robotics, software, and bridge building. 

Examples of these techniques include unified modeling language (UML), quality 

function deployment (QFD), and the Vee model. These techniques can offer effective 

approaches for the management of complex systems. Systems engineering uses a 

host of tools that include modeling and simulation, requirements analysis and 

scheduling to manage complexity considerations. It requires an interdisciplinary 

approach to engineering and engineering management that focuses on how to design 

and manage complex systems over their life cycles. Construction practices often lack 

the implementation of such systematic tools. Gann (1996) and Marchessi (2016) 

argued that the industry could benefit from adopting some of these tools for complexity 

management. 

 

1.4. Product planning in construction 

Effective product planning for manufactured construction products is needed to 

increase efficiency, reduce the risks of redesign and minimise wastage. To enable 

further industrialisation of the sector there is a need to acquire more capabilities in 

advanced manufacturing (Höök 2006; and Marchesi et al. 2013) and firms have to 

invest more in product planning in the early phases of the construction process. In 

developing product planning methods, there is a need to define flexible and efficient 

product and production systems that are adaptable to rapidly changing requirements 

condition imposed by clients, technological development, business considerations and 

other corporate reasons. Rigorous product planning, especially requirements 

management, is key to prevent logic holes and lost resources. Such planning exercise 

can also contribute to management of product variations and identification of pathways 

to achieve engineering targets (Wee et al. 2017a).  

Modularisation is increasingly being applied in construction to handle product 

variations and manage product complexity issues (KPMG 2016; and Wee et al. 

2017b). Modularisation allows clustering of different product sub-systems or 

components into modules to increase flexibility of the overall product system and to 

manage complexity (Borjesson and Hölttä-Otto 2014). It is useful for handling product 
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variations and reducing redesign work (Simpson et al. 2012). Modularisation enables 

quicker and easier reconfiguration of products to meet customised demands without 

massive alterations of the product or production operation. 

 

1.5. Research aim and objectives 

The aim of this research is to develop product planning methods for complexity 

management of manufactured construction products. In realising the aim, the research 

examines systems engineering analysis tools that can be effective for requirements 

management and modularisation of manufactured construction products. In order to 

address the research aim, the following objectives were established: 

Objective A: Determine research gaps in product planning methods for the 

development of manufactured construction products. 

Objective B: Determine the current design and product development approaches 

used by of the collaborating company.  

Objective C: Develop a framework for efficient, systematic and flexible design of 

building systems. 

Objective D: Develop and evaluate the application of QFD as a requirements analysis 

tool for manufactured construction products. 

Objective E: Develop a method to manage requirements of a complex manufactured 

construction product. 

Objective F: Evaluate current methods to support development of efficient modular 

construction products. 

Objective G: Develop a modularisation approach that addresses multiple 

modularisation drivers in construction. 

This research takes a systems engineering and analytical centric approach to product 

planning.  
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1.6. Research plan and approach 

Five studies with specific research approaches were undertaken to answer the 

research objectives. Blessing and Chakrabarti‘s (2002) “design research 

methodology” was utilised to guide in the collection and validation of data in this 

research (Chapter 3).  Table 1.1 provides an overview of these studies and their 

corresponding purposes in relation to the research objective. The table also 

summarises results of the respective studies and indicates the chapters of the thesis 

in which the results are to be discussed. 

The first study was undertaken to develop a product planning framework through 

observation and prescription methods (i.e. Study 1 in Chapter 4). 

The next two studies were undertaken to investigate requirements management for 

manufactured construction products. The second study was carried out to establish a 

requirements management method for a single product, which involves application of 

Quality Function Deployment (QFD) tool (i.e. Study 2 covered in Chapter 5). The QFD 

model was applied to a plantroom, which represents a manufactured construction 

product. The third study was conducted to establish a requirements management 

method for complex products (i.e. represented by an entire apartment building), which 

involves Hierarchical Quality Function Deployment (HQFD) (i.e. Study 3 covered in 

Chapter 6).   

The following two studies were undertaken to determine effective modularisation of 

manufactured construction products. The modularisation research was applied to a 

plantroom case study. The fourth study evaluates the applicability of existing 

modularisations tools to address complexity management issues (e.g. product 

redesign risk, and product technical solutions challenge) in manufacturing of 

construction products (i.e. Study 4 covered in Chapter 7). The modularisation result 

was compared against the collaborating company’s reference model and fifteen 

modularisation drivers. The fifth study establishes a multi-driver modularisation 

approach to produce more effective product solutions (i.e. Study 5 covered in Chapter 

7). 
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Table 1.1. Research methods, studies and summary results 

Study  Study objective 
Research 
method 

Result 
Chapter 
in thesis 

Literature review Determine research gaps in product planning 
methods for the development of 
manufactured construction products. 

Desk research, 
library and 
literature review 

Literature gaps were determined. There is a need for 
the development of systematic methods for the 
development of manufacture construction products. 

2 

Study 1: 
Examination of 
product design 
approach and 
development of a 
framework 

Determine the current design and product 
development approaches used by of the 
collaborating company. 

Observation, 
enquiry and 
interviews 

An understanding of the construction design 
procedure and product configurator environment, 
which led to an understanding of requirements 
needed to develop a framework.  

4 
Develop a framework for efficient, systematic 
and flexible design of building systems. 

Observation, 
enquiry, 
interviews and 
prescription 

A framework was developed. Components of the 
framework were validated and evaluated by 
engineers of the collaborating company. 

Study 2: 
Requirements 
modelling with 
Quality Function 
Deployment (QFD) 

Develop and evaluate the application of QFD 
as a requirements analysis tool for 
manufactured construction products. 

Reverse 
engineering, 
examination of 
documents, 
interviews, 
workshops, 
validation 

A QFD model was developed and evaluated as a 
requirements analysis tool for manufactured 
construction products.  
The QFD model supports a holistic, systematic and 
structured approach to requirements analysis. 

5 

Study 3: 
Requirements 
modelling with 
Hierarchical Quality 
Function 
Deployment 
(HQFD) 

Develop a method to manage requirements 
of a complex manufactured construction 
product. 

Reverse 
engineering, 
examination of 
documents, 
interviews, 
workshops, 
validation 

A HQFD model was developed, which consisted of a 
series of QFD models that cover different segments 
of a modular apartment building. The model also 
supports further requirements analysis through 
analysing systems structure, traceability and data 
analytic solutions of complex building systems.  

6 

Study 4: Evaluation 
of modularisation 
tools 

Evaluate current methods to support 
development of efficient modular 
construction products. 

Application of 
modularisation 
tools and 
approaches  

Dependency structure matrixes, modular 
identification matrix and generational variance 
indexes were evaluated as modularisation tools.  

7 

Study 5: Multi-driver 
modularisation 
approach 

Develop a modularisation approach to 
address multiple modularisation drivers in 
construction. 

Application of 
modularisation 
tools and 
approaches 

An approach for addressing multiple modularisation 
drivers in construction was developed utilising DSM 
and index tools (e.g. GVI and coupling index). 

7 
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1.7. Industrial sponsor  

This research was undertaken in collaboration with Laing O’Rourke, a major 

engineering and construction multinational corporation, headquartered in the United 

Kingdom. The company plans to expand its construction capability through introducing 

efficient design techniques and product development processes. This is evident by the 

company’s plan to develop a new “advanced manufacturing facility” to accommodate 

future advancement in building construction technology. In order to fully realise this 

technological progression, the company is exploring more systematic approaches to 

modular building system design. In particular, the company is addressing effective 

design process strategies, product standardisation and product configuration. 

 

1.8. Thesis outline 

Following from the Introduction, Chapter 2 provides the literature review and Chapter 

3 explains the methodologies employed for the overall research, including approaches 

undertaken to examine and validate the various systems engineering tools and 

models. Chapter 4 describes the product development environment at the 

collaborating company and proposes a framework for complexity management of 

construction products. Chapter 5 examines requirements management models, which 

involves the application of QFD tools and highlights the need for systematic product 

planning tools. Chapter 6 builds on the preceding chapter that addresses requirements 

management for a single product. The chapter discusses requirements management 

that involves multi-dimensional and multi-level environment (i.e. a composite of 

products that made up of the entire building). The chapter explains the application of 

a HQFD model. Chapter 7 determines a multi-driver modularisation approach for a 

manufactured construction product. Chapter 8 discusses the findings and 

contributions to knowledge of this research. It also suggests areas for future research 

on modularisation strategy for construction. An overview of the outline and structure 

of the thesis are presented in Figure 1.2. This research has led to the publication of 

four peer reviewed full conference papers (Wee et al. 2017a; Wee et al. 2017b; Wee 

and Aurisicchio 2018a; and Wee and Aurisicchio 2018b).   
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Figure 1.2: Thesis structure and chapters 
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Chapter 2 

 

Literature Review 

 

2.1. Introduction 

This chapter reviews literature that examined tools relevant to product planning and 

for the development of manufactured construction products. It also covers literature 

on manufacturing in construction, especially on prefabrication, requirements 

management, and modularisation.  

The chapter is organised into six key sections. Section 1 examines the development 

of off-site construction and manufacturing in construction. Section 2 analyses literature 

on product planning frameworks for modular products. Sections 3 and 4 review the 

application of tools for requirements management and particularly in the construction 

industry. Sections 5 and 6 review studies that applied modularisation tools and 

particularly in the construction industry. 

 

2.2. Manufacturing in construction and product development 

Increased industrialisation in construction often presents itself as advancement in 

production capabilities including manufacturing operations and product developments. 

They usually relate to prefabrication and off-site construction. This section provides an 

overview of studies relating to prefabrication and manufacturing in construction. It also 

provides an introduction to the concept of product development, requirements 

management and modularisation issues.  

2.2.1.  Prefabrication 

Prefabrication refers to production of building components at a location other than the 

building site. It covers a large scope of products from processed material to panellised 

system through to modular context. Prefabricated products may include bricks, doors, 
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wall panels, floor panels, room-sized products, and even entire buildings. 

Prefabrication can generate benefits associated with economies of scale through 

mass-production (Roger-Bruno 2005; Höök 2006; Emmatty and Sarmah 2012; and Li 

et al. 2018). Other benefits of prefabrication include:   

i. Shorter construction time due to the application of modern manufacturing 

technologies, automation and levels of standardisation; 

ii. Reduce site disruption as a result of a factory-controlled environment;  

iii. Better quality control of final products; and 

iv. Financial savings by better controlling time and materials, as well as better 

product techniques. 

There is a large spectrum of literature that examined increased industrial or 

manufacturing in construction. They tend to focus on production techniques, 

operations, trends and product development. These studies also tend to typically 

address specific prefabricated components such as panelled, volumetric builds, and 

mechanical and electrical plumbing. Some of these studies include value chain 

management (Vrijhoef and Koskela 2000; Arbulu et al. 2003; Court et al. 2006; and 

Björnfot and Stehn 2007), lean manufacturing (Pasquire and Connolly 2002; Court et 

al. 2006; and Court et al. 2009), agile production (Court et al. 2006 and 2009), and 

organisation management (Gann and Salter 2000; Saurin et al. 2008; Dave and 

Koskela 2009; and Skibniewski and Ghosh 2009). There is a general agreement in the 

literature supporting the increasing importance of manufacturing in construction to 

achieve economies of scale and other product advantages. Many studies 

recommended that important lessons can also be learnt from the experience of other 

disciplines with application to be adapted for construction (Gann 1996; Lawson et al. 

2012; Piroozfar and Farr 2013; and Li et al. 2018). There are also other studies that 

have attempted to address complexity management but most of them only addressed 

construction organisation, operation and production methods. There is also agreement 

in the literature that to enable further industrialisation of the sector, through off-site 

construction, there is a need to acquire more capabilities in advanced manufacturing 

and product planning (Höök 2006; Marchesi et al. 2013; and Kasperzyk 2017).  
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2.2.2. Modular building systems 

Modular building systems (MBS) in construction has been utilised within the 

construction industry for lower quality builds (e.g. timber housing or temporary 

housing). The concept has been frequently used in many other industries (Gann 1996; 

and Lawson et al. 2012). The application of MBS for the development of high quality 

permanent structures is an area that is in its infancy. Its application is expected to 

facilitate significant technical advancement in design engineering for the construction 

industry.  

A modular construction system can bring several important benefits as compared to 

the use of traditional bespoke method. Some of these benefits include systems 

flexibility, risk management, complexity management and lower cost of redesign 

(Martin and Ishii 2002; and Simpson et al. 2006; and Sharafi et al. 2018). These 

benefits are associated with the use of prefabrication technology that can support 

manufacturing of large quantities of volumetric building units under a stable factory-

controlled environment, which is not affected for example by weather. Modular 

systems research is covered in many fields such as in architecture, project 

management, industry networks, lean production, building configuration and 

sustainability, structural analysis, steel frames development, design operations, and 

information management system. 

Although MBS can bring about potential advances in manufacturing and mass-

customisation, construction projects today utilise high degrees of standardisation. This 

makes for buildings with high levels of architecture repetition desirable to implement 

modular building systems (e.g. development of student accommodation, apartment 

and hospital buildings) (Craig et al. 2000; Lawson et al. 2012; and Gunawardena et 

al. 2013; and Sharafi et al. 2018). 

2.2.3. Product development and product planning  

Product development has an important influence on the efficiency, quality and 

outcome of building projects (Formoso et al. 2002). Many techniques and methods for 

product development and design processes do exist, but most of them originate from 

studies made in the manufacturing industry. Product development is the process in 
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which a product is conceived, designed and launched in the market and also includes 

feedbacks from both production and product use (Ulrich and Eppinger 1995). This 

involves the identification of customer requirements, concept development, product 

design, market launch, and evaluation of feedback (Holmes and Yazdani 1999; and 

Cooper 2000). Ulrich and Eppinger (1995) recommend the use of product 

development methods because they make the decision-making process and rationale 

explicit. 

Product development also involves product planning which is the ongoing process of 

identifying and articulating requirements that define a product. Product planning is the 

process of developing a product idea through till the product is introduced to the market 

(Simpson et al. 2006; and Soota, T. 2016). Product planning may include management 

of product features throughout its life, implementation of marketing strategies, and 

design preparation for product improvement. Product analysis can involve examining 

product features, costs and quality. It can be used as part of product design to convert 

a high-level product description into project deliverables and requirements. 

Techniques for product planning and analysis can include systems engineering, 

functional analysis, value engineering, and product breakdown (Simpson et al. 2006; 

Soota 2016; and Bacciotti et al. 2016).   

The complexity of building and construction projects can arise from growing business 

competition in the industry and from increasing demand for higher product 

development performance. Increasing demand for product quality, shortened lead 

time and product flexibility have become important competitive aspects in the 

construction industry (Formoso et al. 2002; and Li et al 2019). Traditionally, 

construction building design have a high level of associated challenges and 

complexity. These challenges include conflicting or incomplete requirements, the need 

to manage trade-offs, the existence of large number of collaborators, and frequent 

product changes and variations. There is a general agreement for product 

development to be better planned, more systematic and more effectively controlled to 

aid the management of complexity. With the advancement of prefabrication and tools 

that support manufacturing in construction, there is a need to address new level of 

challenges and complexity. Product development plays an important role for the 

development of manufactured construction products to meet increasing product 
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requirements in construction. The lack of design planning and control increases the 

possibility of poor coordination between project collaborators, poor project 

documentations, wasted resources, and the overall lack of information to complete 

production tasks (Koskela et al. 1997; and Kamara and Anumba 2001). 

The literature concurs that buildings and construction projects are increasingly 

becoming more complex. The demand for product development has also become 

increasingly more challenging and product development needs to be more 

sophisticated to match new level of complexity (Gann 1996; Jensen et al. 2014; 

Marchesi et al. 2015; and KPMG 2016). This shows that product development 

technology has become increasingly more important and valuable for construction. 

Therefore, there is a need to develop more systematic analysis tools for construction 

(Jensen et al. 2014; Marchesi et al. 2015; and Sharafi et al. 2018).  

Historically very few systematic tools have been applied in construction. In cases when 

they do, their application tend to focus on improving engineering processes as 

opposed to product systems (Formoso et al. 2002; Liu and Wang 2011; and Lee et al. 

2017). This is often attributed to the limited readiness of the industry to adopt 

systematic tools. As the construction industry advances and becomes more in line with 

a manufacturing process, increasing opportunities are emerging for the adoption of 

systematic product planning tools (Gann 1996; Jensen et al. 2014; Marchesi et al. 

2015; and KPMG 2016). Some examples of these tools in construction include those 

that examined design processes and Design for X (DfX) (Pasquire and Connolly 2003; 

and Todic et al. 2012). DfX is a concept for designing multiple sets of variables or 

values including Design for Manufacturing and Assembly (DfMA).  

Modularisation in product planning can be used to develop product modules which 

could contribute to increased product flexibility. It has been considered as a strategy 

for dealing with building modules development (Veenstra et al. 2006; Gilbert III et al. 

2013; and Jensen et al. 2014) and can be used for complexity management in product 

development. It is often linked with other product development aspects such as 

requirements management, which is an important aspect of product planning.  
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2.2.4. Requirements management  

Requirements management is the collaborative and iterative process to identify all 

stakeholders, and elicit, document, analyse and validate requirements (Fernandes et 

al. 2015). The requirements management process has been studied both in the fields 

of engineering design and systems engineering. In the former, the process of 

establishing design requirements, typically referred to as problem definition, is 

recognised as one of the most important steps of designing (Haik et al. 2010; and 

Aurisicchio et al. 2013). In the latter, the focus is on how to manage the requirements 

of complex systems over their life-cycles (Zimina and Pasquire 2010; and Kossiakoff 

et al. 2011). Over time various tools have emerged to manage requirements. These 

include, for example, product design specification documents, Quality Function 

Deployment (QFD), UML and SysML (Burge 2004; Dai et al. 2012; Soota, T. 2016; 

and Bacciotti et al. 2016). These tools typically represent requirements information 

using lists, trees, networks and matrixes (Kossiakoff et al. 2011; and Aurisicchio et al. 

2013).  

2.2.5. Modularisation 

Modularisation is often referred to as the clustering of product sub-systems for the 

formation of a module or a product subsection. Modularisation is an approach that 

effectively organises complex designs or processes by decomposing them into simpler 

portions (Jose and Tollenaere 2005; Borjesson 2010; and Sharafi et al. 2018). A 

modular system is one that consists of a number of assemblies or modules, which are 

self-contained with well-defined interphase (Piroozfar and Farr 2013). Modularisation 

is useful to support design for variety (DFV), design strategies in manufacturing and 

mass-customisation (Kreng and Lee 2004; Jose and Tollenaere 2005; Piroozfar and 

Farr 2013; and Sharafi et al. 2018). Mass-customisation aims at meeting the demands 

of individual customers by facilitating high product variety with near mass-production 

efficiency. To realise mass-customisation, manufacturers tend to implement more 

efficient and flexible product designs and manufacturing strategies (Kohlhase and 

Birkhofer 1996; Kreng and Lee 2004; and Suh et al. 2007). Modularisation can support 

mass-customisation through the development of modules that can be quickly 

assembled to produce a spectrum of differentiated products (Erixon 1996; Kohlhase 
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and Birhofer 1996; Jenson et al. 2015; and Marchesi and Matt 2017). It also allows for 

modules to be assembled outside of the main assembly line and then for those 

modules to be brought onto the main assembly line for the final product assembly 

(Piroozfar and Farr 2013). 

The potential benefits of modular construction systems have been well documented in 

the literature. These benefits (e.g. product flexibility, risk management, and complexity 

management) are associated with the use of prefabrication technology that can 

support manufacturing of large quantities of building components under a stable 

factory-controlled environment. These benefits are related to increased production 

efficiencies and shortened project life-cycles (Lawson et al. 2012; and You and Smith 

2016). This is a result of the combined application of modern manufacturing 

technologies, automation and standardization. In addition, modularisation supports the 

reduction of product design risk and minimises the potential impacts associated with 

future changes in business requirements (Koh et al. 2016). If a product is highly 

modularised, it is easy to be assembled, disassembled and recycled (You and Smith 

2016). 

Modularisation drivers can be thought of as modularisation forces, specific to a 

company’s strategy. Modularisation drivers allow, for example, for the satisfactory 

achievement of production goals (Erixon 1996; and Borjesson 2010). Past research 

has identified twelve modularisation drivers, namely technical specification, styling, 

carry over, product planning, technology push, production/organisation, common unit, 

separate testing, purchasing, maintenance, product upgrading and recycling (Erixon 

1996; and Borjesson 2010). It is noteworthy that among these drivers some target 

concentration of product or operational dependencies. This involves grouping together 

components that are naturally more closely associated with one another. For example, 

technical specification aims at clustering together components based on their 

functionality and component dependency. Similarly, manufacturing takes an 

operational or process perspective. Other drivers are strategic and aim at achieving 

business objectives. One example is the common unit modularisation driver, which 

acts as a method for standardising the sections of the product and developing a 

platform. It can reduce redesign costs and increase business stability.  
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2.3. Product planning frameworks for modular products 

There are many frameworks outside of construction that have been developed to 

support product planning (Borjesson 2010). A subset of them is centred on modular 

product planning using techniques for requirement management, product architecture 

definition and modularisation (see Table 2.1). These frameworks often involve the 

application of QFD combined with a modularisation tool (Borjesson 2010). The 

modularisation tools include Design Structure Matrix (DSM) (Ulrich and Eppinger 

2008; and Pezhman et al. 2017), Modularisation Identification Matrix (MIM) (Erixon 

1998; and Borjesson 2010), Coupling Index (CI) and Generational Variety Index (GVI) 

(Martin and Ishii 2002; and Simpson et al. 2006).  

 

Table 2.1. Product planning frameworks  

Framework Data type Description 

Extended implementation 

structure matrixes (EISM) 

(Sellgren and Andersson 

2005) 

QFD 1 (CR-FR); 

QFD 2 (FR-TS); 

EISM  

Intended to bridge the “hard” technical 

requirements with “soft” interactive 

requirements (Borjesson 2010).  

Modular Functional 

Deployment  

(Erixon 1998) 

QFD 1 (CR-PP); 

QFD 2 (PP-TS); 

Module identification 

matrix (modularisation 

drivers to TS) 

CRs are decomposed into controllable PPs. 

TSs with similar properties are grouped with 

strategic intent into modules.  

TSs are grouped by product property and 

modularisation driver.  

Modular product platforms 

through Generational 

Variety Index (GVI) and 

Coupling index (CI) 

(Martin and Ishii 2002; and 

Simpson et al. 2006) 

QFD 1 (CR-ER); 

QFD 2 (ER-TS); 

GVI;  

CI 

QFD 1 and QFD 2 are used to map 

interdependencies between CRs, ERs and 

TSs.   

QFD 2 is used to generate GVI. 

Coupling matrix is used to generate CI.  

The components to develop a platform are 

grouped based on GVI and CI. 

Technical solutions = TS; Customer requirements = CR; Functional requirements = FR; Engineering 

requirements = ER; Product properties = PP.  

 

Modularisation methods have been applied to product planning frameworks in 

construction. Two major studies in this area were conducted by Veenstra et al. (2006) 
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and Gilbert III et al. (2014). Both studies combine requirements management 

(utilisation of QFD tools) with platform design. Veenstra proposed a modularisation 

method for house building, which focused on the development of product platforms. 

Requirements management was conducted through the development of QFD 

matrixes. For platform design, Veenstra (2006) study used GVI together with CI to 

identify residential house features that could be turned into modules or platforms. 

Gilbert (2014) study applied QFD together with axiomatic design and product platform 

design for the development of modules and his earlier study dealt with modularisation 

of temporary modular buildings (Gilbert III et al. 2013). These modularisation methods 

are explained in detail in Section 2.6.  

 

2.4. Requirements management tools 

There are various requirements analysis tools available. These tools can be 

categorised into three types: hierarchy-based tools, diagram-based, and table or 

matrix-based (Kossiakoff et al. 2011; and Aurisicchio et al. 2013). 

2.4.1. Hierarchical-based tools 

The hierarchy-based tools organise a set of requirements in a tree consisting of parent 

to children relationships. Hierarchy-based tools support checking and structuring of 

requirement analysis aspects. Many hierarchy-based tools take the format of a tree 

structure. Hierarchy-based tools are often used prior to more structured methods for 

requirements management such as QFD (Crow 2011; and Asadabadi et al. 2017). 

These tools can help group, check and refine requirements analysis, which helps 

attain better requirements structuring. Examples of hierarchy-based tools include 

hierarchical trees, affinity diagrams, and Viewpoint Analysis (VA) (Burge 2011; and 

Aurisicchio et al. 2013). 

2.4.2. Diagram-based tools 

The diagram-based tools organise requirements in a network structure consisting of 

nodes and arcs. Diagram-based tools consist of a distinctive format, which can be 

used in requirements analysis. An example of a diagram-based tool is the functional 
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flow diagram (FFD), which can be used to check individual functional requirements for 

necessity and feasibility, and to check a set of requirements for completeness 

(Robertson and Robertson 1999).  

2.4.3. Table or matrix-based tools 

The table or matrix-based tools organise requirements into a tabular format. Examples 

of these tools include Systemic Textual Analysis (STA) and QFDs. STA is a table-

based tool that consists of a method and table format (Burge 2004). It facilitates 

requirement check and structuring. It also facilitates checking of missing requirements 

in a set through visual inspection of matching functional requirements to non-functional 

requirements. QFD is a more commonly used requirements analysis tool in a matrix 

structure (Chan and Wu 2002; Herzwurm and Schockert 2006; and Dai et al. 2012).  

2.4.4. Quality Function Deployment  

This research focusses on and implements Quality Function Deployment (QFD) as a 

tool for requirements management. QFD was selected over other tools (e.g. viewpoint 

analysis and functional flow diagrams) because of it’s systematic, data centric and 

comprehensiveness advantage as well as it’s compatibility with modularisation tools 

(see Section 2.3). QFD is a tool to map customer requirements to technical solutions 

and product components using a system of matrixes. It has been applied to support 

product development in a variety of industries, ranging from consumer electronics to 

vehicles and buildings construction (Wasserman 1993; Kahraman et al. 2006; Yeh et 

al. 2011; Kwong and Bai 2013; Hadidi 2016; and Fargnoli et al. 2018). The QFD tool 

involves incorporation of multiple perspectives in product development (Cohen 1995; 

Akao et al. 1997; and Kwong 2003). The first two matrixes of QFD (i.e. QFD1 and 

QFD2) are typically used to improve the value of product planning activities. The 

reliance of QFD on quantitative data and its system orientation make it particularly 

suitable to this objective. QFD is a prominent tool for ensuring product quality and is 

increasingly used for modular design (Simpson et al. 2012; Borjesson and Hölttä-Otto 

2014; and Hadidi 2016).  

There has been significant research interest in using QFD to support product design. 

Many focused on the benefits of applying QFD to analyse product requirements. 
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These benefits include efficient, structured, comprehensive, strategic and robust 

analysis of requirements.  QFD has the potential for further development in terms of 

design automation and integration with other tools (Kreng and Lee 2004; and Almannai 

et al. 2007). For example, research has been undertaken to integrate QFD with the 

Analytical Hierarchy Process (AHP), Generational Variety Index (GVI), and TRIZ 

(Yamashina et al. 2002; Kwong and Bai 2003; Hölttä-Otto et al. 2008; and Simpson et 

al. 2012). 

 

2.5. Requirements management in construction 

There are many studies involving requirements management in construction, which 

ranges from traditional requirements capture and documentation (Kamara et al. 2002; 

and Kamara 2013), and project management (Pheng and Yeap 2001; and Ahmed et 

al. 2003) to computer aided information modelling (Singhaputtangkul et al. 2013).  

However, a large portion of these studies focused on projects management, as 

construction is regarded as a project orientated industry (Kamara 2013). 

Some of these studies on requirements management focus on topics such as 

evaluation of management and contractors (Juan et al. 2009; and Hadidi 2016), project 

information management (Baldwin 1998), implementation feasibility of projects (Yang 

et al. 2003), quality control of projects (Lee et al. 2009), marketing strategies (Dikmen 

et al. 2005), and cost optimisation (Lim et al. 2015). These studies on requirements 

management in construction often implement a combination of requirements analysis 

tools and hierarchy-based tools that then supports application of table-based tools. 

There are also studies on requirements management in construction (e.g. Kamara et 

al. 2002, and Kamara 2013). Some of these studies used computer aided tools to 

process requirements information (Pheng and Yeap 2001; Juan et al. 2009; Lee et al. 

2009; Singhaputtangkul et al. 2013; and Prasad et al. 2015).  

Traditionally, construction is viewed as project-based with custom built products. Client 

requirements are a primary source of information for building projects. The capture of 

building requirements is often not straightforward, as there is a need to capture and 

translate client and business needs into construction terms (Kamara et al. 2002; and 
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Kamara 2013). The quality of captured building requirements information can be 

incomplete, changing, fragmented and not well defined. The capture of client 

requirements for building is usually accompanied by design process of sketches, 

drawings and a project brief. While this has resulted in successful projects, they have 

limitations in that they do not adequately capture requirements in building design 

(Kamara and Anumba 2001; and Kamara 2013).  

Many studies on requirements management are associated with traditional bespoke 

construction but a limited number of them relates to industrialised construction (off-

site construction and manufacturing in construction). Requirements management 

relating to off-site construction and manufacturing in construction need to take into 

account additional layers of complexity and requirements (e.g. assembly and 

production sequencing) arising from manufacturing operations. Further development 

in requirements management in construction is needed to increase efficiency and 

facilitate advancement of the industry.  

2.5.1. Quality Function Deployment in construction 

Most QFD research in construction tends to focus on the application of matrixes or the 

development of algorithms for design automation (Pheng and Yeap 2001; Juan et al. 

2009; Lee et al. 2009; Singhaputtangkul et al. 2013; Prasad et al. 2015; and Fargnoli 

et al. 2018). QFD applications in construction also tend to follow the traditional 

implementation approach. This involves use of the QFD1 matrix to translate “customer 

requirements” into “technical solutions”, and use of the QFD2 matrix to turn “technical 

solutions” into “product components” (Yang et al. 2003; Dikmen et al. 2005; Wikberg 

et al. 2011; Lim et al. 2015; and Prasad et al. 2015). In general, existing QFD studies 

in construction were found to lack organisational rigor and comprehensiveness in the 

application of the matrixes. Past studies often tend to focus on demonstrating the 

application of QFD through simple examples (often including a small number of 

requirements) rather than addressing complex requirements sets. Only a few studies 

have moved away from the traditional QFD implementation to investigate alternative 

requirements modelling methods for the construction industry. Veenstra’s application 

of QFD to house building, which focuses on the development of product platforms 

through the Generational Variety Index, captures customer requirements in the rows 
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of the QFD matrix and product modules in its columns (Veenstra et al. 2006). In 

contrast, Gillbert’s application of QFD to temporary housing involved mapping 

customer requirements in the rows of the QFD matrix and non-functional 

requirements, constraints and functional requirements in its columns (Gillbert III et al. 

2014).  

In addition, a further set of studies has attempted to implement a broader variety of 

requirements and a more rigid organisational structure of such requirements. For 

example, Dikemen’s application of QFD categorises different types of customer 

requirements but it does not cover other stakeholders’ requirements (Dikemen et al. 

2005). Yang’s application of QFD includes “building needs” together with customer 

requirements as part of a concept to compare decision making in in-situ construction 

and pre-cast construction (Yang et al. 2003). The study, however, is limited to handling 

only customer and building needs, which are represented on separate matrixes. 

Armacost proposed to use the Analytical Hierarchy Process to prioritise customer 

requirements (Armacost et al. 1994). The study focused on industrialised housing and 

addressed requirements not covered in other research such as requirements for 

manufacturing, transportation and maintenance. The study, however, focused solely 

on customer requirements prioritisation and does not include the whole QFD matrix 

(Armacost et al. 1994). 

2.5.2. Hierarchical analysis in construction 

The utilisation of hierarchical analysis (e.g. application of hierarchy-based tools) can 

be an effective way for requirements management. Hierarchical analysis in 

requirements management tend to focus on construction project and process, and less 

on the building as a whole. Specifically, Analytical Hierarchy Process has been applied 

on assessments of different aspects of construction projects (e.g. suppliers, 

contractors, and technologies) (Cheung et al. 2001; Dikmen and Birgonul 2006; Cheng 

and Li 2007; and Wong and Li 2008) and risk management evaluation in construction 

(Mustafa and Al-bahar 1991) and cost assessment (An et al. 2007). Many of these 

hierarchical analysis studies in construction also implement QFD or computer aided 

tools or a combination of both. There is still a lack of implementation or application of 
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these more advanced requirements management methods than existing methods in 

construction. 

An example that combines hierarchical analysis with QFD in construction is the work 

covered by Hadidi (2016). The study only involved evaluation of engineering design 

contractors and used several QFD matrixes to capture various aspects (e.g. safety, 

engineering capabilities, technical competency, product quality and service quality, 

project management, service and budgeting) in the evaluation of engineering 

contractors. The study also only examined a single requirements management level 

and does not consider other project management levels (e.g. the link between 

executive management design consideration, contractors engineering design 

evaluation and subcontractors). The study is also limited in that it does not take into 

consideration the large scale of construction projects (involving different parts of a 

building) and upstream (executive) consideration in relation to downstream (detailed 

level) factors. 

Studies on hierarchical analysis through product breakdown are covered by 

Singhaputtangkul et al. (2013) and Singhaputtangkul and Zhao (2016). These studies 

included product breakdown of a building, which enveloped into external wall then 

window glazing and then shading devices. The main focus of these studies was on the 

proposal and development of a software for fuzzy decision making and QFD. In this 

regard, these studies have limited application in relation to hierarchical analysis. 

 

2.6. Modularisation tools 

Modularisation tools have been developed and frequently applied in many industries 

(Gann 1996; and Lawson et al. 2012). Past research on modularisation have 

contributed to the development of tools including the functional flow block diagram 

(Emmatty and Saramah 2012), the dependency structure matrix (DSM) (Hölttä-Otto 

2005; Ulrich and Eppinger 2008; Pezhman et al. 2017; and Shabtai et al. 2017), the 

extended implementation structure matrix (Sellgren and Andersson 2005; and 

Borjesson 2010), the modular identification matrix (MIM) (Erixon 1996), axiomatic 

design (Marchesi 2015), and the modular product platform via the generational 
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variance index (GVI) (Simpson et al. 2012; Jung and Simpson 2016; Jung and 

Simpson 2018; and Wang et al. 2018). DSM, MIM and the modular product platform 

are further explained below as they have been receiving more attention than the 

others. This section reviews the main tools and approaches for modularisation. 

Acccording to Hölttä-Otto (2005) and Borjesson (2010) there are three main 

approaches: Heuristics, Design Structure Matrix, and Modular Function Deployment. 

This section also covers literature explaining modular platform designs. 

2.6.1. Heuristics 

Heuristic tools can help capture how designers think. They are based on the 

application of patterns of biased judgments, represent sensible estimation procedures, 

draw on underlying processes that are highly sophisticated, and are normal intuitive 

responses (Zamirowski and Otto 1999). Heuristics can also capture the flow of matter, 

energy, and information between functional elements in a function-structure diagram 

(Zamirowski and Otto 1999). 

An example of heuristics is the functional flow block diagram, which is popular for the 

development of modular systems (see Figure 2.1; and Hölttä-Otto 2005). Functional 

flow analysis such as “dominant flow”, “branching flow” and "conversion–transmission" 

helps segment the overall system and determines which flows should be encapsulated 

in which modules (Stone et al. 2000). To further develop modular designs, the analysis 

of modular components such as discrete scalable, reusable modules and well-defined 

modular interfaces should be pursued. An example of this methodology is described 

in Emmatty and Sarmah (2012), which illustrates a good level of conceptual and 

practical results. The study, however, is only applied to a modular watch.  
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Figure 2.1. Functional flow analysis and function clustering for module 

development (Source: Hölttä-Otto 2005) 

 

2.6.2. Dependency Structure Matrixes  

Dependency Structure Matrixes (DSM) are tools for mapping systems 

interdependencies represented in a matrix form (see Figure 2.2.). DSM can be used 

for the analysis of product systems and engineering processes (Hölttä-Otto 2005; 

Baldwin et al. 2008; Lee et al. 2017; Pezhman et al. 2017; and Kulkarni et al. 2018). It 

utilises sequencing or clustering algorithms to organise the sub-systems of a system 

(Choo et al. 2004; and Ulrich and Eppinger 2008). An extensive discussion of the 

features, operation and relationship of DSM to modularisation is covered in Section 

2.7 and Chapter 7. 

 

Figure 2.2  Design Structure Matrix (Source: Borjesson 2010) 
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2.6.3.  Modular Functional Deployment 

Modular Functional Deployment (MFD) structures customer requirements into specific 

statements and link them to measurable and controllable product properties, which 

are then linked to technical solutions (see Figure 2.3; and Erixon 1998). It utilises 

unique matrix tools referred to as modularisation identification matrix (MIM). An 

extensive discussion of the features, operation and relationship of MIM to 

modularisation is covered in Chapter 7. 

 

Figure 2.3. Modular Functional Deployment (Source: Borjesson 2010) 

 

MIM is a QFD-like tool that is used to identify which product sub-systems should be 

clustered into modules (Erixon 1996; and Borjesson 2010). It maps modularisation 

drivers against product sub-systems and provides a visualisation of the 

interrelationships between modularisation drivers and product sub-systems. The 

visualisation supports implementation of modularisation rationale with respect to 

modularisation drivers (Erixon 1996; and Borjesson 2010). 
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2.6.4. Modular Platform Designs  

The modular product platform is effective at dealing with product design variances and 

uncertain future product requirements. It consists of clustering common product sub-

systems that reoccur across a product family and standardise them into a product 

platform (Meyer and Lehnerd 1997). It has been successfully adopted in industries 

such as automotive (Gann 1996) and aeronautics (Simpson 2004). Its application has 

helped reduce costs associated with product development by using a handful of 

platforms to create a variety of product families (Cuperus 2003; Simpson 2004; Pan 

et al. 2008; and Song et al. 2019). In particular, manufacturing and design costs can 

be reduced as each module has only a few unique features that need to be redesigned 

each time (Gilbert et al. 2013). As a result, a common platform can relieve flexibility 

requirement on the production line. A modular platform can be generated, for example, 

through the utilisation of the generational variety index (GVI) and coupling indexes 

(CI). GVI supports the identification of product sub-systems, which are less likely to 

require redesign (Jiao et al. 2007). In particular, GVI indicates the amount of redesign 

required for future product designs and CI shows how closely two product components 

are linked together. GVI can be developed through an adapted QFD model, while CI 

is acquired through the development of a coupling matrix (Martin and Ishii 2002). 

 

2.7. Modularisation in construction 

Historically very few modularisation methods or tools have found their way into 

construction and when they have, their focus has been on improving engineering 

processes as opposed to product systems (Liu and Wang 2011; and Lee et al. 2017). 

This is often attributed to the limited readiness of the industry to adopt systematic tools. 

However, increasing opportunities are emerging for the adoption of these methods as 

the construction industry advances and becomes more in line with manufacturing 

process (Gann 1996; Jensen et al. 2014; Marchesi et al. 2015; and KPMG 2016). 

Within the research undertaken in the construction sector, modularisation has been 

considered as a strategy for dealing with building modules development (Veenstra et 

al. 2006; Gilbert III et al. 2013; and Jensen et al. 2014). Two major researches on 
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modularisation relevant to the construction sector were carried out by Veenstra (2006) 

and Gilbert et al. (2013). 

Gilbert et al. (2013) have used axiomatic design and product platform design for the 

development of modules for temporary modular buildings. The methodology adopted 

by these researchers suggests that modules can be developed through grouping 

system’s common functional requirement and physical design parameters. The 

methodology categorises modules into common and specialist modules. The essential 

function of buildings is captured by core modules, which basically act as a studio 

apartment module and additional required features are designated to the specialist 

modules.  

Veenstra (2006) attempted to tackle modularisation and platform issues in the housing 

industry. The study used GVI together with coupling indexes (CI) to identify residential 

housing product sub-systems that could be turned into modules or platforms. 

Veenstra’s study emphasised that GVI and CI together support a better understanding 

of external design forces. The study follows the decision rules set by Martin and Ishii 

(2002) to determine modules and platforms. Product sub-system with no or low GVI 

were turned into fully or partially standardised platforms. Product sub-systems with low 

coupling indexes–supply (CI-S) were considered for higher levels of modularisation. 

The study approached modularisation and platform design by tackling product 

uncertainty and risks. It demonstrated the benefits of using GVI and CI as tools for 

modular platform development in construction.  

An example that deals specifically with temporary modular systems is described in 

Gilbert III et al. (2013). The methodology suggests that modules can be developed 

through grouping system’s common functional requirement and physical design 

parameters. The study categorised modules into common modules and specialist 

modules. The former is applicable to overall systems regardless of requirement 

variations. The down side of this work is that it only analyses a case study on 

temporary modular systems and would require further work in order to reach a 

practical modularisation application. It is also worth considering using sub-modular 

systems since some building modules can be complex. In addition, the possibility of 

dividing modules into sub modules may be of interest. For example, mechanical and 
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electrical plumbing can contain a high density of functional requirements and can be 

considered for further segmentation.  

 

2.8. Discussion  

Manufactured construction products have been predominantly studied by researchers 

in civil engineering, architectural and management contexts. Many of the studies have 

limitations in examining complexity management and product planning in construction. 

This is because many of them were developed specifically to explain manufactured 

construction products (including modular products) from non-product design and non-

engineering perspectives. 

There is an increasing recognition for the need to provide an integrated approach to 

explain manufactured construction products based on product systems design with 

strong emphasis to be given to product development, process, strategies and design 

coordination (Pasquire and Connolly 2002; and Gunawardena et al. 2012). 

In addition, studies that have developed and evaluated systematic methods for product 

planning including modularisation in construction are also limited. The shortages may 

be due to construction projects being traditionally bespoke in nature and are less 

perceptible to the adoption of systematic methods. Where relevant studies exist, they 

have limitations in that they do not apply the systems engineering approach to address 

challenges in the design of manufactured construction products (e.g. product 

efficiency, flexibility and variability). 

The studies of Veenstra et al. (2006) and Gillbert III et al. (2014) provided insights into 

systematic modular and platform design in construction. Both studies show the 

benefits of applying systematic frameworks and methods for design of modular 

construction products. However, the two studies have limitations in that they do not 

consider the full complexity of the requirements management and modularisation 

problem. In addition, while these studies looked at modularisation, they are limited in 

the consideration of the wider industrial context. For instance, manufacturing, 

assembly and business needs were not considered in depth. Further research and 
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development of modularisation tools, based on a systematic approach and specifically 

for the construction industry, is needed.   

There are many frameworks outside of construction that have been developed to 

support product planning (Borjesson 2010). Most of these frameworks involved 

application of requirements management (through QFD) that combined with a 

modularisation tool (e.g. DSM, MIM or platform design). They have proven to be 

effective at handling complexities in product planning in non-construction industries. 

In this regard, it is beneficial to learn and adapt from these frameworks for application 

in construction.  

Tools to support the analysis of requirements for modular construction products have 

to capture a variety of information types including requirements, product systems, the 

relationships and dependencies between them. Such tools have to facilitate product 

planning and should be able to integrate or use with other tools (e.g. modularisation 

tools). Tools with numerical features are preferred as they enable quantitative analysis 

and justification of strategies. Based on this consideration and given that it can support 

the design of construction products, the QFD tool is selected for application in this 

research.  

Applications of QFD in construction typically follow the traditional approach, which 

distinguishes customer requirements from technical solutions. In order to increase the 

applicability and potential benefits of QFD to the construction industry there is a need 

to further investigate the QFD concept focusing on non-functional and functional 

requirements as advocated by systems engineering principles. In particular, a 

functional approach to QFD is needed to capture a set of complex requirements, which 

is typical of the construction industry (Burge 2007; and Dai et al. 2012). This would 

require the investigation of the organisational structure of QFD requirements to 

integrate various stakeholders’ perspectives. 

As construction becomes increasingly complex, more advanced requirements 

management methods are also needed. The utilisation of hierarchical analysis can be 

an effective way for addressing complexities in requirements management. But 

hierarchical analysis for construction tend to focus on project or process, and less on 

the building as a product. The focus of existing studies also tends to be based on non-
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product perspectives such as evaluation methods of construction contractors or on 

software development. As a result, the application of hierarchical analysis for complex 

requirements management is limited.  

Further development of effective requirements management for construction products 

should not examine product requirements at face value but consider requirements 

breakdown at project or product management levels (e.g. the link between executive 

management design consideration, contractors engineering design evaluation and 

subcontractors). For example, existing studies do not systematically take into account 

how upstream (executive requirements) factors may affect downstream (detailed 

level) factors.  

Furthermore, there is a lack of implementation or application of advanced 

requirements management methods (e.g. hierarchical analysis) for the management 

of multiple levels and multiple dimension requirements. While hierarchical analysis is 

often facilitated through the application of QFD, their application is limited in scope 

and depth because they do not consider how multiple sections of a building interact 

with one another.  

The literature review highlights that there are various modularisation tools, but few 

have been applied to the development of manufactured construction products. Both 

Gilbert and Veenstra demonstrated the value of modularisation tools and their 

applicability in construction (Veenstra et al. 2006; and Gillbert III et al. 2014). But, they 

did not address the nature of the modularisation problem in construction and did not 

consider the issue of modularisation drivers. Gilbert focused on module functionality 

(i.e. technical specification), and Veenstra focused on product platforms (i.e. common 

unit or standardisation). There is a need to consider multiple modularisation drivers in 

the definition of modules. Although both Gilbert and Veenstra have worked on modular 

construction, there is a need to undertake research on up market modular products 

specific to advanced off-site construction and understand how to manage 

modularisation issues. Despite the existence of various modularisation tools, there is 

a need to determine which tools would be effective at supporting the development of 

modular products in construction. 
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Against the background of the literature review, this research focuses on the 

application of DSM, MIM, and GVI, which are also more commonly used in other 

engineering disciplines (e.g. mechanical engineering, robotics, automotive, and 

consumer electronics) (Borjesson 2010). These three tools are systematic and 

analytical in nature. They provide benefits in terms of data analytics, allowing for the 

identification of strategic advantages. DSM is more effective at dealing with 

dependency issues in product. MIM is specifically designed to incorporate business 

strategy into product development. GVI combined with another index (e.g. CI) offers 

one of the most effective ways to determine a product platform. 

 

2.9. Conclusion 

This chapter reviewed product planning and complexity management tools, including 

frameworks applied in construction as well as other industries to understand their 

potential to support product planning and the design of manufactured construction 

products. It argues the need to consider the limitations associated with systematic 

product planning tools and frameworks. It stresses and contextualises the need for 

developments of tools and frameworks to support advancement of the construction 

industry. While there are several product planning tools developed outside of 

construction discipline, their application to construction has been limited. 

Studies related to tools for systematic product planning in construction are infrequent. 

This research emphasises the need for a systematic and analytical approach to 

advance product planning tools. As such, the research contributes by identifying and 

applying tools (i.e QFD and modularization tools) for manufactured construction 

products. 

In determining the application of systematic tools, a number of factors were considered 

in this research (e.g. data-oriented and compatibility with other tools). The literature 

review provides the justification and benefits for the selection of QFD for requirements 

management analysis. QFD is also a systems engineering tool and has the benefit of 

systems and data-oriented values. In determining modularisation approaches, data-

oriented methods were considered. In particular, methods integrating modularisation 
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with requirements management tools were suitable. The research focuses on the 

application and integration of QFD tool with DSM, MIM, and GVI. The latter three tools 

are systematic and analytical in nature. They provide benefits in terms of data 

analytics, allowing for the identification of strategic advantages. 

Following from the analysis above, the literature review highlights the need for a 

framework that supports product planning for manufactured construction products. 

Such framework could provide an integrated approach for product planning by 

combining requirements information modelling and modularisation for manufactured 

construction products.  
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Chapter 3 

 

Research Approach 

 

3.1. Introduction 

This chapter explains the overall research approach, which includes data collection, 

validation approaches and cooperation provided by the collaborating company. It 

describes extraction of data or information from the collaborating company's 

documents, interviews, workshops, questionnaires, case studies and evaluations of 

work activities. The chapter is divided into three main sections: design research 

methodology (DRM), application of DRM, and approaches for conduct of case studies.  

 

3.2. DRM framework  

This research utilised the DRM methodology framework established by Blessing and 

Chakrabarti (2002) to investigate existing work processes of the collaborating 

company (with the aim of making improvement to them). The DRM framework has 

proven to increase project efficiency compared to other research methodology 

(Blessing and Chakrabarti 2002). Figure 3.1 summarises the four specific stages of 

the DRM framework applied in this research. The Figure also presents the 

corresponding research outcomes associated with each stage, which in descending 

order include goal setting, understanding of the research problem, types of research 

support and evaluation consideration. The DRM can also relate to basic research 

classification, which begins with an initial stage of literature review to data analysis, 

assumption or experience synthesis, to further data analysis. Each stage supports the 

development of the subsequent stages of the research process.  

Each of the four stages of the DRM framework serves specific research objectives. 

They are explained below: 
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• Stage 1 relates to Research Clarification, which involves examination of the 

existing process and define success criteria of the study. This stage of the 

research covers literature review and initial discussion and interview with 

engineers of the collaborating company to clarify terms, approaches, how and why 

certain product development were undertaken.  

• Stage 2 is Descriptive Study 1, which aims to gain an in-depth understanding of 

the existing process through first-hand experience and analysis of evidence, and 

identify factors that influence the formulated criteria. At this research stage, 

workshops and follow up interviews with engineers at the collaborating company 

were conducted. Working with key engineers at the collaborating company were 

undertaken. Certain company files and records were reviewed.  

• Stage 3 covers Prescriptive Study, which defines the process through an increased 

understanding of the existing process established in Descriptive Study 1. This 

stage of the framework proposes improvements to reach the desired process. 

Case study was developed and the results were explained to engineers at the 

collaborating company through workshops to gain feedback and for validation of 

approaches. 

• Stage 4 is Descriptive Study 2, which evaluates the proposed improvement. 

Feedbacks from the collaborating company were taken into account in the revised 

and refinements of the case study. Models were evaluated against study objectives 

and success criteria.  

 

Figure 3.1. The Design Research Methodology (Source: Blessing and Chakrabarti 

2002) 
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3.3. Application of the DRM framework 

The research consisted of 19 steps, which involves research clarification, descriptive 

1, prescriptive, and descriptive research stages (see Figure 3.2). These steps cover a 

literature review and five studies (described below). Each stage adds and accumulates 

information to address complexity management issues in construction. These five 

studies are interrelated and are described in the respective chapters. An overview of 

how these studies are related are explained in Section 3.4. The key features of these 

studies are summarised below: 

(i) An initial literature review was conducted, which comprised “research 

clarification” and “descriptive 1”. It was conducted to determine the scope of issues 

related to the construction industry and to frame the research problem. 

(ii) Study 1 (Examination of product design approach and development of a 

framework) was undertaken to examine the research problem. The examination 

looked into issues of flexibility in relation to manufactured construction products. A 

product complexity management framework was proposed to address the identified 

research problem. The framework consists of two main features: 1) requirements 

management and 2) modularisation. 

(iii) Study 2 (requirements modelling with Quality Function Deployment) consisted 

of all DRM stages. The study addressed issues of requirements management and 

complexity management of a single product type (i.e. plantroom) under manufacturing 

construction conditions. 

(iv) Study 3 (Requirements modelling with Hierarchical Quality Function 

Deployment) also consisted of all DRM stages. The study addressed issues of 

requirements management and complexity management that associated with multi-

dimension, multi-layer and involves different segments of an entire building. 

(v) Study 4 (Evaluation of modularisation tools) specifically addressed the issue of 

complexity management through the use of modularisation methodology. 

(vi) Study 5 (Multi-driver modularisation approach) also addressed the issue of 

complexity management and identify a suitable modularisation approach.  
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Note: Numbers in boxes refer to research steps. 

Figure 3.2. Research project process 

 

3.4. Case studies 

Each of the five studies can be classified into four categories of research, which can 

range from feasibility, applicability, practicality to scalability. Feasibility demonstrates 

the conceptual soundness of a method or framework by testing it with an engineering 

dataset. Applicability demonstrates the conceptual soundness of the method or 

framework by receiving acceptance of practicing engineers. Practicality demonstrates 

the conceptual soundness and industrial relevance of the method or framework by 

testing it with practicing engineers. And scalability underlines conceptual soundness, 

industrial relevance and applicability to a complex project by testing on a large 

engineering programme in the industry.  

Table 3.1 presents the major elements and detailed description of the five studies. It 

highlights information on parameters, type of research, type of data, methodology, 

participant, level of complexity, and the case studies. An overview of how these studies 

are related are covered below. 
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Table 3.1. Case studies, methods and validations 

  
  

Case studies 

Study 1 Study 2 Study 3 Study 4 Study 5 

Controlled 
parameters 

Product 
management 
environment 
and a 
framework 

Requirements 
modelling and 
analysis 

Hierarchical 
requirements 
modelling and 
analysis 

Modularisation  
analysis  

Modularisation 
approach 

Type of 
research  

 
Feasibility 
/Applicability 
/Practicality  

Feasibility  
/Practicality  
/Scalability 
/Applicability 

Feasibility 
/Applicability 

Feasibility  

Data type  Industry  Industry  Industry  Industry  Industry  

Method of 
data 
generation  

NA 

i) Reverse                        
engineering 
(*) 

ii) Interviews 
iii) Workshop 

i) Reverse 
engineering 
(*) 

ii) Interviews 
iii) Collaborative 

work 

i) Reverse 
engineering 
(*) 

ii) Interviews 
iii) Survey 

i) Reverse 
engineering 
(*) 

Participant NA 

i) PhD 
researcher 
and 2 LOR 
engineers 

ii) Engineers 
(LOR and 
RB)  

iii) LOR 
engineers (8)   

i) PhD 
researcher 
and 5 LOR 
engineers 

ii) LOR 
engineers (5)   

i) PhD 
researcher 
and 5 LOR 
engineers 

ii) LOR 
engineers 
(3)   

i) PhD 
researcher 
and 2 LOR 
engineers  

Level of 
complexity  

NA Medium High Medium Medium 

Case study NA Plantroom  

Apartment 
buildings, 
Apartment 
module, 
Module frame, 
Interfaces 

Plantroom  Plantroom 

Size of 
dataset  

NA 

2 QFD matrixes  
(1 model),  
Approx. 70 
requirements 

11 QFD matrixes 
(6 models),  
Approx. 300 
requirements 

 3 models: 

• 16 x 16 DSM; 

• 15 x 16 MIM; 

• 29 x 18 GVI; 

3 models: 

• 16 x 16 DSM; 

• 27 x 27 DSM; 

• 29 x 18 x 16 x 
16 x 16 
platform model  

Complexity 
of solution 

NA 18 systems  92 systems  18 systems  18 systems 

Notes: LOR = Laing O’Rourke;  RB = Robert Bird (consultancy company to LOR). 
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3.4.1. Study 1: Current design approach and framework proposal 

This study aims to determine the current design approach at the collaborating 

company and to propose a framework for efficient, systematic and flexible design of 

building systems. The framework was developed by undertaking empirical research to 

understand the practices of the collaborating company and conduct of related case 

studies. The approach adopted to develop the framework involved three research 

phases i) understanding the current approach to design modular systems, ii) 

framework development, and iii) framework evaluation.  

3.4.2. Study 2: Requirements modelling through QFD  

This study investigates requirements management practices in the construction 

industry. It proposes and evaluates the application of Quality Function Deployment as 

a requirements analysis tool for manufactured construction products. The QFD tool 

was applied using a reverse engineering approach to identify the plantroom 

requirements. Requirements information was extracted from technical documents, 

modelled in QFD and subsequently validated during a workshop. The details of this 

methodology can be found in Chapter 5 (Study 2: Requirements modelling and 

analysis).  

3.4.3. Study 3: Hierarchical requirements modelling through HQFD  

This study builds upon the discussion of Study 2 (i.e. Chapter 5). Instead of working 

on QFD for one product (e.g. plantroom), this chapter discusses the implementation 

of a large set of inter-related QFDs to address multi-dimensional and multi-layer 

product requirements. In particular, it focuses on complexity management techniques 

for large modular systems in construction through the application of Hierarchical 

Quality Function Deployment (HQFD) model.  

The knowledge on requirements analysis and process was expanded to include a new 

set of construction products segment across a spectrum of requirements levels (see 

Chapter 6). These products included a whole apartment building, module apartment, 

module frame, interfacing system, interface rack, plantroom (reused from Study 2) and 

bathroom pods. Quality Function Deployment (QFD) for each of these product 

segments were developed. The methods used to develop these QFD models were the 
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same as that covered in Study 2. These QFD models were then integrated to form a 

Hierarchical Quality Function Deployment (HQFD) model. The details of this 

methodology are elaborated in Chapter 6 (Study 3: Hierarchical Quality Function 

Deployment). 

3.4.4. Study 4: Evaluation of existing modularisation tools  

This study examines the application of three modularisation tools to support efficient 

development of modular construction products. In particular, it evaluates the 

application of “dependency structure matrixes” (DSM), “modular identification matrix” 

(MIM) and “generational variance indexes” (GVI). The tools were applied to the 

plantroom case study and evaluated for their suitability to support construction 

operations focussing on the modularisation drivers that they address. Modularisation 

information was extracted from engineering documents (e.g. product schematics and 

manuals), as well as interviews with engineers who developed the plantroom. The 

details of this methodology can be found in Chapter 7 (Study 4: Modularisation 

analysis). 

3.4.5. Study 5: Multi-driver modularisation approach 

This study develops an approach for addressing multiple modularisation drivers in 

construction. The knowledge gained from Study 4 was then used to develop a 

modularisation approach (strategy). The modularisation drivers addressed in this 

research include: technical specifications, manufacturing and common unit. Several 

modularisation matrix and index tools were utilised including design structure matrix 

(DSM), generational variety index (GVI), coupling index (CI), and Cost indexes. The 

various tools were utilised for natural clustering and objective driven clustering 

methods. These modularisation methods were implemented on a plantroom case 

study. The details of this methodology are explained in Chapter 7 (Study 5: 

Modularisation approach). 
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3.5. Conclusion 

This research utilised the DRM framework to increase the research efficiency and in 

data collection. The research employed a number of approaches including reverse 

engineering and case studies to collect data and information on real manufactured 

construction products at the collaborating company. The research approach has 

contributed to the collection of data for the development of requirements management 

and modularisation methods and models. Information on real construction products 

were utilised to ensure research validity and accuracy. The development of models 

and examination of cases were undertaken in collaboration with expert engineers of 

the collaborating company.  
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Chapter 4 

 

A Framework for Product Planning and Complexity 

Management 

 

4.1. Introduction 

This chapter examines the product design approach and product management 

environment of the collaborating company to help develop a framework for product 

planning and complexity management. Based on understanding of the practices of the 

collaborating company, there are design gaps that limits the ability of the company’s 

existing system to effectively capture and analyse product requirements. Following 

from this investigation, a framework was developed to support efficient, systematic 

and flexible design of building systems. The proposed framework consists of an 

integration of QFD tools to address requirements management (see Chapters 5 and 

6) and modularisation approach (Chapter 7).  

Components of the framework were subjected to evaluation and validation exercises 

that involved discussions with and questionnaire responses from the company’s 

engineers on requirements analysis and modularisation. A workshop was also 

conducted to evaluate the usefulness of requirements analysis tool, which is a 

component of the framework. The results support the functionality of the framework 

for product planning and complexity management through requirements management 

(see Chapter 5) and modularisation tools (see Chapter 7). These two sets of tools and 

their usefulness were examined in detail in Chapters 5 and 7.  

The chapter begins with an analysis of approaches and product designs used by the 

collaborating company. It then explains the requirements needed to develop a product 

planning framework and the components of the framework. 
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4.2. Methodology 

In developing the framework, a number of interrelated steps were followed to 

understand the product design approach and environment of the collaborating 

company, design gaps and how the gaps can be addressed. An empirical research to 

understand the practices of the collaborating company and case study were 

conducted. The methodology adopted involves three research phases as described 

below.  

(i) Understanding the current approach to design modular systems  

At the start of the research, design documents were examined, and meetings were 

held with expert engineers at the collaborating company to determine the approach in 

designing modular systems. It involved examination of existing product documentation 

and discussions with engineers. Topics investigated during this study included design 

processes, product portfolios and product technical issues. An extensive review of 

documents centred on plantroom design was performed. These documents included 

CAD files, schematics, bills of materials, product manuals, and requirements 

documentation. 

Fifteen informal discussions, which lasted between 15 and 120 minutes, were also 

carried out with different groups of engineering experts to investigate plantroom design 

processes and validate existing understanding of the collaborating company's 

engineering operations. These discussions took place at the collaborating company's 

main design offices and factories as part of periodic visits and a one-week 

secondment. Notes were taken in all discussions and compiled into a notebook for 

analysis. The experts interviewed included mechanical engineers, design engineers 

and systems engineers who worked on plantroom products. The data collected was 

reviewed to understand product functionality, product features, design rationale and 

the current design procedure. 

In addition, the research was involved with an internal initiative to introduce a product 

configurator, as it is a key tool for management of modular products. A model was 

subsequently developed to show how a product configurator could be used to manage 

modular products under the existing business and operational requirements of the 

collaborating company. The data upon which the model is based was collected 



 
64 
 

through three meetings with the collaborating company’s plantroom design leader. 

This model was then enhanced and validated with a week secondment at the company 

during which the researcher was given a demonstration of the product configurator by 

three systems engineering consultants and two engineers from the collaborating 

company. 

(ii) Framework development 

Based on the insights and lessons gained from “understanding the current approach 

to design modular systems” of the collaborating company, the requirements for a 

product planning framework were identified (e.g. consideration to support product 

requirements analysis and prioritisation). Identifying and understanding the gaps of 

the existing system were useful for the development of the framework. A framework 

that integrates tools for requirements management and modularisation was 

developed. The former covers QFD tools, which are explained in detail in Chapters 5 

and 6, and the latter is elaborated in Chapter 7. 

(iii) Framework evaluation 

The framework was subsequently evaluated using: i) a live case study of a chilled 

water modular plantroom product (see Figure 4.1), ii) a workshop and iii) interviews 

with the collaborating company’s engineers. The case study was used to produce 

models of the plantroom requirements and modularise its design, while the workshop 

and the interviews were conducted to gather feedback. The results of these 

evaluations are explained in detail in Chapter 5 (Study 2: Requirements modelling and 

analysis) and in Chapter 7 (Study 4: Modularisation analysis MEP and Study 5: 

Modularisation approach).  

 

 

Figure 4.1. Modular chilled water plantroom (Source: Laing O'Rourke) 
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4.3. Current design approach   

The current design approach of the collaborating company in developing plantrooms 

is based on an iterative process, heavily reliant on the engineering expertise of the 

design team. It revolves around understanding key product features such as duties, 

locations and purpose of use and then developing a product schematic followed by a 

CAD model. To support the design process of plantrooms, the collaborating company 

has developed a 'step-by-step' procedure listing key considerations. The design 

process is carried out by internal design teams and external collaborators, and it 

focuses on design, systems, and structural and software issues.  

Figure 4.2 illustrates the design process currently utilised by the collaborating 

company. The requirements for plantrooms are typically attained from initial 

discussions with clients, consultants and experts. These requirements are oriented 

towards meeting specific industrial standards or client's requests rather than 

emphasising on product functions. The requirements are listed in a requirements 

document covering multiple product typologies. The requirements document does not 

distinguish different types of requirements and it does not capture the relationships 

between requirements and product systems. The requirements document consists of 

a list of items derived from design discussions. There is an apparent need for tools to 

support more effective capture and systematic analysis of requirements. 

 

 

Figure 4.2. The current design process 

 

A number of key observations and findings emerged from the analysis of design 

practices of the collaborating company. They include the following:  

• A shift is occurring in the collaborating company’s practices from design for on-site 

to design for off-site construction (see Chapter 1). 
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• Requirements management are typically captured in project briefs. Instances of 

more formal and systematic capture and analysis of requirements exist but they 

are infrequent.  

• A product configurator is increasingly seen as useful support to manage designs. 

However, the product configurator, commonly adopted in industries such as the 

automotive (Gann 1998), is still new to the construction industry. The basic function 

of a product configurator involves clients or engineers inputting product 

requirements and preferences to drive the selection of modules from a library. A 

schematic illustration of a product configurator appears in Figure 4.3.  

 

 

Figure 4.3. Product configurator 

 

4.4. Framework requirements 

The observation on current design approaches of the collaborating company, shows 

that a gap exists between the shift towards off-site construction and the introduction 

of a product configurator. Specifically, there is a need to support a more effective 

product planning to help define a library of modules. For this purpose, a framework to 

guide engineers in requirements management and product modularisation is required. 

The specific requirements of the framework are presented in Table 4.1.  
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Table 4.1. Framework requirements 

Requirements Justification 

Guide engineers in 

product planning 

Product planning is key to achieve increased industrialisation. The issues of 

product quality and product flexibility have to be solved simultaneously and 

in an integrated manner. A product planning framework needs to ensure 

product quality and flexibility through effective capture of requirements and 

definition of product variation. 

Guide engineers in 

requirements 

analysis and 

prioritisation 

The construction process involves multiple stakeholders, high levels of 

uncertainty and interconnected requirements for new building projects. 

Guiding engineers in systematic requirements management practices is 

crucial to ensure product quality. 

Guide engineers in 

product 

modularisation 

The construction process involves large product variation, which are a main 

source of risk for delivering product flexibility. Guiding engineers in 

systematic modularisation practices is crucial to ensure product flexibility. 

Integrate with a 

product configurator 

The construction process is shifting towards the automatic definition of 

product configurations from existing libraries of product options and the 

framework has to support this objective.  

Support and 

integrate with the 

RIBA process 

The construction process is organised and managed by the Royal Institute 

of British Architects (RIBA) plan of work and the framework has to fit within 

this context.  

 

4.5. A proposed framework and its components 

An effective product planning framework for modular product can help guide the 

development and management of manufactured products. The proposed framework 

integrates tools for product planning, which involves requirements management and 

modularisation. This is intended to address production of a single construction product 

to be manufactured in a factory environment and to achieve flexibility in design to 

reduce product redesign risks or to achieve product flexibility (see Figure 4.4). The 

first part of the framework looks at requirements management and prioritisation 

through the utilisation of QFD tool (see Chapters 5 and 6). The second part looks at 

product modularisation, which involves utilisation of the DSM, MIM and index tools 

(e.g. GVI and CI) (see Chapter 7). 
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Figure 4.4. Product planning framework for modular building systems 

 

Analysis of requirements management can be supported with QFD tool, which is to 

capture and analyse requirements arising from multiple disciplines. QFD tool was 

selected for it’s comprehensive, systematic and data orientated features, as well as its 

compatibility with various modularisation tools (e.g. DSM and GVI). The justification 

for the selection of QFD tool is explained in detail in Chapter 2.  The tool is used to 

map non-functional requirements to functional requirements and then to product 

systems. Modularisation allows the design of flexible product systems using strategic 

clustering of product components, which also is used for complexity management of 

product systems.  

Requirements management is important to develop quality modular products. The 

systematic mapping and organisation of product requirements to product systems is 

an important prerequisite for modularisation. QFD tool is employed to facilitate this 

mapping, which allows systematic development of new products in accordance to the 

requirements for new product introduction. QFD tool also provides an environment for 

understanding engineering design rationale across different product representation 

and their interdependencies. The QFD tool supports the implementation and 

prioritisation of requirements and product systems. Prioritisation is an important part 

of the framework as it covers the organisation of product requirements to meet 

established objectives for mass-customisation. It is useful to understand the shortfall 

between the current bespoke construction business and the desired mass-



 
69 
 

customisation outcome. As a result, prioritisation helps identify where it would be best 

to place a company’s resources for higher returns on investment.  

Modularisation involves identifying clusters of product components. It helps reduce 

design risks and increase flexibilities of a product or production system (Koh 2015). A 

modular problem can derive from a series of different modularisation drivers. It is 

important that the correct tools are selected to address the right modular driver. The 

modularisation aspect of the framework looks at utilising several tools to best address 

the modularisation problem. When correct tools for the problem are utilised, the 

modularisation problem can be solved adequately. This allows for more effective 

modules to be developed, which reduces the amount of effort needed for redesign.  It 

is recommended to implement a data oriented and multi-driver modularisation 

approach to maximise the strategic advantages that modularity brings.  

Evaluation of the framework components with engineers and from a workshop 

confirms the usefulness of the framework for complexity management of singular 

modular construction products. The QFD component of the framework was more 

systematic, precise and insightful than the current requirement management methods 

used at the collaborating company (see Chapter 5). The modularisation aspect of the 

framework presented more detailed and more targeted modulation solutions (see 

Chapter 7). 

 

4.6. Discussion 

The need for a framework to support systematic capture and analysis of product 

planning is also corroborated by the lack of such framework for the construction 

industry. For instance, a limited number of past studies has applied modular product 

planning frameworks to construction projects (Veenstra et al. 2006; and Gilbert III et 

al. 2013). However, these studies have employed methods from other research fields 

that were not specifically adapted for construction and as such they have limitations 

(see Chapter 2). 

The examination of the collaborating company’s practices indicates that there is a 

need for a more effective product planning system or framework to help define a library 
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of modules and modular products. A product planning framework should be able to 

guide engineers to meet certain requirements. They include i) guide engineers in 

product planning, ii) guide engineers in requirements analysis and prioritisation, iii) 

guide engineers in product modularisation, iv) integrates with a product configurator, 

and v) supports and integrates with the RIBA process. Taking into account these 

requirements, a framework for product planning and complexity management was 

developed to achieve efficient, systematic and flexible design of building systems. The 

framework consists of an integration of QFD and modularisation tools. 

The proposed framework takes a more tailored structure to address complexity 

management of manufactured products in construction. It provides a comprehensive 

and advanced tool to analyse requirements and modular designs. It specifically uses 

a functional approach to QFD to introduce more rigour in the way requirements are 

organised and analysed. In this regard, the proposed framework is expected to support 

a deeper understanding of product planning for complexity management in 

construction than those proposed in existing literature such as in Veenstra et al. (2006) 

and Gilbert III et al. (2013) (see Chapters 5 and 6). It also suggests how to formulate 

modular solutions by tackling multiple drivers relevant to the specific problem at hand 

(e.g. technical specification and common unit) (see Chapter 7).  

 

4.7. Conclusion 

This chapter has described the challenges in developing product planning tools for 

complexity management in the construction industry, drawing on observations from 

the collaborating company. Based on understanding the product planning environment 

of the collaborating and the design gaps, a product planning framework was 

developed. The framework emphasises the need for an integrated approach through 

implementation of methods for requirements management and modularisation. The 

novelty of the framework lies in the integration of tools to achieve efficiency and 

flexibility simultaneously to support manufactured construction products. 
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Chapter 5 

 

Requirements Modelling through Quality Function 

Deployment 

 

5.1. Introduction  

At a process level, increased industrialisation primarily necessitates robust product 

planning by introducing requirements management and analysis practices. Product 

planning prevents logic holes, lost resources and indicates pathways to achieve 

engineering targets (Wee et al. 2017a). In the construction industry due to the 

fragmented nature of the product development process with multiple stakeholders 

involved, it is often challenging to capture the complex and interconnected 

requirements for new building projects (Kamara et al. 1999; and Gilbert III et al. 2014).  

In addition, the current approach to designing tend to focus on deploying functional 

product solutions, rather than investing time in requirements analysis with advanced 

tools (Wee et al. 2017a).  

This research is concerned with supporting organisations in the construction industry 

to become more requirements-oriented (i.e. systematically develop new products 

according to the principles of validating a design solution against the requirements 

captured and engineered at all levels). The utilisation of modular building products in 

construction is critically dependent on the development of effective requirements 

management and analysis practices (Wee et al. 2017a). It is therefore essential to 

select a requirements analysis tool that is systematic and that can integrate with 

additional modularisation tools. Against this background, the aim of this research is to 

propose and evaluate a requirements analysis tool to support advanced off-site 

construction. 

This chapter explains the implementation of QFD, a systematic tool for the 

management of product requirements associated with multiple stakeholders, to a 

modular construction plantroom. QFD was selected as it can integrate with other 
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matrix style modularisation tools for increased impact on construction operations (Wee 

et al. 2017a).  

Using a reverse engineering approach, a QFD model of a plantroom design was 

developed. The plantroom requirements were derived from the analysis of CAD 

models, schematics and other requirements documents. The model was further 

validated with experts from the collaborating company and other organisations in their 

supply chain. The QFD model maps the non-functional requirements of a product to 

its functional requirements and then to product systems (Wee et al. 2017b).  

The novelty of the model proposed in this research lies in the implementation of a 

functional approach to QFD based on the systems engineering information model 

proposed in (Burge 2007) and how QFD has been tailored and organised to handle 

the requirements of modular products for off-site construction. The model addresses 

three important issues: systems engineering modelling of construction requirements, 

multi-stakeholder organisation, and requirements prioritisation for the identification of 

industrial shift shortfall. QFD offers an opportunity for prioritisation by determining 

requirements importance for achieving modular construction. In addition, prioritisation 

is valuable for determining which requirements are unique to new state of the industry.  

 

5.2. Methodology 

Data collection: The data collection for this study involves two steps the i) 

examination of existing documentation, and ii) extraction of requirements information 

from engineers: 

i) Examination of existing documentation: An extensive review of documents 

on the plantroom case study was conducted at the collaborating company to 

understand the various product features and design decisions made by the 

company. The information collected was used to identify requirements. The 

documents reviewed include CAD files, schematics, bills of materials, product 

manuals and requirements documentation.  
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ii) Extraction of requirements information from engineers: Several interviews 

and discussions with engineers at the collaborating company were conducted to 

obtain information on design process, product requirements and design rational. 

These interviews and discussions are described in Chapter 4 which investigate 

plantroom design processes and validate existing understanding of the 

collaborating company's engineering operations 

Model development: A QFD model of an industrial chilled water plantroom was 

developed employing a reverse engineering approach. The overall structure of the 

QFD model including the QFD1 and QFD2 matrixes is illustrated in Figure 5.1. The 

QFD model utilises an information model that was adapted from Burge (2007) and 

Curwen (1991). Compared to the information models normally applied in QFD 

research, the model applied to the water plantroom is functionally oriented and in line 

with the principles of systems engineering. More so, the information model supports 

functional thinking and functional based modularisation. The information model 

includes three main information types, namely non-functional requirements, functional 

requirements and product systems (see Figure 5.1).  

 

 

Figure 5.1. Overview of QFD model 
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Non-functional requirements refer to whole system characteristics of the product, while 

functional requirements refer to the demands on product functionality, and product 

systems refer to the main groups of components forming the architecture of the 

product. Product systems and functional requirements were respectively identified and 

inferred by reviewing engineering documents such as CAD files and product 

schematics. Functional requirements and product systems were subsequently 

mapped onto QFD 2. Non-functional requirements were identified from a deep 

exploration of plantroom whole system characteristics. The non-functional 

requirements were then organised in a hierarchical structure according to 

stakeholders’ demands. Non-functional requirements and functional requirements 

were then mapped onto QFD 1 and their relationships assigned one of three possible 

values (i.e. 1: weak; 2: medium; and 3: strong). The weighting of the non-functional 

requirements was determined by an iterative process of understanding the 

collaborating company's objectives and those for advanced off-site construction. The 

outcome was then validated through discussion with a leading engineer at the 

collaborating company. The weighting of the non-functional requirements is captured 

by one of three possible values (i.e. 1: low importance; 2:  medium importance; and 3: 

high importance).  

The weighting of the functional requirements and product systems was calculated as 

per equations 1 and 2 where:  

• W(Fr)x (the calculated weighting of a 'functional requirement' with reference 

number x in QFD1) is determined by the product-sum of all associated W(Nfr)𝑦 

(the assigned weighting of a non-functional requirement with reference y in 

QFD1) and R(Fr)𝑥𝑦  (the weighting of a relationship between the non-functional 

requirement with reference y and the functional requirement with reference x), 

and;  

• W(Ps)y (the calculated weighting of each 'product system' with reference y in 

QFD2) is determined by the sum-product of all associated W(Fr)𝑧  (the assigned 

weighting of a functional requirement with reference z in QFD2) and  𝑅(𝑃𝑠)𝑦𝑧 

(the weighing of the relationship between a functional requirement with reference 

z and product system with reference y).  
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W(Fr)𝑥 = ∑(W(Nfr)𝑦  ×  R(Fr)𝑥𝑦)        (1) 

𝑊(𝑃𝑠)𝑦 = ∑(𝑊(𝐹𝑟)𝑧  ×  𝑅(𝑃𝑠)𝑦𝑧)         (2) 

 

Model evaluation: The QFD model was evaluated in two steps. First, seven 

interviews were conducted with experts at the collaborating company (3) and external 

consultants (6). The interviewees had engineering experiences ranging from 4.5 to 40 

years. Of the interviews, five were audio-recorded and the other two were documented 

using hand written notes.  

Second, a workshop was conducted with a group of engineers (8) at the collaborating 

company to assess the value of the QFD tool to the business. The workshop started 

with a presentation of the QFD model by the research team. The participants were 

then invited to discuss the usefulness and applicability of the method as well as its 

potential benefits and limitations. Towards the end of the workshop participants were 

administered a survey questionnaire. An example of this questionnaire appears in 

appendix 1. The questionnaire included 14 questions on the topics of accuracy of the 

QFD model and its potential benefits. 

 

5.3. Results: the QFD model 

A functional oriented QFD model was developed to capture, structure and analyse the 

requirements of a modular plantroom. The structure of the developed QFD follow that 

described in Figure 5.1. The QFD model consists of 40 non-functional requirements, 

29 functional requirements and 18 product systems (see Figures 5.2, 5.3 and 5.4). 

QFD1 and QFD2 include 337 and 79 relationships respectively.  
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Figure 5.2. Part 1 of QFD 1 model 
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Figure 5.2. Part 2 of QFD 1 model 
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Figure 5.3. QFD 2 model 
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Non-functional requirements (NFR): In product development processes involving 

multiple stakeholders such as building construction it is crucial that in the early design 

stages the requirements of each stakeholder are accounted for as much as possible. The 

non-functional requirements were organised in a hierarchical structure, see Figures 5.2 

and 5.4. At the first level, the stakeholders are listed. At the second level, viewpoints are 

assigned to the stakeholders. At the third level, individual requirements groups are linked 

to the viewpoints.   

 

 

Figure 5.4. Hierarchical organisation of non-functional requirements 

 

The three main stakeholders in the plantroom design are the architectural design 

company responsible for the building in which the plantroom will be located, the 

construction company responsible for the plantroom design and manufacturing of it and 

the building management company responsible for the operation of the plantroom. Figure 

7 illustrates the viewpoints of the stakeholders, which comprise issues covering  

'interfaces', 'product', 'process' and 'building management'. Examples of non-functional 

requirements under the 'design' group include 'size' (target value: 3.5 m x 8 m x 3.2 m) 

and 'variable temperature' (target value: 6 °C to 12 °C). A further example of non-
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functional requirement under the 'design flexibility' group is the ‘degree of modularity’ 

(target value: 90%).  

The prioritisation of the non-functional requirements was determined by their likelihood to 

lead to the success or failure of the product under industrialised construction (i.e. 

advanced manufacturing and modular design) condition. Among the non-functional 

requirements marked as very important include ‘unit cost’, ‘size’, ‘energy efficiency’, 

‘compliance with regulations and standards’, ‘high max power’, ‘percentage of standard 

parts’, ‘manufacturability’, ‘assembly time target’, ‘assembly cost targets’, and ‘safe 

transportation’. 

Functional requirements (FR): Functional requirements were organised into primary 

and secondary functions (see Figure 5.5). Primary functions are those that directly target 

the main function of the product, i.e. deliver chilled water. Secondary functions are those 

that have a supporting role. Primary functions were organised into various groups, which 

include 'deliver cool water', 'control water temperature', 'control water pressure', 'control 

water flow' and 'monitor operating conditions'. Secondary functions were organised into 

'protect plantroom from damage', 'ensure product integrity', 'clean water systems', 'frame 

components' and 'ensure system compatibility'. Examples of functional requirements are 

'cool water' (target value: 6 °C), 'depressurize water' (target value: 1-40 bar) and 'maintain 

operating limits' (target value: 4 MW).  

According to their accumulated prioritisation weighting, the four most important functional 

requirement groups were 'frame components', 'monitor plantroom operations', 'protect 

plantroom from damage', and 'deliver cool water'.  These top four functional requirements 

belong to the 'frame components' group, which includes ‘support plantroom spines’, 

‘support module frame’, ‘support plantroom components’, and ‘locate spine frame'. The 

‘frame components’ group is highly valued because of its critical role in satisfying non-

functional requirements such as 'design flexibility’, ‘manufacturing’, ‘assembly’ and 

‘transportation’. 
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Figure 5.5. Hierarchical organisation of functional requirements 
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Relationships between non-functional and functional requirements: The 

relationships between the two sets of requirements are extensive and their identification 

required significant consideration. Examples of such relationships are presented in Table 

5.1. 

 

Table 5.1. Examples of non-functional to functional requirements relationship  

Example Non-functional requirements Functional requirements Weighting 

1 Variable temperature Cool water 

Control water temperature 

1 

3 

2 Product-building interfaces Ensure system plantroom alignment capability  

Secure plantroom module within building 

3 

 

3 

3 Safe transportation for 

products 

Prevent accidental impact damage 

Support plantroom spines 

Support module frames 

Support plantroom components 

Secure internal piping 

2 

3 

3 

3 

1 

 

Product systems: The product systems hierarchy was organised into 'delivery systems', 

'chilling systems' and 'passive systems' (see Figure 5.6).  Examples of product systems 

include different types of pump series, degasser systems, filters and support structures. 

These product systems were further organised into different modules.  
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Figure 5.6. Simplified schematic of the chilled water plantroom 

 

Prioritisation analysis: Prioritisation is a valuable feature of QFD. It is especially 

valuable for the allocation of resources and determining the requirements change for an 

industry shift in the construction industry. Figure 5.7 highlights the design importance of 

the plantroom product functional requirements under industrialised construction (i.e. 

advanced manufacturing and modular design) condition. It illustrates (indicated in blue) 

the common design importance between bespoke construction and industrialised 

construction operation. What is left (in orange) is the shortfall in requirements fulfilment 

needed to achieve mass-customisation. In order to move from bespoke to advanced 

modular construction, there is a need to increase the engineering effort placed on the 

design frame or structural components, as they are more likely to yield higher potential 

result. This result is due to the manufacturing, assembly, design flexibility and 

transportation non-functional requirements that do not normally occur in traditional 

bespoke construction, which are mainly satisfied by structural frames design.   
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Figure 5.7. Design importance prioritisation analysis of functional requirements 

 

5.4. Results: QFD evaluation 

The QFD model was evaluated through a workshop, which included a survey 

questionnaire.  

5.4.1. Survey results 

The survey questions covered requirements relevance, accuracy, comprehensiveness as 

well as aspects of model practicality, support and usefulness (see Figure 5.8). In general, 

participants showed a high level of agreement with the relevance, accuracy and 

comprehensiveness of the QFD elements. The accuracy and comprehensiveness of the 

non-functional requirements deserve a closer attention as various participants either took 

a neutral position or were in disagreement. Participants in the survey also commented 

that the QFD model was overly simplified and did not necessarily capture all required 

aspects. It is important to emphasise that the QFD model was intended to represent 

requirements at product system level and was not aim at reporting the details of 

components design. It seems that some participants were expecting to find more 

information at component level than it was supposed to be in the model.  
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Participants perceived QFD as a practical tool that offers support for product planning 

and engineering design. In addition, when comparing the QFD model to the current 

approach to requirements management used in the collaborating company, participants 

felt that focusing on a single product with the requirements categories used and the QFD 

pro-forma is a useful step forward to acquire increased requirements analysis capabilities. 

 

 
Figure 5.8. QFD workshop survey results 
   

5.4.2. Workshop results 

The results of the workshop show that the QFD model is in-line with the business vision 

of the collaborating company and has the potential to add value to its product 

development. The QFD tool presents a holistic perspective of the design issues 

associated with the development of a plantroom product. There was also confirmation 

that the model offers the benefit of a comprehensive and hierarchical organisation of 

product requirements. Participants perceived the ability to prioritise product requirements 

as a beneficial feature of QFD.  
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The results indicate that adoption of QFD in the construction industry needs to address 

issues such as increasing the benefits of the tool, integrating it with business operation 

and reducing barriers to its implementation.  

Further QFD features: The QFD model developed so far does not include all known 

features of the tool. Further development of QFD in construction needs to give careful 

consideration to business competitive advantages (e.g. cost reduction) and the benefits 

of automated off-site construction. Hence, future QFD applications have to capture 

requirements trade-offs and employ the concepts of prioritisation theories, weighting 

normalisation, and cost drivers.   

Integration with business operation: The implementation of QFD would benefit from 

its integration with existing process guidelines such as the 'Royal Institute of British 

Architect' design process and V systems engineering process.  

Barriers to QFD implementation: Despite the many potential benefits that QFD can 

bring to the construction industry, there are barriers to its implementation. First, QFD 

requires the gathering of a comprehensive set of requirements, which may be hard to 

acquire. For example, this may entail several meetings with stakeholders prior to the 

development of the QFD matrixes, which is not a simple task in a business environment. 

There is also an assumption that the client and the respective stakeholders have 

complete and unchanging knowledge of the requirements, which may not be the case. 

Second, once the requirements are comprehensively collected there is the issue of 

interdisciplinary conflicts when organising and prioritising different requirements. Third, 

there is the risk of resistance to the adoption of the tool, as it conflicts with the traditional 

culture of flexible operations. In order for the QFD tool to be used successfully in 

construction, there is a need to increase support for its utilisation. 

 

5.5. Discussion 

The current design process (see Chapter 4) suggests that there is room for improvement 

and that there is a lack of requirements management tools being implemented. The 

advancement and implementation of requirements management tools in the construction 

industry is crucially important to achieve modular construction objectives. The utilisation 

of requirement management tools can support more effective and systematic 
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requirements analysis. This is especially important to facilitate the shift towards modular 

construction, as requirements management is a key component for better product 

planning.  

The analysis of this chapter underlines that a requirements management tool (i.e QFD) 

for modular construction needs to have certain aspects to support product planning. They 

include the possession of the following aspects:  

• Systematic characteristic: This would facilitate traceability of requirements and product 

systems, where traceability maps requirements interdependencies which supports 

product planning and design.  

• Quality information: The information presented in the model needs to be relevant and 

accurate to facilitate better decision making.   

• Prioritisation: Design importance supports the objective of product planning and can 

be used for prioritisation and indication of actionable activities.   

• Visualisation: Matrixes can provide a simple method of visualisation of complex 

system, which allow an ease of checking the model. 

• Compatibility: There is a need for the requirements management tool to be compatible 

with modularisation tools to support the development of modular product.   

• Implementable: Must be practical for industry operations.  

This research has gathered positive feedback on the application of QFD to support 

industrialised construction. While past research works on this topic have also produced 

results consistent with the results of this research, they were mainly obtained in the 

context of the current stick-build or basic modular construction (Dikmen et al. 2005; and 

Gilbert III et al. 2014). Past research works lack specific attributes related to more 

developed modular construction.  

This research has also highlighted other benefits of QFD, which include the following 

areas: 

• Important planning tool. QFD is an important planning tool for introducing new 

products. With QFD, the final product requirements are pre-established. The tool 

allows engineering teams to develop technical specifications to match requirements.  

• A customer-driven process. QFD is customer or stakeholder oriented tool, which can 

aid engineers and designers to determine customer’s or stakeholder’s requirements 
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prior to the development of technical specifications. The process oriented nature of 

QFD allows identification of logic holes and to bring together the needs of different 

stakeholders. 

• Improves production efficiency. QFD helps to establish product design and 

manufacturing standards from as early as during the project concept stage. It 

facilitates effective development of product specifications and assists in evaluating 

whether production is proceeding according to plan. 

 

Two key findings of this research are worth highlighting. First, the QFD model developed 

in this research suggests its usefulness as a functional approach to QFD because of its 

more rigorous organisation of non-functional and functional requirements, and its 

documentation of their complex relationships. The QFD model has also shown how to 

achieve more advanced requirements documentation and analysis capabilities compared 

to existing approach utilised by the collaborating company. The implementation of a 

functional approach to QFD and the hierarchical organisation of its elements has led to a 

more robust and in-depth understanding of requirements. The proposed method of using 

QFD supports capture of engineering experience, which facilitates the design of next 

generation products to be less reliant on expert engineers. As compared with past 

research on QFD in construction, this research develops a more comprehensive model 

that focused on a live case study. The research as also put more emphasis on the 

importance of a functional information model to better support modular construction. 

Second, the prioritisation system is a valuable feature of the QFD model as confirmed by 

the results of the evaluation workshop. This is because of the tool’s ability to identify 

issues of importance in advanced construction. This feature is crucial for efficient 

allocation of resources and investments. The application of prioritisation has been in 

various forms within traditional construction, however its application in modular 

construction is limited. This research indicates that prioritisation can be used to support 

an industrial shift towards modular construction.   

 

5.6. Conclusion 

This research highlighted the importance of product planning to support industrial shift in 

the construction sector. It examined the current design process in the collaborating 
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company, which was found to be iterative and expertise dependent. It focussed on 

compiling client requests and design considerations without considering requirements 

classification or traceability. The existing process suggests that there is a high potential 

for the utilisation of systematic requirements management tools to achieve modular 

construction objective.  

This research has also discussed the potential benefits of QFD as a requirements 

management tool for advanced off-site construction. This was illustrated through a QFD 

model developed for a modular plantroom. The model supports a more holistic, 

systematic and structured approach to requirements management as compared with 

current practices at the collaborating company.  

The model also supports a deeper understanding of advanced off-site construction 

requirements. Specifically, it increases understanding of how non-functional 

requirements, functional requirements and product systems can be interconnected. It 

shows how product requirements and product systems can be hierarchically organised. 

In addition, the model provides the visualisation of advanced off-site consideration 

especially on issues associated with manufacturing, assembly, design flexibility and 

transportation.  

Another important benefit of the model is its potential to increase efficiency in product 

planning through the application of the prioritisation mechanism. This can be especially 

useful for the construction industry to move towards increased industrialisation and 

advanced off-site construction environment. The prioritisation feature of the QFD model 

is deemed of high value by experts and specialist engineers who participated in the study, 

as it can support and direct design efforts in a more efficient manner.  
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Chapter 6 

 

Hierarchical Quality Function Deployment Model 

 

6.1. Introduction 

As construction moves towards more manufacturing like operations, the level of 

complexity of product development increases. This also increases the requirements of 

products and operations associated with specialised manufacturing (e.g. modular design 

and assembly requirements). As complexity grows, engineers working on construction 

projects need to handle larger volume of information on requirements. To achieve this 

they require effective methods to handle large-scale requirements challenges.  As a 

result, complexity management tools for the development of construction products 

becomes more important. The shift from bespoke building to manufacturing operation 

provides a favourable condition for the adoption of systematic product requirements 

management methods (Veenstra et al. 2006; Jensen et al. 2014; and Marchesi et al. 

2014). However, there is a lack of such tools that support effective management of 

complex requirements of manufactured building systems.  

This chapter discusses requirements management for complex manufactured 

construction product and builds upon the discussion of Chapter 5. In addition to working 

on QFD for one product, this research also discusses the implementation of a large set 

of inter-related QFDs to address multi-dimensional product requirements. In particular, it 

focuses on complexity management techniques for large modular systems in construction 

through the application of a Hierarchical Quality Function Deployment (HQFD) model. 

While QFD is a more systematic tool compared with other methods for product 

requirements management in construction (see Chapter 5), it nonetheless suffers from a 

number of limitations in an environment that involves multi-dimensional factors and multi-

layered systems. For instance, although QFD is useful in analysing requirements for 

construction of a plantroom (e.g. a single component of an apartment building), it has 

limitation in analysing requirements for construction of an entire apartment building, which 
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involves many different building parts and multi-dimensional elements (e.g. arising from 

multi-level and multi-segment environment).  

The production of a large composite product can be difficult and complicated. In many 

engineering projects (including construction), there is a heavy reliance on engineering 

experience to fill technical details and requirements. The application of systematic tools 

can be an approach to reduce reliance on such experience.  

In this regard, the HQFD model proposed in this research offers a systematic tool for 

requirements analysis of complex construction products (e.g. an entire apartment 

building). The model can provide a platform to collect expertise information, guidance and 

help enhanced effectiveness of existing expertise to determine solutions. The model also 

captures the requirements of a product breakdown and combines QFD with hierarchical 

analysis to address requirements analysis of complex systems (see Chapter 2). It 

integrates several layers of QFDs in a network like system taking into account hierarchical 

considerations and multi-dimensional requirements. It supports analysis of multi-layered 

requirements for manufactured building systems.  

This chapter provides further understanding of large and complex requirements systems 

and elaborates the key features of HQFD structures, the traceability of requirements and 

application of data analytics to analyse complex requirements. Following from the 

explanation of the methodology for the development of the HQFD model, the chapter 

presents the analysis of the results, discusses lessons learnt and the potential of HQFD 

model. 

 

6.2. Development of a Hierarchical QFD Model 

In the development of the HQFD model, an entire modular apartment building, which 

represents a complex construction system was examined (see Figures 6.1 and 6.2). The 

model comprises a network of QFD models of related products (i.e. building segments), 

which involve different levels of requirements. The HQFD model was developed in 

collaboration with and validated by engineers from the collaborating company.  
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Figure 6.1. A generic apartment building (Source: Laing O’Rourke) 
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Figure 6.2. Hierarchical tree for physical building system (product breakdown) 

 

A number of methods were used to collect data from the collaborating company and 

analyse them (see Figure 6.3).  
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Figure 6.3.  Data collection and analysis methods 

 

A total of 6 QFD models, which consisted of 11 QFD matrixes were developed based on 

a reverse engineering approach. The approach involved examination of information on 

product and design requirements, which were extracted from technical documents and 

interviews with engineers at the collaborating company. Other methods used for the 

collection of information included matrix development, weighting and data analytics 

application.  

6.2.1. Data collection 

The data collection methods are listed below:  

iii) Examination of existing documentation: An extensive review of documents 

centred on modular construction design was conducted at the collaborating 

company to understand the various product features and design decisions made by 

the company. The information collected was used to identify requirements. The 

documents reviewed include CAD files, schematics, bills of materials, product 

manuals and requirements documentation. This data collection process is similar to 

that explained in Chapter 5.  

iv) Reverse engineering for the collection of product design data: Reverse 

engineering was used for data collection in this research. It involved examination of 

existing product documentation on a prototype modular building design, and 

discussion with engineers from the collaborating company to identify requirements. 

The topics investigated cover design processes, product objectives and product 

technical issues. 

v) Extraction of requirements information from engineers: Several interviews and 

discussions with engineers at the collaborating company were conducted to obtain 

information on design process, product requirements and design rational. These 
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interviews and discussions were also used to clarify and validate understanding of 

the information collected. The information was used to support the development and 

validation of requirement trees and QFD models.     

6.2.2. Data analysis 

Tree development: The knowledge gained from the examination of documentations and 

discussion was translated into requirement trees and reviewed with the collaborating 

company’s engineers. Three types of trees (i.e. non-functional requirement, functional 

requirements and products systems) were developed following the information model 

proposed by Burge (2007). A total of 12 trees were developed to break down the 

requirements and product of six segments covered in this research.  

These trees cover the various product levels, requirements domain and product segments 

that make up the HQFD model. The product segments include “modular apartment 

building”, “apartment module”, “module frame”, “interface systems”, “interface rack”, and 

“bathroom pods”. For each product segment, a non-functional requirement tree, 

functional requirements tree and product systems tree was developed (see Figure 6.4). 

Appendix 3 presents the classification of the three types of trees. 

 

Figure 6.4. Non-functional, functional and product systems trees 
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These trees were generated based on “bottom up” and “top down” reverse engineering 

to facilitate collection of a comprehensive set of requirements.  The requirements were 

then organised into categories, which included stakeholder’s perspectives and product 

levels.  

QFD development: The information used to produce the hierarchical trees was then 

applied for the development of QFD models (see Figure 6.5). A total of 11 matrixes for 6 

product segments across 4 of 6 product levels were developed. These matrixes are 

introduced in Section 6.3.  

The developed QFD models collectively form the HQFD system, which covers a modular 

apartment building consisting of six product levels from site level at level 1 to component 

level at level 6. The system also captures all subcontracted products (e.g. module frames, 

bathroom pods and apartment modules). 

QFD matrix structure: Understanding the QFD matrix structure is important to determine 

how product information is presented in the HQFD model. The significance of the QFD 

matrix structure and the implementation of the QFD have already been explained in 

Chapter 5 (see Sections 5.2 and 5.3). The information model for the QFD matrix structure 

is based on that of Burge (2007). 

QFD relationship weightings: The weightings implemented in this chapter are different 

to that explained in Chapter 5, in terms of different sets of definitions and values. 

Weightings are part of the developed QFD models. Weightings show the strength of 

interdependencies between various requirements. Each QFD model consists of two QFD 

matrixes (QFD 1 and QFD 2). Both matrixes have requirements relationship weightings 

on a scale of 1, 3 and 9 (where 1 reflects low relationship and 9 strong relationship). Such 

information can facilitate a better understanding of the interrelationships of requirements 

across the HQFD system. They are also invaluable for further data analytics application.  
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Figure 6.5. Trees relationships to QFD



 
98 
 

Relationship weightings for QFD 1: Non-functional requirements relate to product 

requirements that are not specific to a product functional system (e.g. customer 

requirements) and functional requirement involves product requirements that are 

specific to a product functional system. 

The relationship weighting indicators for QFD 1 are interpreted as below: 

• 9 = Direct influence. Design consideration is an essential/priority to satisfy the 

specific non-functional requirement. 

• 3 = Direct influence. Design consideration is beneficial to satisfying the specific 

non-functional requirement. Design consideration must be made but it is not a 

priority. 

• 1 = Indirect influence. Design consideration is beneficial but will not prevent the 

satisfaction of the specific non-functional requirement if not met. 

Relationship weightings for QFD 2: Functional requirement relates to product 

requirements that are specific to a product functional system, and product system 

covers the technical solution or components. 

The relationship weighting indicators for QFD 2 are interpreted as below: 

• 9 = A technical solution that is a main solution for a functional requirement. 

• 3 = A technical solution that is a partial or secondary solution for a functional 

requirement. 

• 1 = A technical solution that plays a supporting role for the fulfilment of a 

functional requirement.  

Index and weighting calculation: In order to determine the accumulated weighting 

(i.e. design emphasis, see Chapter 5) of a requirement or product system, the 

associate requirement relationship weighting needs to be added. This accumulated 

weighting serves as a measurement for product design importance. 

The weighting of QFD functional requirements and product sub-systems was 

calculated as per each equation below (same as Chapter 5): where W(Fr)x (the 

calculated weighting of each 'functional requirement') is determined by the product-

sum of all associated non-functional requirements and their respective requirement 

weightings, and where W(Ps)y (the calculated weighting of each 'product sub-system') 
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is determined by the sum-product of all associated functional requirements and their 

respective requirement weighting.  

W(Fr)𝑥 = ∑( R(Fr)𝑥𝑦)         (1) 

𝑊(𝑃𝑠)𝑦 = ∑(𝑊(𝐹𝑟)𝑧  ×  𝑅(𝑃𝑠)𝑦𝑧)         (2) 

W(Fr)𝑥 is the calculated weighing for the 'functional requirement' with reference 

number x. W(Nfr)𝑦 is the assigned weighing of 'non-functional requirement' with 

reference number x. R(Fr)𝑥𝑦 is the weighting of a relationship associated with that 

specific functional requirement on the 𝑥𝑦 intesect. 𝑥 is the reference number of a non-

functional requirement sitting on the QFD1 x axis. 𝑊(𝑃𝑠)𝑦 is the calculated weighting 

for the 'product sub-system' with reference number y. 𝑅(𝑃𝑠)𝑦𝑧 is the weighting of 

relationship associated with that specific product sub-system on that 𝑦𝑧 intersect. 𝑦 is 

the reference number of a functional requirement sitting on the QFD1 y axis or QFD2 

𝑥 axis. 𝑧 is the reference number of a product sub-system siting on the QFD2 𝑥 axis.   

Dimensions of the hierarchical model: the modelling of the requirements for a 

complex product such as an apartment building was undertaken based on three main 

dimensions, namely, product segment, design domain and product level (see Figure 

6.6). 
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Figure 6.6. Three dimensions for hierarchical modelling
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The first dimension is the product segment, which refers to a portion of the overall 

building at a specific product level (e.g. level 3 illustrated in Figure 6.7, and for a more 

detailed version see appendix 3). These segments include building structure, building 

fit-out, public spaces, MEP, interface system, plantrooms, and apartment modules.  

 

Figure 6.7. Products segments on level 3 

 

The second dimension is the design domain which refers to three main types of 

information: non-functional requirements (NFR), functional requirements (FR) and 

product sub-systems (PS). This set of information was selected because it supports 

modular product development. Non-functional requirements are whole system 

characteristics of the product, functional requirements are demands on product 

functionality, and product sub-systems are component systems that form the 

architecture of the product (Burge 2007). 

The third dimension is the product level, which cover i) apartment building, ii) module 

apartment, iii) the module frame, iv) interfacing systems, and v) alignment rack (see 

Figure 6.8).  
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Figure 6.8. Product levels 

 

HQFD development: Building on the dimensions introduced previously, a hierarchical 

QFD model was implemented to manage and analyse complex requirements (see 

Figure 6.9). QFD was implemented in a hierarchical structure, where several QFDs 

form a larger Hierarchical QFD model, which is referred to as HQFD in this research.  

The model allows to break down the requirements for a large complex product into 

segments, design domains and product layers.  
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Figure 6.9. Structure of a HQFD model  
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Model validation: The models investigated in the research were developed with 

support from the collaborating company’s engineers through regular discussions, 

meetings and email correspondences. The meetings and discussions facilitated the 

collection of data on products development and requirements, product breakdown 

trees, development of QFD models, and validation of trees and QFD models. The 

expert engineers include highly experienced personnel who work on the development 

of modular construction at the collaborating company. They were two systems 

engineers, one civil engineer, two architects, and one structural engineer. The data 

collected were reviewed to understand product functionality, product features, design 

rationale and the design procedure. Discussions with the engineers play an important 

role in the collection of information at various stages of the research process and in 

the validation of the trees and QFD models.  

HQFD data analytics application: HQFD data analytics in this chapter refers to the 

analysis of the QFD and HQFD models based on weightings generated in this 

research. This is to attain additional insight into manufactured construction products 

and to indicate important product features needed for developing effective products. 

An example of data analytics associated with the HQFD model was conducted on a 

modular apartment building, which involves 3 product segments (i.e. apartment 

module, module frame, and bathroom pods). The data analytics example illustrated 

the potential impacts that an industrial shift from bespoke construction to 

manufactured construction have on the requirements of a building system. Analyses 

for each of the QFD sets were also conducted. The data analytics application was 

based on weighting values (non-function requirement weighting W(Nfr), functional 

requirement weighting W(Fr) and product systems weightings W(Ps)).  W(Fr) and 

W(Ps) were calculated from equations 1 and 2. The calculations for W(Nfr) can be 

seen in equation 3.  

𝑊(𝑁𝑓𝑟) = ∑(𝑊(𝐹𝑟)  ×  ∑ 𝑊(𝑃𝑠))                        (3) 

In order to attain an indicator of the impact that an industrial shift (towards advanced 

manufacturing and modular design) might have on requirements, certain “Nfr” was 

grouped as “transferable from bespoke” (Bespoke), “advance manufacturing and 

modular design specific” (AM&MD 1), and “advance manufacturing and modular 
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design influenced” (AM&MD 2). Elements of Nfr were clustered by separating the 

weights of three Nfr groups based on production origination. The Nfr groups and their 

corresponding elements are described below:  

i) Bespoke transferable (Bespoke) is made up of Nfr categories such as living, 

comfort, safety, security, maintainability, design, quality and sustainability. 

For example, an apartment building needs to provide “comfort” to its 

inhabitants, and providing this comfort is independent to the method of 

production of the building. 

ii) Advance manufacturing and modular design specific (AM&MD1) consisted 

of Nfr categories (e.g. configurability, design flexibility, manufacturing, 

assembly and transportation). For example, an apartment building design 

flexibility is highly related to modular design.  

iii) Two Nfr categories (safety and design) can also be “influenced” by advance 

manufacturing and modular design (AM&MD 2). For example, at an 

apartment module level, safety and design considerations need to be 

revaluated to conform to AM&MD form of construction. 

 

6.3. Results 

The HQFD model developed in this research supports requirements management of 

complex construction products through the following features: 

i) Management of complex product requirements by building a hierarchy of 

QFD matrixes.  

ii) Traceability of complex product requirements by capturing requirements 

dependencies and mapping requirements relationships.  

iii) Extraction of design insights by performing data analytics.  

The above three features are further explained in the following sections.  

6.3.1. HQFD structure for complexity management 

The HQFD model allows the breakdown of a complex system into a network of QFDs 

to support requirements analysis. Table 6.1 lists the QFD models that were developed 

and the corresponding figures, which illustrate how complex requirements information 
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are structured through the network of QFDs. The QFD models cover QFD1 and QFD2 

matrixes for 6 segments of the buildings systems (i.e. apartment building, apartment 

module, module frame, interface systems, interface rack and bathroom pods).  

 

Table 6.1. List of QFDs 

Product level QFD 1 QFD 2 Number of 

requirements  

Apartment building (level 2) 
Figure 6.10 (Part 1) 

Figure 6.11 (Part 2) 
Figure 6.12 

Nfr = 55 

Fr = 30 

Ps = 30 

Apartment module (level 3) 
Figure 6.13 (Part 1) 

Figure 6.14 (Part 2) 
Figure 6.15 

Nfr =41 

Fr =25 

Ps =15 

Module frame (level 4) Figure 6.16 Figure 6.17 

Nfr = 23 

Fr = 24 

Ps = 7 

Interfacing systems (level 5) Figure 6.18 Figure 6.19 

Nfr = 20 

Fr = 12 

Ps = 2 

Interface rack (level 6) Figure 6.20 N.A. 

Nfr = 14 

Fr = 11 

Ps = 1 

Bathroom pods (level 4) 
Figure 6.21 (Part 1) 

Figure 6.22 (Part 2) 

Figure 6.23 (Part 1) 

Figure 6.24 (Part 2) 

Nfr = 35 

Fr = 22 

Ps = 49 

Notes: Nfr = Non-functional requirements; Fr = Functional requirements; Ps = Product systems. 

 

Provision of a good information structure is important to support management of 

complex systems and to provide a platform to conduct further data analysis. The 

HQFD model applies the multi-dimensional information (i.e. product segment, design 

domain and product level, see Figure 6.6) described in Section 6.2.2. Through the 

multi-dimensional information model, the HQFD model has provided a structure that 

supports the breakdown of design domains (i.e. non-functional requirements, 

functional requirements and product systems) of an apartment building across product 

levels and segments (see Figures 6.2 and 6.6). Such breakdown of information, QFD 

matrixes structure and HQFD network system enable a more effective analysis and 

management of complex requirements. 
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Figure 6.10. Apartment building QFD 1 (Part 1) 
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Figure 6.11. Apartment building QFD 1 (Part 2) 
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Figure 6.12. Apartment building QFD 2  

Apartment building QFD 2
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Figure 6.13. Apartment module QFD 1 (Part 1) 

Apartment module QFD 1
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Figure 6.14. Apartment module QFD 1 (Part 2) 

Apartment module QFD 1
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Figure 6.15. Apartment module QFD 2 

Apartment module QFD 2 
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Figure 6.16. Module frame QFD 1 
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Figure 6.17. Module frame QFD 2 
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Figure 6.18. Interface systems QFD 1 
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Figure 6.19. Interfaces systems QFD 2 
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Interface rack QFD 1 
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Safety  Low number of safety hazards   1 1 1 1 1 1   1 1 1 1 

Quality / 
Assurance 

Corrosion protection                 9 3 9 9 

Performance retention Stiffness  9 9 9 9 9 9   9 9 9 9 

Sustainability Long lasting component   9 9 9 9 9 9   9 9 9 9 

Manufacturability 

Quality finishing   3 3 3 9 9 9 9 9 9 9 9 

Ease & accuracy of 
manufacturing  

Rolling & shaping 9 9 9 9 9 9 9         

Assembly  
(offsite) 

Ease & accuracy of part 
assembly  

Welding, screwing,  
and anchoring  

9 9 9                 

Ease of quality control   3 3 3 3 3 3 3 3 3 3 3 

 
Figure 6.20. Interfaces rack  QFD 1 
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Safety Low number of safety hazards    3    1 1 3 3 3  1 3  9 3 3 3  1 

Privacy  
Provide seclusion and privacy    9                   
Ease of access        9                   

Comfort  

Satisfactory  lighting        9 9              
Comfortable room temperature                     9  
Comfortable  water      9 9                
Good quality air                   9 9   

Design 

Ease of utilisatiation      9 9 9 9 9 9 9 9 9 9    9 9 9 9 

Aesthetically pleasing    9  9 9 9  9 9 9 9 9     9 9 9  
Provide utilisation options      9 9 9  9 9 9           
Size    9                   
Cost 3  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Low number of finishing flaws  3  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Large number of layout options          9 9 9 9 9         

Quality / 
Assurance 

Corrosion protection    9            9   3 9   
No/Low air leakage    9                   
Reduce acoustic leakage    9                   
Reduce thermal leakage    9                   
Reduce internal water leakage          9 9 9 9          
Reduce external water leakage    9                   

Figure 6.21. Bathroom pod QFD 1 (Part 1) 
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Sustainability 
Long lasting components 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

Energy consumption           9 9 9 9 9 9                   9   

Maintainability Fast cleaning and maintaining       9       9   9 9 9 9 9 9               

Design flexibility 

Upgrade flexibility 9   9 9 9 9 9 9   9 9 9 9 9 9               

Configurability 3   3 3 3 3 3 3   9 9 9 9 9 9               

Adjustability     9     9 9 9 9 9 9 9 9 9 9           9 9 

Manufacturing 
/Assembly (off-

site) 

Ease of manufacturing  9   9 9 9 1 1 1 1 1 1 1 1 1 1           1 3 

Ease of assembly  9   9 9 9 1 1 1 1 1 1 1 1 1 1           1 9 

High standardisation level 9   9 9 9 3 3 3 3 3 3 3 3 3 3           3 9 

Ease of quality control 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Assembly (on-site) 
Ease and accuracy of installation     9                                     9 

Strength of connection      9                                       

Transportability 

Transportable size       9                                     

Reduce transportation damage  9 9                                       9 

Lifting ability  3 1                                       9 

 63 22 78 69 51 47 47 56 35 62 62 53 53 53 53 12 12 12 12 12 35 69 

Figure 6.22. Bathroom pod QFD 1 (Part 2) 
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Figure 6.23. Bathroom pod QFD 2 (Part 1) 
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Figure 6.24. Bathroom pod QFD 2 (Part 2) 
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6.3.2. HQFD for requirements traceability  

The HQFD model also supports requirements traceability by capturing dependencies 

among requirements at different levels. These dependencies can be used to trace how 

various requirements are connected to one another.   

By examining the dependencies between requirements in the HQFD model, 

traceability flow diagrams can be generated (see Figure 6.25). A traceability flow 

diagram can aid in the identification of interrelated product requirements across 

several product levels. It shows how one product requirement at a higher product level 

(e.g. level 3: apartment module) has relationship with requirements at lower product 

level. It also shows how requirements are tied to one product component (e.g. 

interface rack). Requirement traceability flow diagrams can be used to facilitate 

understanding of responsibilities and requirements fulfilment of a construction product. 

Through the traceability flow diagrams, the HQFD model provides a fast, easy and 

comprehensive visual understanding of requirements as illustrated in Figure 6.25.  

The traceability flow diagram also presents how a tangible and traceable solution are 

related (i.e. understanding the interconnectivity of top-level requirements on a set of 

lower level requirements). The diagram illustrates interrelated functional requirements 

across a set of product levels (marked in orange). Functional requirements marked in 

white are mapped to other product segments (not highlighted in this example). 

Requirements marked in yellow are non-functional requirement, which are turned into 

functional requirements at lower product levels. This example emphasises the 

effectiveness of the HQFD model at capturing the interrelationship of complex 

requirements. 

The relationship between requirements are not standardised and they often vary. 

Therefore, making traceability of interdependencies of requirements difficult. For 

instance, a top-level requirement might not be satisfied at one level of the HQFD 

structure. The information may trickle down to multiple levels, or even skip some levels 

and could have multilevel requirements solutions. The HQFD model helps to 

overcome this challenge by being able to capture the dependencies of requirements 

even if they are not standardised. In using the HQFD model, engineering solution can 

be managed for the fulfilment of complex systems through hierarchical QFDs.  
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The traceability flow diagram in this research was developed by mapping 

corresponding functional requirements associated with one higher level functional 

requirement (i.e. modular structural integrity). The higher level functional requirement 

is associated with the product segment “apartment module” (level 3). Subsequently all 

related lower level functional requirements were mapped to the higher level functional 

requirement (i.e. modular structural integrity). The lower level functional requirements 

were extracted from across 4 QFDs of the HQFD model, which represent 4 product 

levels of the overall apartment building. 
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Figure 6.25. Traceability flow diagram 
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6.3.3. HQFD data analytics: the impact of advanced manufacturing and 

modular design on requirements 

This research has applied data analytics through examining requirements weightings 

to evaluate the potential impact on requirements that “advance manufacturing and 

modular design” (AM&MD) has on construction products. The result (illustrated by 

Figures 6.26 to 6.37) suggests that a sizable redesign of the apartment building needs 

to occur in order to facilitate effective utilisation of manufactured construction products. 

According to the HQFD model, there are components (e.g. module frame) that need 

to be carefully designed to ensure the ease of manufacturing of the apartment module 

(see Figure 6.31). The data from the HQFD also shows that added complexity of 

manufacturing operation in construction substantially increase demands on the design 

of an apartment building. This was determined by comparing the difference in 

requirements weightings (i.e. design importance) of an AM&MD environment. The 

difference in weightings is approximately half the final AM&MD weighting value of 

product requirements of an apartment module, which suggest a significant amount of 

redesign is needed for the apartment building.  

Figure 6.26 to Figure 6.37 present the results of the data analytics, which highlight the 

impact on the weight of the shift towards manufacturing-oriented requirements 

(indicated in orange). The remaining requirements weights that can be transferred 

from bespoke construction are represented in blue. The segmentation of the two types 

of requirements weightings (manufacturing-oriented and bespoke) provides an insight 

into the potential impact that a construction shift to manufacturing might have on 

requirements. For example, the “module structure integrity” of the bathroom pod has 

a AM&MD weighting difference of approximately 5 times that of bespoke, which 

suggests high importance for manufacturing-oriented construction (AM&MD).  

Figures of various product segment weightings were developed to determine the 

potential impact that AM&MD has on requirements and product segments (non-

functional requirements, functional requirements, and product systems). The product 

levels included in these data analyses cover apartment building, apartment module, 

modules frame, and bathroom pods. Table 6.2 provides a list of figures developed 
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from the weightings data generated through the HQFD model in terms of product 

requirements and product systems importance. 

Table 6.2. Requirements and product system weightings 

Product level Non-functional 

requirements graph 

Functional 

requirements graph 

Product 

systems graph 

Apartment building (level 2) Figure 6.26 Figure 6.27 Figure 6.28 

Apartment module (level 3) Figure 6.29 Figure 6.30 Figure 6.31 

Module frame (level 4) Figure 6.32 Figure 6.33 Figure 6.34 

Bathroom pods (level 4) Figure 6.35 Figure 6.36 Figure 6.37 

 

The weights represent “non-functional requirements”, “functional requirements”, and 

“products systems” calculated through the QFDs of i) apartment building, ii) apartment 

module, iii) frame, and iv) bathroom pod. The data analytics provide additional insight 

into design consideration, areas of risk and resource allocation. The data analytic 

results for each of the four segments of an apartment building is presented below.  

Apartment building: At the apartment building level, a large set of non-functional 

requirements (NFR) where added. These NFRs display potentially large portions of 

the NFR impact index value. The HQFD model suggests that the significance of the 

new NFR is large compared to bespoke NFRs. The impact of AM&MD on “apartment 

building” functionality is not wide spread but limited to half of the functional 

requirements – focussing mainly on functions associated with habitable living and 

structural integrity. There is also an indication for high potential impact on “running 

services” (e.g. water, heating and electricity). According to the HQFD model, there is 

a wide spread impact on product systems. However, there were less effects on certain 

product systems such as foundation and fire systems. This implies that a large portion 

of the building may have to be redesigned in order to attain the full benefit of AM&MD.  

Apartment module: This product segment is unique as compared with other 

examples covered in this chapter. Non-functional requirements for the “apartment 

module” are categorised into three different groups instead of two (i.e. bespoke, 

AM&MD1, and AM&MD2) (see Section 6.2.2). According to the HQFD model, the 

“apartment module” relationship with AM&MD is more complex than at other levels 

and many components may need to be redesigned.  
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Module frame: The frame is an AM&MD imposed component and is specific to 

AM&MD. The graph for frame product system highlights the significance of the 

“interfacing systems”. According to the HQFD model, the “interfacing systems” hold 

significant importance for the fulfilment of frame requirements. It is recommended that 

high amount of design attention be allocated to these component systems.  

Bathroom pods: For the bathroom pods, 4 new NFR categories were added. They 

include design flexibility, manufacturing, on-site assembly and transportability. They in 

turn resulted in wide spread and sizeable impact on functional and product systems 

domain across the HQFD. This implies that most of the bathroom pod may need to be 

modified for maximum potential of AM&MD.   
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Figure 6.26. Apartment building design importance of non-functional requirements 
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Figure 6.27. Apartment building design importance of functional requirements 
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Figure 6.28. Apartment building design importance of product systems  
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Figure 6.29. Apartment module design importance of non-functional requirements  
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Figure 6.30. Apartment module design importance of functional requirements  
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Figure 6.31. Apartment module design importance of product systems  
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Figure 6.32. Module frame design importance of non-functional requirements  

 

Figure 6.33. Module frame design importance of functional requirements  
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Figure 6.34. Module frame design importance of product systems  

 
Figure 6.35. Bathroom pod design importance of non-functional requirements  
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Figure 6.36. Bathroom pod design importance of functional requirements  

 
Figure 6.37. Bathroom pod design importance of product system
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6.4. Discussion 

A HQFD model was applied to address systematic requirements analysis of 

manufactured building systems. The model treats building systems as a complex 

system consisting of many different segments and dimensions. The HQFD model 

provides an option in assisting requirements analysis for manufacturing of complex 

construction products. It provides an alternative or addition to systematic tools for 

construction.  

The model was able to handle all modular apartment building requirements as shown 

by the QFD models. The systematic nature of HQFD model helps addressed 

complexity management for requirements fulfilment and data analytics. It breaks 

complex problem down systematically into manageable parts and shows that it is 

possible to map requirements from top level to detailed level.  

The HQFD model should be used to support product planning and requirements 

analysis, which should occur before the start of heavy project work. This will help 

determine the level of difficulties, complexity and potential pitfalls within product 

planning. It is to be used as a framework model and is recommended for short 

intensive sessions during the planning phase of a project. Specialist teams working on 

specific section of the building should develop their own QFD models, which can be 

quickly compiled or integrated to form the overall HQFD model for the apartment 

building.  

The research work on the development of the HQFD model has also highlighted some 

key lessons and areas for future development. 

6.4.1. Lessons learnt 

The HQFD model was able to organise and connect 415 product requirements and 

product systems in a network of QFD matrixes across 5 product levels (discussed in 

Section 6.3.1).  However, some lessons can be discerned from the application of the 

HQFD model. They include the following: 

i) More advanced structure and information management suited for complex 

systems. The HQFD model facilitates the handling of complex systems than a 
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simple QFD described in Chapter 5. It does this by providing a more advanced 

organisational and systematic information structure (including dimensions of 

domain, segments and levels). By examining the dimensions, the model supports 

the complex system to be analysed more comprehensively and in manageable 

parts. It also facilitates a more comprehensive understanding of requirements 

definition and their interconnectivity. In addition, the HQFD organisation structure 

provides a deeper understanding of requirements analysis information. The 

HQFD structure aides in closing logic holes that occur not just across QFD 

domains but also across HQFD segments and levels.   

 

ii) Synergistic advantages. The HQFD model carries all benefits present in QFD 

with additional synergistic advantages. Some of these advantages include HQFD 

levels of interconnectivity, which support requirements traceability. The 

requirements traceability in turn supports requirements fulfilment needed for a 

manufactured construction product. This provides a quick and comprehensive 

way for requirements checking.  

Two advances of requirements traceability as compared to QFD include i) the 

systematic breakdown of the complex systems from top to detailed level, which 

allows more manageable and insightful segmentation, and ii) traceability that 

supports the understanding of how top-level requirements can affect detailed 

level requirements. It is important to understand the interconnectivity aspect of 

the HQFD model and on the interconnection of information flows across the 

HQFD structure. Such understanding can help analyse product requirements, 

engineering systems and solutions.  

iii) HQFD data analytics application. The high level of requirements dependencies 

in the HQFD model presents a network of interconnected elements (e.g. product 

requirements and product systems), which provides an environment for data 

analytics application. An example of data analytics was made in this chapter, 

which indicates building construction requirements most likely to be affected by 

a shift towards manufacturing production systems (see Section 6.3.3). The 

HQFD model contains a significant amount of valuable requirements data of a 
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manufactured apartment building. This data source was used to identify potential 

areas for future development of modular building products. 

The HQFD data analytics can help further understand phenomenon in 

construction. For instance, HQFD data analytics can be used to identify areas for 

prioritisation of business activities and product features to facilitate better 

resource allocation (see Chapter 5). Other applications of HQFD data analytics 

could involve identification of product features that could be more easily 

manufactured, support better risk management and organisation of an efficient 

business organisation.  

iv) A framework for future development of building systems.  The abundance 

of information available to an engineer can turn HQFD model into a potential 

platform to launch innovation for development of future products. 

 

6.4.2. Consideration for future development  

Although there are strong arguments for the HQFD model, there are also several 

issues that need to be addressed regarding utilisation of it. These issues include the 

following:  

i) Experts dependent: Although the HQFD model has the benefit of reducing 

dependences on product developments and design expertise, it itself is heavily 

reliant on experts’ inputs for the initial development of the model. It is 

recommended that future HQFD model development should be more data driven 

and automated. 
 

ii) It has difficulty in administration: HQFD model is not a simple tool and 

utilisation of it requires training.  One down side of the model is that it is resources 

heavy and requires a considerable amount of time and diligence to develop. The 

upside is that the technical work of the model only needs to be developed once. 
 

iii) Protocols development and digital support: In order to facilitate the 

development of future HQFD model, it is recommended that protocols be 

developed so that corporate culture embraces the data recording practices 
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needed for HQFD model development. Future development of HQFD model 

could address the difficulty and complexity in the implementation of the model. 
 

iv) Additional analytics: Other forms of analysis need to be considered to increase 

the level of analytical support that the HQFD model can provide. Further 

advancements of the HQFD model could include data analytics by targeting on 

more specialised analyses such as risk management, resource allocation, 

business organisation and efficiency. 

 

6.5. Conclusion  

This chapter presents an application of a HQFD model in requirements management 

and product planning in a modular construction environment. Past applications of this 

approach to requirements analysis were limited to QFD models of mainly buildings or 

construction operations. The model maps requirements not just at a singular product 

level (e.g. bathroom pod) but on a set of related products that make up an entire 

building, which resembles a complex system.  

The HQFD model breaks a complex problem down systematically into manageable 

parts. It further shows that it is possible to map requirements from top level to detailed 

level. It was able to organise requirements of a modular apartment building across a 

set of domains, levels and segments. The model also provided a platform for 

traceability and generated further information for data analytics application. The HQFD 

model can help to assess the level of difficulties, complexity and potential pitfalls within 

product planning in construction. 

This research has provided a step forward in the development of systematic tools for 

management of complex construction products, which involve multi-dimensional and 

interconnection of multilevel consideration. Future work in product planning for 

manufactured building systems should utilise more systematic tools such as HQFD for 

planning and information modelling.  
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Chapter 7 

 

Modularisation in Construction 

 

7.1. Introduction  

To enable further industrialisation of the sector through off-site construction there is a 

need to acquire more capabilities in advanced manufacturing (Höök 2006; and 

Marchesi et al. 2013) and product planning. Specifically, the industry needs to define 

flexible and efficient product and production systems that are adaptable to rapidly 

changing requirement conditions imposed by clients, technological development, 

business considerations and other corporate reasons. It also needs to undertake more 

rigorous product planning as this is key to prevent logic holes and lost resources, and 

allow the management of product variations and the identification of pathways to 

achieve engineering targets (Wee et al. 2017a).  

Modularisation is increasingly applied in the construction sector to handle product 

variations and manage product complexity issues (KPMG 2016; and Wee et al. 

2017b). Modularisation supports the clustering of different product sub-systems or 

components into modules to increase the flexibility of the overall product system and 

manage complexity (Borjesson and Hölttä-Otto 2014). It is useful for handling product 

variations and reducing redesign work (Simpson et al. 2012). Modularisation enables 

quicker and easier reconfiguration of products to meet customised demands without 

massive alterations of the product or production operation. Modularisation is typically 

supported by the use of product configurators, (i.e. software tools), which help select 

and configure existing components to develop new products.  

Despite the expected value of modularisation tools, research on their application to 

achieve further efficiency in construction has been limited (Gilbert et al. 2013). This is 

mainly due to the challenge of determining effective tools for supporting efficient 

developments of building modular products. There is therefore a need to undertake 
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further research in construction to understand which modularisation tools can help 

manage product variations and achieve cost efficiency. 

This chapter presents a multi-driver modularisation approach to support the design 

and off-site construction of construction product. The research is based on a case 

study applied on a plantroom product, which involved two research stages (see 

Studies 4 and 5, and Chapter 3) and was conducted in collaboration with engineers at 

Laing O’Rourke. The approach is intended for construction products that are well-

defined segments of a building and can be independently developed along the building 

supply chain (e.g. bathroom pods, kitchen pods, plantrooms, MEP systems, and 

balconies). This work does not address volumetric builds or an entire building’s 

architecture. The first research stage examines the application of three modularisation 

tools, namely the dependency structure matrix (DSM), the modular identification matrix 

(MIM), and the generational variance index (GVI). The second research stage 

proposes the aforementioned multi-driver approach to modularisation. Three 

modularisation drivers were prioritised and used (i.e. technical specification, 

manufacturing and common unit) to inform the development of the final design. These 

drivers were addressed through specific modularisation tools (i.e. DSM, GVI, Cost 

Weightings (CW) and the coupling indexes (CI)).  

The approach proposed in this research has been formulated by drawing upon 

modularisation techniques developed outside of construction sector and tailoring them 

to construction operation and conditions. This work aims to support companies 

intending to shift their operation towards manufacturing of construction products by 

improving and facilitating the manufacturing process through effective modularisation. 

The research focuses on the construction condition that influences modularisation and 

how modularisation is to be conducted. This work specifically considers systematic 

and algorithmic modularisation tools as they allow for more detail analytics.  

The remainder of this chapter is organised as follows: Section 7.2 describes the 

methodology utilised for the evaluation of DSM, MIM and GVI. This section also 

describes the methodology used for formulating a multi-driver data driven approach 

for modularisation. Section 7.3 looks at the first research stage that is the evaluation 

of three existing modularisation tools (i.e. DSM, MIM, and GVI). Section 7.4 explores 
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the second research stage, which proposes the multi-driver approach to 

modularisation. Section 7.5 discusses the key findings of the research, while section 

7.6 concludes. 

Despite the existence of multiple modularisation tools, determining which tools are 

effective at supporting the development of modular products in construction is 

challenging. Both Gilbert (2013) and Veenstra (2006) highlight the value of 

modularisation tools and their applicability in construction. However, they did not 

address the nature of the modularisation problem in construction and did not consider 

the issue of modularisation drivers. Gilbert focusses on module functionality (i.e. 

technical specification), and Veenstra focuses on product platforms (i.e. common unit 

or standardisation). There is a need to consider multiple modularisation drivers in the 

definition of modules. Although both Gilbert and Veenstra have worked on modular 

construction, there is a need to undertake research on up market modular products 

specific to advanced off-site construction and understand how to manage 

modularisation issues.  

This research focuses on DSM, MIM, and GVI, which are commonly used in other 

engineering disciplines (e.g. mechanical engineering, robotics, automotive, and 

consumer electronics) (Borjesson 2010). These three tools are systematic and 

analytical in nature. They provide desired benefits in terms of data analytics, allowing 

for the identification of strategic advantages. DSM is the most effective for dealing with 

dependency issues in product. MIM is specifically designed to incorporate business 

strategy into product development. GVI combined with another index (e.g. CI) is one 

of the most effective ways of determining a product platform. 

 

7.2. Methodology 

This research is based on a modularisation case study consisting of two research 

stages (see Study 4 and 5 in Chapter 3). The first determines the suitability of different 

modularisation tools to support the building design process. The second addresses a 

multi-driver modularisation problem using a data driven approach. Both research 

stages focused on a plantroom product (see Figure 7.1 and Figure 7.2). 



 
144 

 

 
Figure 7.1. Integrated plantroom 

product 
(Source: Laing O’Rourke) 

 
Figure 7.2. Modularised plantroom 
product (Source: Laing O’Rourke) 

 

7.2.1. Research stage 1: Evaluation of modularisation tools 

Three different tools, namely DSM, MIM and GVI were implemented to modularise a 

plantroom (see Figure 7.3). Each tool was evaluated to determine its effectiveness at 

tackling a single or multiple modularisation drivers. The methodology of the study 

involved: i) collection of information about the product case to be studied; ii) 

compilation of modularisation drivers; iii) implementation of the three modular tools to 

the plantroom design; and iv) evaluation of the three tools to establish which of them 

would best satisfy the modularisation drivers. 

 

Figure 7.3. Research stage 1 and research stage 2 
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Collection of product information. Knowledge about the plantroom product is 

required to implement the modularisation tools. This was acquired through a reverse 

engineering process, which comprised examination of existing product documentation 

and discussions with engineers from the collaborating company. Various product 

documents were examined including product manuals, CAD files, schematics and bills 

of materials. A simplified version of the product schematic is illustrated in Figure 7.4. 

The product schematic illustrates the mechanical characteristics of the plantroom. A 

total of 14 product sub-systems are displayed including “building connection”, 

“filtration”, “dosing pot S1”, “pump S1”, “pump S2”, “3 way valves”, “pressure control 

S1”, “degasser S1”, “heat exchanger”, “pressure control P1”, “chiller connection”, 

“degasser P1”, “pump P1” and “dosing pot P1”. It is noteworthy that the schematic 

includes mechanical sub-systems only, and therefore it excludes product sub-systems 

such as the “control panel” and the “structure”. 

Fifteen informal discussions were carried out with different groups of engineers from 

the collaborating company to investigate the plantroom design processes and to 

validate understanding of their engineering operations. Each of these discussions 

lasted between 15 and 120 minutes. The discussions took place at the collaborating 

company's main design offices and factories as part of periodic visits and during a one 

week secondment. The experts interviewed included mechanical engineers, design 

engineers and systems engineers who regularly work on plantroom products.  

 

Figure 7.4. Simplified plantroom schematic 
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Compilation of the modularisation drivers. A list of fifteen modularisation drivers 

was produced based on a review of the academic literature (Erixon 1996; Hölttä-Otto 

2005; and Borjesson 2010), and informal discussions with industry experts. Two types 

of modularisation drivers were identified (i.e. generic and construction specific). 

Generic modularisation drivers include technical specification, styling, carry over, 

product planning, technology evolution, process specification, common unit, 

manufacturing, separate testability, purchasing, maintenance, product upgrading, and 

recycling, while construction specific modular drivers comprise transportation and 

architectural restrictions.  

Implementation of the tools. The three tools were then implemented.  

• Design Structure Matrix (DSM): A component-based “function” DSM model 

was developed using the Cambridge Advanced Modeller software 2014. Two 

pieces of information were utilised to build the model: material flows (see 

Figure 7.3) and spatial preferences (e.g. accessibility). The former was 

collected directly from the product schematic (see Figure 7.3). The latter is 

based on safety and maintenance information as well as operational 

preferences and was elicited from engineers in the collaborating company. 

• Modularisation Identification Matrix (MIM): The MIM model involves mapping 

the modularisation drivers against the product sub-systems extracted from 

the plantroom schematic. Information on the effect of modularisation drivers 

on product sub-systems was determined during the collection of product 

information (see Methodology section) and entered in the MIM model.  

• Generational Variance Index (GVI): As part of work which is not reported in 

this research but is part of this project, a QFD model was developed for the 

plantroom (Wee et al. 2017a). The model maps non-functional requirements 

to functional requirements and then to product sub-systems using the QFD1 

and QFD2 matrixes (Wee et al. 2017a). The QFD2 matrix which maps the 

functional requirements to the product sub-systems was used for the 

generation of the GVI. The information necessary to generate the matrix was 

collected from interviews with engineers at the collaborating company.  
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Preliminary evaluation. Two engineers in the plantroom design team of the 

collaborating company were interviewed in March 2017 to evaluate and rank the 

modular designs emerged from the application of the three tools. The engineers 

interviewed have 15 and 25 years of experience respectively. Both interviews took 

place at the collaborating company and lasted approximately 30 min and 60 min 

respectively. A questionnaire with open ended questions was prepared and used to 

guide the interviews. Some examples include determining the effectiveness of a 

modularisation outcome and ranking the priority of each modularisation driver. An 

example of this questionnaire can be seen in appendix 2. 

The modular designs obtained through the three modularisation tools were also 

compared against a modularised reference model developed by the collaborating 

company. The variable used for comparison between the formers and the latter is the 

number of identical “sub-system to sub-system relationships” (SSR) within a distinct 

module. 

7.2.2. Research stage 2: A multi-driver modularisation approach  

From research stage 1 to research stage 2, there was a shift in focus from identifying 

the appropriate modularisation tool to formulating the right modularisation approach 

(see Figure 7.3). Research stage 1 shows the shortfalls of each of the tools and the 

modularisation drivers prioritised by the collaborating company. It concludes that each 

modularisation tool either takes into consideration a small subset of modular 

considerations (i.e. DSM or GVI) or lacks a robust approach for data analysis (i.e. 

MIM). As modularisation in construction requires the need to address multiple drivers, 

research stage 2 investigates a systematic multi-driver approach to modularisation. 

A case study was carried out to address a multi-driver modularisation problem. Three 

modularisation drivers were addressed, which cover technical specification, 

manufacturing and common unit. The order in which they were addressed reflects the 

priority determined by the collaborating company. Multiple modularisation tools were 

used in the research, which includes design structure matrixes (DSM), generational 

variety indexes (GVI), coupling indexes (CI) and cost weightings (CW). The 

modularisation research was conducted on the same plantroom product. The 

methodology of the study involves: i) data collection for the product case to be studied; 



 
148 

 

ii) selection of the modularisation drivers; iii) application of the tools to fulfil the three 

modularisation drivers; and iv) integration of the outcomes from the tools to satisfy the 

three modularisation drivers.  

Data Collection. Product data and knowledge were acquired through document 

analysis and a reverse engineering methodology as described in research stage 1.  

Selection of the modularisation drivers. The modularisation drivers were prioritised 

based on the preferences of the collaborating company, as explored in research stage 

1. 

The application of the tools to address the modularisation drivers cover the following: 

• Design Structure Matrix (DSM): the DSM model developed in research stage 1 

was utilised to address the technical specification modularisation driver.  

• Design Structure Matrix (DSM): a second component-based “function” DSM 

model was developed to address the manufacturing modularisation driver. Four 

pieces of information were used to build the model. These information covers 

physical connection, machining commonality, functional dependency and 

assembly sequencing. The data and information to build the model was collected 

from CAD drawings, product manuals, product schematics and assembly 

animation models. 

• An adapted version of Martin and Ishii methodology was implemented for 

addressing the common unit modularisation driver (Martin and Ishii 2002). 

Specifically, a cost weighting element was added to determine the importance of 

each component to component relationship. By combining GVI, Coupling Index 

(CI), and Cost Weightings (CW), it is now possible to determine the relative cost 

impact of redesign of one product component on the overall product. The 

generation of the GVI, CI, and CW is presented below.  

Generational Variance Index (GVI): The GVI was generated though a modified QFD 

model (Wee et al. 2017b) and calculated by summing up the potential redesign work 

as a result of changes in the product requirements. The information necessary to 

generate this matrix was collected from interviews with engineers from the 

collaborating company. 
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Coupling Index (CI): A coupling matrix was developed using the methods proposed in 

Martin and Ishii (2002). The coupling matrix was used for the identification of the 

degree of coupling between two product components. The matrix generates two types 

of coupling indexes. The first, known as “coupling index supply” (CI-S), establishes the 

level of design information supplied to a component. The second, known as “coupling 

index received” (CI-R), details the level of design information received by a 

component. Information for the matrix was collected from CAD files and supported by 

information gathered through reverse engineering. 

Cost Weightings (CW): Cost weightings were determined by the prices obtained on 

the basis of possible online purchases. The actual cost of the plantroom product was 

not used due to information sensitivity. CW was used to illustrate the potential value 

of costing as an improvement to the traditional common unit method described in 

Martin and Ishii (2002). 

The application of GVI and CI for the development of modular platforms follows the 

method developed by Martin and Ishii (2002). It is desirable to standardise as much of 

the product as possible in the form of a product platform, which incurs very few 

changes across product generations. Components of the product that cannot be 

completely standardised will have to be modularised. Full standardisation should be 

considered for components that are expected to have no change across product 

generations. Full modularisation should be considered for components that will need 

to be modified to meet expected customer requirements without requiring other 

components to change. 

Integration of the outcomes. The design resulting from the technical specification 

driver was compared against that of the manufacturing driver. The design highlights 

commonality between the two drivers. The design was then adapted to include that of 

the common unit driver, which are non-conflicting with the two previous drivers. 
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7.3. Evaluation of the modularisation tools 

This section of the research presents the results of the application and evaluation of 

the three modularisation tools (i.e. Dependency Structure Matrixes, Modular 

Identification Matrix, Generational Variety Index).  

7.3.1. Dependency Structure Matrix  

Dependency Structure Matrix (DSM) addresses technical specification as a 

modularisation driver. It also considers maintenance issues but not robustly, as it looks 

at spatial preferences only. DSM clusters product sub-systems based on their 

dependencies (see Figure 7.5).  High dependency amongst product sub-systems 

means that the sub-systems have high functional reliance on each other. Therefore, it 

would be beneficial if they were clustered together into a module. This would allow the 

module to hold a section of the product functionality and address the technical 

specification. 
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Figure 7.5. Dependency Structure Matrix 

 

The DSM model was built using a total of 16 product sub-systems, which were mapped 

on to themselves capturing the plantroom’s material flows and spatial preferences (see 

Figure 7.5). Sub-system to sub-system dependencies were labelled on a scale of 2 to 

-2, where 2 signifies a required dependency and -2 implies a detrimental relation. The 
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material flows were established from the product mechanical schematic. The spatial 

preference is based on safety, operational and maintenance considerations. The CAM 

clustering algorithm was used to cluster sub-systems into modules based on the input 

dependencies. The partitioning feature was then used to determine the ordering of the 

modules. As can be seen in Figure 7.5, seven modules (indicated as clusters) were 

recommended by the DSM tool with two modules, which consists of a single product 

sub-system (i.e. control panel and structure).  

Of the seven modules, five main modules (i.e. those composed by at least two product 

sub-systems) are highlighted in the product schematic in Figure 7.6.  

 

Figure 7.6. Clustering for DSM (technical specification modularisation driver) 

 

7.3.2. Modular Identification Matrix 

Modular Identification Matrix (MIM) has a more holistic approach to modularity and 

supports as many modularisation drivers as a user wants. It also offers a platform for 

determining how the various modularisation drivers interact with each another. The 

MIM tool was applied to map 15 modularisation drivers against the 16 product sub-

systems (see Figure 7.7).  
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Modularisation drivers are defined by Erixon (1996) and Hölttä-Otto and Borjesson 

(2010), who identified twelve original modularisation drivers. The drivers are technical 

specification, styling, carry over, product planning, technology push, 

production/organisation, common unit, separate testing, purchasing, maintenance, 

product upgrading and recycling. In this research, production or organisation has been 

broken down into production process and manufacturing, where production process 

focusses on factory operations and assembly sequences, while manufacturing looks 

at strategic restrictions on the product due to technical manufacturing issues such as 

equipment and handling constraints.  

Two construction specific modularisation drivers were also identified that is 

transportation and architecture.  These two drivers were determined through a 

questionnaire and interviews with expert engineers at the collaborating company as 

explained in Section 7.2.1. The transportation modularisation driver refers to a 

modularisation force, which may be developed a module to support transportability 

issues (e.g. geometric or handling concerns). The architecture modularisation driver 

refers to a modularisation force, which may be developed as a module to support 

architectural needs determined by the overall building system (e.g. architectural and 

structural requirements).   
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Figure 7.7. Modularisation Identification Matrix 

 

The tool identifies which modularisation drivers would influence different product sub-

systems. In column 1 of Figure 7, each modularisation driver is weighted, depending 

on its importance. The weightings proposed in Figure 7.7 were assigned in 

collaboration with the collaborating company. The cells of the MIM tool in Figure 7.7 

display a weighting if a driver influences a sub-system. The modularisation driver 

importance (I) and influence (R) weightings are on a skewed scale, which favours 

more pressing modularisation drivers. This approach allows easier identification of 

stronger driving forces (Erixon 1996). The values of the skewed scale are 9 (high 

importance), 3 (medium importance), and 1 (some importance). From the data, it is 

possible to determine which product sub-systems best satisfy the modularisation 

Modular drivers Imp

Technical specification 9 9 9 9 9

Styling 1 9

Carry over 3 9 3 3 3 3 9 3 3 3 3 9

Product planning 9 1 1 1 9

Technology push 3 1 1 1 1 9 1 1 1 1 1

Production process 3 9 9 9

Common unit 9 1 3 3 3 3 3 3 3 1 3 3 9 9

Manufacturing 9 9

Separate testability 3 1 1 1 1 1 1 1 1 1 1 1 1

Purchasing 1 9 9 9 9 9 9

Maintenance 9 3 9 9 3 9 9 3 9 9 9 9

Product upgrading 1 9 9

Recycling 3 3 3 3 9 3 9

Transportation 9 9

Architectural 9 9 9

Grades 117 195 132 120 195 42 192 111 120 195 120 129 105 96 210 324
Note: imp = importance M M1 M1 M1 M1 M2 M2 M3 M3 M4 M4 M4 M5 M5 M5 M6 M7
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drivers and therefore should form modular nucleuses. Modularisation driver 

satisfaction grades (MSG) can be calculated as highlighted in equation (1).  

 

        (1) 

 

It sums the product of the modular driver importance (I) and influence” (R), where ‘x’ 

is the product sub-system number associated with the MSG value and ‘i’ is the row 

number associated with the specific product sub-system. Product sub-systems with 

higher MSG grades are identified as modular nucleus. The modular nucleuses are 

Pumps S1, Pumps S2, Chiller pumps, Filtration, Control panel and Structure, with 

MSGs of 195, 195, 195, 192, 210 and 324 respectively. The remaining product sub-

systems are clustered around these modular nucleuses based on engineering 

judgement and rationale. The nucleuses are marked in grey in Figure 7.7. The three 

product sub-systems in black stripes in Figure 7.7 have been clustered using rationale 

based on satisfaction of the common unit modularisation driver, as these are 

considered to be an optional feature to the plantroom product. 

As shown in Figure 7.7, the MIM model has also yielded seven modules. Six modules 

are based on clusters around a nucleus and one on a common unit rationale. Figure 

7.8 provides a visual representation of these clusters on the product mechanical 

schematic.  
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Figure 7.8. Clustering for MIM 

 

7.3.3. Generational Variance Index  

Generational Variance Index (GVI) is a metric tool that approximates the likelihood 

and potential rework needed for the next product evolution. It directly targets 

technology evolution as a modularisation driver. GVI can be used as a standardisation 

indicator as well as to address common unit as a modularisation driver.  The 

development of a common unit relates to clustering the product sub-systems, which 

are least likely to change. As such, it supports the development of a product platform.  

In this research the GVI model was generated through a modified version of a QFD 2 

matrix for the plantroom (Wee et al. 2017a). Figure 7.9 illustrates the general layout 

and features of the model. Figure 7.10 is the QFD 2 model used to generate GVI. The 

matrix maps functional requirements against product sub-systems in regards to the 

amount of redesign needed if the functional requirements are to change. GVI is 

traditionally calculated by equation (2) (Simpson et al. 2012) but in this case study it 

was calculated by equation (3). The new method to calculate the GVI allows for a more 

comprehensive insight into determining the risk of redesign by summing the product 

of the change likelihood (C) and the redesign due to change (R), where ‘x’ is the 
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product sub-system number associated with the GVI value and ‘i’ is the row number 

associated with the specific functional requirement. 

 

Figure 7.9. Quality Function Deployment Matrix 2 

 

       (2) 

     (3) 
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Figure 7.10. QFD 2 model used to generate GVI  
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Change 

likelihood P P P P P P P P P P P P P P P P P P Count 

In-take water 9 9 9 162

Cool water 1 3 0 9 12

Supply chilled water 1 9 9 18

Control water temperature Control water temperature 3 3 0 9 36

Control water pressure Depressurize water 1 9 9 0 18

Control delivery water flow 9 9 9 1 9 252

Control chiller water flow 9 9 1 9 171

Sense operating conditions 1 3 3

Prevent instabilities 1 1 1 1 3 6

Maintain operating limits 1 1 1 1 3 6

Communicate with user (interface) 3 3 3 18

Prevent accidental impact damage 9 3 27

Protect system against freezing damage 1 1 1

Protect system from electrical damage 1 3 3

Protect from pressure damage 1 3 3 6

Protect system from corrosion 1 1 1 1 1 3 7

Maintain seal system integrity 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 17

Maintain cooling systems integrity 1 3 3 1 7

Maintain water distribution capability 1 3 3 1 1 8

Maintain systems pressurisation capability 1 3 3 6

Filter impurities and waste 3 3 9

De-gas water 3 3 3 18

Support plantroom spines 3 3 9

Support module frames 3 3 9

Support plantroom components 3 3 9

Location of spine mounts 3 3 9

Secure internal piping 9 1 3 3 63

Ensure system plantroom alignment capability 3 3 3 18

Secure plantroom module within building 9 1 3 36

GVI 16 177 2 177 11 16 84 1 2 16 11 40 29 13 27 185 126 31
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The GVI values for the plantroom are shown in Table 7.1. A high GVI value signifies 

that the product sub-system is likely to require redesign work. A low GVI value means 

that the product sub-system is less likely to require redesign work and is more suitable 

for standardisation. Therefore, product sub-systems with lower GVI values could be 

clustered to form a module platform such as the sub-systems in modules 2 and 3 (M#2 

and M#3). As shown in Table 7.1, developing a modular product platform using GVI 

has yielded seven modules. Figure 7.11 provides a visual representation of these 

clustering on the product mechanical schematic. 

 

Table 7.1.  GVI values and module numbers 

Product Sub-System GVI M# Product Sub-System GVI M# 

Chiller connection 1 3 3 Way-valves 9 3 

Dosing pots P1 2 3 Control panel 10 6 

Dosing pots S1 2 2 Pumps P1 12 5 

Degasser P1 6 3 Building connection 14 1 

Degasser S1 6 3 Heat exchanger  18 4 

Filtration 7 2 Pump S1 26 1 

Pressure control P1 8 3 Pump S2 26 1 

Pressure control S1 8 3 Structure 40 7 
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Figure 7.11. Clustering for GVI 

 

7.3.4. Evaluation 

The implementation of the three tools resulted many modular designs. Table 7.2 

shows the modular designs obtained through DSM, MIM and GVI as well as the 

modularised reference model proposed by the collaborating company. The reference 

model was developed through iterative discussions with engineers in the collaborating 

company. Sub-system to sub-system relationships (SSR) were used to evaluate the 

three designs by comparing them to the company’s reference model. The number of 

identical SSR within a distinct module indicates the degree of similarity between the 

result of a modular tool and the reference model. The design with the highest number 

of identical SSR to the reference model is deemed closer to the design put forward by 

the collaborating company. The results from this investigation indicate that the MIM 

based design has 10 out of 13 SSR identical to the reference model, DSM has 5 and 

GVI has only 3. This evaluation suggests that the MIM based design is distinctively 

closer to the company design compared to those produced with DSM and GVI. 
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Table 7.2. Modular plantroom designs 
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DSM 1 1 2 2 3 3 5 4 5 4 5 4 1 2 6 7 

MIM 2 2 1 1 1 3 5 5 5 4 4 4 1 3 6 7 

GVI 3 1 2 1 3 3 5 3 3 3 3 4 2 5 6 7 

Ref 2 2 1 1 1 3 4 4 4 5 5 4 1 3 6 - 

The three modular plantroom designs were also ranked by two engineers from the 

collaborating company in terms of functional dependency between sub-systems (i.e. 

technical specification). Less consideration was given to the other modularisation 

drivers because the two engineers primarily focussed on product functionally. Product 

functionality is the main criteria driving the design of plantroom products. The design 

produced through DSM and MIM were ranked first and second followed by that 

produced through GVI. DSM and MIM yielded agreeable results from the perspective 

of the plantroom design engineering team. In particular, the DSM result was found to 

be the closest to the modularisation mindset of the participating engineers. This is 

because the approach to modularisation of the design engineering team is based on 

product functionality. These views highlight that functionally dependent sub-systems 

should be clustered together and other influencing considerations are of secondary 

importance. These views on functional dependence are in line with how the DSM tool 

operates. While MIM addresses functional considerations, it does not address 

functionality as comprehensively as DSM. It lacks technical rigor and relies heavily on 

judgment in determining modules. In addition, MIM also takes on other modularisation 

drivers. Further, GVI does not address functional considerations at all and is therefore 

regarded as less relevant for the purpose of designing functional plantrooms.   

The three tools approach modularisation from different perspectives and each 

addresses a set of modularisation drivers (see Table 7.3). The fifteen modularisation 
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drivers in table 7.3 are prioritised according to their relevance to the collaborating 

company’s operations for plantrooms. This prioritisation helps determine the relevance 

of each modularisation driver against the company’s objectives. In addition, a 

distinction has been made to indicate if a tool can help achieve a modular solution 

through an algorithmic (A) or a judgment-based process (J).  

 

    Table 7.3. Tools fulfilment of modularisation drivers 

 Modularisation driver Importance D S M G V I M I M 

1 Technical specification 6 A  J 

2 Styling 2   J 

3 Carry over 4   J 

4 Product planning 5   J 

5 Technology push 4  A J 

6 Production process 4   J 

7 Common unit 6  A J 

8 Manufacturing  6   J 

9 Separate testing 4   J 

10 Purchasing  3   J 

11 Maintenance  5 J  J 

12 Product upgrading 3   J 

13 Recycling  4   J 

14 Transportation 5   J 

15 Architectural 6   J 

Notes: A = Algorithmic process; J = Judgement-based process. 

 

A few lessons can be discerned from the evaluation. Firstly, each modularisation tool 

addresses a different set of modularisation drivers. Secondly, each tool produces a 

modular solution either algorithmic or judgement-based. Thirdly, there is a need for an 
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algorithmic multi-driver approach to modularisation. Fourthly, there is a need to include 

more modularisation information (e.g. coupling indexes and costing).  

 

7.4. A multi-driver approach to modularisation 

This section of the research presents the results of research stage 2, which address 

the multi-driver modularisation problem present in construction as covered in research 

stage 1.  In order to solve a multi-driver modularisation problem, it is paramount that 

a solution can be provided for each modularisation driver. The modularisation solution 

can then be integrated into a single solution based on prioritisation, which forms the 

structure of a multi-driver modularisation approach. When the modularisation drivers 

are addressed simultaneously they provide an integrated approach. This research 

proposes a modularisation approach, which consists of the following steps: i) research 

to identify drivers, ii) prioritise drivers, iii) select objectives, iv) select tools, v) run 

modularisation, and vi) integrate outcomes. 

The top three modularisation drivers selected for this research stage are: technical 

specification, manufacturing and the common unit. Understanding the nature of 

modularisation drivers can support a reliable selection of modularisation tools. The 

technical specification and manufacturing modularisation drivers were tackled using 

DSM. The common unit modularisation driver was tackled with indexes. The technical 

specification DSM and the GVI models developed in research stage 1 were reused in 

this research stage. New models for the coupling index (CI), cost weightings (CW) and 

manufacturing DSM were developed.  

7.4.1. Technical specification-led modularisation 

This modularisation driver aims at providing the technical specification of a product 

system on the basis of functional variance (Erixon 1998; and Borjesson 2010). This 

can be analysed by investigating sub-systems to sub-systems dependencies. High 

dependency amongst product sub-systems means that the sub-systems have high 

functional reliance on each other. Therefore, it would be beneficial if they were 

clustered together into a module. A DSM model was developed for this (see Section 

7.3.1).  
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7.4.2. Manufacturing-led modularisation  

The objective of this modularisation driver is to support ease of manufacturing. This 

can be analysed by investigating operational dependencies. Similar to the technical 

specification modularisation driver, it would be beneficial to cluster components with 

high manufacturing operation dependencies. 

The DSM model was built using a total of 27 product components (see Figure 7.12), 

which were mapped on to themselves based on consideration of physical connections, 

machine requirements, functional dependencies, and assembly sequencing. 

Component-to-component dependencies were labelled on a scale of 2 to -2, where 2 

signifies a required dependency and -2 implies a detrimental relation. Components 

were clustered into modules based on input dependencies criteria. The partitioning 

feature was then used to determine the ordering of the modules. Based on these 

considerations, the DSM model provides a modular solution. Figure 7.13 illustrates the 

results on the product schematic, where the 27 product components were mapped on 

to their core modules. 
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Figure 7.12. Dependency Structure Matrix (Manufacturing) 
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Figure 7.13. Clustering for the manufacturing modularisation driver 

 

7.4.3. Common unit-led modularisation 

This modularisation driver clusters product sub-systems which are more likely to 

change from one product generation to another. It can be used for the identification of 

sub-systems, which are ideal for standardisation and in turn for the development of a 

product platform.  

A QFD model was developed to generate the GVI, which is a metric tool that 

approximates the likelihood and potential rework needed for the next product 

evolution. A coupling matrix (see Figure 7.14) was developed to generate CI, a metric 

tool that indicates the level of coupling that is present between two product sub-

systems. From this matrix, the coupling index supply (CI-S) and the coupling index 

received (CI-R) can be extracted.  Both the QFD-GVI matrix and the coupling matrix 

were built using a total of 15 product sub-systems. Cost weightings (CW) were also 

included to determine the importance of each sub-system to sub-system relationship. 

The resulting GVI, CI-S, CI-R and CW are illustrated in Table 7.4. 
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Figure 7.14.  Coupling Matrix 

 

From the data in Table 7.4, specific characteristics of each product sub-systems can 

be determined. Utilising the data in Table 7.5 and the recommendation on which 

product sub-systems are suitable for full standardisation (FS), or full modularisation 

(FM), the “common unit” can be identified (see Table 7.5). The new recommendation 

(New-Rc) represent an adaption of the recommendation (Old-Rc) proposed in Martin 

and Ishii (2002). Figure 7.15 marks the sub-systems identified for individual full 

modularisation and standardisation. 
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VT pump set 10 9 9 28
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Pressure control 1 9 9

Primary pumping system 18 27 10 9 9 73

Chiller connections 1 9 10

Dosing pots 2 1 1

Pressure control 2 9 9

Degasser 2 9 9

Heat exchanger system Heat exchanger 10 10 11 9 18 10 10 9 9 96

Interface Interface 13 2 9 24
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Table 7.4. Indexes associated with each component 
 

CW GVI CI-S CI-R 
Old- 

Rc 

(CI-S) x 

(Cost) 

(CI-R) 

x 

(Cost) 

New-

Rc 

3 way-valves 7.43 16 12 42 FM 133 1765 FM 

VT pump set 59.71 177 28 11 PM 1121 1106 PM 

Dosing-pots 1 1 2 10 27 FM 79 1613 FM 

CT pump set 59.71 177 90 12 PM 1414 1103 PM 

Degasser 1 24.57 11 11 12 FS 118 1159 FS 

Pressure control 1 15.43 16 9 2 FS 15 40 FS 

Primary pumping 

system 

78.29 84 73 13 PM 1379 1039 PM 

Chiller connections 6.57 1 10 38 FM 85 3273 FM 

Dosing pots 2 1 2 1 27 FM 8 2115 FM 

Pressure control 2 16.29 16 9 13 FS 16 1061 FS 

Degasser 2 22.69 11 9 21 FM 23 1837 FM 

Heat exchanger 103.14 40 96 28 PM 2839 1883 PM 

Interface 6.57 29 24 28 PM 136 2017 FM 

Filtration 11.43 13 10 19 FM 71 1086 FS 

User interface 28.57 27 9 1 FS 29 29 FS 

Notes: FM = Fully modularised;  FS = Fully standardised;  PM = Partially modularised;  PS = Partially standardised. 

 

Table 7.5. Common unit recommendation rules 

GVI 

Martin and Ishii 

(2002) 
New Index 

Recommendation 
 

Abbreviation 

CI-S CI-R 
Cost -

CI-S 

Cost 

-CI-R 

Low  Low  Low Fully standardised FS 

High  High  High Partially standardised PS 

 Low  Low  Fully modularised FM 

 High  High  Partially modularised PM 
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Figure 7.15. Recommendation for standardisation, individual modularisation 

and common unit 

 

7.4.4. Outcomes of the modularisation for the three drivers and 

integration  

The three modularisation drivers pursued in this research produced different module 

cluster results (see Figures 7.6, 7.13 and 7.15). By tackling each driver individually, 

specific modularisation rationales were determined. The integration of the three 

clusters produced the modularised design as shown in Figure 7.16, where technical 

specification was prioritised followed by manufacturing and common unit 

consideration. In comparing the results of the technical specification and 

manufacturing modularisation drivers, modules 1, 2 and 3 (marked in light grey in 

Figure 7.16) were identified as non-conflicting modules. It must be stressed that 

module 3 is also recommended by the common unit modularisation driver. Further 

comparison of the results of the technical specification and manufacturing 

modularisation drivers also led to the identification of modules 5 and 6 (marked in light 

grey in Figure 7.16) as non-conflicting modules. These two modules match those 

recommended by the manufacturing modularisation driver (see Figure 7.13), which 
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represents a subset of the recommendations from the technical specification 

modularisation driver (see Figure 7.6). Two sub-systems (i.e. pressure control and 

degasser) were left floating with possible cluster “a” and “b” since there was no strong 

rationale to cluster them (see Figure 7.16). Finally, modules 2 and 3 and modules 5 

and 6 were further modularised into modules 4 and 7 respectively. This high-level 

modularisation is recommended by the manufacturing modularisation driver and does 

not conflict with the recommendation from the other drivers. 

 

 

Figure 7.16. Integration of modularisation results  

 

7.5. Discussion 

This research shows how modularisation tools can be applied to support 

modularisation of building service products. It provides new insights into the utilisation 

of modularisation tools, modularisation drivers, and important factors affecting the 

design and clustering of the sub-systems or components of a product. The insights 

emerged in this research are described below.  
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The research first investigates how three popular modularisation tools can be used to 

support building design processes. The research distinguished the three tools in terms 

of modularisation drivers tackled and the process used to produce a modular solution, 

namely algorithmic or judgement-based process. The former refers to the ability of a 

tool to handle modularisation drivers from a technical perspective, while the latter is 

associated with subjective consideration.  

The modular designs produced through the three tools were first ranked by experts in 

the collaborating company. The modular solution obtained through the DSM tool was 

ranked the highest. The designs were further compared against the reference model 

to determine design effectiveness. The comparison showed that the MIM tool 

produced the solution that is closer to the modularisation direction currently pursued 

by the collaborating company. This can be explained as follows. The DSM based 

solution best satisfies the modularisation objectives directly relevant to the role 

covered by design engineers in the organisation (i.e. functional dependency between 

the product sub-systems). On the other hand, the MIM tool allows the best trade-off 

between multiple modularisation drivers and it takes into account interdisciplinary 

considerations.  

The research further suggests that neither considering multiple modularisation drivers 

in a subjective way (as in MIM) nor accounting for isolated modularisation drivers in a 

technical manner (as in DSM and GVI) is an optimal solution. On their own, each of 

these tools exhibit limitations and the problem of tackling multiple modularisation 

drivers with a technical solution is not addressed. Multiple tools need to be considered 

to capture the full complexity of a modularisation problem. The research recommends 

to focus on the implementation of complementary tools to generate more effective 

modular solutions. The application of tools such as DSM and GVI should be 

considered for more robust solution in respect to their individual modularisation 

drivers.  

Following the recommendation to implement several modularisation tools, a multi-

driver approach is proposed. It is important to understand how to develop product 

solutions that address construction specific modularisation drivers. The proposed 



 
172 

 

approach is more advanced than those utilised by Veenstra et al. (2006) and Gilbert 

et al. (2013) as it addresses several modularisation drivers with a variety of analyses.  

Some valuable lessons can be drawn from this research. First, the utilisation of a data 

driven approach has permitted a more insightful analysis of the design space to 

support modular products development. It has helped identify possible design 

advantages by tackling a modularisation driver. For example, the identification of 

dependency concentration (i.e. technical specification) for ease of design 

management or the utilisation of indices to address design objectives.   

Second, combining the results from the three modularisation drivers (i.e. technical 

solution, manufacturing, and common unit), a valuable amount of design information 

can be used to support the development of a modular product. Product functionality, 

variety, manufacturing and standardisation have all been addressed in a singular 

solution.  

Third, the work conducted for the common unit shows value in determining which 

components should be individually standardised or modularised. The addition of a cost 

weighting variable adds a further perspective to the traditional method of determining 

common units. This information is valuable to minimise the risk of redesign work. 

Fourth, not all components are affected by all modularisation drivers (e.g. structural 

components are not affected by technical specification modularisation driver). Each 

modularisation driver led to the implementation of different modularisation models to 

include different product sub-systems or product components. For example, the 

product structures tend to be primarily affected by the manufacturing modularisation 

driver and not by technical specification. This is because the product structure 

components do not directly provide the product function (e.g. deliver water). A key 

limitation of this research is that it utilises one case study. Future work should cover a 

variety of additional case studies across a spectrum of construction products. This 

recommendation will help develop better and more encompassing modularisation 

strategies for construction. 
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7.6. Conclusion 

Modularisation in construction is a multi-driver problem. A case study involving two 

research stages has been conducted to tackle this problem. The first research stage 

compared three modularisation tools applied to a plantroom design. The three tools 

were evaluated by determining their effectiveness in addressing modularisation 

drivers. Fifteen modularisation drivers were identified and prioritised. Each of the three 

tools addresses a different set of modularisation drivers and with a process that is 

either algorithmic or judgement based. MIM offers a more holistic approach to 

modularity and supports a wider range of modularisation drivers. However, it lacks 

technical rigour in determining modules. DSM and GVI provide technical solutions but 

each of them focuses on specific modularisation drivers, namely DSM on technical 

specification and GVI on common unit and technology evolution. It is recommended 

that DSM, MIM and GVI should be used in an integrated manner to tackle multiple 

modularisation drivers. As such, they would provide a more effective modularisation 

approach in construction. 

The second research stage looked at developing a multi-driver approach to 

modularisation and integrated the outcomes into one solution. This research provides 

an approach to tackle multiple modularisation drivers, which is essential to address 

modularisation problems in construction. In particular, a solution was developed to 

tackle three selected modularisation drivers (i.e. technical specification, manufacturing 

and common unit). Each modularisation driver was first addressed individually to 

generate valuable design information. The results were then integrated to form a 

singular modularisation solution that accommodates the requirements from all three 

modularisation drivers. 

 

 

 

  



 
174 

 

Chapter 8  

 

Discussion and Conclusion 

 

8.1. Introduction 

This chapter discusses the significance and contributions of the research findings and 

provides the overall conclusions of the PhD research. The chapter explains how the 

main objectives of the research have been met, the novelty of the research and 

challenges addressed by the project. Before concluding, the chapter offers areas for 

future research. 

 

8.2. General discussion and summary of main results  

This research focused on the development of specific approaches for product planning 

of manufactured construction products. The research outcomes are useful to aid 

requirements management, modularisation and complexity management of 

construction products that are to be produced under advanced manufacturing 

environments. The study developed, evaluated and used methods for requirements 

management and modularisation analysis.  

A limited number of past studies has applied modular product planning tools or 

frameworks to construction projects (Veenstra et al. 2006; Gilbert III et al. 2013; and 

Marchesi et al. 2015). However, these studies employed methods from other research 

fields that were not specifically adapted for construction (Martin and Ishii 2002; 

Simpson et al. 2006; Borjesson 2010; Jung and Simpson 2016). The tools and 

methods proposed in this research take a more systematic approach to address 

product planning and complexity management in construction. This research provides 

a comprehensive approach involving advanced tools and methods to analyse 

requirements and on modularisation.  
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Development of product planning methods and models 

Five studies were conducted to support the research aim. These studies cover the  

applications of requirements management and modularisation for manufactured 

construction products . These studies were covered in Chapters 4, 5, 6 and 7. They 

relate to four work streams, which cover: i) the project management environment of 

the collaborating company and a framework proposal to support product planning, ii) 

a QFD model, iii) a HQFD model and iv) a modularisation approach. Chapter 4 sets 

the stage for work on requirements management and modularisation. Chapters 5, 6 

and 7 constitute the main aspects of this research. In particular, Chapters 5 and 6 

cover research on two requirements management methods (i.e. the application of QFD 

and HQFD). Chapter 7 explains a modularisation approach, which consists of applying 

several modularisation tools.  Some of the key features and reasons for using the 

requirement management methods and modularisation approach are highlighted 

below. 

This research specifically uses a functional approach to QFD to introduce more rigour 

to analyse requirements as compared with other QFD applications (Veenstra et al. 

2006; and Gilbert III et al. 2013). The proposed model supports a deeper 

understanding and analysis of requirements for a manufactured construction product 

than those proposed in existing literature (Gilbert III et al. 2013; Marchesi and 

Ferrarato 2015; and Marchesi and Matt 2017). 

A HQFD model was developed and applied to address requirements analysis of a 

complex modular construction system. It builds upon and extends the work on QFD 

(which addressed requirements of a single product) to cover multiple domains, multi-

levels and multi-segments of a complex construction product (an entire building). The 

HQFD model provided a platform for traceability and generated further information for 

data analytics. The model is, therefore, a progression for requirements analysis for 

manufactured building systems.  

A modularisation approach was developed to provide design flexibility. It offers an 

effective solution to achieve strategic modularisation. The approach was applied to 

support modularisation of a building product (e.g. plantroom). It provided a new insight 

into the utilisation of modularisation tools, modularisation drivers, and important factors 
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affecting the design and clustering of the sub-systems or components of the product. 

It also suggests how to formulate modular solutions by tackling multiple drivers 

relevant to a specific problem at hand (e.g. technical specification and common unit). 

Table 8.1 summarises the five studies conducted and their relationship to the overall 

thesis objectives. An illustration of how the studies and chapters of the thesis are 

related can also be seen in Figure 8.1. The figure illustrates how the various QFD 

models are connected to one another in a multi-level environment. It captures the 

context of how these models should be used together with modularisation to form a 

product planning framework. 

 

Table 8.1. Relationship between the various studies and thesis’s objectives 

Study What does it do Relationship to thesis Research objectives 

addressed 

Study 1: 

Examination 

of product 

design 

approach and 

development 

of a 

framework 

Study 1 provides an 

overview of the industry 

context and challenges 

related to product planning. It 

explains the research 

approach and describes the 

relevance of product 

planning and complexity 

management. It proposes a 

framework for complexity 

management for a 

manufactured construction 

product.  

This section of the thesis 

sets the stage for the 

subsequent chapters. It 

provides the context in 

which the case studies are 

undertaken and explains 

why they are relevant to 

further industrialisation in 

construction.   

Research objective B: 

Determine the current 

design and product 

development 

approaches used by 

the collaborating 

company. 

 

Research objective C:  

Develop a framework 

for efficient, systematic 

and flexible design of 

building systems. 

Study 2: 

Requirements 

modelling with 

Quality 

Function 

Deployment 

(QFD) 

Study 2 covers requirements 

management (a subsection 

of product planning). It 

focusses on a systematic 

and comprehensive 

approach for requirements 

management and analysis. 

The study was conducted 

through the application of a 

This was the first step 

towards addressing 

requirements management 

for product planning.  

Research objective D: 

Develop and evaluate 

the application of QFD 

as a requirements 

analysis tool for 

manufactured 

construction products. 
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QFD model on a plantroom 

product. 

Study 3: 

Requirements 

modelling with 

Hierarchical 

Quality 

Function 

Deployment 

(HQFD) 

Study 3 advances and build 

upon the works covered in 

Study 2. However, Study 3 

introduces and addresses 

the issues of requirements 

management for more 

complex products that have 

multidimensional and 

multilayer requirements. This 

was brought about by 

introducing HQFD model.  

This work advances the 

issue of product planning 

through requirements 

management as compared 

with Study 2. It has an 

increased level of 

complexity as compared to 

Study 2 and is better 

equipped to handle complex 

products which are more 

representative of large 

construction projects (e.g. 

an entire apartment 

building). 

Research objective E: 

Develop a method to 

manage requirements 

of a complex 

manufactured 

construction product. 

Study 4: 

Evaluation of 

modularisation 

tools 

Study 4 looks at 

modularisation, which 

addresses the issues of 

complexity management. It 

addresses complexity 

management through the 

strategic clustering of 

product systems or 

components. Study 4 

evaluates existing tools and 

methods cover in the 

literature. These tools and 

methods are not limited to 

construction but have been 

applied in other disciplines. 

This study determines the 

suitability of these tools and 

methods for construction.  

This was the first step 

towards addressing 

complexity management 

through modularisation. 

Research objective F: 

Evaluate current 

methods to support 

development of 

efficient modular 

construction products. 

 

 

Study 5: Multi-

driver 

modularisation 

approach 

Study 5 builds upon the 

findings of Study 4. The latter 

found that a multi-driver 

modularisation approach 

was needed for construction. 

This work advances the 

issue of product planning 

and complexity 

management through 

modularisation as compared 

Research objective G: 

Develop a 

modularisation 

approach to address 

multiple 
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Study 5 presented a multi-

driver approach to 

modularisation.  

with Study 2. It provides a 

more coherent approach to 

modularisation.  

modularisation drivers 

in construction. 

 

Figure 8.1 shows that the HQFD model (dotted black line) consists of a set of QFD 

models that have been structured in accordance to the HQFD structure. It also shows 

that the example HQFD model used only a subsection of an ideal HQFD of a complete 

building. Modularisation (blue box) is used together with QFD (red box) to handle 

complexity management issues through strategic clustering. The QFD and 

modularisation form the product planning framework (green box), which is explained 

in Chapter 4. In order to manage product complexity effectively it is recommended that 

all three sets of models (QFD, HQFD and modularisation) be implemented together. 
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Figure   8.1. Overview of how each study is related to one another 

 

Evaluation criteria 

The main evaluation criteria for the tools developed in this research were based on a 

combination of interviews, surveys, workshops and seminars, which involved various 

stakeholders (e.g. engineers, experts, consultants) at the collaborating company (see 

chapter 3). Some specific evaluation criteria included relevance, accuracy, 

comprehensiveness, product planning support, practicality and usefulness factors. An 

in-depth evaluation of the models and methods developed in this research was 

analysed and the results were presented in chapters 5, 6 and 7. An analysis of 

requirements needed for product planning models were presented in chapter 4 (see 

table 4.1). The requirements were determined from an initial study of this research that 
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looked at the current design process implemented by the collaborating company. All 

methods and models in this research provides systematic approach for development 

of manufactured construction products and are more developed than existing methods 

described in chapter 4. 

 

Balance between standardisation and product flexibility 

There is a need to balance between standardisation (for cost and efficiency reasons) 

and unique context of a specific system (for flexibility and customisation). There are 

concerns over a “one size fits all” approach in construction. This is because 

standardised buildings cannot satisfy all stakeholder’s specific needs. This research 

argues that the entire building or product should not be standardised, but modularised 

with some modules that can be standardised.  

Some level of standardisation is necessary to meet industrial and production goals to 

increase productivity, lower costs and achieve economies of scale. Standardisation 

exists in the construction industry, albeit limited to smaller components such as bricks, 

steel beams, windows and panelled fittings (e.g. walls).  In order to increase production 

efficiency, it is recommended that the level of standardisation be increased as much 

as possible but without compromising the end users’ requirement for product 

uniqueness.  

Standardisation could occur with design methods, production methods, some product 

modules and some components. This research advocates for standardised systematic 

design methods (e.g. QFD, HQFD, and Modularisation) that can support 

implementation of product modularisation and platforms. These methods can increase 

product flexibility by providing systematic product planning. The product design in 

construction would need to regulate the degree and composition of standardised 

product components and methods to ensure customisable results. It is possible to 

standardised different sections of a building and it’s modules separately to achieve a 

tailored effect.   
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Role of stakeholders 

The main focus of this research is on product planning with a special emphasis on 

requirements analysis and modularisation. Information for requirements analysis were 

based on those already determined and collected by project management team, 

engineers, consultants and experts responsible for the development of residential 

buildings at the collaborating company.  

The models and methods developed in this research are intended to provide a guide 

and support tools for stakeholders and engineers. This research focuses on 

industrialisation and production capability, which is based on the perspective of the 

collaborating company. The research does not take into consideration requirements 

that are outside of common industrial practices such as user experiences (UX). The 

requirements collected for this research depended on the expertise, insights and 

experiences of industrial collaborators (including architects and engineers) as well as 

consultants to the collaborating company. However, it is recommended that future 

research could also include UX consideration to enrich requirements and to capture 

the perspectives of customers. Once the additional requirements have been collected 

and calibrated, they can then be added to the QFD and product planning model.  

This research recommends an additional step in product planning to support 

stakeholders and engineers in the development of manufactured construction 

products. The models and methods provide a platform to bring together multiple 

stakeholders’ perspectives. They can be used by stakeholders to form an integrated 

solution, with the aim to address multi business and industrial objectives. The 

developed models can guide architects, engineers and other designers to consider a 

variety of design and stakeholder issues (e.g. sustainability) though it’s systematic 

procedure.  Like many product planning tools, the models and methods developed in 

this thesis are to be used and implemented during the early design stage of product 

development and as tools to support product planning, decision-making and analytics. 

These models are intended to support architects and engineers to increase 

understanding on product requirements and product features. The models facilitate a 

better understanding of product requirements than existing methods.  
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This research recommends product planning for the development of product concept 

and to assist in identifying logic holes. There is a general agreement amongst 

stakeholders and collaborators of this research that systematic tools (both 

requirements management and modularisation) are highly valuable for the 

development of manufactured construction products (see chapters 5 and 7). 

 

Change management influence on models 

The models have been developed with the intent to minimise future product changes 

through more rigorous requirements management and to limit the amount of redesign 

through modularisation (i.e. only affected modules need to be redesign whilst the rest 

remain unchanged).  

According to the literature, products and systems commonly experience changing 

requirements and features. It is important to capture complete product requirements 

at the outset of the product planning stage, so that as little change as possible occurs 

(Eckert et al. 2012). However, changes can occur, which can result in further redesign 

(Langer et al. 2012; Morkos et al. 2012; Bauer et al. 2015; and Koh et al. 2015).  

Therefore is it advantageous to develop engineering products and systems that are 

adaptable. Several studies have emphasised on the changeability of products (Martin 

and Ishii 2002; Jiao et al. 2007; Suh et al. 2007; Hu and Cardin 2015; and Koh et al. 

2015). Past research have also established that modularity can be used to support 

product changeability (Baldwin and Clark 2000; Jiao et al. 2007; Saleh et al. 2009; 

Krause et al. 2013; and Holtta¨-Otto et al. 2013). For example, Ulrich and Eppinger 

(2012) describe that modular system can support product changes to be made to a 

few isolated product functional elements without affecting the design of other modules. 

Modularisation should be carried out during the planning stage of new products.  

 

8.3. Contribution of the study   

The aim of this research is to develop product planning methods for complexity 

management of manufactured construction products. The research objectives 

supporting the aim can be divided into two key areas. They are to:  
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1) Develop requirements management tools and methods for product planning 

(addressed in Chapters 5 and 6) and  

2) Develop a modularisation approach for product planning and complexity 

management (addressed in Chapter 7).  

The project has met the above objectives through the development of specific models 

for requirements management and modularisation of manufactured construction 

products. Figure 8.2 summarises the key features of the approaches and contributions 

of the study. 

Product planning for manufactured construction products 

 

 
Research 
objective 

 
i) To develop requirements management tools and 

methods for product planning.  

ii) To develop a 
modularisation 
approach for 
product planning 
and complexity 
management. 

 

Research 
approach/ 
model 

Requirements management Modularisation 

Requirements management 
using QFD model 
(see Chapter 5). 

Hierarchical 
requirements 
management (HQFD) 
model (see Chapter 6). 

A data orientated 
modularisation 
approach 
(see Chapter 7). 

General 
features 

QFD offers a systematic 
and data-oriented 
requirements management 
and analytics tool. 

 
Intended for a single 
product involving non-
detailed considerations 
(e.g. “deliver water” vs 
“maximum electrical pump 
power”). 

HQFD offers a 
systematic and multi-
dimension 
requirements 
management tool for a 
complex product (with 
multiple product 
segments). 

Consists of a set of 
QFD models. 

Considerations include 
product domains and 
multiple product levels 
(high level to details 
level). 

Offers an approach for 
strategic clustering of 
product systems and 
components in 
accordance to 
modularisation drivers. 

Specific features 

Model is data orientated. 
 
Data are hierarchically 
organised. 
 
Information model (non-
functional requirements,  

Multi-dimensional 
information model (3 
dimensions: product 
segments, product 
domains, product 
levels). 
 
Highly structured. 

Data orientated model. 
 
Matrix and index style 
tools. 
 
Compatible with QFD.  
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functional  requirements, 
product systems).  
 
Data analysis is possible. 

 
Data rich environment. 
 

 

Contribution 

context 

   

Technical 

contribution 

Better requirements 
information 
management compared 
to existing practice. 

Supports further data 
analytics work. 

Better requirements 
information 
managements. 

Better information 
structure. 

More detailed and 
comprehensive analytics 
than QFD. 

More strategic and 
effective modularisation 
approaches compared to 
existing practices. 

Product 

contribution 

Better requirement 
coverage. 

 

Supports better systems 
analytics for complex 
manufactured 
construction products. 

Better defined product 
features in compliance to 
modularisation drivers. 

 

Management 

contribution 

Enable analysis of 
requirements 
management. 

Fewer iterations and 
failures during product 
development. 

Supports requirement 
traceability and data 
analytics. 

Possible analysis for 
resource allocation. 

Supports complexity 
management for 
requirements 
management. 

Good for handling 
complex products. 

Supports requirement 
traceability and analytics. 

 

Change management. 

Risk mitigation. 

Business strategy 
through modularisation. 

Complexity management 
and control through 
modularisation. 

Literature 

contribution 

Fills the gap by 
explaining systematic 
requirements 
management 
approaches for 
manufactured 
construction products. 

Fills the gap by explaining 
systematic requirements 
management approaches 
for complex construction 
products. 

Fills the gap by 
explaining modularisation 
approaches in 
construction. 

Figure 8.2. Research objectives and contributions of the study 

The novelty of the research lies in the development, integration and application of 

systematic analytic tools to achieve efficiency and flexibility in production of 

construction products. The research tackled complexity management by developing 

and tailoring systems engineering tools (i.e. DSM, GVI, MIM, QFD and HQFD) and 
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integrating them into complexity management approaches for manufactured 

construction products.  

The novelty of the research relates to two major areas: “requirements management” 

and “modularisation”.  The former looks at requirements management for complexity 

management in construction. The significant contribution from this area of work 

includes: the information model, multi-stakeholder organisation, prioritisation for 

shortfall identification and Hierarchical Quality Function Deployment. The novelty of 

the modularisation approach includes the explanation of modularisation problems in 

construction as well as the introduction and adaptation of modularisation tools from 

other disciplines.  

8.3.1. Requirements management through QFD model 

The work on requirements management provided a step forward in attaining 

systematic tools and abilities for the development of construction products (see 

Chapter 5 for details). It was conducted through the implementation of the QFD model 

to a single plantroom product. The QFD model was able to address requirements 

management in a systematic and structured manner. The model was appropriate to 

be used for requirements management and product planning of a manufactured 

construction product (i.e. plantroom).  

In developing the QFD model, two QFD matrixes were developed and examined. The 

application of QFD in advanced off-site construction received positive feedback from 

the collaborating company’s engineers. It was found that the QFD model was useful 

for a rigorous organisation of non-functional and functional requirements and for 

documentation of complex relationships between them. The QFD model supported the 

collaborating company to achieve more advanced requirements documentation and 

analysis capabilities compared to the existing approach. The model captures 

engineering experience by allowing the design of next generation products to be less 

reliant on expert engineers. The prioritisation system is a valuable feature of the QFD 

model, which was confirmed by the results of the evaluation workshop. It helps identify 

issues of importance in advanced off-site construction. This feature is crucial for 

efficient allocation of resources and investments.  
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The information model used in the QFD application is an adaptation of that described 

in Burge (2007). The model maps non-functional requirements to functional 

requirements to product systems. It is more functionally orientated as compared to the 

traditional information model, which normally is applied to quality function deployment. 

The model is more in line with functional thinking and functional based modularisation. 

The model also reflects the multi-stakeholder reality of the construction industry where 

a multi-stakeholder hierarchy organisation of requirements was added to the QFD 

model. The model was used also for hierarchical requirements modelling, which 

relates to requirements analysis for complex systems through the use of hierarchical 

QFD systems. 

The QFD model was useful for data analytics for shortfall identification. Data analytic 

methodologies can be implemented with QFD. This can be pursued by first identifying 

which requirements are most important to achieve advanced manufacturing and 

modular design objectives; and second understanding the current fulfilment shortfall 

of requirements. 

8.3.2. Hierarchical requirements management through HQFD model 

The issue of more complex requirements management was addressed further by 

using a HQFD model (presented in Chapter 6). The model used a set of QFD tools to 

analyse requirements of an apartment building. The model was developed through 

multiple QFD matrixes, which cover 5 product levels of an apartment building that 

involved multi-dimension and multi-level requirements. They included the following 

product segments: i) apartment building, ii) module apartment, iii) the module frame, 

iv) interfacing systems, and v) alignment rack. The HQFD model supported a better 

system structure and a comprehensive analytics environment. In addition, the data 

rich environment of HQFD supports further exploration into traceability activities and 

data analytics.   

The model also provided an approach to support requirements management for 

complex products. The findings of the HQFD study (see Chapter 6) include the 

following:  
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• The model involved more advanced structure and information management suited 

for complex systems. HQFD facilitates the handling of complex systems than a 

single QFD model described in Chapter 5. It does this by providing a more 

advanced organisational and systematic information structure (including the 

dimensions of domain, segments and levels).  

• HQFD carries all benefits present in QFD with additional synergistic advantages. 

Some of these advantages include HQFD levels of interconnectivity, which support 

requirements traceability.  

• HQFD provides a data rich environment which is ideal for opportunities for further 

data analysis: An example was made in this study, which indicates building 

construction requirements most likely to be affected by a shift towards 

manufacturing production systems. 

• HQFD provides a framework for future development of building systems. The 

abundance of information available to an engineer can turn HQFD into a potential 

platform to launch innovation for development of future products. 

This research supports that HQFD is a requirements analysis model that can be used 

to address complexity management of product systems. It tackles requirements 

analysis from a multi-dimensional context and takes into account multiple 

requirements such as product segments, product levels and requirement domains. It 

has the added benefit in providing a better organisational structure for requirements 

analysis and supports requirements traceability across product levels and product 

segments. Through the HQFD model, better data analysis and studies can be 

conducted.  

8.3.3. Complexity management with modularisation approach 

Modularisation provides a foundation for the development of modular products and 

can support complexity management (Hölttä-Otto 2005; Ulrich and Eppinger 2008; 

and Emmatty and Sarmah 2012). This study examines the suitability and context of 

modularisation tools for construction. The initial work on modularisation evaluated 

three set of tools by determining their effectiveness in addressing modularisation 

drivers and their processes (i.e. algorithmic or judgement-based process). Fifteen 

modularisation drivers were identified and prioritised. Three specific tools (i.e. MIM, 
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DSM, and various indexes) were carefully examined. Each of the three tools 

addressed a different set of modularisation drivers with a process that is either data 

oriented or judgement based. The evaluation looked for modularisation drivers and 

clustering techniques of these three tools. An approach was also developed to address 

modularisation for multiple modularisation drivers from a data-oriented perspective. 

The research distinguished that different modularisation tools tackle different 

modularisation drivers. The DSM tool was preferred by design engineers at the 

collaborating company because it focuses on product technical specification, which 

was more in line with the perspective of these engineers. On the other hand, the MIM 

tool produced a solution that is closer to the modularisation direction currently pursued 

by the collaborating company. This was due to MIM’s ability to consider multiple 

modularisation drivers, though limited by higher levels of subjective consideration as 

compared to DSM. Models for GVI and other index styled tools were developed to 

address standardisation issues. However, these index tools were not the primary 

consideration for modulation, despite being deemed as important. The research 

established that multiple tools need to be considered to capture the full complexity of 

a modularisation problem in construction. The research recommended to focus on the 

implementation of complementary tools to generate more effective modular solutions. 

The research further emphasized that modularisation problems and drivers must first 

be understood in order to achieve effective modularisation in construction. It would 

then lead to a tailored solution to the modularisation problem. The details of the 

modularisation problems explored in the study are unique to construction and 

therefore the solution proposed is novel.  

Some other lessons can also be drawn from the findings generated by the 

modularisation model (see Chapter 7). These findings can be summarised as below:  

• The utilisation of a data driven approach has permitted a more insightful analysis 

of the design space to support modular products development.  

• Modularisation in construction can be a multi-driver problem and therefore adopt 

approaches which are able to handle multiple drivers. Chapter 7 provides an 

example, which addresses three drivers (i.e. technical solutions, manufacturing, 

and common unit).  
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• The approach used for product modularisation provides a valuable feature for 

identifying product component which could be recommended for individual 

standardisation of modularisation of product subsystems.  

• Additional weighting and variable could be highly valuable for tackling 

modularisation drivers.  

• Different modularisation drivers have different characteristics and can affect 

different product components. 

• Future work should explore where modularisation would have the highest impact 

and on which building segment.  

A strategic application of modularisation to address modularisation drivers was made. 

It resulted in a proposed approach for multi-driver modularisation of construction 

products (see Study 5, Chapter 7). It utilised and integrated several data-oriented 

modularisation tools such as DSM and index tools. The approach provided 

advantages for analysis of data oriented and multi-driver modularisation in 

construction. It was found to be more detailed and comprehensive than with the 

application of a single modularisation tool. 

8.3.4. Summary of contributions 

This research has generated contributions, which are summarised in Table 8.2. The 

table lists the contributions that this research brings and indicates the major 

corresponding sources of information that supported the research. In particular, the 

research has contributed to a better understanding on achieving efficient and flexible 

manufactured construction products, the need for an effective product planning phase, 

approaches for development of models, the need to strengthen design engineering 

processes and the identification of industry strategy.  

The research has also provided a valuable step forward in product planning for 

manufactured construction products. It provided systematic models and approaches 

to address requirements management analysis and complexity management, which 

has been lacking in coverage in the literature (Marchesi et al. 2013). The research is 

more targeted towards the development of products suited for higher levels of 

construction industrialisation, which has not been well documented.  
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Table 8.2. A summary of research contributions and benefits 

Areas of 
contributions 

Contributions and benefits of the research 

Found in 
study 

1 2 3 4 5 

Research 

problem 

context 

Addresses requirements management for manufactured 

construction products. 
x x x   

Addresses modularisation for manufactured construction products.  x   x x 

Product 

planning 

context  

  

Complements advanced manufacturing activities. x x x x x 

Provides a better environment for design engineering decision 

making. 
x x x x x 

Contributes to a better understanding of product change 

management. 
   x x 

Supports requirements fulfilment of products. x x x   

Contributes to requirements management and analysis. x x x   

Contributes towards addressing and handling large amounts of 

requirements in a structured and systematic manner. 
  x   

Addresses complexity management issues. x  x x x 

Tools and 

models  

The models developed are data orientated in nature. x x x x x 

The implemented tools are comprehensive and have a well-defined 

structure, which is much needed for the advancement of product 

development practise. 

x x x x x 

Closes logic holes in design and systems engineering 

considerations. 
x x x  x 

Reduces subjective design input in the design process. x x x x x 

Increases systematic in the design of engineering information and 

modelling. 
x x x x x 

Provides additional valuable insight into model analysis. x x x x x 

The tools implemented in the study are compatible with other 

possible tools. 
x x x x x 

The model developed in one-off work. Models are reusable for further 

product planning. 
x x x x x 

Design / 

systems 

engineering 

procedure and 

industry 

practice 

context 

Collection of design engineering knowledge and better 

documentation than current method. 
x x x   

Increases streamlining process and ensures a structured approach 

to product design and development than current method. 
x x  x x 

Increases systematic properties and rigor in design engineering 

processes and practices than current method. 
x x x x x 
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The research indicated that product planning should occur before the start of heavy 

project work. This will help gauge the level of difficulties, complexity and potential 

pitfalls within product planning. Specialist teams working on specific section of the 

building need to develop their own QFDs, which can be quickly compiled or integrated 

to form the overall HQFD for the apartment building. This is to be followed by 

modularisation of product systems for further product complexity and change 

management. Although this research addresses the issue of manufactured product in 

construction, the approaches used can be easily adapted to other complex products 

in other industries. 

Each requirement analysis or modularisation model is specific to the product and 

business situation in which it was developed for. However, the models developed in 

this research are generisable and could be applied to another company that is 

producing similar products with the same functionality. Therefore, the developed QFD 

models and their component requirements can be utilised across the industry, except 

for target values, for similar products of the same functionality. Target values are 

typically determined by the business strategy of a company. For non-similar products, 

the application of the models would need to be adapted to reflect new set of 

requirements and product functionality. This research suggests that the methods for 

developing models can be applied to develop other models (either for requirement 

analysis or modularisation), even to products or process outside construction. The 

result arising from the implementation of these methods will be a systematic and data 

centric model for management of complex systems.  

 

8.4. Research challenges and limitations 

The research has had to deal with several challenges which were overcame over the 

process of this project. These challenges (see Chapter 4) are discussed below:  

(i) Project complexity: This research has had to deal with a large spectrum of 

product and project features. These features are spread across multi-

stakeholders, multiple teams and information owners. The fragmentation of 
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information and its provenance from different sources posed a challenge in the 

research with respect to getting access to coherent information and data.  

(ii) Data collection: The project complexity has also made data collection difficult. 

It has often led to the need for extensive networking to identify and access 

product or project data and experts’ feedback. There was also difficulty to 

determine experts and collaborators for the study. 

(iii) Project case studies: Advanced manufactured construction product examples 

are scarce and are being developed or yet to be developed. This has resulted 

in a limited number of projects to choose from to examine. 

(iv) Live projects and dynamic data sets: Dealing with live projects involve a 

dynamic (changing) product definition and requirements. These changes made 

developing and finalising QFD matrixes challenging. 

(v) Evolutionary products and redesign: Dealing with live products which were 

intended to be adaptable to fit changing customer needs presents an issue of 

having product requirements and information which are unfixed and sometimes 

ambiguous. The challenge met was the need to have a single set of 

requirements and product information to conduct research.  

There are also other limitations of the project and in the application of the research 

findings. These limitations are covered below. 

First, the research only focussed on product planning stage of project development. 

Hence, future development would need to include additional related aspects such as 

product life cycle, customer product features selection and product configurations.  

Second, the research scope is limited to the construction industry. Using the models 

developed in this project in other industries would require caution as there may be 

industry-specific factors, challenges or data limitation. 

Third, there are specific challenges in applying the research findings to product 

planning, tools development, system engineering and industry-specific strategy 

contexts as highlighted in Table 8.3. 
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Table 8.3. Challenges in using the research findings 

Limitations 

Research issues 

This research addresses product planning in construction with a higher level of 

complexity and detailed information requirements, which resulted in increased 

complexity of solutions than those covered in the literature. By examining the 

issues of product planning with a higher level of details, the complexity level of 

both the product planning problem and solution increases. This results in more 

complex product planning approaches than existing ones. 

Product planning 

specific factor 

The models developed in this research could increase the complexity in design 

techniques and practice.  

Tools development 

context 

  

  

The tools developed were resource intensive. The level of product planning 

and product systems engineering requires high levels of knowledge on 

products and their requirements. This knowledge may not be available or are 

constantly changing.  

The models developed in this research are detail orientated (detail product 

information, such as product feature and requirements). They require high 

levels of rigour and diligence in the development and implementation than 

current practices.  

The development of the models require training. Companies might not have 

trained staffs to develop the models.  

Design / systems 

engineering 

procedure and 

industry practice 

specific 

consideration 

The models in this research require significant investment of time to develop. 

The addition of product planning tasks can make the design stage of product 

development longer.  

Industry strategy 

specific factor 

Increased product planning and design expenses. Companies may be 

unwilling to incur in these expenses. It may also conflict with an “action first” 

corporate culture. 

 

Fourth, additional case studies covering other construction products (e.g. kitchen pods 

and mechanical electrical plumping systems) would be beneficial to gain a deeper 

insight into more robust product planning and complexity management.  

Fifth, despite the many potential benefits that product modelling can bring to the 

construction industry, there are barriers to its implementation. Systematic and data-
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oriented models require the need to gather a comprehensive set of product information 

and requirements, which may be hard to acquire. For example, this may entail several 

meetings with stakeholders prior to the development of the models, which may not be 

a simple task in a business environment. There is also an assumption that the client 

and the respective stakeholders have complete and unchanging knowledge of the 

requirements, which may not be the case.  

Sixth, once the requirements are comprehensively collected there is the issue of 

interdisciplinary conflicts when organising and prioritising different requirements, as 

well as modularisation drivers. There is also the risk of resistance to the adoption of 

the tool once developed, as it may be viewed to conflict with the traditional culture of 

flexible operations in the organisation. In order for systematic tools to be used 

successfully in construction, there is a need to increase support for its utilisation. 

The above challenges and limitations would need to be addressed in future research 

so as to develop suitable complexity management tools and to encourage companies 

to use them effectively.    

 

8.5. Relation to UN Sustainable Development Goals 

The UN Sustainable Development Goals (SDGs) were not specifically and extensively 

covered in this thesis because they were not the primary focus of the research. 

However, the study has addressed a few of the SDGs (see table 8.4). In particular, the 

work has direct relevance to the UN sustainable development goal 9: “industry, 

innovation and structure”, goal 11: “sustainable cities and communities”, and goal 12: 

“responsible consumption and production”. This research supports better product 

planning for further industrialisation in construction, which is in line with SDG goals 9, 

11 and 12. The research enables a more effective delivery of advanced building 

products through requirements management and modularisation. The product 

planning solution of this study contributes to the industrialisation agenda for the 

construction industry. It provides an innovative solution to modularisation problems 

faced in construction.  
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It is important that the construction industry recognises the growing significance of 

these global goals and their implications to the industry. In this regard, companies and 

stakeholders in construction need to address adequately the economic, social and 

environmental aspects of these goals.   

The models developed in this study can be adapted to address other aspects of the 

SDGs. In particular, future models can be developed to incorporate additional SDG 

considerations such as clean sanitation, climate adaptation, sustainable infrastructure 

and buildings, affordable homes and responsible use of resources in construction. In 

order to further incorporate other sustainable development goals, future product 

planning models need to factor in additional SDG requirements. The QFD models 

developed in this research can be adapted to include these additional requirements, 

including those related to other sustainability targets (e.g. affordable and clean energy, 

and climate action). Modularisation can also be made more focused on product life 

cycles and to be made more in line with other SDGs.  
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Table 8.4. UN Sustainable Development Goals addressed in this thesis and suggestions for future work 
SDG 
No 

Title of goal Description SDG addressed in this thesis Further work to support SDG 

1 No poverty End poverty in all its forms everywhere. No. Yes. Affordable housing. 

6 Clean water and 
sanitation 

Ensure availability and sustainable 
management of water and sanitation for all. 

Not directly. However the construction 
of buildings involve water delivery 
systems and sanitation services. 

Yes. Examples: improve further 
efficient water delivery systems and 
sanitation services. 

7 Affordable and 
clean energy 

Ensure access to affordable, reliable, 
sustainable and modern energy for all. 

Not directly. However the construction 
of buildings involve delivery of energy to 
users. 

Yes. Examples: smart energy systems 
and solar panels.   

8 Decent work and 
economic growth 

Promote sustained, inclusive and 
sustainable economic growth, full and 
productive employment and decent work for 
all. 

Not directly. Industrialisation in 
construction contributes to economic 
development. This thesis addresses 
industrialisation in construction.  

Yes. Need to take into account 
employment impact, and new skills 
requirement and training. 

9 Industry, 
innovation and 
infrastructure 

Build resilient infrastructure, promote 
inclusive and sustainable industrialization 
and foster innovation. 

Yes. This research proposes 
industrialisation in construction and 
innovation in building infrastructure. 

Yes, through mass-customisation in 
construction.   

11 Sustainable cities 
and communities 

Make cities and human settlements 
inclusive, safe, resilient and sustainable. 

Yes. This research covers development 
of buildings through product planning.  

Yes. Smart buildings and smart cities. 

12 Responsible 
consumption and 
production 

Ensure sustainable consumption and 
production patterns. 

Yes, through effective requirements 
management, and efficient use of 
resources including reduction in 
redesign.  

Yes. Future research could look into 
approaches to increase responsible 
production in construction.  

13 Climate action Take urgent action to combat climate 
change and its impacts. 

No.  Yes. Future work could incorporate 
green building requirements and 
carbon neutral construction 
industrialisation.  

17 Partnership to 
achieve the goal 

Strengthen the means of implementation 
and revitalize the global partnership for 
sustainable development. 

Not directly.  Yes. Construction industry can play an 
important role in the global partnership 
through sharing experiences in 
developing environmentally friendly 
buildings.  
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8.6. Future research  

This research has made specific contributions to the field of systems engineering, 

product planning and complexity management in construction in areas such as data 

analytics, information management and model development. It provides a platform for 

future work in product planning and development and contributes towards the 

industrialisation agenda in construction.   

The research suggests that future work in product planning for manufactured building 

systems would need to utilise more systematic tools for planning and information 

modelling. As a result of this research, future work should examine the following 

specific issues:  

• Further features: The requirements management and modularisation model 

developed so far could benefit from additional features. For example, the QFD 

model covered in Chapter 5 does not include all known features of the tool. Hence, 

future requirements management and modularisation models would need to 

capture requirements trade-offs and employ the concepts of prioritisation theories, 

weighting normalisation, and cost drivers. Further development of requirements 

management and modularisation approaches for the construction industry would 

need to give careful consideration to business competitive factors (e.g. cost 

reduction) and the benefits of automated off-site construction. 

• Further data analytics:  Data analytics can be used for studies to identify potential 

for increased product design efficiencies or flexibility. It can also be used to target 

business objectives and control decision making trade-offs.  

• Targeted modularisation: As recommended earlier, future studies could be 

conducted to explore which building segments would benefit most from 

modularisation activities.   

• Automated data harvesting: Data collection was one of the most difficult hurdles 

to overcome in this research. Future work involving automated data harvesting 

would reduce the demand on resources required to build QFD, HQFD and 

modularisation models. The development of an automated data harvesting process 

would be most welcomed in future work. However, a lot of the information on 

construction project tends to be fragmented and scattered across several teams 
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and in various information forms. This will require significant data clearing and 

processing or a standardised method to support digitalised information capture.   

• Expansion on other product development areas: This research focussed on the 

product planning stage of project development only. Future development could 

include additional related aspects such as product life cycle management, 

customer product features selection, and product configuration models. They could 

be developed as add-on models to the HQFD model developed in this study.  

• Expansion into risk management:  While this research has addressed product 

risk management (Chapter 7 on modularisation), it would be beneficial to further 

develop the models to handle more advanced risk management strategies to 

support the overall business objectives and decision making.  

• Protocol developments: As models and approaches developed in this research 

are fairly complicated and require training, it may be useful to develop protocols to 

aid in the development of future model.  

• Product planning framework for production operations: In order to effectively 

achieve further industrialisation and mass-customisation in construction, a product 

planning framework should be developed for production operations. When the 

product planning framework for a single product and a product planning framework 

for a production operation are paired together they can provide a framework for 

high level of mass-customisation. Such product planning framework could 

contribute to achieving efficiency and flexibility across both product and production 

operations.  

 

8.7. Conclusion 

This research has met its objectives to develop and apply product planning methods 

for manufactured construction products, involving system engineering approaches or 

analytical tools to requirements management and modularisation. It has taken a 

systematic and comprehensive approach in the examination and application of 

analytical tools and models. Specifically, the research has led to the development of 

models that are able to support effective product planning and complexity 

management. 
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Three specific methods (i.e. QFD, HQFD and modularisation) stood out to be effective 

in meeting the research objectives. The novelty of this research can be divided into 

two major work streams: “requirements management” and “modularisation”. The 

contribution to the requirements management work included a systematic approach 

through the application of QFD model and hierarchical requirements management with 

the use of HQFD model and data analytics. The modularisation work covered the 

explanation of modularisation problems in construction, adaptation of modularisation 

tools from other disciplines to construction and formulation of a multi-driver 

modularisation approach. 

The research was supported with five studies, which generated the following 

contributions: 

• It recommended a framework for product planning and complexity management 

(outcome of Study 1: explained in Chapter 4). In particular, it recommended that 

requirements management and modularisation should be addressed 

simultaneously so that high levels of and flexible product requirements can be 

effectively obtained. The framework is effective in handling single product 

requirements, modularisation and complexity management.   

• The research developed a systematic and comprehensive model through QFD 

approach for requirements management under a single product situation (outcome 

of Study 2: explained in Chapter 5). The model can support systematic and data-

oriented analysis for manufactured construction products. 

• In addressing requirements management for complex and multiple products, the 

research developed a hierarchical requirements model through HQFD (outcome of 

Study 3: explained in Chapter 6). The model accommodated a better structure and 

organisation of requirements that involve multi-dimensions, which in turn 

contributed to traceability and data analytics. The model can support a better 

management of complex product requirements that involve multi-layer or a 

composite of sub-products (product segments) of a building. 

• The research further evaluated the capabilities of existing modularisation tools and 

their potential for application to construction. An integrated multi-driver 

modularisation approach was applied in complexity management through strategic 

component clustering. The model encompasses a combination of modularisation 

tools to address product change management, product complexity management, 
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and mass-customisation problem faced in the construction industry. The approach 

was able to identify modularisation drivers and generated modularisation solutions 

(outcome of Study 4 and 5: explained in Chapter 7).    

This research established that both the QFD and HQFD models present valuable 

instruments for data analysis. While the former can be applied to requirements 

involving a single product, the latter extends the QFD model and benefits to analyse 

multi-dimension requirements (from a single construction product to an entire 

composite building). The research has also illustrated that QFD can be used to gain 

insight into design influence for manufacturing in construction.  

The HQFD model supports a deeper understanding of advanced off-site construction 

requirements. This is the first application of a HQFD model to a modular construction 

scenario. Past applications of construction requirements analysis were limited to 

applications of QFD to mainly buildings or construction operations. HQFD maps 

requirements not just on a single product level but for an overall product system that 

consists of multiple products or segments and multiple levels resembling a complex 

system. This research has contributed to the development of systematic tools for 

management of complex construction products, involving multi-dimension and 

interconnection of multilayer consideration. It has provided a valuable step forward for 

product planning of manufactured construction products. 

The application of modularisation approaches for manufactured construction products 

has been limited. This is because most existing works focus on optimisation of 

construction operations instead of on manufactured construction products. Therefore, 

this research has provided a platform for modularisation approaches that could 

support future manufacturing ambitions in construction. The proposed approach 

highlights the rationale of modularisation drivers which can support broader business 

strategy and objectives.  

While the models developed in this research are specifically for manufactured 

construction products, they could also be applied to non-construction industries for 

complexity management and product planning. However, the limitations of this project 

need to be taken into account and the models need to be adapted to fit the specific 

industry consideration, including on data challenges. This research has also 

contributed to the knowledge body in explaining systematic and comprehensive 
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methods to address requirements management and modularisation, which has been 

lacking in the literature. The proposed models or approaches used in this research 

contribute to a deeper understanding of product planning for complexity management 

in construction than those proposed in existing literature (Veenstra et al. 2006; and 

Gilbert III et al. 2013). 

Other outcome of this research is the proposed complexity management approach 

and single product framework, which integrates the various models and tools to 

address complexity management. The product planning framework integrates 

requirements management models and modularisation approach for planning of 

flexible manufactured construction products. It provides a more comprehensive 

understanding of the functionality of construction products for manufacturing.  

This research has provided a stepping stone towards understanding and developing 

effective tools and models for flexible construction products to support product 

planning in the industry. The outcome of this research is valuable for companies to 

address product change management, higher levels of industrialisation and even to 

target the state of mass-customisation. However, to maximise on potential product 

planning benefits further studies need to be conducted focussing on industrial needs 

and operations.  
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8.8. Publications 

The following peer reviewed conference papers were published during this research:  

 

1. A Product Planning Framework for Mass-Customisation in Construction. 

Wee, T.P.Y., and Aurisicchio, M. (2018). In Proceedings of the 15th International 

Design Conference (DESIGN 2018). Dubrovnik, Croatia (pp. 917-928). 

 

2. Modularisation for Construction: A Data Driven Strategy.  

Wee, T.P.Y., and Aurisicchio, M. (2018). DS 91: Proceedings of NordDesign 

2018, Linköping, Sweden, 14th–17th August 2018. 

 

3. Evaluating Modularisation Tools in Construction.  

Wee, T.P.Y., Aurisicchio, M. and Starzyk, I., (2017).  Proceedings of the 34rd 

ISARC International Symposium on Automation and Robotics in Construction, 

Vol. 34, Taipei, Taiwan, IAARC, pp. 325-332. 

 

4. The Application of Quality Functional Deployment to Modular Off-site 

Construction Products.  

Wee, T.P.Y., Aurisicchio, M., and Starzyk, I. (2017). In DS 87-4 Proceedings of 

the 21st International Conference on Engineering Design (ICED 17) Vol 4: 

Design Methods and Tools, Vancouver, Canada. 

 

5. A Systems Engineering Framework for Mass Customization in 

Construction.  

Wee, T.P.Y. and Aurisicchio, M. (2017). In MCPC World Mass Customization 

and Personalization Conference, Aachen, Germany.   

 



203 
 

References 

Ahmed, S. M., Azhar, S., Kappagntula, P., and Gollapudil, D. (2003, April). Delays in 

construction: a brief study of the Florida construction industry. In Proceedings of the 

39th Annual ASC Conference, Clemson University, Clemson, SC Vol. 257. 

Akao, Y. (1997). QFD: Past, present, and future. In International Symposium on 

QFD Vol. 97, No. 2, pp. 1-12. 

Almannai, B., Greenough, R. and Kay, J., (2008). A decision support tool based on 

QFD and FMEA for the selection of manufacturing automation technologies. Robotics 

and Computer-Integrated Manufacturing, Vol. 24, No. 4, pp. 501-507. 

Armacost, R.L., Componation, P.J., Mullens, M.A. and Swart, W.W., (1994). An AHP 

framework for prioritizing customer requirements in QFD: an industrialized housing 

application. IIE Transactions, Vol. 26, No. 4, pp. 72-79. 

An, S. H., Kim, G. H., and Kang, K. I. (2007). A case-based reasoning cost estimating 

model using experience by analytic hierarchy process. Building and Environment, Vol. 

42, No. 7, pp. 2573-2579. 

Arbulu, R., Tommelein, I., Walsh, K., and Hershauer, J. (2003). Value stream analysis 

of a re-engineered construction supply chain. Building Research and Information, Vol. 

31, No. 2, pp. 161-171. 

Asadabadi, M. R. (2017). A customer based supplier selection process that combines 

quality function deployment, the analytic network process and a Markov chain. 

European Journal of Operational Research, Vol. 263, No. 3, pp. 1049-1062. 

Aurisicchio, M., Bracewell, R. and Armstrong, G., (2013). The function analysis 

diagram: Intended benefits and coexistence with other functional models. Artificial 

Intelligence for Engineering Design, Analysis and Manufacturing, Vol. 27, No. 3, pp. 

249-257. 

Bacciotti, D., Borgianni, Y., Cascini, G., and Rotini, F. (2016). Product Planning 

techniques: investigating the differences between research trajectories and industry 

expectations. Research in Engineering Design, Vol. 27, No.4, pp 367-389. 



204 
 

Baldwin, A.N., Shen, L.Y., Poon, C.S., Austin, S.A., and Wong, I., (2008). Modelling 

Design Information to Evaluate Pre-Fabricated and Pre-Cast Design Solutions for 

Reducing Construction Waste in High Rise Residential Buildings. 8th International 

Conference on Computer-Aided Engineering, Vol. 17, No. 3, pp. 333-341.  

Baldwin, C. Y., and Clark, K. B. (2000). Design rules: The power of modularity, Vol. 1. 

MIT press. 

Bauer, W., Nepomuk, C., Lindemann, U., and Maurer, M. (2015). Domain-spanning 

change propagation in changing technical systems. In Complex Systems Design and 

Management Asia. Springer. 

Björnfot, A., and Stehn, L. (2007). Value delivery through product offers: a lean leap 

in multi-storey timber housing construction. Lean Construction Journal, Vol. 3, No. 1, 

pp. 33-45. 

Blessing, L. T., and Chakrabarti, A. (2009). DRM: A Design Research Methodology 

pp. 13-42. Springer London. 

Borjesson F. (2010). A systematic qualitative comparison of five approaches to 

modularity. In DS 60: Proceedings of DESIGN 2010, the 11th International Design 

Conference, Dubrovnik, Croatia. 

Borjesson, F., and Hölttä-Otto, K. A., (2014). A module generation algorithm for 

product architecture based on component interactions and strategic drivers, Research 

in Engineering Design, Vol. 25, No.1, pp. 31-51.  

Burge, S. (2004). Systemic Textual Analysis (STA). [online] Burge Hughes Walsh, 

available from: www.burgehugheswalsh.co.uk 

Burge, S., (2007). A functional approach to quality function deployment. Systems 

Engineering Technical Paper, 1 [online] Burge Hughes Walsh, available from: www. 

burgehugheswalsh.co.uk 

Burge, S. (2011). Viewpoint Analysis. Burge Hughes Walsh. [online] Burge Hughes 

Walsh, available from: www.burgehugheswalsh.co.uk 

Cambridge, E. D. C., (2016). Cambridge Advanced Modeller. 



205 
 

Chan, L. K., and Wu, M. L. (2002). Quality function deployment: A literature review. 

European Journal of Operational Research, Vol. 143, No. 3, pp. 463-497. 

Cheng, E. W., and Li, H. (2007). Application of ANP in process models: An example 

of strategic partnering. Building and Environment, Vol 42, No. 1, pp. 278-287. 

Cheung, S. O., Lam, T. I., Leung, M. Y., and Wan, Y. W. (2001). An analytical hierarchy 

process based procurement selection method. Construction Management and 

Economics, Vol. 19, No. 4, pp. 427-437. 

Choo, H. J., Hammond, J., Tommelein, I., Austin, S. A., and Ballard, G.  (2004).  

DePlan: A Tool for Integrated Design Management. Automation in Construction, Vol. 

13, No. 3, pp. 313-26.  

Cohen, L., (1995). Quality function deployment: how to make QFD work for you. 

Prentice Hall. 

Cooper, R. G., and Kleinschmidt, E. J. (2000). 2 New Product Performance: What 

Distinguishes the Star Products. Australian Journal of Management, Vol. 25, No. 1, 

pp. 17-46. 

Court, P. F., Pasquire, C. L., Gibb, G. F., and Bower, D. (2009). Modular assembly 

with postponement to improve health, safety, and productivity in construction. Practice 

Periodical on Structural Design and Construction, Vol. 14, No. 2, pp. 81-89. 

Craig, A., Laing, R., and Edge, M. (2000, July). The social acceptability of 

prefabrication and standardisation in relation to new housing. In 16th IAPS 

Conference: 21st century: Cities, Social Life and Sustainable Development, Paris pp. 

4-7. 

Cuperus, Y., (2003). Mass customization in housing an open building/lean 

construction study. In Proceedings of Dense Living Urban Structures International 

Conference on Open Building, Hong Kong, China, Vol. 2326.  

Dai, W., Aurisicchio, M. and Armstrong, G., (2012), August. An IBIS Based Approach 

for the Analysis of Non-Functional Requirements. In ASME 2012 International Design 



206 
 

Engineering Technical Conferences and Computers and Information in Engineering 

Conference, pp. 591-602. American Society of Mechanical Engineers. 

Dave, B., and Koskela, L. (2009). Collaborative knowledge management—A 

construction case study. Automation in Construction, Vol. 18, No. 7, pp. 894-902. 

Dikmen, I., Birgonul, M.T. and Kiziltas, S., (2005). Strategic use of quality function 

deployment (QFD) in the construction industry. Building and Environment, Vol. 40, No. 

2, pp. 245-255. 

Dikmen, I., Birgonul, M. T., and Han, S. (2007). Using fuzzy risk assessment to rate 

cost overrun risk in international construction projects. International Journal of Project 

Management, Vol. 25, No. 5, pp. 494-505. 

Eckert, C. M., Stacey, M., Wyatt, D., and Garthwaite, P. (2012). Change as little as 

possible: creativity in design by modification. Journal of Engineering Design, Vol. 23, 

No. 4, pp. 337-360. 

Emmatty, F.J., and Sarmah, S.P., (2012). Modular product development through 

platform-based design and DFMA, Journal of Engineering Design, Vol. 23, No. 9, pp. 

696-714.  

Erixon, G., (1996). Modular function development MFD, support for good product 

structure creation. Proceedings of the 2nd WDK Workshop on Product Structuring, 

Delft University of Technology, the Netherlands, June 3-4, 1996, The Design Society, 

Glasgow. 

Fargnoli, M., Lombardi, M., Haber, N., and Guadagno, F. (2018). Hazard function 

deployment: a QFD-based tool for the assessment of working tasks–a practical study 

in the construction industry. International Journal of Occupational Safety and 

Ergonomics, pp. 1-22. 

Fernandes, J., Henriques, E., Silva, A., and Moss, M. A. (2015). Requirements change 

in complex technical systems: an empirical study of root causes. Research in 

Engineering Design, Vol. 26, No. 1, pp. 37-55. 



207 
 

Formoso, C. T., Tzortzopoulos, P., and Liedtke, R. (2002). A model for managing the 

product development process in house building. Engineering, Construction and 

Architectural Management, Vol. 9, No. 5, pp. 419-432. 

Gann, D.M., (1996). Construction as a manufacturing process? Similarities and 

differences between industrialized housing and car production in Japan, Construction 

Management and Economics, Vol. 14, No. 5, pp. 437-450.  

Gann, D. M., and Salter, A. J. (2000). Innovation in project-based, service-enhanced 

firms: the construction of complex products and systems. Research Policy, Vol. 29, 

No. 7, pp. 955-972. 

Gilbert III, L. R., Farid, A. M., and Omar, M., (2013). An axiomatic design based 

approach to civil engineering. In Proceedings of the 2nd International Workshop on 

Design in Civil and Environmental Engineering, pp. 30-38.  

Gilbert III, L.R., Omar, M. and Farid, A.M., (2014). An integrated QFD and axiomatic 

design methodology for the satisfaction of temporary housing stakeholders. In 

proceedings of the International Conference on Axiomatic Design 2014, Campus de 

Caparica. 

Gunawardena, T., Ngo, T., Mendis, P., Aye, L., Crawford, R., and Alfano, J. (2013). A 

holistic model for designing and optimising sustainable prefabricated modular 

buildings. 

Hadidi, L.A., (2016). Using quality function deployment to conduct assessment for 

engineering designs’ contractors. Architectural Engineering and Design 

Management, Vol. 12, No. 3, pp. 205-230. 

Herzwurm, G., and Schockert, S. (2003). The leading edge in QFD for software and 

electronic business. International Journal of Quality and Reliability Management, Vol. 

20, No. 1, pp. 36-55. 

Hölttä-Otto, K., Tang, V. and Otto, K., (2008). Analyzing module commonality for 

platform design using dendrograms. Research in Engineering Design, Vol. 19, No. 2, 

pp.127-141. 



208 
 

Hölttä-Otto, K. (2005). Modular product platform design. Helsinki University of 

Technology. 

Holmes, C., and Yazdani, B. (1999). Internal drivers for concurrent engineering 

industrial case stuty. In Proceedings of the 5th International Conference on Concurrent 

Enterprising (UK: Centre of Concurrent Enterprising) (pp. 455-464). 

Höök, M., (2006), Customer value in lean prefabrication of housing considering both 

construction and manufacturing, Proceedings of the 14th Annual Conference of the 

International Group for Lean Construction, Santiago de Chile, pp. 583-594.  

Hu, J., and Cardin, M. A. (2015). Generating flexibility in the design of engineering 

systems to enable better sustainability and lifecycle performance. Research in 

Engineering Design, Vol. 26, No. 2, pp.121-143. 

Jensen P., Olofsson T., Smiding E., and Gerth, R., (2014). Developing Products in 

Product Platforms in the AEC Industry. In Computing in Civil and Building Engineering 

pp. 1062-1069.  

Jensen, P., Lidelöw, H., and Olofsson, T., (2015). Product Configuration in 

Construction. International Journal of Mass-customisation (IJMASSC), Vol. 5.  

Jiao, J. R., Simpson, T. W., and Siddique, Z., (2007). Product family design and 

platform-based product development: a state-of-the-art review, Journal of Intelligent 

Manufacturing, Vol. 18, No. 1, pp. 5-29.  

Jose, A., and Tollenaere, M. (2005). Modular and platform methods for product family 

design: literature analysis. Journal of Intelligent Manufacturing, Vol. 16, No. 3, pp. 371-

390. 

Juan, Y. K., Perng, Y. H., Castro-Lacouture, D., and Lu, K. S. (2009). Housing 

refurbishment contractors selection based on a hybrid fuzzy-QFD approach. 

Automation in Construction, Vol. 18, No. 2, pp. 139-144. 

Jung, S., and Simpson, T. W., (2016). An integrated approach to product family 

redesign using commonality and variety metrics, Research in Engineering Design, Vol. 

27, No. 4, pp. 391-412.  



209 
 

Jung, S., and Simpson, T. W. (2018). Product Family Redesign Using Additive 

Manufacturing. In ASME 2018 International Design Engineering Technical 

Conferences and Computers and Information in Engineering Conference. American 

Society of Mechanical Engineers Digital Collection. 

Kahraman, C., Ertay, T., and Büyüközkan, G. (2006). A fuzzy optimization model for 

QFD planning process using analytic network approach. European Journal of 

Operational Research, Vol. 171, No. 2, pp. 390-411. 

Kohlhase, N., and Birkhofer, H. (1996). Development of modular structures: the 

prerequisite for successful modular products. Journal of Engineering Design, Vol. 7, 

No. 3, pp. 279-291. 

Kamara, J. M., Anumba, C. J., and Evbuomwan, N. F. (1999). Client requirements 

processing in construction: a new approach using QFD. Journal of Architectural 

Engineering, Vol. 5, No. 1, pp. 8-15. 

Kamara, J. M., and Anumba, C. H. (2001). A critical appraisal of the briefing process 

in construction. Journal of Construction Research, Vol. 2, No. 1, pp. 13-24 

Kamara, J. M., Spencer, N. C., Anumba, C. J., and Evbuomwan, N. F. (2002). 

Capturing client requirements in construction projects. Thomas Telford. 

Kamara, J. M. (2013). Requirements Engineering for Computer Integrated 

Environments in Construction. Construction Management and Economics. Vol 31, No 

7, pp. 787-789.  

Kasperzyk, C., Kim, M. K., and Brilakis, I. (2017). Automated re-prefabrication system 

for buildings using robotics. Automation in Construction, Vol. 83, pp. 184-195. 

Koskela, L., Leikas, J., and Alarcon, L. (1997). Lean manufacturing of construction 

components. Lean Construction, pp. 289-298. 

Kossiakoff, A., Sweet, W.N., Seymour, S. and Biemer, S.M., (2011). Systems 

engineering principles and practice, Vol. 83. John Wiley and Sons. 

Krause, D., Beckmann, G., Eilmus, S., Gebhardt, N., Jonas, H., and Rettberg, R. 

(2014). Integrated development of modular product families: a methods toolkit. In 



210 
 

Advances in product family and product platform design (pp. 245-269). Springer, New 

York, NY. 

Kreng, V.B. and Lee, T.P., (2004). QFD-based modular product design with linear 

integer programming—a case study. Journal of Engineering Design, Vol. 15, No. 3, 

pp. 261-284. 

Kulkarni, A., Jennings, C., Hoffman, M., Blanco, E., Terpenny, J. P., and Simpson, T. 

(2018). Clustering Design Structure Matrices: A Comparison of Methods Using 

Minimum Description Length. In 2018 Institute of Industrial and Systems Engineers 

Annual Conference and Expo, IISE 2018. 

Kwong, C.K. and Bai, H., (2003). Determining the importance weights for the customer 

requirements in QFD using a fuzzy AHP with an extent analysis approach. IIE 

Transactions, Vol. 35, No. 7, pp. 619-626. 

KPMG. (2016). Smart construction: how off-site manufacturing can transform our 

industry. KPMG. 

Koh, E., Förg, A., Kreimeyer, M. and Lienkamp, M. (2015). Using engineering change 

forecast to prioritise component modularisation, Research in Engineering Design, Vol. 

26, No. 4, pp. 337-353.  

Kohlhase N., and Birkhofer H. (1996). Development of modular structures: the 

prerequisite for successful modular products, Journal of Engineering Design, Vol. 7, 

No. 3, pp. 279-291.  

Langer, S., Maier, A. M., Wilberg, J., Münch, T. J., and Lindemann, U. (2012). 

Exploring differences between average and critical engineering changes: Survey 

results from Denmark. In DS 70: Proceedings of DESIGN 2012, the 12th International 

Design Conference, Dubrovnik, Croatia. 

Lawson, R.M., Ogden, R.G., and Bergin, R., (2012). Application of modular 

construction in high-rise buildings, Journal of Architectural Engineering, Vol. 18, No. 

2, pp. 148-154.  



211 
 

Lee, D. E., Lim, T. K., and Arditi, D. (2009). Automated stochastic quality function 

deployment system for measuring the quality performance of design/build contractors. 

Automation in Construction, Vol. 18, No. 3, pp. 348-356. 

Lee, J., Park, M., Lee, H. S., Kim, T., Kim, S., and Hyun, H. (2017). Workflow 

dependency approach for modular building construction manufacturing process using 

Dependency Structure Matrix (DSM). KSCE Journal of Civil Engineering, Vol. 21, No. 

5, pp. 1525-1535. 

Li, Y. L., Du, Y. F., and Chin, K. S. (2018). Determining the importance ratings of 

customer requirements in quality function deployment based on interval linguistic 

information. International Journal of Production Research, Vol. 56, No. 14, pp. 4692-

4708. 

Lim, T. K., Jang, W. S., Choi, J. H., and Lee, D. E. (2015). Stochastic quality-cost 

optimization system hybridizing multi-objective genetic algorithm and quality function 

deployment. Journal of Civil Engineering and Management, Vol. 21, No. 4 pp. 407-

422.   

Liu, S. S., and Wang, C. J. (2011). Optimizing project selection and scheduling 

problems with time-dependent resource constraints. Automation in Construction, Vol. 

20, No. 8, pp. 1110-1119. 

Marchesi M., Kim S. G., and Matt D. T. (2013) Application of the axiomatic design 

approach to the design of architectural systems: a literature review. In Proceedings of 

ICAD, pp. 27-28.  

Marchesi M., and Ferrarato, I. A. (2015) Addressing the adaptive customization of 

timber prefabricated housing through axiomatic design. Procedia CIRP, Vol. 34, pp. 

199-205.  

Marchesi, M., and Matt, D. T., (2017). Design for Mass Customization: Rethinking 

Prefabricated Housing Using Axiomatic Design. Journal of Architectural Engineering 

Vol. 23, No. 3.  



212 
 

Martin, M.V., and Ishii, K., (2002). Design for variety: developing standardized and 

modularized product platform architectures, Research in Engineering Design, Vol. 13, 

No. 4, pp. 213-235.  

Meyer M. H., and Lehnerd A. P., (1997). The power of product platforms. Simon and 

Schuster.  

Morkos, B., Shankar, P., and Summers, J. D. (2012). Predicting requirement change 

propagation, using higher order design structure matrices: an industry case study. 

Journal of Engineering Design, Vol. 23, No. 12, pp. 905-926. 

Mustafa, M. A., and Al-Bahar, J. F. (1991). Project risk assessment using the analytic 

hierarchy process. IEEE Transactions on Engineering Management, Vol. 38, No. 1, 

pp. 46-52. 

Pan, W., Gibb, A. G., and Dainty, A. R., (2008). Leading UK housebuilders' utilization 

of off-site construction methods, Building Research and Information, Vol. 36, No. 1, 

pp. 56-67.  

Pasquire, C. L. and Connolly, G. E. (2002). Leaner construction through off-site 

manufacturing. In Proc. 11th Annual Conference, International Group for Lean 

Construction, Gramado, Brazil, pp. 263-266. 

Pasquire, C. L., and Connolly, G. E. (2003). Design for manufacture and assembly. 

Pezhman, S., Samali, B., Ronagh, H., and Ghodrat, M., (2017). Automated Spatial 

Design of Multi-Story Modular Buildings Using a Unified Matrix Method. Automation in 

Construction, Vol. 82, pp. 31-42. 

Piroozfar, P., and Farr, E. R., (2013). Evolution of non-traditional methods of 

construction: 21st century pragmatic viewpoint. Journal of Architectural Engineering, 

Vol. 19, No. 2, pp. 119-133. 

Pheng, L.S. and Yeap, L., (2001). Quality function deployment in design/build 

projects. Journal of Architectural Engineering, Vol. 7, No. 2, pp. 30-39. 



213 
 

Prasad, K., Zavadskas, E.K. and Chakraborty, S., (2015). A software prototype for 

material handling equipment selection for construction sites. Automation in 

Construction, Vol. 57, pp.120-131. 

Robertson, S., and Robertson, J. (2012). Mastering the requirements process: Getting 

requirements right. Addison-Wesley. 

Roger-Bruno Richard, R. B. (2005). Industrialised building systems: reproduction 

before automation and robotics. Automation in Construction, Vol. 14, No. 4) pp. 442-

451. 

Saleh, J. H., Mark, G., and Jordan, N. C. (2009). Flexibility: a multi-disciplinary 

literature review and a research agenda for designing flexible engineering systems. 

Journal of Engineering Design, Vol. 20, No. 3, pp. 307-323. 

Saurin, T. A., Formoso, C. T., and Cambraia, F. B. (2008). An analysis of construction 

safety best practices from a cognitive systems engineering perspective. Safety 

Science, Vol. 46, No. 8, pp. 1169-1183. 

Sellgren, U., and Andersson, S. (2005). The concept of functional surfaces as carriers 

of interactive properties. In DS 35: Proceedings ICED 05, the 15th International 

Conference on Engineering Design, Melbourne, Australia, 15-18.08.2005. 

Sharafi, P., Rashidi, M., Samali, B., Ronagh, H., and Mortazavi, M. (2018). 

Identification of factors and decision analysis of the level of modularization in building 

construction. Journal of Architectural Engineering, Vol. 24, No. 2. 

Singhaputtangkul, N., Low, S. P., Teo, A. L., and Hwang, B. G. (2013). Knowledge-

based decision support system quality function deployment (KBDSS-QFD) tool for 

assessment of building envelopes. Automation in Construction, Vol. 35, pp. 314-328. 

Singhaputtangkul, N., and Zhao, X. (2016). Applying a fuzzy consensus scheme to 

enhance the group decision making of a building envelope design team. Journal of 

Construction Engineering and Management, Vol. 142, No. 8. 



214 
 

Simpson, T. W. (2004). Product platform design and customization: Status and 

promise. AI EDAM: Artificial Intelligence for Engineering Design, Analysis and 

Manufacturing, Vol. 18, No. 1, pp. 3-20.  

Simpson, T. W., Siddique, Z., and Jiao, R. J. (Eds.). (2006). Product platform and 

product family design: methods and applications. Springer Science and Business 

Media.  

Simpson, T.W., Bobuk, A., Slingerland, L.A., Brennan, S., Logan, D. and Reichard, K. 

(2012). From user requirements to commonality specifications: an integrated 

approach to product family design, Research in Engineering Design, Vol. 23, No. 2, 

pp. 141-153.  

Skibniewski, M. J., and Ghosh, S. (2009). Determination of key performance indicators 

with enterprise resource planning systems in engineering construction firms. Journal 

of Construction Engineering and Management, Vol. 135, No. 10, pp. 965-978. 

Song, B., Luo, J., and Wood, K. (2019). Data-Driven Platform Design: Patent Data and 

Function Network Analysis. Journal of Mechanical Design, Vol. 141, No. 2. 

Soota, T. (2016). Integrated methodology for product planning using multi criteria 

analysis. International Journal for Quality Research, Vol. 10 No. 3, pp. 547-558. 

Stone, R. B., Wood, K. L., and Crawford, R. H. (2000). Using quantitative functional 

models to develop product architectures. Design Studies, Vol. 21, No. 3) pp. 239-260. 

Suh, E. S., De Weck, O. L., and Chang, D., (2007). Flexible product platforms: 

framework and case study. Research in Engineering Design, Vol. 18, No. 2, pp. 67-

89.  

Sun, C., Jiang, S., Skibniewski, M. J., Man, Q., and Shen, L. (2017). A literature review 

of the factors limiting the application of BIM in the construction industry. Technological 

and Economic Development of Economy, Vol. 23, No. 5, pp. 764-779. 

Todić, V., Lukić, D., Milošević, M., Jovičić, G., and Vukman, J. (2012). 

Manufacturability of product design regarding suitability for manufacturing and 

assembly (DfMA). Journal of Production Engineering, Vol. 16, No. 1. 



215 
 

Ulrich, K. T., and Eppinger, S. D. (2008). Product design and development, 2000. New 

York: MacGraw-Hill. 

Veenstra, V. S., Halman, J. I., and Voordijk, J. T. (2006). A methodology for developing 

product platforms in the specific setting of the housebuilding industry. Research in 

Engineering Design, Vol. 17, No. 3, pp. 157-173.  

Vrijhoef, R., and Koskela, L. (2000). The four roles of supply chain management in 

construction. European Journal of Purchasing and Supply Management, Vol. 6, No. 3, 

pp. 169-178. 

Wasserman, G.S., (1993). On how to prioritize design requirements during the QFD 

planning process. IIE transactions, Vol. 25, No. 3, pp. 59-65. 

Wang, Q., Tang, D., Yin, L., Ullah, I., Tan, L., and Zhang, T. (2018). An optimization 

model for low carbon oriented modular product platform planning (MP 3). International 

Journal of Precision Engineering and Manufacturing-Green Technology, Vol. 5, No. 1, 

pp. 121-132. 

Wee, T. P. Y., Aurisicchio, M., and Starzyk, I. (2017). The application of quality 

functional deployment to modular off-site construction products. In DS 87-4 

Proceedings of the 21st International Conference on Engineering Design (ICED 17) 

Vol 4: Design Methods and Tools, Vancouver, Canada, 21-25.08.2017. 

Wee, T.P.Y., Aurisicchio, M. and Starzyk, I., (2017). Evaluating modularisation tools 

in construction, Proceedings of the 34rd ISARC International Symposium on 

Automation and Robotics in Construction, Vol. 34, Taipei, Taiwan, IAARC, pp. 325-

332.  

Wee, T. P., and Aurisicchio, M. (2018). A Product Planning Framework for Mass-

Customisation in Construction. In Proceedings of the 15th International Design 

Conference (DESIGN 2018). Dubrovnik, Croatia (pp. 917-928). 

Wee, T., and Aurisicchio, M. (2018). Modularisation for Construction: A Data Driven 

Strategy. DS 91: Proceedings of NordDesign 2018, Linköping, Sweden, 14th-17th 

August 2018. 



216 
 

Wikberg, F., Ekholm, A. and Jensen, P., (2010). Configuration with architectural 

objects in industrialised house-building. In CIB W078 2009, pp. 341-350. Taylor and 

Francis Group. 

Wong, J. K., and Li, H. (2008). Application of the analytic hierarchy process (AHP) in 

multi-criteria analysis of the selection of intelligent building systems. Building and 

Environment, Vol. 43, No. 1, pp. 108-125. 

Yamashina, H., Ito, T. and Kawada, H., (2002). Innovative product development 

process by integrating QFD and TRIZ. International Journal of Production 

Research, Vol. 40, No. 5, pp.1031-1050. 

Yang, Y.Q., Wang, S.Q., Dulaimi, M. and Low, S.P., (2003). A fuzzy quality function 

deployment system for buildable design decision-makings. Automation in 

Construction, Vol. 12, No. 4, pp. 381-393. 

Yeh, C.H., Huang, J.C. and Yu, C.K., (2011). Integration of four-phase QFD and TRIZ 

in product R&D: a notebook case study. Research in Engineering Design, Vol. 22, No. 

3, pp.125-141. 

You Z. H., and Smith S., (2016). A multi-objective modular design method for creating 

highly distinct independent modules. Research in Engineering Design, Vol 27, No. 2, 

pp.179-191.  

Zamirowski, E. J., and Otto, K. N. (1999). Identifying product portfolio architecture 

modularity using function and variety heuristics, ASME Design Engineering Technical 

Conferences. DETC99/DTM-876, Las Vegas, NV. 

Zimina, D., and Pasquire, C. (2010). Improving construction design and project 

delivery through a more considered off-site strategy. In TG65 & W065-Special Track 

18th CIB World Building Congress May 2010 Salford, United Kingdom (p. 589). 

  



217 
 

Appendix 1: QFD questionnaire 

Circle relevant option and/or provide comments for questions 1-9. 

 

1. The “Non-functional” requirements  

The non-functional requirements are relevant 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

The non-functional requirements are accurate 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

The non-functional requirements are a comprehensive set 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Comments 
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2. The “Functional” requirements  

The functional requirements are relevant 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

The functional requirements are accurate 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

The functional requirements are a comprehensive set 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Comments 

 

 

 

 

 

 

 

3. State any requirements not captured in the QFD tool 
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4. The relationships  

The relationships between non-functional and functional requirements are relevant  

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

The relationships between non-functional and functional requirements are accurate 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Comments 

 

 

 

 

 

 

5. The QFD tool is practical to implement   

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Comments 
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6. The QFD tool can support engineering planning 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Comments 

 

 

 

 

 

 

7. The QFD tool can support engineering design 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Comments 

 

 

 

 

 

 

 

8. QFD and the current “Requirements Document”.  

A product specific approach to requirements documentation is more useful than one 

focused on multiple products. 

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

Categorisation of requirements into non-functional and functional is more useful than 

no-categorisation.  

Strongly Agree Agree   Neither Disagree  Strongly Disagree 
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Organisation of requirements with a structured method (QFD matrix) is more useful 

than a text-based report.  

Strongly Agree Agree   Neither Disagree  Strongly Disagree 

 

 

9. Additional comments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name: -----------------------------------------------------------------------------------(optional) 

Position in LOR: ----------------------------------------------------------------------- 

Department/group in LOR: ---------------------------------------------------------- 
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Appendix 2: Modular configuration questionnaire 

 

Name: __________________________________ 

 

This questionnaire includes modularisation results collected from the application of 

three different modularisation tools. Each modularisation result recommends modules 

from clustering of the same 14 product systems. These product systems exclude 2 

product systems (structure and the control panel).  

 

Modular Configuration 1:  
Note: Numbers signify likelihood for change, given a change in product requirements. 
Scale: 0 to 10, where 10 highest likelihood of change.  

 
 

1) Is this configurations useful? 
 

Strongly Agree Agree   Neither  Disagree  Strongly Disagree 

 
 

2) What are the advantages? 
 
 
 

3) What are the short falls? 
 
 
 
Additonal Comment:  
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Modular Configuration 2:  

 
 

4) Is this configuration useful?  
 

Strongly Agree Agree   Neither  Disagree  Strongly Disagree 

 
 

5) What are the advantages? 
 
 
 

6) What are the short falls? 
 
 
 
Additonal comment:  
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Modular Configuration 3: 

 
1) Does this configuration captures adequate engieering considerations for 

modularisation?  
 

Strongly Agree Agree   Neither  Disagree  Strongly Disagree 

 
2) Is this relevent and useful product modularisation? 

 

Strongly Agree Agree   Neither  Disagree  Strongly Disagree 

 
3) What are the advantages? 

 
 
 

4) What are the short falls? 
 
 
Additonal comment:  
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Rank the modular configuration 

Based on your engineering knowledge and expertise which modular configuration best 

satisfies your product consideration? 

 Rank from 1 to 3 
(where 1 is the highest) 

Modular configuration 1  

Modular configuration 2  

Modular configuration 3  

 

 

LOR Current Proposal 
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Modular Drivers Questionnaire 

Modified from Gunnar Erixon’s MFD questionnaire for modular construction 

 Modular Drivers  Importance 
rating  
(Scale of 1 
to 5) 

1 Technical specification   

 Can this subsystem carry the product’s technical 
specification verification?  

[  ] Many  
[  ] Some  
[  ] Non 

 

2 Styling   

 Is this subsystem influenced by trends and aesthetics?  

• Colour alterations 

• Facade alterations 

[  ] Strong 
[  ] Some  
[  ] Non 

 

3 Carry over   

 Is this subsystem likely to change from generation to 
generation and therefore should be a separate 
module?  

[  ] Very 
possible 
[  ] Possible  
[  ] Not 
Possible 

 

4 Product planning   

 Are there reasons why this part of the plantroom 
should be a separate module since it is the carrier of 
product functional features? 

[  ] Strong 
[  ] Some  
[  ] Non 

 

5 Technology evolution   

 How likely is this subsystem to experience 
advancements in technology?  

[  ] Very 
possible 
[  ] Possible  
[  ] Not 
Possible 

 

6 Manufacturing process compliance   

 Are there reasons why this part should be a separate 
module because: 

• The lead time differs extraordinary?   

• It has a suitable work content for a group?  

• Simultaneous manufacturing and assembly? 

[  ] Strong 
[  ] Some  
[  ] Non 

 

7 Common unit   

 Is this part of the plantroom the same in all product 
variations?  

[  ] Yes  
[  ] Mostly  
[  ] Non 

 

8 Manufacturing   

 Are there reasons why this part should be a separate 
module because: 

• It will be an ergonomic part to handle? 

• The production machinery can be re-used?  

• Machinery operations and reachability 
restrictions? 

• Size restrictions? 

[  ] Strong 
[  ] Some  
[  ] Non 

 

9 Separate testing   

 Are there reasons why this part should be a separate 
module because it can be tested separately?   

[  ] Yes  
[  ] No 

 

10 Purchasing   
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 Are there reasons why this plantroom subsystem 
should be a separate module? 

• This subsystem can be bought at a black box 
from external suppliers? 

• The logistics cost can be reduced?  

• The capacity can be balanced?  

[  ] Strong 
[  ] Some  
[  ] Non 

 

11 Maintenance   

 Is there a reason to have this component to be made 
a separate module due to maintenance issue?  

• Likelihood of maintenance  

• Maintainability  

• Accessibility / reachability 

• Safely  

• Tooling 

[  ] Strong 
[  ] Some  
[  ] No 

 

12 Product upgrading   

 Is it possible to upgrade the plantroom by changing 
this subsystem only? 

[  ] Yes  
[  ] Mostly  
[  ] No 

 

13 Recycling: reuse and disposal   

 Is it possible to keep the polluting material or exhaust 
in this part?  

[  ] Yes  
[  ] Mostly  
[  ] No 

 

14 Architectural   

 What is the likelihood that there may be architectural 
or building requirements or restrictions that could be 
imposed on this component? 

• Bolting issues 

• Size restriction 

• Ventilation 

• Fuel / Exhausts  

• Orientation and Accessibility 

[  ] Strong 
[  ] Some  
[  ] No 

 

15 Transportability    

 Is there reason that this component may be developed 
or restricted to support transportability issues? 

• Transportation aide devices 

[  ] Strong 
[  ] Some  
[  ] No 
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Appendix 3: Requirement trees 
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Design  

  

Cost 

Low number of finishing flaws  

Waterproofing and vapour resistance 

Strength and rigidity 

Light weight 

Dimension restrictions 

Pleasant internal environment 

Safety  Low number of safety hazards 

Comfort  
Satisfactory lighting 

Comfortable temperature 

Quality / Assurance 

Corrosion protection 

No/Low air leakage 

Reduce acoustic leakage 

Reduce thermal leakage 

Protect from rain and wind forces 

Performance retention 

Maintainability Fast cleaning and maintaining 

Sustainability 
Long lasting components 

Energy consumption 

Design flexibility 

Upgrade flexibility 

Configurability 

Flexible layout 

Support add-ons 

Manufacturing 

/Assembly (off-site) 

Ease and accuracy of manufacturing  

Ease and accuracy of assembly  

High standardisation level 

Ease of quality control 

Low cost and predicable supply chain 

Assembly (on-site) 

Accuracy of assembly 

Strength of connection  

Ease of installation and alignment 

Ease of system integration 

Stacking ability 

Transportability 

Transportable size 

Reduce transportation damage  

Fast transportation  

Lifting ability 
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Ensure structural 

integrity 

Module structural integrity (internal and external loads) 

Support internal mounts 

Support utilities structurally 

Ensure structural 

functionality 

Define room envelope 

Retain internal mounts 

Locate internal mounts 

Support geometric flexibility 

Interface 
Align module 

Allow mounting add-on (balcony and additional space) 

Protect systems 

  

Protect from water damage 

(corrosion or expansion) 

Protect from wind damage 

(corrosion or expansion) 

Protect from fire damage 

(corrosion or expansion) 

Transport aid Facilitate transportation  
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