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Abstract 

The Australian building sector has increasingly encountered a two-sided challenge; one 

is to meet productivity expectations in the delivery of buildings, and another is to cope with 

housing variety demanded by the market. These factors have driven the need to adopt mass 

customisation strategies in the building construction. Mass customisation enables achieving the 

expected efficiency while it also satisfies demands for custom-built dwellings. Within the 

residential building sector, multistorey buildings present the largest segment, charachterised by 

diverse customer demands, making them prime candidates for mass customisation. In this area, 

the integration of design and manufacturing is seen as a solution to the problem of achieving 

the balance between customisation and mass production efficiency. However, apart from some 

basic studies in the literature for integrating design and manufacturing, no attempt has been 

made to examine the potential for mass customised design of multistorey dwellings. 

To fill this gap, this research intends to assess the adaptability of multistorey residential 

buildings to mass customisation and propose an optimisation model for mass-customisation of 

multi-storey building layouts. The focus was first placed on identifying similarities in 

architectural layouts and structural spans of different apartments to find manufacturable design 

patterns that are desirable for the selected developers. To this end, architectural drawings of 

710 apartment units were investigated and classified into up to five similar clusters of layouts 

and spans. The results indicated that more than 68% of apartments have common spans that can 

be prefabricated offsite by Australian mass timber panel manufacturers and precast factories.    

To optimise building layouts for mass customisation, the study then developed a practical 

framework for integrating production processes in the building design without compromising 

the flexibility in architecture. The framework consists of a parametric modelling approach to 

floor design that can adapt a fully customised architectural layout into three mass customisable 

scenarios. The model is most beneficial in the preliminary design stage, and it considers both 

manufacturer’s and building developer’s objectives, who are the key players in the 

implementation of mass customisation. The model proposes floor layouts by identifying 

optimal placement of load-bearing walls. The architect can examine various span dimensions 

to gain a preliminary cost estimation before finalising the design. The study uses Cross-

Laminated Timber as a mass customisable prefabricated system increasingly gaining 

momentum in Australia’s building sector to validate the model. The results showed that 

multistorey apartments can be easily adapted for mass customisation and in doing so, can result 

in a minimum of 10% cost saving.  
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Chapter1: Introduction 1 

Chapter 1: Introduction  

1.1 Overview  

This chapter includes seven sections. After this first overview section, the second section 

introduces mass customisation, the necessity of mass customisation and its emergence in the 

manufacturing industry. The third section emphasizes on the importance of mass customisation 

in the residential building industry considering the problems that the building industry grapple 

with to respond to the current housing demand in Australia, and explaining how mass 

customisation can be considered as a potential solution. Also, this section discusses the potential 

of building elements for customisation and standardisation to prepare the scene for the research 

scope. The fourth section describes role of design in implementing mass customisation, and 

enablers of mass customisation in the design phase. The fifth section summarises the research 

problem and motivation, and the sixth section translates these into research objectives. The 

seventh section also provides the research scope and thesis structure. 

1.2 What is “mass customisation” and how did it emerege and grow?  

Prior to scientific management, craftmanship was the dominant mode of production, 

characterised by producing low volumes and a wide variety of products (Rocha 2011) at high 

prices and without any standardisation (Mourtzis and Doukas 2014). With the emergence of 

mass production, the reduction in cost driven by economies of scale, i.e., producing large 

quantities of products from a limited variety, became the key competitive criterion in the market 

(Mourtzis and Doukas 2014; Rocha 2011). Mass production, also called serial production, was 

based on the standardisation of components and the systematisation of processes. These were 

organised so that a product was gradually assembled along a production line by groups of 

factory workers who performed the same operation repeatedly. In such an environment, 

systematic repetition of components and processes results in lower cost through economies of 

scale (Benros and Duarte 2009; Mourtzis and Doukas 2014). Later, manufacturing companies 

had to provide some degree of customisation to stay competitive while still striving to increase 

production as near to mass production (MP) as possible (Jensen 2020). In general, maximising 

production efficiency leads to generating the most cost-efficient product, but providing a degree 

of customisation concurrent with increasing production efficiency is a challenging mission and 

forms the central idea of mass customisation (MC) (Pine et al. 1993). The progress in the 
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development of flexible production systems and new information technologies supported the 

advent of MC paradigm, which delivers higher variety at lower cost (Rocha 2011).  

Mass customisation was referred to by Stan Davis in his book, ‘‘Future Perfect,’’ in 1987 

as ‘‘the same large number of clients can be reached as in mass markets… and simultaneously 

they can be treated individually as in the customised markets of pre-industrial economies’’. 

Then, this concept was considered more as an industrial perspective by Pine  in 1991; 

“providing tremendous variety and individual customisation, at prices comparable to standard 

goods and services to enable the production of products and services with enough variety and 

customisation that nearly everyone finds what they want” . In 2001, Tseng and Jiao stated that 

MC corresponds to the technologies and systems to deliver goods and services that meet 

individual clients’ needs with near mass production efficiency (Boër et al. 2013; Piller 2004). 

In 2002, Broekhuizen provided a similar definition of MC as the ability to provide customised 

products and services to an individual client by applying technology or information at optimal 

production efficiency and cost level (Broekhuizen and Alsem 2002).  

Duray 2002 described MC as “a paradox” by combining customisation and mass 

production, offering unique products in a mass-produced, low-cost, high-volume production 

environment (Duray 2002).  In 2007, the definition of MC was revised by Pine as “the low-

cost, high volume, and efficient production of individually customised offerings.” Some 

researchers, such as Pillar, stated that MC refers to the client co-design process of products and 

services, which meet the needs of each individual client with regard to certain product features 

(Piller 2004).  

MC is to accommodate the fact that client requirements are different and therefore, need 

to be handled by setting up the right product architecture in order to meet clients’ desires 

efficiently at prices near mass production (Tseng et al. 1996). In other words, in MC approach, 

the flexibility to meet client needs found in customised production is combined with the 

production efficiency found in MP (Pine 1993). Production efficiency, also known as 

productive efficiency and cost efficiency, identifies the conditions in which products can be 

produced at the lowest possible unit cost. In order to achieve cost efficiency, one should utilise 

resources and minimise waste, which in turn translates to higher profits. In other words, 

production efficiency is the ability to do something or produce something without wasting 

materials, time, or energy (Xu et al. 2017). 

The above definitions tend to look at MC as a strategy to accommodate customisation 

into mass production (MP) with relatively similar principles. The principles of MC are to meet 

clients’ requirements and to produce in high volume and with optimal cost and production 
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efficiency. MC may refer to both services and products. Haverila and Feher differentiate service 

and product in the context of construction projects, whereby service refers to soft measures such 

as management and buying process, from the start to the end of the project. Product, on the 

other hand, has a physical nature and is delivered to the client at the end of the project. This 

research will place its emphasis on MC for physical products, i.e., residential buildings 

(Haverila and Fehr 2016).  

As stated in the literature (Barlow 1999; Fogliatto et al. 2012; Jiao et al. 2007; Salvador 

et al. 2002), implementing MC strategies needs a systematic approach involving all the value 

chains. Barlow (1999) highlighted the need to integrate marketing, design, and manufacturing 

activities to provide customised products (Barlow 1999). Jiao et al. (2003) and Fogliatto et al. 

(2012) stated that there should be interdependencies among the marketing, product design, 

process, and supply chain for executing MC (Jiao et al. 2003). Marketing refers to product 

planning or definition, i.e., the activities of finding and satisfying existing or future client 

requirements (Wee and Aurisicchio 2018). Based on those researchers, it can be argued that 

implementing MC requires a systematic consideration that coordinates the decisions in the area 

of marketing or product planning, product design, manufacturing process, and supply chain. 

Considering all these areas together demands a huge amount of time and effort. Among these, 

design stage poses the highest potential for effective exucuation of MC because it can 

accommodate market demands, product planning and manufacturing features, an supply chain 

charahteristics (Barlow 1999). Therefore, this dissertation will primarily focus on product 

design in relation to manufacturing processes, while  major marketing and supply chain aspects, 

such as clients desire, transportation and installation constraint will be considered in the study.  

1.3 Mass customisation in the residential building industry  

1.3.1 The importance of customisation in the residential building sector 

Globally, the construction industry still suffers from a poor rate of productivity (Goh and 

Goh 2019; Hasan et al. 2018), and this problem leads to time delay and cost overrun (Hasan et 

al. 2018). In Australia, the building industry has a lower productivity than other industrial 

sectors (Alwi et al. 2002; Böhme et al. 2018; Hughes and Thorpe 2014). On the other hand, the 

construction industry is the fifth-largest industry in Australia and plays a vital role in Australia’s 

economic development (Li et al. 2010). The value of new housing construction alone (not 

including renovations and other housing-related expenditures) exceeds four percent of the 

country’s gross domestic product (GDP) (Dowling 2005). Given this importance, taking 

measures to improve construction efficiency plays a vital role in driving this sector.  
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Challenged by a global climate crisis, the building industry is currently seeking new 

orientations and strategies to cut their environmental footprint but yet stay competitive in the 

market. Stakeholders in the built environment are being forced at an unprecedented pace to 

improve a set of conflicting objectives. They are increasingly motivated to consider offsite 

construction as a potential solution that would maintain their profit margin and simultaneously 

enable them to fulfil their environmental responsibilities (Ahmadian et al. 2016). On the other 

hand, the Australian housing market demands for variety, not just in functional performance or 

comfort levels of buildings, but also in building architecture and structure (Rosewall and Shoory 

2017) . This apparently conflicting set of goals requires a new paradigm in the building industry 

that moves away from in-situ construction because achieving these goals through onsite 

processes has proven to be waste-prone, expensive, and sometimes associated with defective 

delivery of buildings (Bertram et al. 2019; Marchesi and Matt 2017). Therefore, there is a strong 

tendency in the market to shift towards a type of offsite manufacturing that enables 

customisation of prefabricated buildings. Offsite construction enables a controlled 

environment, allowing for precise fabrication and assembly of building components, reducing 

the risk of errors and ensuring higher quality construction compared to traditional on-site 

methods. The ability to customise building components in an offsite manufacturing offers 

architects the freedom to create unique structures that meet clitent requirements by providing 

aesthetic appeal and functionality of the final product  (Popovic 2018). As  MC paradigm has 

created a substantial capacity in the manufacturing sector to achieve such conflicting goals, the 

same principles can be adopted in the building industry to mass produce custom housings in 

offsite manufacturing facilities.   

Moving towards MC is not just attractive for mass producers, but also for Engineer-To-

Order (ETO) businesses. ETO businesses are engineering companies in which products are 

custom designed to meet the uniqueness expected by client-specific requirements (Haug et al. 

2009; Jensen 2020). The building industry, particularly in Australia, is predominantly 

considered as an ETO business (Gosling and Naim 2009). Compared to the other segments of 

the building industry, namely institutional, commercial and specialised industrial1 buildings, 

the residential building sector is subject to more customisation and at the same time, lower 

efficiency which leads to a significant cost burden on the shoulders of all stakeholders 

(Ahmadian et al. 2016). The increased demand for customisation related to residential buildings 

makes construction companies to constantly look for initiatives to reduce cost in order to 

 
 
1 Projects that would be classified as specialised industrial building includes manufacturing, refineries, chemical 
processing, power generating, mills, mining and quarrying plants.  
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improve their competitness and cost-efficiency or thus, sercure a certain profit margin (Jensen 

2020). Therefore, the MC approach could be one practical strategy for the residential building 

industry in order to improve its productivity and cost-efficiency (Haug et al. 2009; Jensen 2020) 

1.3.2 . The current housing demand in Australia 

In Australia, the residential building sector consists of houses, townhouses, apartments, 

and units,  and has been  one of the largest sectors of the construction industry, accounting for 

26.6 % of all construction activities in 2021(IndustryEdge 2015). The residential building sector 

is forecasted to remain solid and stable for at least the next ten years, supported by an increasing 

number of house approvals in order to supply for its population forecaste to grow in the same 

period (ABS 2017). The primary locations of residential construction are the states with larger 

population size and growth, i.e., NSW and Victoria, with 56% and 50% of proportions of the 

total dwellings, respectively (IndustryEdge 2015). As the high cost of labour-intensive 

construction and diverse housing design requirements are the main predictors of a market in 

which MC can gain traction (Bertram et al. 2019; Wei et al. 2022), the current housing demand 

in Australia, particularly in its most densely populated cities, requires mass customised 

buildings (Wei et al. 2022). 

 

Figure 1-  The share of the residential building sector within the Australian construction industry, adapted from 
(ACIF 2019) 

Today more Australians than ever adopt apartment living (ACIF 2019). Over the past 25 

years, the number of occupied apartments (including flats and units, excluding townhouses) in 

Australia has increased by 78%, reaching a total of 1,214,372 apartments, according to the 2016 

census (ABS 2017). This growth is concentrated within Australia’s major capital cities with a 

prevalence of apartments in four to ten-storey apartment blocks (ABS 2017). With the gap 

between average annual income and the median price of dwellings continuing to rise, more 
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Australians (householders) are finding apartment ownership out of reach. While the dream of 

owning an apartment is still alive, it is becoming increasingly harder to achieve, especially for 

low to medium- income households. Australia’s middle-income class comprises 58% of the 

population, and accordingly, they could afford to buy 58 percent of dwellings. This rate is 

significant compared to the low and high-income classes (Toth et al. 2015; Rosewall and 

Shoory 2017). Therefore, it is plausible that a building developer may tend to target and build 

for this segment of the residential sector.     

 

Figure 2- The growth of multi-storey apartments with more than 4 storey, adapted from (IndustryEdge 2015) 

There are a number of reasons that support choosing apartment dwellings for mid-income 

earners as the focus of MC-oriented design in this dissertation:  

▪ Predictability: the demand, particularly in terms of architectural design, is more predictable 

and stable in comparison to the luxurious ones; Since householders in this category are more 

clustered around the same demands and desires. For example, first-home buyers, in 

comparison to luxurious apartment householders, buy or rent a unit based on their basic 

necessities. 

▪ Repetitious nature: compared to detached houses and semi-detached townhouses, 

apartments have a higher potential for MP due to their repetitive characteristics.  

▪ Market competition: recent statistics show that the apartment selling rate is dropping partly 

due to the abundance of units available in the market. The buying tendency is mainly 

inclined towards apartment units that have reasonable prices but simultaneously are 

adequately custom designed (Barlow 1999). This is particularly important for investors who 

are concerned about return on investment through faster and higher lease rates because of 

being unique and attractive in design.        
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1.3.3 The potential of building elements for customisation and standardisation 

There are several factors determining the decision of home buyers such as building 

location, environmental features, price, internal spaces and layout design (Roy and Roy 2016).  

Among these factors, an architect is able to influence design-related aspects such as design of 

internal spaces or floor layout that would impact the building price.  The architect role is critical 

in successfully executing a MC approach because MC can be effectively achieved through 

design (Tseng et al. 1996). In the housing sector, studies have been carried out to investigate 

the desire for customisation or evaluate level of customisation expected in different building 

elements or spaces. Stehn and Bergstrom (2002) and Schoenwitz et al. (2017) stated that the 

willingness for customusiation of inner design, particularly floor layout design, is strong (Stehn 

and Bergström 2002) (Schoenwitz et al. 2017). Hofman et al. (2006) and Veenstra et al. (2006) 

ranked the degree of customisability of the building elements by surveying end-users. Type and 

position of the kitchen, length and width of the living room, number of bedrooms, position of 

the bathroom and toilet, and width and length of the house are the key components of 

customisation in layout design based on the research conducted in Europe (Hofman et al. 2006; 

Schoenwitz et al. 2012). The floor layout design directly affect the building core and structure 

and thus, any design decision for MC should carefully weight its economic implications for the 

core and structure.    

The building structure has conceivably the highest potential for increasing production 

efficiency through standardisation (Duray et al. 2000; Gilmore and Pine 1997). Although the 

desire for customisation of building layout can make the standardisation of the building 

structure difficult, building structure standardisation is strongly recommended since it has a 

high potential for cost saving and for causing changes in other components (Veenstra et al. 

2006). Architects and building clients (i.e. developers) must act on behalf of end users who 

usually lack the expertise to engage in the initial stages of the design process (Augusto et al. 

2012), to ensure the building structure meets both customisation and standardisation 

requirements.  

In the context of MC, clients and manufacturers, with the aid of architects, make design 

decisions collaboratively by integrating the manufacturing process into the preliminary 

customised architectural design. The design and manufacturing integration balances production 

efficiency and customisation to meet an optimal building structure design.  
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1.4 Role of design for MC 

1.4.1 Importance of the early design stages in product development 

As Tseng et al. insist, MC can be effectively achieved through design (Tseng et al. 1996; 

Fettermann et al. 2019 ). In the building industry, the design process can be categorised into 

three major stages: conceptual design2, preliminary design3, and detailed design. Conceptual 

design is the first stage of designing a project. It typically accounts for about  5%, in terms of 

value, of the design work on the entire project (Abdul-Kadir and Price 1995; Bianconi et al. 

2021). At this stage, the architect establishes the size, location, and relationships between all 

the spaces. The basic goal of the conceptual design stage is to create some basic floor plans 

(Abdul-Kadir and Price 1995 ; Makstutis 2018).  

Preliminary design accounts for approximately 15%, in terms of value, of the design 

work. At this stage, the architect and client work together to select materials, including interior 

finishes and products such as windows, doors, fixtures. The architect revises the basic floor 

plans based on the client’s comments from the conceptual design stage. Preliminary engineering 

will start on the structure and any other specific systems. At the end of this stage, a good idea 

of component selection and system design should be achieved. The floor plans and space 

dimensions, i.e., the wall placement, are fixed based on clients’ objectives and optimal design 

(Abdul-Kadir and Price 1995; Baghdadi et al. 2020).  

In the detailed design stage, the client and architect will have settled on a final design and 

will begin preparing drawings and technical specifications necessary for construction. This 

stage is the largest of all the stages for the design and will be about 80%, in terms of value, of 

the design work. At this stage, the architect and engineers finalise all the technical drawings 

and engineering (Abdul-Kadir and Price 1995;  Makstutis 2018). 

Studies show that around 80% of the building construction cost can be attributed directly 

to decisions made at early design phase, i.e., conceptual and preliminary design stages 

(Marchesi and Ferrarato 2015; Tseng et al. 1996). At the early design phase, the design has 

more flexibility to accommodate changes to enable efficient offsite building manufacturing or 

onsite construction process (Baušys and Pankrašovaite 2005).  

At the early design phase, a mass customiser in the building context, i.e. a manufacturer, 

with the aid of an architect, has to identify the product attributes along which clients’ needs 

diverge the most. Once this is understood, the firm knows what is required to properly cover 

 
 
2 In some literature it is called schematic design. 
3 In some literature it is called developed design. 
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the needs of its clients. Consequently, it can generate the so-called solution space, clearly 

defining what it is on offer and what it is not (Da Silveira et al. 2001; Da Rocha and Kemmer 

2019). 

In the MC literature, the solution space has usually been explored with conventional 

market research in the form of techniques and enablers (Piroozfar and Piller 2013; Piroozfar et 

al 2019). Conventional market research gathers data from representative clients in a chosen 

market sector (Jiao et al. 2007). These data are utilised to specify the customised and 

standardised parts of a building (Jiao et al. 2007, Jensen 2020). These specifications are then 

used to develop a product family and platform to enable factory production of them. The 

concepts of product family and platform are explained in Section 1.4.2.  

1.4.2 Product family and platform design 

The main emphasis of MC in the early building design stages is on setting architectural 

variants to enable designing a family of  building products rather than only a single building 

(Tseng et al. 1996). A building product family refers to a set of similar building elements that 

yet possess unique features or functionalities to meet particular and varying requirements 

specified by clients (Jiao et al. 2007). Each individual building product within a family, i.e., a 

family member, is called a product variant or instance. All product variants share some common 

structures, which form a platform for that product family (Jiao et al. 2007).  

The objective of family-based design for mass producers is to create variety and 

customisation. In construction companies, product family design aims to offer an adequate 

number of design options for apartments, which balance customisation with standardisation. In 

other words, the goal of mass customiation in building design is not an overwhelming number 

of choices but a thoughtfully curated set that caters to diverse needs. By making this balance, 

construction companies streamline offsite production, reduce complexity, and at the same time, 

maintain building customer satisfaction (Cuperus 2003).  

Designing a product within a product family approach is not performed through a 

sequence of tasks. Instead, it includes integrating a set of constraints and variables across 

different domains, namely marketing, design, manufacturing, and supplying, to support mass 

customisation (Jansson 2013).  
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Figure 3- A holistic view of a product family and platform design and development in a MC approach, adapted 
from (Jiao et al. 2007). 

As shown in Figure 3, the client requirements are translated into functional requirements 

(FRs) by designers or architects. (Jiao et al. 2007). In the building industry, research has been 

focused on applying tools such as Quality Function Deployment (QFD) (Gilbert III et al. 2014; 

Stehn and Bergström 2002; Wee and Aurisicchio 2018) and axiomatic design (Gilbert III et al. 

2014; Marchesi and Ferrarato 2015; Marchesi and Matt 2017) to translate client requirements 

into functional requirements and constraints. In the manufacturing industry, scholars have 

applied clustering techniques (Dai and Scott 2007; Tseng et al. 1996) to specify FRs in clients’ 

orders and to group design parameters based on their common denominators (de Weck et al. 

2003). Clustering is a key step in finding similarities in clients’ orders to enable paramterisation 

of the products for production process. (Jiao et al. 2007). Therefore, this step is a prerequisite 

for successful implemention of MC strategies.   

1.4.3 Computer-aided design  

Computer-aided design (CAD) is a key MC technology enablers, facilitating design 

model creation, modification, and optimisation. CAD-related MC studies fall into two research 

streams: (i) design optimisation tools for generating customised houses (Benros and Duarte 

2009; Bianconi et al. 2019; Bock and Linner 2010; Duarte 2005; Juan et al. 2006; Kaiser et al. 

2019; Livingstone et al. 2015; Ma and van Ameijde 2022; Monizza et al. 2017; Said et al. 2017) 

and (ii) product configuration systems or user-interface tools for client co-design and 

visualising customised options (Shin et al. 2008; Farr et al. 2014; Lee et al. 2017; Piroozfar et 

al. 2019). The first group employes optimisation techniques to parametrise building designs, 

while the second focuses on visualisation for individual clients’ decisions on building 

configuration. Excessive complexity in building configuration negatively impacts efficiency 

for mass customisers in the building industry (Xu et al. 2017). Hence, this thesis does not utilise 

CAD systems to co-design with every individual client.  

 The MC topic within the context of design optimisation scope is also marginally 

addressed by some studies in prefabricated systems, which are dominantly focused on material 
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costs, energy efficiency, lighting efficiency, etc., as competitive criteria. The next section 

explains the design optimisation literature in prefabricated systems and the literature gap. 

1.5 Gap in design optimisation for mass customised prefabrication of buildings  

Figure 4 shows the gap in literature for successful implementation of MC in prefabricated 

buildings. Below summarises different aspects of this gap:    

 

Figure 4- A schematic view of the research gap for implementing MC in the preliminary design stage 

 

1.5.1 Lack of a two-sided view towards MC: 

The MC-related literature has mainly focused on when to involve client (Cuperus 2003; 

Lee et al. 2017; Rocha et al. 2018; Schoenwitz et al. 2017), production strategies at a high level 

(Barlow 1999; Fettermann et al. 2019; Schoenwitz et al. 2012; Schoenwitz et al. 2017; Stehn 

and Bergström 2002), and degree of customisation (Abulfahem 2012; Hofman et al. 2006; 

Jensen 2014; Jonsson and Rudberg 2015). Also, past studies have mostly adopted a one-sided 

view to MC, neglecting simultaneous consideration of demand-side (designers and building 

developers) and supply-side (manufacturers) requirements (Jensen 2014; Jiao et al. 2007). 

Integrating client-driven design and efficient manufacturing is crucial for achieving client 

satisfaction and controlling product costs (Jensen 2014). This integration forms the foundation 

for producing customised housing at a reasonable price, facilitating a mass-customised design 

through optimised architecture (Jiao et al. 2007).  

1.5.2 Scarcity of a quantitative approach towards design and production integration:  

A lack of quantitative approach hinders effective integration of design and manufacturing 

process and thus, it prevents reaching a customisation in the factory that would be profitable 

for manufacturers and cost-efficient for building clients (Jiao et al. 2007). While a few authors, 

(e.g., da Rocha and Kemmer 2018) have  qualitatively studied integrating design and production 
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processes, quantitative research about such an integration is scarce. There are a few quantitative 

studies that have considered production processes of prefabricated systems mainly in laborious 

precast concrete factories. Such studies do not paramterise production processes and variables 

and thus, they are not detailed enough to enable  accurate measurement of cost and time savings 

after MC  (Augusto et al. 2012; de Araujo Carneiro 2019; Petprakob 2014; Sharafi 2013; Sharafi 

et al. 2012; Sharafi et al. 2017).  

1.5.3 Segregated architectural and structural design  

Optimised layout design methods have been utilised in the literature to find either 

architectural or structural design solutions (Hofmeyer et al. 2006). Optimised architectural 

layout design usually generates various feasible layouts and evaluates them based on 

architectural objectives only, such as maximum living space (Arvin and House 2002; 

Homayouni 2007; Michalek et al. 2002; Zawidzki et al. 2011), or lighting (Baušys and 

Pankrašovaite 2005) and minimum geometrical complexity (Arvin and House 2002; Zawidzki 

et al. 2011) or energy (Bianconi et al. 2019; Michalek et al. 2002). But, the architectural 

objectives do not usually consider constructability or manufacturability of the designed layout.  

In optimisation of structural layout design, on the other hand,  “topology improvement” 

is set as the core objective to explore the arrangement and sizes of structural elements which 

are optimal in terms of weight, eccentricity, structural strength, and serviceability (Hofmeyer 

et al. 2006, Sharafi et al. 2015). These categories of studies neither consider architectural 

flexibility nor factory production processes. There are a few studies that try to integrate 

architectural and structural layout design but their focus is on volumetric  modules with no 

consideration for mass customisation under the constraints of prefabrication factories (Sharafi 

et al. 2017, Khemlani et al. 1998 ).  

1.5.4 Design paremterisation for MC prefabrication of buildings:  

 As discussed under Section 1.4.2, finding and clustering similarities in various building 

layouts has a key role in identification of building families and then, paramterisation of them 

for efficient offsite fabrication. Identifying a direct link between various layout designs and 

manufacturing process enables effective implementation of mass customisation in 

prefabrication factories (Mitchell et al. 2011). However, studies on  analysing and clustering 

architectural designs for manufacturing are non-existent.  
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1.6 Research objectives 

The central objective of this research is to develop a data-driven design framework for 

mass customisation of multistorey buildings. This objective is pursued through four sub-

objectives: 

(i) To identify prevalent design patterns in residential building layouts and 

systematically assess their manufacturability 

(ii) To mathematically model the interrelationships between architectural and 

structural layout designs  

(iii) To determine the key manufacturing processes that significantly impact building 

layout 

(iv) To develop a comprehensive methodology for integrating identified 

manufacturing processes into the design of  building layout,with focus on 

optimising factory efficiency while maintaining architectural flexibility 

Corresponding to the above aim and sub-objectives, the research tries to find answer for 

the following questions: 

1) What are the most common patterns in residential building layouts and how can we 

assess the manufacturability of these designs?  

2) What are the key architectural and structural design interrelationships that influnece 

building layouts?      

3) Which manufacturing processes are the most critical in building structure cost? 

4) How can manufacturing processes be accommodated in building layout design without 

compromising architectural flexibility?  

The first research questions target the early investigation of MC at the conceptual design 

stage in order to provide an adequate number of options of manufacturable layouts. In contrast, 

the third and fourth questions focus on implementing MC in the preliminary design by 

providing a degree of standardisation while maintaining a higher degree of flexibility in 

building layout design. 
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1.7 Scope of the research:  

Figure 5 indicates how the research is positioned within the building industry context. 

The blue field is used to describe the path from the building industry down to the focus area. 

The context in which the empirical studies were conducted and the model framework was 

developed is the multi-storey residential buildings with the panelised system and a case study 

in a timber building.  

 

Figure 5- Overview of the research scope 

This study is based on the fact that clients (i.e., developers) and manufacturers are the 

main stakeholders in mass cutomised building construction. Clients of the whole residential 

building with spending power become a major driving force in the housing industry and are 

considered as the dominant player of the demand-side. On the other hand,  manufacturing costs 

can be controlled and reduced by the manufacturer. Hence, manufacturers are considered as the 

dominant player of the supply-side. In a building construction project, the architect acts on 

behalf of the client but has a balancing role between the client and the manufacturer by 

analysing the clients’ design trends and the manufacturability of the design (Bonev et al. 2015).  

1.7.1 Type of prefabrication: 

In modular system design, different types exist, ranging from single elements clipped 

together (i.e. elemental prefabrication) to three-dimensional volumetric units with full fixtures 

(i.e., volumetric prefabrication) (Bertram et al. 2019). In the middle of this spectrum, two-

dimensional panelised solutions have been created and are more suitable for customisation in 

residential buildings. This choice offers advantages such as easier transport, greater flexibility 

compared to giant volumetric modules, and higher adaptability to accommodate various design 
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preferences (Bertram et al. 2019). This thesis focuses on panelised prefabrication as it lends 

itself to mass customisation. Within this taxonomy of prefabrication, the study uses Cross-

Laminated Timber (CLT) buildings as the main case because of its growing use across the globe 

as a sustainable material for multistorey buildings. Moreover, CLT panels are machinable and 

thus can be cut into diverse dimensions and configurations (de Araujo Carneiro 2019).   

CLT manufacturing and construction in Australia have experienced a growth rate due to 

their sustainability benefits, light weight, ease of installation, and cost-effectiveness in 

construction. The Australian CLT market is currently at least 50,000 cubic meters per annum 

and is growing rapidly. On its current trajectory, it is expected the market to be more than 

80,000 cubic meters by the end of 2023 because of population expansion, continued 

urbanisation, and sustainable housing options (IndustryEdge 2020). 

1.7.2 Taxonomy of design automation 

Automation plays a key role in executing mass customisation of prefabricated buildings 

(Bianconi et al. 2019; Michalek et al. 2002). Two types of digital tools facilitate the process of 

automated building customisation at design stage, data integration platforms and optimisation 

platforms. The first category includes any  Building Information Modelling software  (Bianconi 

et al. 2019; Michalek et al. 2002), but is outside the current research scope. This study places 

emphasis on optimisation as it has a higher impact than data integration on cost reduction 

through holistically accommodating variables and paramters related to manufacturability, 

architectural desirability and strucutrual stability. 

1.8 Thesis structure  

This thesis comprises six chapters: 

Chapter 1: Introduction 

The initial chapter offers rationale for significance of MC in the building industry, the 

gap in the relevant research, the objectives and questions, and the scope of this research.  

Chapter 2: Literature Review and Research Background  

In this chapter, a thorough literature review is presented, providing essential context for 

the investigation. Specifically, it explores the various types of MC within the building industry, 

elucidating the spectrum of customisation and standardisation. Additionally, the MC design 

enablers and their corresponding recommendations applicable to this research are explained. 

Furthermore, CLT (Cross-Laminated Timber) manufacturing and prefabrication systems are a 

succinctly discussed.  
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Chapter 3: Research Design and Methodology 

The third chapter encompasses the constructive research approach employed in this study. 

It outlines the data collection methods, data analysis techniques, model development process, 

and, crucially, the steps taken for model validation. 

Chapter 4: Analysing and Clustering Building Layouts  

The fourth chapter presents the apartment design patterns and their manufacture potential  

based on the statistical anlaysis of the building layouts in multi-story building projects located 

in Sydeny, Australia. 

Chapter 5: Analysing and Validating MC-based Modelling of Building Layout  

The fifth chapter  sheds light on the computational efficiency of the model through a case 

study, demonstrating its practical applicability.  

Chapter 6: Conclusions  

The final chapter consolidates the findings of the thesis, summarizing the key discoveries 

in relation to the research objectives, implications for research and practice, and possible 

avenues for future exploration. 
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Chapter 2: Literature Review and Research 
Background 

2.1 Overview 

This chapter presents the research background in seven sections. The second section 

provides the residential building procurement system and specifies the key players in 

implementing MC in multi-storey residential buildings. The third section illustrates the 

difference between construction companies and mass producers moving towards MC. This 

section gave the author insight into differentiating mass customisation concepts in the 

construction and manufacturing industries. The fourth section discusses the theory and law 

supporting MC. Since a part of this research is to develop a model, later in Chapter 3, the 

supporting theory is applied as a model validation means. The fifth section describes how to 

implement MC in residential buildings through three capabilities that make MC work. The 

position of MC enablers within each capability is summarised in this section. The level of MC 

in the building industry is also explained in section five to present the appropriate entry points 

for MC in terms of implementing customisation in residential buildings. MC enablers in the 

design phase, including modules, platform, and product family, are discussed to provide an 

approach to finding a pattern for dwellings’ modular design offered to different clients. The 

sixth section summarises the cross-laminated timber manufacturing process and how to 

integrate efficient manufacturing with client-driven design. Finally, the seventh section 

provides a summary of this chapter and its implications for this research. The following diagram 

presents the flow of this section.  
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Figure 6- Flow diagram of Chapter 2  
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2.2 The key players in implementing MC in multi- storey residential building 

According to the definitions of MC, the key factor in implementing MC is to balance 

demand-side and supply-side requirements. This balance pertains to achieving both 

customisation and production efficiency, thus encompaassing the concept of  solution space 

development. Before delving into the enablers of solution space development, it is essential to 

clarify the interplay between demand and supply in the realm of  housing construction. 

Furthermore, we need to adress the uncertainties sourrending the roles of housing customers 

during the phases of building design and construction. Various terms have been employed to 

describe the demand-side in residential construction, such as end-userconsumer, customer, and 

client. However, depending on the approach they take in order to acquire their dwelling means 

their position and role change. While an exhaustive exploration of the semantics of these 

concepts is beyond the scope of this discussion due to space limitations, their roles and positions 

are elucidated within the context of the prevalent procurement systems outlined in the 

subsequent paragraphs. 

Two frequently employed procurement methods within the residential building sector are 

the traditional model known as Design-Bid-Build (DBB) and the Design and Construct (D&C) 

approach. In the traditional DBB model, a residential property buyer, acting as an investor or 

developer and referred to as a housing client in this scenario, engages an architect to formulate 

apartment designs aligned with market demands. Subsequently, the architect assumes 

responsibility for project management, including contractor and consultant coordination. 

Notably, in the DBB approach, the design phase allows for greater potential customisation and 

remains largely distinct from the construction phase, thereby minimising the likelihood of 

alterations during building (Warren-Myers and Heywood 2016). 

Conversely, in the Design and Construct (D&C) method, design and construction 

processes are integrated, with a large firm overseeing the entire supply chain from design 

through manufacturing to construction. This procurement method becomes particularly relevant 

when optimizing efficiency is paramount, making it especially suitable for multi-story 

residential projects where increased modularisation is attainable. In instances where the focus 

of MC, for instance, is on enhancing post-construction sales and profitability, a vertically 

integrated design, manufacturing, and construction approach would facilitate the realisation of 

MC objectives (Warren-Myers and Heywood 2016). 
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D&C provides a single point of contact between the supply-side and the client with design 

(architects and engineers) either employed in-house or outsourced. Variations of D&C range 

from small contractors meeting localised demand to large state or national businesses (Volume 

builders) meeting client demand across several geographic regions. D&C contractors have 

several variations in how they operate and manage the process. However, generally, the 

majority of roles undertaking by the D&C contractor in-house include design, marketing, sales, 

and construction. Because of their size and dominance in the market, D&C contractors can 

dictate to clients, provided that they consider their clients’ requirements systematically. Hence, 

to meet customisation requirements, they employ marketing, sales, research, and development 

(R&D) teams to feed architects by providing market analysis information, such as client 

functional requirements and their willingness to pay for the building. Then architect transfers 

these requirements into the design parameters. The architect, with the aid of marketing, sales, 

research, and development (R&D) teams, usually acts on behalf of the client, who has delegated 

the authority to provide them a building design (Warren-Myers and Heywood 2016).  

Implementing innovation in D&C model, theoretically, may originate from demand-side 

requirements, i.e., client demand. But more practically, MC is dependent on the D&C contractor 

and their team, i.e., design and manufacturing consultants (Warren-Myers and Heywood 2016), 

who are on the supply-side. Therefore, this research assumed a D&C system of contracts for 

multi-storey residential buildings where the client as a demand-side is served by D&C 

contractor and their team, such as the manufacturing consultant or manufacturer of the building 

elements. On the supply-side, production costs can be controlled and reduced by the 

manufacturer. Hence, this research views the manufacturer as a key player from the supply-

side. In a construction company, the architect acts on behalf of clients and has a balancing role 

by analysing the clients’ design trends and the manufacturability of the design.   

MC articles such as (Frutos et al. 2016; Hofman et al. 2006; Juan et al. 2006; Schoenwitz 

et al. 2012; Schoenwitz et al. 2017) tend to focus on householders (i.e., end-users)  as customers 

in mass-customising buildings by assessing their satisfaction with the decorative elements of a 

building. Such a minor involvement may be a reflection of their limited power in shaping and 

deriving design development decisions. As a consequence, the production efficiency or cost 

efficiency of  MC will be limited. On the contrary, this research views the developer as the 

client or the main player on the demand-side of a mass customised building because clients of 

the whole residential building with spending power become a major driving force in the housing 

industry. Compared to building end-users, the developer can effectively influence MC as the 

prime beneficiary of a constructed building.  There are some other following reasons as well:  
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(i) The client’s needs reflect the user requirements in design since, in a MC market, the 

client has to listen to users in order to fit the demand. If not, the potential user may not 

be interested in buying the apartment.  

(ii) The client or architect has a well-defined idea about what to communicate in order to 

specify the user requirements. The communication has to serve a multitude of tasks, 

including finding a buyer, informing a potential buyer, interviewing with a potential 

buyer and finding out about their preferences, and following a buyer. A satisfied buyer 

is the client’s/developer’s best promoter. It is also a source of information to identify 

new trends in user appreciation and preference (Cuperus 2003). 

(iii) Traditionally, the construction firm is better at dealing with clients than with end-users 

(Cuperus 2003). 

(iv) Since each apartment unit experiences several ownerships during its life cycle, the client 

could be a good source to identify the market demand and, subsequently, the design 

parameters. Hence the user should not interface with the design and construction 

process. 

 

Figure 7- Demand-side and supply-side for implementing a MC strategy adopted in the thesis 

2.3 Motivations and risks associated with the move toward MC for construction 
companies and mass producers 

The motivation and risks associated with the move toward MC for the residential building 

industry (EOT companies) and the manufacturing industry (mass producers) are dissimilar 

(Haug et al. 2009). ETO businesses are engineering companies in which products are 

engineered to meet the client’s specific requirements (Haug et al. 2009; Jensen 2020). Notably, 

the building industry predominantly includes ETO businesses (Gosling and Naim 2009; 

Noguchi and Hernàndez-Velasco 2005). Haug et al. (2009) highlighted six general 

characteristics to reveal the differences in the two paths to MC: (i) product variety, (ii) client 

view, (iii) engineering and manufacturing costs, (iv) business purpose, (v) configurator 

challenge, and (vi) efforts associated with the product redesign.  
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In the realm of the residential building industry, companies normally create a building as 

a one-of-a-kind product for each client, making the challenge in transitioning to MC the need 

to predetermine the cpnstituent elements of new buildings. This naturally imposes limitation on 

the options available to clients (Cuperus 2003; Haug et al. 2009; Wee and Aurisicchio 2018).  

However, embracing MC in for the building design does not imply an exhaustive array of 

choices must be presented. Rather, in a mass customised apartment, an appropriate number of 

options can be sufficient (Cuperus 2003). Thus, mass production companies apply MC enablers, 

including module and product family, to generate variety. Conversely, in EOT companies, these 

same enablers are harnessed to enhance production efficiency, while cautiously controlling the 

degree of diversity. When construction companies move to MC, the creation of a predefined 

product solution space or design involves the risk that the solution space is not adequately large 

to meet all clients’ requirements. On the other hand, when mass producers move to MC, from 

the client’s perspective, the increased influence on the design of the product has to have a value; 

otherwise, the product varieties are just confusing or annoying (Haug et al. 2009). 

Construction companies moving towards MC deal with complex products. Therefore, full 

standardisation of building design/ products may not be possible if to satisfy client 

requirements. On the other hand, mass producers tackle much simpler products compared to 

the first scenario, and their basis is in a standard product in which all components in the product 

are standardised. Therefore, for mass producers, MC can be obtained by minor product design 

changes, such as allowing that some components can be interchanged with others (for instance, 

the same component in different colours) or by offering addable components (Haug et al. 2009). 

Hence, from a product design point of view, a transition to MC seems to be much more complex 

for construction companies than for mass producers. Although the literature has emphasised 

product design complexity, it can be inferred that architects in construction companies should 

limit the design variety and  supply adequate diversity in order to move towards MC. However, 

research is slim to provide practical insight into identifying a number of design options through 

finding design patterns in the residential building sector.  

When construction companies move towards MC, the engineering and manufacturing 

process become more simplified by providing adequate variety and options, which leads to 

limiting the flexibility in planning, design, and manufacturing process, and eventually reducing 

costs per manufactured product (Haug et al. 2009; Roy et al. 2003).  On the other hand, mass 

producers need to have more flexibility in planning, design, and manufacturing. Having more 

flexibility in planning, design, and manufacturing makes the production process more complex. 

In terms of business purpose, the main characteristic of construction companies that move 
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towards MC is to automate and optimise some internal processes. Although the increase in sales 

is not the primary purpose, the effect of optimisation, including shorter delivery times and faster 

manufacturing, could have a sales-increasing impact. 

Residential buildings as ETO products are usually hard to standardise to a degree that 

allows configuration; hence the knowledge-based design4 generally is one of the main 

challenges when creating a configurator for this type of producer who becomes a standardised 

customiser (Haug et al. 2009). However, the design options of the clients in a scenario where a 

mass producer becomes a mass customiser are typically limited compared to the previous 

scenario. Hence, the focus of the mass producers who become mass customisers generally is to 

increase sales and the user interface of web configurators (Haug et al. 2009).  

Table 1- Comparing the construction company and mass producers moving toward MC  

General 
characteristics 

Mass producers 
(manufacturing 

industry )move to 
MC 

Construction 
companies move to 

MC 
References 

Product variety Increase variety Limit variety  

(Barlow 1999; Cuperus 2003; Haug 
et al. 2009; Hofman et al. 2006; 

Piroozfar and Piller 2013; Popovic 
2018) 

Client view Create valuable 
variety 

Create adequate 
variety 

(Cuperus 2003; Haug et al. 2009; 
Piroozfar and Piller 2013) 

Product redesign Fully standardised 
product 

Some degree of 
standardisation  

(Cuperus 2003; Haug et al. 2009; 
Popovic 2018) 

Manufacturing 
costs Slight increase Decrease 

(Barlow 1999; Benros and Duarte 
2009; Bianconi et al. 2019; Haug et 

al. 2009) 

Business purpose Increase sales Optimise production 
process 

(Barlow 1999; Haug et al. 2009; 
Popovic 2018) 

Configurator 
challeneg User interfaces Knowledge-base (Haug et al. 2009; Jensen 2020) 

Product design and production (manufacturing) process stand out as the pivotal factors in 

achieving client satisfaction and constraining product costs, respectively (Jensen 2014). 

Therefore, integrating client-driven design and efficient manufacturing provides the ground to 

produce customised housing at a reasonable cost. In other words, integrating design and 

manufacturing are the key elements of MC-oriented design (Jiao et al. 2007). It's worth noting 

that design and manufacturing, when approached independently, emerge as the primary focal 

points within both product manufacturing and the construction industries (Jensen 2014; Jiao et 

al. 2007).  

 
 
4 A knowledge-based system is a form of artificial intelligence (AI) /maching learning (ML) that aims to capture 
the knowledge of human experts to support decision-making in design. Machine learning is a subset of AI which  
allows a machine to automatically learn from past data without programming explicitly. The goal of AI is to make 
a smart computer system like humans to solve complex problems (Wang,  and Duarte 2002).  
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The subsequent section presents the law and theory which support the MC in terms of 

product design and production process. 

2.4 Law of variability, theory of swift even flow, and utility theory to support mass 
customisation  

Considering production process optimisation during the building design is one of the key 

characteristics of MC for construction companies. Production process optimisation is a means 

for increasing cost efficiency resulting from production efficiency. The law of variability and 

theory of swift, even flow support production efficiency in mass customised design in 

residential buildings. 

Theories are usually introduced when a previous study of a class of phenomena has 

revealed a system of uniformities that can be expressed in the form of empirical laws. Theories 

explore to explain those regularities and, generally, to afford a deeper and more accurate 

understanding of the phenomena in question. Many managerial laws have made a great impact 

in the construction and operations management discipline while rigorous theories remained 

absent, although theories exist at a higher and deeper level than laws (Schmenner and Swink 

1998).  

The discipline of operations management has developed a set of laws that have a bearing 

on the phenomenon of differential factory productivity or production efficiency. Some of these 

laws are deductive and derived from mathematical foundations, and some of them are 

probabilistic and derived from observed data, namely the law of variability, law of quality, law 

of bottleneck, law of factory focus, etc. Among these laws, law of variability supports 

production efficiency in mass customised design in residential buildings. Based on this law, the 

greater the random variability, either demanded of the manufacturing and construction process 

or inherent in the process itself or in the items processed, the less productive or production 

efficiency the process is.  This law is consistent with the theory of swift, even flow.  

Based on the theory of swift, even flow, there are two types of flow: product flow 

(process) and workflow (operation). Product flow represents the progress of a product along a 

production line, and workflow represents the individual actions performed on the product at 

any given workstation. Process or product flow analysis examines the flow of material or 

product; operation or workflow analysis examines the work performed on products by workers 

and machines. Process flow is improved by removing non-value-adding steps such as moving, 

waiting, and inspection and by minimising set-up times and rework. In construction work 

transforming materials or components into construction is considered value-added, while setup 

time and work that moves components, inspects them, counts them, or reworks them is regarded 
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as none value-added work. Workflow is improved by balancing the work of operators, 

improvements to methods and tools, etc. For prefabricated and pre-assembled elements, as in 

precast concrete, steel, and timber construction, the flow of fabrication (interim assemblies)  

off-site and assemblies on-site is comparable to product and workflow, respectively (Sacks 

2016). 

The theory of swift, even flow deals with both production efficiency and flow. According 

to the theory, production efficiency for any process, including labor, machine, materials, or total 

factor production efficiency increases with the speed where materials flow through the process, 

and it falls with the increase of variability (whether variability is associated with the demand 

on the process- product flow- or with steps in the process itself- workflow) (Schmenner and 

Swink 1998). Hence, for materials to flow more evenly, one must narrow the variability 

associated with either product or operation. Variability is measured by the variance, or standard 

deviation of the timing or quantities demanded or of the time spent in various process steps 

(Schmenner and Swink 1998).  

The theory of swift, even flow and the law of variability provide some advice for 

designing and operating products. Scholars tend to use these theories in qualitative analysis 

(Sacks 2016). In other words, the theory and law are descriptive in nature and thus do not 

provide any way of making quantitative assessments of the potential impact of any change to 

production system design or flow control. This requires the ability to measure the quality of 

flow in construction, while currently, there is no such measure available (Sacks 2016). The 

quality of flow is often related to the continuity of the production process (Sacks 2016). Hence, 

instead of measuring the quality of flow, identifying the principles helping to recognise 

improving flow is useful. Koskela defined six principles for improving flow in production 

processes: reduce waste (including waiting time), reduce production or cycle time, reduce 

variability, minimise the number of steps, maximise flexibility and provide transparency (Sacks 

2016; Koskela 2000). These principles could be useful and functional in examining the 

production processes by comparing production efficiency. Koskela emphasised the reduction 

of production time and stated that the natural unit of flow in construction is time which can be 

reflected in cost (Koskela 2000).  

In summary, according to the above theory and law, MC strategy in the building industry 

narrows down the variability of product demand and process (i.e., reducing time of the 

production process) to improve production efficiency. These characteristics, namely variability 

of components and reducing process time in a mass customised design, should be compared 

with a fully customised design. These characteristics are discussed in chapter 5. 
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The customisation part or design part of MC can be supported by utility theory. Utility 

theory bases its beliefs upon clients’ preferences. It is a theory postulated in economics to 

explain the behavior of clients based on the premise clients can consistently rank order their 

choices depending on their preferences. Utility represents the satisfaction of a client in choosing 

a product. Utility can be measured by observing clients’ choices. Given two product options, 

for example, the client ranks them as to their desirability. That is, the client determines that one 

of the consumption bundles is strictly better than the other or decides that they are indifferent 

between the two options. Clients naturally make choices so as to maximise their “utility”, that 

is, to make themselves as happy as possible (Olewnik and Lewis 2006). Utility, which is an 

indicator of the client’s preferences, is also addressed using the term “value” in the 

construction-related literature.  

Measuring the utility or value is complicated and requires considering several variables 

in building design and is out of the scope of this research. However, this research has attempted 

to simplify it by considering the following elements: (i) the decomposing of architectural layout 

design and performing statistical analysis to identify the probabilistic acceptability of the 

architectural design. (ii) limiting the price of the product by considering the client’s willingness 

to pay. These elements are discussed further in Chapters 3, 4, and 5. 

2.5 Implementing MC in the residential building sector 

2.5.1 Three capabilities that make mass customisation work 

There are three fundamental groups of capabilities that determine the ability of a firm to 

mass customisation: 

▪ Solution space development: 

The mass customiser must first identify the unique requirements of its clients, 

particularly, the product attributes along which clients’ needs diverge the most.  Defining the 

solution space includes collecting knowledge from current and past, and even future clients’ 

order. So, the objective is to understand how client requirements are different by identifying 

valuable product characteristics as the base for the design and development of products in a 

way that effectively meets these individual requirements. Once that information is known and 

understood, a company can define its “solution space”, which clearly delineates what it will 

offer and what it will not. In other words, “Solution space development is the ability to identify 

the product attributes along which clients’ needs diverge”. Solution space development is for 

the company to understand its client’s unique requirements, and when these needs are 

recognised, the company can design, make and deliver the products and services accurately to 
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its clients. The solution space is a subset of the company’s product strategy that clearly defines 

the boundary of what it is going to offer to the clients and what it will not offer (Piroozfar and 

Piller 2013; Salvador et al. 2009).  

The core requirement at this stage is to access need information, i.e., information about 

preferences, needs, desires, satisfaction, motives, etc., of the potential clients and users of the 

product. However, this is not an easy task and can be a costly and complex endeavor because it 

is difficult to access and codify the information for the solutions provider. However, some 

approaches or enablers, including conventional market research techniques, the module, 

product family, and platform concepts, can help to define the solution space (Jensen 2020; 

Piroozfar and Piller 2013; Salvador et al. 2009). The conventional market research techniques 

apply common practices of order configuration and sales volume within an existing product 

portfolio (de Weck et al. 2003). In the manufacturing industry, techniques such as client 

surveys, conjoint analysis, and clustering (Dai and Scott 2007; Tseng et al. 1996) have been 

utilised to develop solution space, i.e., functional requirements (FRs) or options in a solution 

space.  

Once the relevant options to be presented in a solution space have been identified, it has 

to be transferred into a product architecture that will transform these requirements into solutions 

for the client. It is important to note that MC does not mean to offer limitless choices but to 

offer choices that are limited to options already presented and bring value to the key players, 

i.e., the manufacturer and clients. Hence, the products are limited and may be presented by 

modular product architecture. Modular product architecture is associated with product family 

and platform concepts.  Modularity is an essential part of MC. Each module serves one or more 

well-defined functions of the product and is available in several options that deliver a different 

performance level for the function(s) the product is intended to serve. This principle shows that 

MC demands compromise: not all notational customusation options are being offered, but only 

those that are consistent with the capabilities of the production processes, the given product 

architecture, and the given degree of variety. The product family approach has been recognised 

as an effective means to accommodate an increasing product variety across diverse market 

niches while achieving economies of scale. The backdrop of a product family is a well-planned 

architecture providing an overarching umbrella to capture and utilise commonality (Piroozfar 

and Piller 2013; Salvador et al. 2009).  

▪ Choice navigation:  

Mass customisers, i.e., D& C companies must be able to support clients in identifying 

their design by configuring the product that matches clients’ needs with minimum effort. When 
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a client is exposed to many choices, the cost and complexity of evaluation easily increase. To 

avoid that, companies have to provide means of choice navigation to simplify the ways in which 

clients explore their offerings. The objective of choice navigation tools is to reduce the 

complexity of the decision-making process and increase user-friendliness in developing the 

product configuration (Piroozfar and Piller 2013). For implementing this concept technological 

platforms, namely computer-aided design (CAD) need to be applied.  

Computer-aided design (CAD), as one of the MC design technology enablers, is the use 

of computers to aid in the creation, modification, or optimisation of a design. CAD as a design 

enabler could be classified into two research streams: (i) product configuration systems or user-

interface tools such as web-based design systems to involve clients within co-design process 

and visualise the selected finishing items as customised options (Shin et al. 2008; Farr et al. 

2014; Lee et al. 2017; Piroozfar et al. 2019), and (ii) design optimisation and automated design 

tools to generate customised houses (Benros and Duarte 2009; Bianconi et al. 2019; Bock and 

Linner 2010; Duarte 2005; Juan et al. 2006; Kaiser et al. 2019; Livingstone et al. 2015; Ma and 

van Ameijde 2022; Monizza et al. 2017; Said et al. 2017). These two research streams, with 

their corresponding techniques and software, have tried to reduce the complexity of choice in 

the decision-making process for clients and architects/engineers, respectively (Piroozfar and 

Piller 2013; Salvador et al. 2009). 

Product configuration systems research has been focused on visualisation tools that help 

clients make a decision in terms of building configuration, for example, floor plan and facade 

design, etc., by considering some construction constraints. However, the optimal design is not 

considered in production configuration systems. Product configuration systems are also referred 

to as co-design toolkits. Co-design activities are performed in an action of company-to-client 

interaction and cooperation. The core idea of configuration systems is to engage clients in the 

design process. By engaging in multiple sequential experiments, clients can test the match 

between the available options, a particular configuration of these options, and their 

requirements. Although one of the most distinguished features of MC during the design process 

is to provide the client with the possibility to co-design products according to their preferences 

and interests, excess complexity in building configuration has a negative impact on 

performance and efficiency for mass customisers companies in the building industry (Xu et al. 

2017). Hence, we did not consider this group of CAD systems in the thesis.  

The second category of the research includes automation and optimisation techniques, 

which significantly help the designer to parametrise the design and can reduce the complexity 

of choice in the decision-making process for designers. Automation is supported with 
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integration (visualisation) and optimisation tools, in which software automatically builds 

configurations for designers by matching models of their needs with characteristics of existing 

solution spaces (i.e., sets of options). Then designers only have to evaluate the predefined 

configuration, which saves considerable effort and time in the search process. Integration or 

automation tools, including Building Information Modelling software, which provides 

knowledge sharing (Neelamkavil 2009), are out of the current research scope, and only 

optimisation tools are the current research focus. With the aid of optimisation, the 

manufacturability and constructability aspects of buildings can be verified prior to being built, 

and an optimum construction plan can be derived (Neelamkavil 2009). Design optimisation can 

be utilised in three major stages of an engineering design process: conceptual design, 

preliminary design, and detailed design (Augusto et al. 2012). Nevertheless, layout design 

optimisation is typically employed either in the conceptual or preliminary design stages.   

▪ Robust process design: 

A core idea of MC is to ensure that an increased variability in clients’s requirements will 

not significantly impair the company’s production efficiency. This can be achieved through 

robust process design. Robust process design is for the company to have the capability to reuse 

or combine existing organisational and value-chain resources to efficiently fulfill clients’ 

requirements. A successful MC system is charecterised by a stable but still flexible and 

responsive process. Value creation (for both the demand- and supply- side ) within a robust 

process is the major differentiation of MC versus craft customisation (i.e., fully customisation).  

Conventional (craft) customisers reinvent not only their product but also their process for each 

client, which leads to a high cost. With robust process design, customised solutions can be 

delivered with near mass production efficiency. 

The core objective of robust process design is to counterbalance the additional cost 

resulting from the flexibility a company needs to serve its clients individually. A higher level 

of product customisation requires greater product variety, which in turn entails a greater number 

of parts and production processes. Mass customisers use stable processes to deliver high-variety 

products, which allows them to achieve near mass production efficiency. This also implies that 

the customisation options are somehow limited. In some cases, with a lower degree of 

customisation, clients are being served within a list of predefined options, namely apartment 

design and building components called the company’s solution space. In other words, in this 

scenario, architects offer manufacturable design patterns that are desirable for the selected 

clients. In other cases, a fully customised building design, i.e., a one-of-a-kind product, can be 

accommodated MC through integrating production processes in building design with some 
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adjustment in building design. In this scenario, the supply-side and demand-side agree on 

building design adjustments at a module or part level. 

A number of different techniques can be employed to reduce the additional costs derived 

from customisation, or even to prevent their occurrence at all in robust process design group. 

The utilisation of enablers related to new technology, such as delayed product differentiation 

(postponement), flexible automation, process modularity, and artificial intelligence and 

optimisation techniques, play a significant role (Piroozfar and Piller 2013; Salvador et al. 2009). 

The rationale of the postponement approach is to deal with the activities that differentiate a 

product until information about clients’ orders can be clearly identified. In other words, 

postponement refers to partitioning the supply chain into two stages. A standardised portion of 

the product is produced based on forecasts, while a differentiated portion of the product is 

produced based on each client’s preference in the second stage. This concept seeks to increase 

the efficiency and effectiveness of supply chains by moving product differentiation points close 

to clients. It refers to the practice of postponing changes to a base product until the end of the 

manufacturing process. Based on this concept, the product parts that are not subject to 

customisation should be produced early in production processes, leaving only the customised 

parts to be produced after the client order is received. In this way, production efficiency is 

increased in manufacturing processes (Can 2008; Su et al. 2005). The economies of 

postponement derive from at least two factors that are closely related to product design: (i) 

component standardisation; prior to the point of differentiation, products parts should be 

common as many product variants as possible, for example, having a standardised core or 

product platform across the product variants and (ii) modularisation of the product design. MC 

requires modular product design to provide product variants (Rocha 2011). These two factors 

are detailed in Sections 2.5.2 and 2.5.3. 

Although the words ‘flexible’ and ‘automation’ might have been contradictory in the past, 

that is no longer the case. Robots and automation are compatible with a high level of versatility 

and customisation, particularly in the automobile industry. A complementary approach to 

flexible automation is process modularity, which can be achieved by thinking of production and 

value-chain processes as segments. As such, the company can serve different clients’ 

requirements by recombining the production process segments without the need to create costly 

ad-hoc modules. The objective of process modularity is to fix the overall architecture of even 

complex projects while retaining enough adaptability to respond to the specific requirements of 

a client. Artificial intelligence and optimisation algorithms are being adopted in manufacturing 

industries for faster and more efficient product development by choosing the appropriate 
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production process. These techniques can be applied for better production evaluation and 

identifying faster production time (i.e., product development cycles), diagnosing production 

bottlenecks, etc. (Salkin et al. 2018).  

 The next section introduces different levels of MC in multi-storey residential buildings, 

and then MC enablers applied in this thesis are illustrated.   

2.5.2 Level of mass customisation in the building industry  

A company moving towards MC should have a comprehensive view of what is the degree 

or level of customisation and how to implement customisation in the building industry. They 

also should understand how customisation can be dealt with in prefabricated buildings by 

understanding the level of off-site manufacturing in prefabricated systems. The next following 

subsections address these subjects.  

Level of customisation in the building industry  

The level of customisation presents the appropriate entry point for a mass customiser in 

terms of implementing customisation in residential buildings. The degree of customisation 

implemented in an apartment is determined by the production strategy that the construction 

company follows. Production strategy, which in some papers is known as a client order 

decoupling point (CODP) or type of postponement, defines when a client can be involved in 

the design, engineering, and manufacturing phases (Wikner and Rudberg 2005). Two slightly 

different approaches to classifying production strategies in the residential building context have 

been found in the literature. The first approach, which is the traditional strategy, classifies 

production strategies into engineer-to-order (ETO), modify-to-order (MTO), configure-to-order 

(CTO), and select a variant (SV) strategies (Bonev et al. 2015; Hvam et al. 2008). At the 

apartment level, ETO strategy provides a high level of customisation, since client involvement 

starts early in the design or engineering phase of the product specification process. MTO 

strategy is related to open building systems with a partly defined platform, but project-specific 

product differentiation is still possible. The CTO production strategy relates to closed building 

systems with a fully modularised platform and standard parts; hence customisation is 

accomplished through determining building configuration. Finally, the SV strategy is applied 

when a client is allowed to choose a number of fully developed and predefined apartments 

(Popovic 2018).  There is no separation between design and manufacturing in this approach. 

Since both building design and manufacturing are predefined and well-developed.  

In the second approach, however, the production strategy is divided into engineering and 

manufacturing dimensions. This concept indicates the degree to which the design process and 

manufacturing setup are client-dependent (i.e., order-related) and forecast-driven (i.e., 
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connected to a specific sale). Within this class of research, researchers have claimed that the 

production strategy found in the building industry are all variations of the ETO strategy (Bonev 

et al. 2015). In this approach, the production strategy is divided into engineering and 

manufacturing dimensions. Within the engineering dimension, CODP is classified into ETO5, 

MTO6, CTO, and SV7 strategies. The manufacturing dimension is classified into make-to-order, 

assemble-to-order (ATO), and make-to-stock (MTS). In this approach, the traditional strategies 

(the first approach) are constituted by the engineering and manufacturing combination 

strategies (Wikner and Rudberg 2005). As this thesis focus on the design phase of the building 

development in the value chain, to provide consistency, the engineering dimension 

classification is adopted.  

Construction companies are strongly concerned with engineering activities and how they 

are to be conducted in combination with manufacturing. To achieve the advantages of the use 

of platforms, they have to accept a higher degree of predefinition of the subsequent tasks in 

order to postpone the CODP to the later stage of the value chain. As mentioned in the previous 

paragraphs, postponement in construction companies can be considered from two dimensions; 

the engineering dimension and the production dimension. But the focus of this research is on 

the engineering perspective. Therefore, from the engineering perspective, supply-side, i.e., off-

site manufacturers in this thesis, are traditionally characterised as being ETO. They use the 

majority of their engineering resources for making building specifications on individual 

projects while complying with industry-specific standards and norms. Hence, their building 

products obtain a low level of commonality, as the solutions communicated to their client 

contain no explicitly formulated boundaries that can be presented in the form of catalogues 

from the beginning. The next figure indicates the link between the degree of standardisation 

from a building system perspective and its potential impact on placing CODP in engineering.  

As shown in this figure, the lowest level of system standardisation, i.e., formalisation, 

targets the part and component level. From a precast concrete manufacturing perspective, such 

components are, for instance, different forms and dimensions of iron bars, insulation materials, 

concrete recipes, etc. In a timber manufacturing system, such components represent by different 

sizes (length, width, and thickness) of CLT panels, insulation materials, connections, etc. In 

Level 2 standardisation, the engineers may define a standard set of building modules or 

subsystem variants, like a number of options for facades or structures design, which can be 

 
 
5 In some literature it is called design-to-order. 
6 Modify-to-order strategy is named as adapt-to-order as well. 
7 Select a variant strategy is also named as engineer-to-stock in this approach. 
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commonly used within the off-site manufacturing design. The various modules and sub-systems 

would be reconfigured for each building project through a CTO approach. Finally, at level 3, 

the standardisation refers to the development of entire standardised buildings or building 

systems, for instance, a predefined set of walls or floors to an entire building. Since all product 

specifications for a building project are defined before the actual client order, this strategy can 

be characterised as SV. Companies offering houses from a type-house catalogue are a good 

example of this level of standardisation. The focus of using product platforms for mass 

customising buildings lies between ETO and SV, where the supply-side and demand-side agree 

on building design adjustments at a module or part level (Bonev et al. 2015). 

 

Figure 8- Leveraging customisation/ platform strategy through different decoupling points in engineering, 
adapted from (Bonev et al. 2015) 

Level of off-site manufacturing in prefabricated system  

In the literature, prefabrication has been characterised by the proportion of work carried 

out off-site and on-site. This characterisation is aligned with the definitions adopted in this 

research, such as the level of product design customisation, modular system taxonomies, and 

level of platform design strategy. Gib (2001) defined three degrees of off-site manufacturing or 

prefabrication: (i) non-volumetric preassembly, (ii) volumetric preassembly, and (iii) modular 

building, as detailed in Section 2.5.3 (Gibb 2001). Jonsson and Rudberg (2015) developed this 

categorisation further: (i) component manufacturing and sub-assembly, (ii) prefabrication and 

sub-assembly, (iii) prefabrication and pre-assembly, and (iv) modular buildings. Salama et al. 

(2016), on the other hand, distinguished between different off-site prefabricated systems: (i) 

processed and materials construction, (ii) prefabricated, (iii) panelised, and (iv) modular 

(Popovic 2018). Da Rocha et al. (2018) classified the degree of off-site manufacturing into (i) 

non-volumetric modules assembled on-site, (ii) non-volumetric modules produced off-site, and 

(iii) volumetric modules produced off-site. Bertram et al. (2019) illustrated four general 

classifications with more details in each level: (i) single discipline components, (ii) panels, (iii) 
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volumetric units, and (iv) complete structures. The off-site construction systems design are 

generally hybrids of those mentioned above.  

The degree of off-site manufacturing systems and the level of product customisation 

frequently correspond. Bespoke building projects, where highly customised dwellings are built 

dominantly using traditional construction methods, have a small or no share of parts designed. 

On the other side, highly standardised buildings using the volumetric modules, which usually 

have a fully predefined design and are fully serviced and finished in the factory environment, 

are transported and installed on-site 8. Highly standardised apartments design is derived from 

the need to construct affordable dwellings (Barlow and Ozaki 2003), which is very beneficial 

in cutting costs and achieving economies of scale. Still, it is fully standardised, or in the best 

case, a limited number of options is provided. On the other hand, the implementation of a full 

customisation strategy leads to very high production costs.  

2.5.3 MC enablers and their related concepts in building design 

Module concept and modular design in the building industry 

The core of design for mass customisation is to develop a product platform, i.e., building 

structure in this research, with high-level design and manufacturing process integration. The 

product platform design enables the optimisation of reusability in both product design and 

process selection. The product platform is further associated with modules and product families. 

Hence, this section provides the related concepts. 

A module refers to a physical or conceptual grouping of components that share some 

characteristics. Modules are identified in such a way that between-module (inter-module) 

interactions are minimal, whereas within-module (intra-module) interactions may be high 

(Ulrich 1995). The concepts of modules and modularity are central in constructing a mass 

customised design (Ulrich 1995) (Baldwin et al. 2000). Although, similar to product family and 

platform, a module can be viewed in marketing, design, manufacturing, and supply chain (Jiao 

et al. 2003), this research mainly focused on design. 

Modular design can be realised by the product architecture concept. Product architecture 

is a conceptual representation of the physical components used for making a product, together 

 
 
8 However, there are some examples in the building industry where customised buildings are manufactured using 

volumetric modules. Hence, the trade-off between production efficiency and customisation is reduced, and 

accordingly, this approach enables the implementation of MC. 
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with any interaction between them that affect the functioning of that product (Wang and Kimble 

2010). Ulrich suggested three factors for figuring out product architecture. (i) the arrangement 

of functional elements, (ii) the mapping from functional elements to physical components, and 

(iii) the specification of the interfaces among interacting physical components (Ulrich 1995). 

Different decisions based on these three factors shape the product architecture within the 

continuum of architectures that a product design can assume. On one end of the architectures’ 

continuum is modular architecture. Such design is characterised by a one-to-one 

correspondence between functional elements and physical parts and decoupling interfaces. The 

other end side of the product architecture is an integral architecture. Such design is charecterised 

by a complex mapping from functional elements into physical components and coupled 

interfaces. It means that two or more physical components carry out more than one function or 

conversely, two or more functions are carried out by a single component. Although most 

products can not be classified purely as modular or integral architecture, this classification can 

show the overall architecture of a product design. In other words, it can be stated that the 

modular product is made up of modules, and the more the components of a product fit into these 

modules, the more modular the product is (Rocha 2011).   

In the building industry, the notion of modular and traditional design approaches is an 

important conceptualisation presented by Gosling et al. (2016). The former is characterised by 

(i) a grid layout with repeatable spaces, (ii) a conceptualisation of buildings as systems rather 

than as collections of parts, (iii) an emphasis on repetition, standardisation, and interfaces to 

simplify buildings construction (Gosling et al. 2016). The main difference between the 

manufacturing and building industry from the modular design perspective relates to the nature 

of the parts that form the product itself. Most manufacturing products are simply divided into 

components, which have a central role in specifying modules. Hence, components are essential 

for performing the product’s function at the highest level. In contrast, buildings need to be 

considered as a mix of components and spaces (spatial voids)  (Rocha et al. 2015).  

Regarding the building architecture and design perspectives, there are two fundamental 

types of functional and physical modularity, i.e., the former includes primary and secondary 

functions, and the latter comprises spatial voids and solid mass. Primary functions (e.g., 

cooking, sleeping, eating, and working) result in the form of architectural spaces that clients 

require an architect to design a variety of apartments based on their desire. Secondary functions 

(e.g., load support, enclosure, roof, and finishings) are performed by the solid mass of a 

building. Although spatial voids and solid mass are complementary, the residential building 

could be conceived as solid mass (i.e., components perspective) or spatial voids (i.e., 
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architectural or spatial perspective) (Rocha et al. 2015). These two perspectives with the 

corresponding functional and physical modularity are indicated in Table 2.  

Spatial void modularity followed by modular component coordination suggests the 

following benefits: (i). It creates a basis for minimising the variety of types and sizes of building 

components, which is the main objective of the design for MC. (ii). It also allows for the easy 

adoption of prefabricated components to any layout and for their interchangeability within the 

building. The easy adoption of prefabricated components to any layout is achieved by defining 

the location of each component in the building with reference to a modular grid of spatial void 

rather than concerning other components  (Rocha et al. 2015). It is also important to distinguish 

between two functions of the grid. The first function is to control the disposition of components 

belonging to the same group of components, such as the position of load-bearing or partition 

walls. The second function is to coordinate the interface between different groups of 

components, i.e., the interface of building subsystems (Fukao 2006). For instance, with the aid 

of the grid, the interface between load-bearing walls and floor panels can be coordinated. (iii) 

Additionally, spatial void modularity facilitates the moving towards volumetric design, or 

moving towards CTO and SV in production strategy. This is associated with a high level of 

standardisation and off-site manufacturing.  

Hierarchical level of modules in the building industry  

The functional and physical modules that form a building can be organised into 

hierarchical levels. If the module is at a too low level of aggregation, such as at the bolts and 

nuts level, then the number of modules may be too many, and the configuration becomes 

difficult. On the other hand, if the modularisation is at a very high level, such as complete 

buildings, then the repetition may not be sufficient (Tseng et al. 1996). At the highest level, a 

function is provided by the whole residential building, whereas, at the lowest level, a very 

specific function might be provided by a single component, i.e., a wall or floor panel. The level 

of interest when designing a building is to define a set of sub-functions somewhere between 

these extremes so that each function is close to the beneficiaries’ requirements and the modules 

devised to fulfill these functions can be combined to meet distinct requirements (Rocha et al. 

2015). As mentioned before, the manufacturer from the supply-side and the client from the 

demand-side are the primary beneficiaries of MC.  

Table 2- Two perspectives on modularity and module classification in the building industry, adapted from 

(Rocha et al. 2015) 

  Functional modularity 

  Primary functions Secondary functions 
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Physical modularity 

Spatial voids 
(Architectural spaces) 

Spatial perspective 
(Client’s concern) 

N/A 

Solid mass 
(Components) 

N/A Components perspective 
(Manufacturer’s concern) 

The supply-side, namely the manufacturer, generally deals with the building design 

constructability resulting from components manufacturability. In contrast, the demand-side, 

i.e., the client, tends to conduct spatial configuration with the aid of an architect who offers 

multiple ranges of apartments (as product variants) in terms of spatial variety and layout design. 

Hence, within the residential building design, it can be concluded that the components and 

spatial perspectives are associated with supply-side and demand-side concerns, respectively. 

While the supply-side, i.e., the manufacturer, deals with increasing production efficiency and, 

correspondingly, cost efficiency of the manufacturing of solid mass or building structure, the 

demand-side is concerned with having a variety of housing designs at a reasonable price. In 

other words, the client’s concern can be associated with spatial configuration or layout design 

problems and the building structure price. 

Spatial configuration or layout design problem is concerned with finding feasible and 

desirable dimensions and locations for a set of interrelated spaces (a family of spatial voids) 

that meet all design requirements within the layout. Design requirements including spaces 

length, width, aspect ratio, shape, connectivity, maximise design quality in terms of design 

preferences (Michalek et al. 2002). Layout design problems could be preliminarily achieved by 

predetermined sizes and limitation of variety in a systematical approach, which ensures 

compatibility and interchangeability of components. Dimensions of housing spaces, which 

indicate spatial voids characteristics, are the outcome of the architectural design analysis and 

are subjected to meet demand-side’s requirements. Hence, based on conventional market 

research techniques, decomposing architectural layout design and analysing spaces is a way of 

indicating the expected probability of acceptable layout design based on demand-side desires 

(Roy and Roy 2016). This supports by the utility theory as mentioned in Section 2.4. Utility 

represents the satisfaction of a client in choosing a product. Utility can be measured by 

observing clients’ choices. Clients naturally make choices so as to maximise their utility, that 

is, to make themselves as happy as possible (Olewnik and Lewis 2006).  

As mentioned earlier, specifying the level of modules with the spatial voids approach and 

solid mass perspective depends on the beneficiaries’ requirements, and the modules devised to 

fulfill these functions can be combined to meet distinct requirements (Rocha et al. 2015). 

Hence, based on the client and manufacturer requirements, the apartment layout and apartment 
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spaces from the spatial voids perspective and apartment structure and floor panel from the solid 

mass perspective are the levels of interest in this research. The following figure presents the 

two perspectives on the module classification in the multi-storey residential building and the 

hierarchical level of modules that are focused on in this research.  

 
Figure 9- Components and spatial perspectives hierarchical levels 

Modular system design taxonomies in prefabricated system  

Modular system design lends itself to off-site manufacturing. In terms of product design 

perspective, modular construction involves producing standardised components in an off-site 

factory, then assembling them on-site. Components include a range of different systems. These 

systems vary depending on the complexity of the elements being brought together. Four levels 

of off-site manufacturing classification that Bertram et al. (2019) and Jonsson et al. (2015) 

Family of component and spatial voids modules 
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illustrated are  (i) single discipline components, (ii) panels, (iii) volumetric units, and (iv) 

complete structures (Bertram et al. 2019; Jonsson and Rudberg 2015). The simplest are single 

elements that are clipped together using standard connections or interfaces. Further along the 

spectrum are two-dimensional panels (which can be open or closed), while three-dimensional 

volumetric units with full fixtures are yet more complex. Timber, concrete, and steel can be 

used separately or in a hybrid system in various forms (Bertram et al. 2019). As the first and 

fourth categories, respectively, require significant time and cost for on-site installation, 

panelised and volumetric systems are more appropriate to utilise in order to implement MC in 

the building industry. 

 

 

Figure 10- Different range of modular systems in terms of component perspective, adapted from (Bertram et al. 
2019) 

Volumetric solutions that could constitute a room or part of a room be installed on-site , 

like a series of Lego bricks, take advantage of maximising productivity and efficiency. Most of 

the work is done off-site in a factory. However, the maximum width for road transport limits 

the size of modules, making volumetric suitable for mass-produced housing. It is also 

advantageous for rooms with more intricate finishing, particularly wet rooms such as bathrooms 

and kitchens (Bertram et al. 2019). In contrast, panelised solution resembles a flat-pack 

assembly approach. The on-site installation workin panelised modules is simpler than 

traditional construction but more complex than volumetric modules. On the upside, it is much 

easier to transport panels and offers greater flexibility than giant volumetric modules. Therefore 

these advantages make panelised solutions appropriate for residential buildings (Bertram et al. 

2019). The more optimal approach compared to the previous solutions is to use a mix of 

volumetric modules and panels in a project. Typically, wet areas are manufactured as bathroom 
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pods and kitchens, while the remainder of the building is made from panels. This optimises the 

process for the two different areas of the building, bringing high-productivity improvements to 

the wet areas and maximum flexibility to all other spaces (Bertram et al. 2019). 

Product family and platform in the building industry 

The main emphasise of design for MC is to design a rational product family in order to 

conduct family-based design rather than design a single product. Hence, the span of the design 

process has to be expanded from the traditional design to include manufacturing and marketing. 

A product family refers to a set of similar products derived from a common platform yet 

possessing specific features or functionality to meet particular client requirements (Jiao et al. 

2007). The essence of family-based design is to identify and exploits the similarities of design 

and manufacturing processes. The similarity captured is then built into a specific product family 

design to increase design rationalisation and manufacturing productivity and to reduce design 

and production costs. In mass production, each product has its unique design, process planning, 

production control, tooling, and inventory. However, by grouping similar products into product 

families based on their topologies or operation processes, it is possible to narrow down the 

spectrum of product designs so as to reduce design variation and optimise reusability. By this 

way, to satisfy customisation, design and production changes are kept at a minimum, which 

brings about mass production efficiency and low cost (Tseng et al. 1996).  

Each individual product within a product family is called a product variant or instance. 

All product variants share some common structures, which form the platform of the product 

family (Jiao et al. 2007). Product platforms originate from the automobile industry employing 

a make-to-order strategy, where platforms are used to achieve efficient design and product 

development work (Jiao et al. 2007). A product platform can be defined as a particular kind of 

module that encompass a large chunk of physical or conceptual parts than the other modules 

and that is used in every product variant that can be generated (Rocha 2011). 

 

Figure 11- Product family and platform within a product variant 

Based on the module, product family, and platform definition, as the essence of family-

based design is to identify and exploit the similarities of design and manufacturing processes 
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together, it is only applicable in volumetric modules. Because in volumetric off-site 

construction, design and production decisions are usually integrated and jointly made. Namely, 

it is unlikely to have a building completely designed as a set of volumetric prefabricated pods 

and have a work structure that does not involve the assembly of such pods. This provides the 

simplest and perhaps easiest instance to implement and benefit from product modularity in 

construction because design and production process decisions are usually aligned. Yet, 

buildings are not usually erected by assembling only a set of volumetric pods produced off-site. 

Buildings are most often also comprised of smaller and simpler parts (da Rocha and Kemmer 

2018). Therefore, only some initial concepts of product family and platform can be utilised in 

the building industry and in this thesis.  

In a residential building, from the preliminary and secondary functional perspectives and 

at the lowest level based on Figure 9, the product family can be conceived as a family of spaces 

(living room, kitchen, bathroom, bedroom, etc.) and a family of components (floor panels with 

different sizes). Apartment architectural layout and apartment structure can be designed and 

developed based on the aforementioned family of modules. Depending on what common spaces 

and components all apartment or building variants share, the product platform can be specified.  

The platform concept supports manufacturer requirements and typically aims to reduce variety 

so as to increase cost efficiency. Hence, the building structure within the solid mass perspective 

has perhaps the highest potential for increasing production efficiency through platform 

concepts. Generally, product family concepts support client requirements by providing variety. 

However, in the building industry, with the aid of product family concepts (a family of spaces), 

the architect endeavors to narrow down the spectrum of apartment designs to the design with a 

great extent of acceptability or desirability so as to reduce design and production variation and 

optimise the reusability of components. This is illustrated in Section 2.3 as motivation and risks 

associated with the move towards MC in the building industry.   

Product family and platform framework in prefabricated buildings 

MC requires a robust design to meet market needs and analyse the production process in 

order to provide a cost-effective product. The concept of MC is commonly used by those in the 

residential building sector intending to increase production efficiency or cost efficiency through 

the appropriate design of a project for manufacturing (an off-site processing plant), 

transportation, and for installation (on a construction site), and simultaneously provide a 

customised architectural design (Kremer 2018).  

The following figure illustrates a holistic approach to product platform design throughout 

the value chain of a building project. The framework includes five domains; client, functional, 
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physical, process, and logistic domain. The client scope involves the development of client 

insight, where marketing techniques are applied to determine client attributes (CAs), i.e., client 

requirements in relation to the market. Apart from requirements that directly or indirectly come 

from the client, a number of stakeholder requirements and governmental regulation also need 

to be fulfilled. Once these requirements are identified, common requirements can be grouped 

together to form consistent value propositions for different market segments. Then CAs are 

converted into a minimum set of functional requirements (FRs) in the functional domain. Here, 

architects develop building concepts from client information or market analysis in an 

architectural design based on existing industry norms, standards, and available product 

technologies. This stage could be a part of solution space development with the aid of 

conventional market research. This stage comprises the overall parameters of a building and 

architectural preferences on, for example, materials, shape, style, and size (Bonev et al. 2015), 

which are usually considered in the conceptual and preliminary design stage.  

Clustering techniques or density analysis of FRs based on the previous order has been 

recommended to group similar designs into a family (Tseng et al. 1996). In platform terms, this 

mapping constitutes a number of product families (i.e., customisable items) through which 

common practices of order configuration and sales automation with a configuration system are 

performed (Bonev et al. 2015; Fettermann et al. 2019). The objective of this domain is to 

identify: (i) customisable items of the greater value-added capability to provide adequate variety 

and (ii) standardisable items in order to provide some degree of standardisation and repetition 

(Fettermann et al. 2019).  
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Figure 12- Holistic view of product family and platform concept in prefabricated systems, adapted from (Bonev 
et al. 2015).  

In the physical domain, mapping the relationships and interfaces of FRs to design 

parameters (DPs) is done. Engineers transfer the architect’s initial design into a structural model 

to create manufacturable structure solutions while referring to given architectural patterns and 

constraints. With the structural analysis and determination of the building behaviour of the 

preliminary design, the design focus changes from the innovative design intent of the 

conceptual design to a design task on a routine basis (Bonev et al. 2015). Conventionally, DPs 

are defined for each individual product to fulfill FRs. In design for MC, in essence, a few 

segments of DPs are identified to cover the same FRs that would have required a continuum of 

DPs (indicated in the following figure). By limiting the spread of FRs, a few selected sets of 

DPs would be able to fulfill diverse demand-side requirements. Therefore, the number of 

designs and their associated costs in engineering, manufacturing, and overheads are reduced. 

Clustering techniques are also applied to assist identification of clusters that match the DPs for 

serving the same set of FRs. The group DPs indicates the spatial voids modules (Tseng et al. 

1996). The idea is illustrated in the next figure, in which product density means the utlisation 

of products to meet demand-side requirements (Tseng et al. 1996). 

 

Figure 13- Clustering technique to enhance repeatability in FRs and DPs 

The robust manufacturing process and logistic design deal with the delivery of customised 

solutions at near MP efficiency and the reuse of value chain resources for the fulfillment of 

different client requirements (Salvador et al. 2009). The manufacturing process can be defined 

accordingly as mapping DPs to process variables (PVs), and logistic9 variables (LVs). These 

two domains involve the creation of common manufacturing processes, production 

technologies, distribution, and supply chain networks. Common production tools, machines, 

transportation resources, installation methods, and optimisation techniques can be used to 

reduce manufacturing set-up risks and reuse proven production and installation processes.   

 
 
9  Logistic refer to transportation of the elements and installation on-site  
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From the prefabricated product perspective, the main concern is the transformation of the 

architectural design specification of a building (FRs) into physical off-site manufacturing 

elements (DPs) and their subsequent on-site installation (Bonev et al. 2015). Applying 

optimisation techniques are facilitated trade-offs between grouped FRs and cost of production 

and logistic process (PVs) and (LVs) to formulate the product platform structure or prefabricate 

elements (DPs)  (Jiao et al. 2007) (Fettermann et al. 2019; Tseng et al. 1996). The bill of 

material and production process should be considered in optimisation systems (Jiao et al. 2000) 

so that design with manufacturing is integrated, which leads to finding a cost-effective product 

platform and, accordingly, appropriate spatial voids modules for a given product platform. The 

result of these trade-offs represents the optimised DPs. 

Modelling platforms from different perspectives facilitates the consideration of all five 

domains of a building project. As indicated in Figure 12, the modelling notations are used to 

represent hierarchies, commonalities,  and alternative varieties. The hierarchical classification 

of materials, parts, components, and sub-assemblies represent the product structure and aid in 

providing a bill of material and production.  

optimised layout design techniques 

With the aid of optimisation, the manufacturability and constructability aspects of 

buildings can be verified prior to being built, and an optimum construction plan can be derived 

(Neelamkavil 2009). Design optimisation can be utilised in three major stages of an engineering 

design process: conceptual design, preliminary design, and detailed design (Augusto et al. 

2012). Nevertheless, layout design optimisation is typically employed either in the conceptual 

or preliminary design stages.   

Optimised layout design methods have been utilised in the literature to find either feasible 

architectural or structural designs, performing optimal or near-optimal in terms of a set of 

objectives (Hofmeyer et al. 2006). Optimised architectural layout design techniques usually 

generate various feasible layouts and evaluate them based on architectural objectives, such as 

maximum living space (Arvin and House 2002; Homayouni 2007; Michalek et al. 2002; 

Zawidzki et al. 2011), or lighting (Baušys and Pankrašovaite 2005) and minimum geometrical 

complexity (Arvin and House 2002; Zawidzki et al. 2011) or energy (Bianconi et al. 2019; 

Michalek et al. 2002), etc.  

Optimised architectural layout design techniques have predominantly been employed in 

the conceptual design stage. The conceptual architectural layout problem is generally defined 

as the problem of 1) identifying the shape and size of the components, such as rooms and walls 

to be laid out, 2) identifying constraints between components, and 3) determining the relative 
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positions of these components that satisfy the constraints between them. Next, design objectives 

for optimisation are specified (Baušys and Pankrašovaite 2005). The objective functions in 

architectural layout design problems are usually focused on the architectural design quality of 

spaces but not the constructability or manufacturability of the designed layout. The reason 

behind it is that the studies emphasised the conceptual design stage, where the architect 

establishes the size, location, and relationships between all the spaces. The basic goal of the 

conceptual design stage is to establish the shape and size of the building with some basic floor 

plans of the spaces. Further research needs to be carried out to examine the constructability of 

the architectural design in the preliminary design stage.  

There are different classes of layout problems that have been studied in the literature in 

terms of variety in the shape and size of components and the constraints between them. Layout 

components may have defined shapes (square, rectangular, etc.) or loose shapes. Loose shapes 

are usually undesirable in the layout design. Hence, most existing research handles rectangular 

components. Rectangular components may have a variable area with a fixed aspect ratio, a fixed 

area with (upper and lower bounded) continuously variable aspect ratio, a fixed area with a 

discrete allowed aspect ratio, and a variable area with (upper and lower bounded) continuously 

variable aspect ratio (Baušys and Pankrašovaite 2005).  

On the other hand, optimised structural layout design methods defined as “topology 

optimisation” explore the arrangement and sizes of structural elements which are optimal in 

terms of structural objectives, such as structural weight, eccentricity, strength, etc. (Hofmeyer 

et al. 2006). These methods generally have been exploited in either the conceptual or 

preliminary design stages (Sharafi 2013; Sharafi et al. 2012; Tapao and Cheerarot 2017).  

Some studies have already been carried out on structural layout design to optimise 

geometry, size, and location of different building elements (design of vertical or floor systems) 

(Kim et al. 2002), predominantly in precast and cast-in-place concrete systems (Augusto et al. 

2012; Sahab et al. 2005). The design objectives in these studies mainly concern optimising 

structural performance variables (structural weight, structural strength, and serviceability) 

(Sharafi et al. 2015) or material cost (Baghdadi et al. 2020; Sahab et al. 2005; Tapao and 

Cheerarot 2017). These categories of studies rarely consider architectural designs. Also, these 

studies’ groups have not accounted for the structural component production processes. 

Nevertheless, a few studies integrate architectural and structural layout design (volumetric 

system) as one design system (Sharafi et al. 2017) or endeavour to fit the structural design into 

an architectural plan (Khemlani et al. 1998).  
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A number of studies have utilised optimisation methods to improve production aspects 

by focusing on component design. Examples include optimised design of exterior panelised 

walls’ geometry (Gbadamosi et al. 2019; Said et al. 2017) and a precast concrete production 

planning model to reduce the molding process cost (Khalili and Chua 2014). However, these 

studies have not accounted for topology optimisation (layout optmisation). Also, production 

process and manufacturing constraints have not been addressed adequately, and product costs 

have been calculated based on predefined prices of standard components. In other words, 

component manufacturing processes have not been considered in cost estimation. Rather, 

improving production aspects has implicitly relied on standardised components. 

Few studies have focused on prefabricated components production processes regarding 

the production time or manufacturing cost estimation (de Araujo Carneiro 2019). Because the 

manufacture of some typical prefabricated systems, such as precast beams and columns, is less 

automated and more labor-intensive leading to unknown process time. (Augusto et al. 2012; de 

Araujo Carneiro 2019; Petprakob 2014; Sharafi 2013; Sharafi et al. 2012; Sharafi et al. 2017). 

However, compared to the precast concrete system, fabricating Cross-Laminated Timber (CLT) 

panels is a more automated process than precast concrete elements. Then, the production 

process is less complicated to be measured.  

2.6 How to design for mass customisation in a prefabricated system?  

To develop a data-driven framework for MC, two scenarios are considered in this research. The 

initial scenario, detailed in Chapter 4, envisions an architect within a Design and Construct 

(D&C) company (volume builder) seeking modular design patterns conducive to MC. In 

essence, their objective is to identify design patterns that are both manufacturable and align 

with the preferences of selected clients.The architect’s role entails striking a balance between 

clients’ design preferences and designs that can be feasibly manufactured. Consequently, the 

architect undertakes an evidence-based comparison to facilitate the creation of modular design 

layouts founded on commonalities among clients' architectural designs. This scenario is 

primarily applicable during the conceptual design phase and corresponds to the identification 

of a set of functional requirements (FRs). The architect develops building concepts from client 

desires based on product analysis (i.e., architectural design), existing industry norms, standards, 

and available product technologies. This could be a part of solution space development with the 

aid of conventional market research. This stage comprises the overall parameters of a building 

and architectural preferences, including architectural space size, resulting in determining 

prefabricated component size. 
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In the second scenario explored in Chapter 5, the architect within a D&C firm faces the 

task of devising a wholly customised building layout, essentially creating a unique product. 

This undertaking transpires subsequent to the conceptual design stage, specifically during the 

preliminary design phase. In this context, the architect's scope for implementing modular design 

layouts is restricted. Instead, their focus shifts towards integrating production processes into the 

building design without compromising the adaptability of customised architectural designs. 

While this approach doesn't lend itself to identifying parallels in clients' architectural 

preferences, the architect remains responsible for optimising the design for manufacturability. 

The objective of this scenario revolves around transforming the architect's initial design into 

manufacturable solutions—namely, optimal design parameters (DPs)—all the while navigating 

predefined architectural patterns and constraints. This shift in design emphasis redirects from 

the innovative design intent characteristic of the conceptual design stage towards a design 

approach centred on manufacturability. 

For developing the building structure as a product platform for MC, the first scenario 

provides a higher degree of standardisation compared to the second scenario. The first scenario 

primarily deals with architectural design analysis and contemporary manufacturing practices. 

As identifying manufacturing processes play a key role in the second scenario, this section 

focuses on the manufacturing processes of CLT system as a case study to develop the 

framework for the second scenario to implement MC. 

 

Figure 14- Two scenarios considered in this thesis for implementing MC design in a prefabricated system  

2.6.1 Cross Laminated Timber (CLT) 

CLT is an engineered wood product and a type of mass timber element in which each 

layer of timber boards is placed perpendicular to the lower layer, glue-bonded, and pressed to 
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form rectangular billets, typically with three-, five-, seven-layers and standard sizes (Kremer 

2018; Livingstone et al. 2015; Riala and Ilola 2014). CLT is a very versatile product that can 

be utilised in several elements of a project, such as exterior walls, separation and partition walls, 

floors, and roofs. The following figure shows a schematic representation of a CLT component. 

Before proceeding, two main terms, called panel and billet in CLT manufacturing, need to be 

clarified to avoid confusion. A billet is a large standard element, while a panel is a customised 

one cutting from a billet. 

 

Figure 15- Schematic representation of a CLT element, adapted from (Buck et al. 2016) 

CLT manufacturing and construction in Australia have experienced a growth rate due to 

their light weight, ease of installation, and cost-effectiveness in buildings. The Australian CLT 

market is currently at least 50,000 cubic meters per annum and is growing quite rapidly. On its 

current trajectory, it is expected the market to be more than 80,000 cubic meters by the end of 

2023 because of population expansion, continued urbanisation, and sustainable housing options 

(IndustryEdge 2020). A US-wide survey revealed almost 70% of architecure firm professionals 

believe that CLT’s environmental performance, structural performance, and aesthetics are 

excellent or good compared to other construction materials (de Araujo Carneiro 2019). The 

current domestic manufacturing capacity provides around 40% of the volume, with the 

remainder imported. Currently, two large existing plants operating CLT production lines, i.e. 

Xlam and Crosslam, are being enhanced to increase capacity to supply the whole country’s 

CLT market (IndustryEdge 2020).    

CLT-related applied research, particularly in Australia, has basically focused on technical 

or engineering aspects of the product, such as structural performance, serviceability (Brandner 

2013), fire performance, and component setup variations (Buck et al. 2016; Yusof et al. 2019; 

Yusoh et al. 2020). Studies revealed that manufacturing issues such as optimisation of 

computerised cutting, perforation rates of connection, and modular fabrication are suggested 

research topics in CLT system (Abiri 2020; de Araujo Carneiro 2019). Customisable CLT 

design management regarding manufacturing processes has not yet been tackled by applied 

research.  
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2.6.2 Fundamentals of developing a design framework for building MC 

In this section, the fundamentals of developing a design framework regarding 

manufacturing processes for building mass customisation, derived from the literature, are 

discussed. 

Balancing increasing production efficiency through the appropriate design of a project 

for manufacturing and logistics on the one hand,  a customised architectural design, on the other 

hand, requires an optimisation model to support architects’ decisions. As components 

production costs comprise  80% of prefabricated structure costs (Forsythe and Sepasgozar 2019; 

Goh and Goh 2019; Hasan et al. 2018), and this percentage is significant compared to logistic 

costs, the current study focused on the manufacturing process of CLT elements. 

Implementing MC in the building industry does not mean that an infinite number of 

design options have to be offered to the client, or a fully customised design can be accepted and 

produced by the manufacturer as a cost-effective building. Rather, in a mass customised 

dwelling, providing an appropriate number of design options can be sufficient. An infinitive 

offer of variety is the other extreme of client satisfaction. This approach causes a lot of waste, 

and a higher cost imposed on the client and, consequently, users (Wee and Aurisicchio 2018). 

The number of design options is a strategic decision that varies depending on the market 

segment, location, time, and how the supply side deals with manufacturing efficiency. In all 

cases, it is important to keep the client satisfied.  

As mentioned in the previous sections, several important concepts are centered around 

efficiencies in the manufacturing of elements. The primary idea concern the standardisarion of 

parts. Some literature in the manufacturing industry has recommended using ‘standardised’ and 

‘off-the-shelf’ rather than custom components. Further, not only is parts standardisation 

important for the concept, the removal of elements and a reduction in the number of the overall 

parts assist in reducing time in manufacturing and increasing efficiencies. Standardisation 

provides ‘certainty’ to manufacturers of standardised products, specifically in the domain of 

quality control and assurance. Certainty extends to the availability of parts and to the 

performance of the components that constitute the end product, providing reliability through 

repeated manufacture and installation over time. The standardisation of parts also allows for 

specific tooling for machines that assemble standardised products (Kremer 2018). A company’s 

investment in such equipment and tooling is contingent on accepting some degree of flexibility 

in changing customised design from the demand-side, and the control over the manufacturing 

process from the supply-side. By controlling over the manufacturing process, the supply-side 

ensures that equipment performs as expected to achieve expected efficiencies. In other words, 
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in mass customisation of design, the supply-side and demand-side must agree on building 

design adjustments at a module or part level. 

In CLT elements, panels are limited to a number of specific dimensional thicknesses. 

However, the length is different. The following table shows the standard thicknesses of a CLT 

factory in Australia. Each panel and element that is cut constitutes a portion of the overall 

structure, often many panels will not be replicated twice. If we accept that panelised system 

involves a high degree of non-standardised but highly customised panels and elements uniquely 

produced and installed for a structure in a project, then applying MC may not be appropriate 

(Kremer 2018).  

Table 3-  The standard CLT component thickness (mm) in CLT factory, adapted from XLAM design guide 

Type of panels Panel thickness (mm) 

3 Layer Panels CL3/85 

3 Layer Panels CL3/10 

3 Layer Panels CL3/115 

3 Layer Panels CL3/125 

3 Layer Panels CL3/135 

5 Layer Panels CL5/145 

5 Layer Panels CL5/160 

5 Layer Panels CL5/175 

5 Layer Panels CL5/195 

5 Layer Panels CL5/205 

5 Layer Panels CL5/225 

7 Layer Panels CL7/245 

7 Layer Panels CL7/265 

7 Layer Panels CL7/275 

7 Layer Panels CL7/295 

7 Layer Panels CL7/315 

 

 

The levers of efficiency within the MC concept for a product like CLT relate to the type 

of material selected, the thickness of panels, the spanning capacity. Whilst these panels are not 

fully standardised, they are mass customised, the ability to find commonalities between CLT 

thicknesses and spanning or loading capacities within the project allows for a relative degree of 

efficient design. Panel efficiencies, in this sense, should be considered as part of a single project 

only, not a comparison between different projects, because we know the majority of projects 
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are unique (Kaiser et al. 2019). However, it could be applicable for projects with the same 

characteristics.  

Relative to the design and scope of the project, once the panelisation is completed, the 

geometric shapes or the panels nesting must be optimised for cutting from the billet. There is 

software that optimises panel nesting, but the software is designed for predetermined 

dimensions, including panel length, width, and thickness. However, anecdotally human 

intervention for nesting panels and selecting specified thicknesses seems to still be the preferred 

option (Kremer 2018). In any project, there are likely to be an assortment of panel shapes and 

sizes to be cut from billets.  Manufacturers cannot simply just remove or reduce these parts to 

make efficient use of the material and production time. Nevertheless, what can be done is the 

arrangement of panels across multiple billets with a few changes in length to ensure efficient 

cutting. This scenario is usually allowed where the manufacturer’s actions do not sacrifice 

architectural design and keep the client satisfied.  

How to process production information in a quantitative way is very crucial to improving 

the decision support model with the objective of increasing production efficiency in an off-site 

manufacturing context. The next section addresses the manufacturing process of CLT system 

in a quantitative fashion.  

2.6.3 Manufacturing processes in CLT system    

Residential building design and manufacturing processes need to be integrated to provide 

a cost-effective building. Building design (architect view) and manufacturing process 

(production view) decisions are usually integrated and jointly made in volumetric off-site 

construction. In other words, it is unlikely to have a building completely designed as a set of 

volumetric prefabricated pods and have a work structure that does not involve the installation 

of such pods. This provides the simple and most straightforward instance to implement and 

benefit from modularity in construction since building design and manufacturing process 

decisions are usually aligned. As buildings are most often comprised of smaller and simpler 

parts, such as panels, this kind of product modularity can still yield MC benefits, provided that 

these parts are organised in such a way leading to the increased production efficiency. Hence, 

manufacturing process and product design decisions need to be considered simultaneously. 

Consequently, optimising design considering manufacturing processes becomes a key. If 

product design is not considered in organising the tasks to produce a building with higher 

production efficiency, this building is not likely to be a mass customised one.  

Production efficiency of a product directly depends on the manufacturing process time. 

A review of the panelised structural system indicates that panel production time depends on 
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some characteristics, such as size and thickness (de Araujo Carneiro 2019). The industry, 

however, tends to disregard production time and estimates the cost of such systems based on 

the quantity of materials. Ignoring the production time may lead to underestimating the 

manufacturing process or loss of profit (Niazi et al. 2006). A handful of studies have described 

CLT manufacturing processes in Europe, North America, and Asia. Industry-sponsered 

information materials, including fact sheets, websites, booklets, and design guides, superficially 

and profoundly have described the production process, highlighting the production stages, panel 

layup and factory quality, and production control procedures. Few research, including (de 

Araujo Carneiro 2019) has studied CLT manufacturing process in-depth and in a quantitative 

way. An overview of CLT manufacturing is elucidated in this section to identify the production 

process stages contributing to the optimisation model development. As mentioned before, 

balancing increasing production efficiency through the appropriate design of a project for 

manufacturing and a customised architectural design requires an optimisation model to support 

architects’ decisions. 

CLT production consists in manufacturing structural- and architectural-grade CLT panels 

according to client requirements. Each part in the project will have specific features such as 

cuts, chamfers, drills, and holes, aside from its specific geometry (i.e., shape, length, width, 

thickness), structural grade, visual grade, etc. The general production process remains the same, 

but because of the differences in each panel configuration, process times, production 

constraints, and parameters may change from panel to panel. Understanding the production 

process is critical to model and simulate the manufacturing procedure and thus aids in 

improving production efficiency. A schematic representation of the general CLT manufacturing 

process is presented in the next figure, and each stage is illustrated in the following paragraphs. 
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Figure 16- Overview of a CLT structure stages, adapted from (Abiri 2020) 

Raw materials and preliminary stages 

In the preliminary stages, raw material sorting, selection, and control are performed. Raw 

materials (wood board) needed for CLT production are dominantly lumber and adhesive. 

Lumber selection for CLT production purposes is preliminary from structural dimension lumber 

or boards. Species predominantly utilised in Australia’s market are radiata pine and dogulas fir 

(FWPA 2014). Adhesives traditionally utilised for other engineered wood purposes, including 

PRF10, EPI11, and one-component PUR12, are usually adopted for CLT applications. Among the 

engineering wood adhesive, PUR adhesive is mainly utilised in Australia due to its higher safety 

and zero formaldehyde emission levels (IndustryEdge 2020; XLam 2017). 

CLT raw materials (wood boards) are inspected, selected, planed, cut, and finger jointed. 

In industrial custom CLT factories, primary lumber selection, drying, and grouping are carried 

out directly by the wood board suppliers. After the first visual inspection of the raw materials, 

raw lumber boards are planed. This process includes removing a very thin layer of wood from 

both surfaces of the board, ensuring dimensional consistency. Then the lumber boards are cut 

to the desired length based on the application (longitudinal or perpendicular layers). Depending 

on the length of the intended panels, longitudinal finger jointing may be required (de Araujo 

Carneiro 2019).  

 
 
10 Phenol-resorcinol formaldehyde  
11 Emulsion polymer isocyanate  
12 Polyurethane 
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Pressing stage 

The next step in CLT production process is to glue the board layers together. The pressing 

stage is the first phase of material transformation in CLT production process, where single 

boards are combined with adhesive to make CLT billets (de Araujo Carneiro 2019). First, the 

selected adhesive is applied with parallel lines of application heads. After each layer, the 

adhesive application process is repeated. Then the actual panel pressing may be carried out 

through mechanised machines, namely, hydraulic or vacuum press equipment (de Araujo 

Carneiro 2019).  

There are some technical constraints in the pressing stage: (i). It is impossible to press 

billets of different widths concurrently. While there is no constraint on pressing billets of 

different lengths, the same billet length is usually maintained within a certain project to increase 

the productivity of this stage (Abiri 2020; de Araujo Carneiro 2019). Billet production is 

performed with standard sizes, including 12 × 3, 12 × 2.4, 16 × 3, and 16 ×2.4 meters, although 

producing non-standard sizes is possible and dependent on the manufacturer’s machinery. 

Among these, 12 ×3 and 12 ×2.4 meters of billets are the most common sizes in Australia due 

to ease of handling across different factory stations (Abiri 2020; Guide) (ii). During billet 

manufacturing in the pressing stage, changing the type of billet, including the number of layers 

and thickness, requires the relevant settings on the press machine leading to the waiting time in 

this stage (de Araujo Carneiro 2019) . 

Computerised numerical control (CNC) router cutting stage 

CLT elements are typically cut to fit. Up to the previous stage, a standard industrial CLT 

panel, which is named “billet”, is manufactured. From this stage on, the manufacturing process 

includes customisable features of CLT panels. For floor panels, depending on the length of 

spans, the panels are cut from the standard billet. Openings and cutting the billets are usually 

cut out of the billets without requiring additional trimming. Cutting, drilling, and trimming are 

carried out by computer-aided equipment, making maximum cutting accuracy and detail. For 

floor panels, large openings, such as duct holes, are cut out from panels. CNC router machines 

incorporate large-sized CLT panels using tools, namely molding cutters, saws, chain saws, etc., 

with sequential instruction provided by computer code (de Araujo Carneiro 2019). The design 

drawings developed by the architects are converted to a command code for CNC machine to 

learn the pattern of the cut (Abiri 2020).  

Finishing, quality control, and packaging stage 

The final stage in the production line provides the final details and finishing touches to 

customised CLT panels. In this stage, face sanding and features that are not able to be executed 
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by the CNC, are performed manually. Quality control13, labelling14, and packaging are also 

carried out at this stage. Then factory wrapping is done to protect panels from moister and light 

mechanical damage (de Araujo Carneiro 2019).  

Material loading, unloading, and storage 

During manufacturing processes, material loading, unloading procedures, and storage 

have significant impacts on the overall process and plant productivity. Material loading, 

unloading, and storage are included in each of the aforementioned stages (de Araujo Carneiro 

2019).  

 

Figure 17- CLT production line and manufacturing processes, adapted from (Ledinek 2018) 

CLT panel transportation and installation (logistics) constraints  

Where there is off-site manufacturing, it implies that the manufactured panels should be 

delivered to the construction site. Transportation cost depends on the size and weight of panels, 

transportation method, and distance of travel. The shipping method varies depending on the 

infrastructure, routes, and distance. The regional types of vehicles are trucks, trains, and ships. 

However, it adds some limitations to the project. Truck transportation is the most feasible and 

common type of shipment method regionally. Truck transportation requires transportation 

permits for oversized loads, dimensional limitations, and road regulation restrictions. City and 

government permissions or truck escort add costs to the project and is not always feasible. 

Furthermore, the size of the hauling is limited by the regulation as well. The maximum truck 

 
 
13 Measurable attributes, dimensional requirements and tolerances are checked, and general quality attributes 
such as surface finishing consistency, corner damage, among other, are inspected.  
14 Labelling is important to ensure the correct panel category is being delivered and installed. It also identifies 
that manufacturer and indicates the quality assurance preocedures have been made.  

CNC stage 

Pressing stage 

Raw material 

Area for finishing and quality control 
process 
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size authorised by Australia’s government is 2.5 meters wide, 4.3 meters tall, and  12.3 meters 

long (National Heavy Vehicle Regulator 2016).  

Once the CLT panels arrive at the construction site, the installation and erection process 

initiates. On-site installation typically includes lifting, positioning, adjusting, and connecting 

the elements. As mentioned before, component production costs comprise  80% of prefabricated 

structure costs (Forsythe and Sepasgozar 2019; Goh and Goh 2019; Hasan et al. 2018), and this 

percentage is significant compared to logistic costs. Hence, the current study focuses on 

optimising the manufacturing process of CLT elements, but it only considers the logistic 

constraints. In other words, this research does not aim to optimise the logistic process and costs. 

The extant research shows that pressing and CNC router cutting stage and raw materials 

are the high-cost factors in fabricating billets and panels (Abiri 2020; Brandt et al. 2019; de 

Araujo Carneiro 2019). They are presented by dashed thick lines in Figure 16. Araujo Carneiro 

(de Araujo Carneiro 2019) developed a relatively comprehensive CLT production time 

estimation model by considering billet and panel characteristics. The production time 

estimation model is applicable in this research since: (i) the model ties the necessary time taken 

to produce a panel in a particular stage with components and job characteristics. (ii) the plant 

layout and machine specification in Araujo Carneiro’ research are similar to the considered 

CLT factory, i.e., XLAM, in Australia. In the following section, the production process time of 

pressing and CNC stages, which are employed from the literature to develop the MC model in 

current dissertation, are elaborated. 

2.6.4 Production process time for pressing and CNC router cutting stages  

Billet characteristics, namely length, width, and thickness, significantly affect the 

pressing stage time (Abiri 2020; de Araujo Carneiro 2019).  Referring to the time estimation 

model (de Araujo Carneiro 2019), for three- , five- , and seven-layers billets with 12 by 3  meters 

length and width, the required time of pressing stage (𝑃𝑟𝑒𝑠𝑠) for each type of billet is calculated 

and listed in the next table. de Araujo Carneiro developed these formulas through regression 

analysis to model each stage of the CLT production process. Also, the pressing stage waiting 

time (𝑃𝑊), which is the time considered to set up the press machine to change the billet layers 

number, is around 10 minutes (de Araujo Carneiro 2019).        

Table 4- Pressing stage time estimated for billet 12 meters adopted from (de Araujo Carneiro 2019) 

Number of layers in a CLT billet Pressing stage time (minutes) 
3-layer 91 𝑃𝑟𝑒𝑠𝑠𝑡ℎ𝑟𝑒𝑒−𝑙𝑎𝑦𝑒𝑟 𝑏𝑖𝑙𝑙𝑒𝑡𝑠 
5-layer 102 𝑃𝑟𝑒𝑠𝑠𝑓𝑖𝑣𝑒−𝑙𝑎𝑦𝑒𝑟 𝑏𝑖𝑙𝑙𝑒𝑡𝑠 
7-layer 110 𝑃𝑟𝑒𝑠𝑠𝑠𝑒𝑣𝑒𝑛−𝑙𝑎𝑦𝑒𝑟 𝑏𝑖𝑙𝑙𝑒𝑡𝑠 
Setup time (waiting time) 10 PW 
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In CNC machining stage, the production process includes cutting openings, adding 

customisable features and edges, and transforming long billets into smaller CLT panels. The 

number of panels (𝑁𝑃) which are cut from each billet, waste material percentage produced after 

cutting (𝑊), coding software estimated process time (𝑠𝑒𝑡) are the CNC stage time estimation 

indicators (de Araujo Carneiro 2019). (𝑠𝑒𝑡) is the estimated cutting time per meter for the coded 

process which is provided by CNC coding software built-in feature (de Araujo Carneiro 2019). 

Araujo Carneiro has been extracted (𝑠𝑒𝑡) from the software and considered based on billet 

fixed length and width. To adapt (𝑠𝑒𝑡) parameter to  this  dissertation, the author applied CNC 

router catalogs for estimating cutting time per meter, for softwood as a raw material of CLT, 

with the speed of 10000 RPM15, and tool diameter up to 6.3 mm. The given tool diameter and 

machine speed are common specifications of a CNC machine in a CLT factory. Consequently, 

based on these specifications, (𝑠𝑒𝑡) is approximately considered twenty seconds per meter 

(one-third of a minute) (3DHUBS 2021). 

As an example, (𝑠𝑒𝑡) calculation time with three different cutting patterns is illustrated 

in the next figure. The small rectangles with dashed lines represent cutting patterns of panels 

from a billet. The large rectangles with thick lines indicate billets.  

 

) *1/3  1+3y1*1/3         c) set=(2x )1+3y2+x1+3y1) *1/3                           b) set=(x2+x1a) set=(x 

Figure 18- a), b), c). Calculation of  CNC software estimation time (set) based on three different cutting patterns 

of panels from billet 

Eventually, based on the above parameters explained, Eq (1), (2), (3) present the total 

CNC process time for three-, five-, and seven-layer panels, respectively (refer to Table 3) 

𝐸𝑞(1). 𝐶𝑁𝐶𝑡ℎ𝑟𝑒𝑒−𝑙𝑎𝑦𝑒𝑟 𝑝𝑎𝑛𝑒𝑙𝑠 = 1.13 +
9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
                      

𝐸𝑞(2). 𝐶𝑁𝐶𝑓𝑖𝑣𝑒− 𝑙𝑎𝑦𝑒𝑟 𝑝𝑎𝑛𝑒𝑙𝑠 = 14.3 +
9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
                     

 
 
15 Revolutions per minute (RPM) relates directly to the speed, or velocity, of the spindle. It represents the 
number of turns completed in one minute around a fixed axis. RPM maintains the same revolutions per minute 
throughout the entire operation. 
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𝐸𝑞(3). 𝐶𝑁𝐶𝑠𝑒𝑣𝑒𝑛− 𝑙𝑎𝑦𝑒𝑟 𝑝𝑎𝑛𝑒𝑙𝑠 = 25.09 +
9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
                  

2.7  Literature review summary and its implications for this research 

Within this section, residential building procurement systems in the building industry are 

explained to identify the key players in implementing MC and their requirements. By 

differentiating construction companies’ and mass producers’ approaches towards moving to 

MC concept, the importance of limiting design variety, decreasing manufacturing costs, and 

optimising production processes regarding design as the main characteristics of moving toward 

MC in the building industry are highlighted. The law of variety, theory of swift, even flow, and 

utility theory are considered as a law and theories that can support MC concept, hence can be 

applied as a theory triangulation method for validating the model. The level of MC in the 

building industry is explained to determine the position of the current research in terms of where 

customisation level should be in residential buildings. MC enablers in the design phase, 

including modules, platform, and product family, are discussed to provide an approach to 

finding a pattern for dwellings’ modular design offered to different clients. These enablers also 

help to integrate client-driven design parameters and efficient manufacturing for floor layout. 

Ultimately, CLT manufacturing processes are elaborated in order to integrate with the design 

and support the manufacturability of the building design. 

2.8 Research Gap and Innovation 

The existing literature reveals several critical gaps in the successful implementation of 

mass customization (MC) within prefabricated building practices. Firstly, prior studies have 

predominantly focused on singular perspectives of MC, overlooking the essential dual 

consideration of both client-driven design requirements and efficient manufacturing processes. 

This omission impedes the integration of client satisfaction with cost-effective production 

strategies, crucial for achieving mass-customised designs at competitive prices.  

Moreover, there is a noticeable scarcity of quantitative approaches towards integrating 

design and production processes, hindering the development of profitable and cost-efficient MC 

solutions. While qualitative insights have been explored, quantitative research in this realm 

remains limited, particularly in parameterising production processes during architectural design 

stage to quantifiably account for cost and time savings. 

Furthermore, the segregation between architectural and structural design optimisation 

further compounds the challenge. While architectural layout optimisation often prioritises 

aesthetic and functional criteria without consideration for manufacturability, structural layout 
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optimisation typically focuses on structural efficiency, neglecting architectural flexibility and 

factory production constraints. 

By addressing these gaps, this research aims to bridge the divide between design and 

manufacturing in prefabricated building practices, offering a comprehensive framework for 

integrating client requirements with efficient production strategies. This endeavour necessitates 

the development of quantitative methodologies that account for both architectural and 

manufacturing constraints, enabling the realisation of mass-customised designs within 

prefabrication factories. Additionally, by exploring the parameterisation of building layouts for 

efficient offsite fabrication, this research seeks to establish a direct link between architectural 

designs and manufacturing processes, facilitating the seamless implementation of mass 

customisation. Through these efforts, this study aspires to contribute significant insights into 

the intersection of design and manufacturing in the context of prefabricated construction, 

ultimately advancing the discourse on mass customisation within the residential building 

industry. 
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Chapter 3: Research Design and Methodology 

3.1 Introduction  

To apply product platform strategies for mass customisation of buildings, the focus must 

be on design specifications that lie between ETO and SV. The supply-side and demand-side 

agree on building design adjustments at a module or part level (Bonev et al. 2015). The 

integration of design and manufacturing is seen as a solution to the problem of achieving the 

balance between customisation and mass production efficiency in residential buildings. 

Dwellings’ modular design aid in developing a well-defined manufacturable layout and product 

platform design. However, apart from some basic studies in the literature for developing 

frameworks for integrating design and manufacturing processes in prefabricated systems, there 

is a lack of comprehensive apartment design analysis to formulate the architectural design 

parameters (i.e., FRs and DPs) in order to find a pattern for modular design of dwellings. 

To fill this gap, this research deals particularly with the two major challenges related to 

carrying out design for MC: (i) finding a pattern for dwellings’ modular design offered to 

different clients and (ii) developing a framework or model to integrate architectural designs 

with efficient manufacturing. After conducting a literature review and discussing the state-of-

the-art of MC, this dissertation aims to fill this knowledge gap with two scenarios. The first 

scenario includes specifying patterns for apartments’ modular design, which must be executed 

in the conceptual design stage. This scenario assumes that an architect is looking for 

manufacturable design patterns that are applicable or desirable for the selected clients. As 

explained, there is little research in analysing the architectural design of the residential buildings 

in order to find common architectural space characteristics. Identifying the common 

architectural space characteristics is a means to find a pattern for apartments’ modular design. 

The architect has a role to identify a balance between clients’ preferred design and a 

manufacturable design. Apartments design analysis with spatial voids modularity approach 

gives architects insight into developing a well-defined practical platform for modular design 

scenarios (Jansson et al. 2013; Rocha et al. 2015; Roy and Roy 2016).  This scenario must be 

executed in the conceptual design stage. 

Then this research aims to fill the knowledge gap by developing a mathematical model 

applied in the preliminary design stage that considers the manufacturing of CLT buildings in 

the second scenario. The second scenario assumes that the architect has been tasked to design 

a fully customised building layout, i.e., a one-of-a-kind product. This task takes place after the 



 

62 Developing a data-driven framework for mass customisation of multi-storey residential buildings 

conceptual design stage, i.e., during the preliminary design stage. Under this scenario, the 

architect has little room to offer modular design layouts; instead, s/he must endeavor to 

accommodate MC through integrating production processes in the building design without 

compromising the flexibility in the customised architectural design. In other words, while this 

approach does not lend itself to identifying similarities in the clients’ architectural design, the 

architect is still responsible to optimise design and determine optimal design parameters for 

manufacturability. How to process manufacturing information in a quantitative way is very 

crucial to developing the model in this scenario with the objective of increasing production 

efficiency in an off-site manufacturing context. For developing the building structure as a 

product platform for MC, the first scenario provides a higher degree of standardisation 

compared to the second scenario.  

This chapter presents the methodological approach utilised to achieve these objectives. In 

this chapter, first, the general approach of the methodology and an overview of the research 

process are presented. Next, the research process, including data collection and data analysis 

techniques related to the first objective of this research, is detailed. The first objective this study 

is to identify prevalent design patterns in residential building layouts and systematically assess 

their manufacturability. At last, the details related to this study’s second, third and fourth 

objectives, including modelling parameters, variables, and constraints, are discussed. These 

objectives are: 

(ii) To mathematically model the interrelationships between architectural and 

structural layout designs  

(iii) To determine the most critical manufacturing processes influencing building 

layout 

(iv)  To integrate manufacturing processes in building layout design for attaining 

optimal factory efficiency and preserving architectural flexibility 

These objectives lead to the development of a mathematical framework that can 

ultimately be used in the preliminary architectural design stage as a decision-making support 

system for increasing production efficiency and decreasing the cost of the construction 

operation. 

3.2 The constructive research approach  

The approach adopted for this dissertation is that of constructive research, also referred 

to as design science research. This methodology is visually depicted in Figure 19, illustrating 

its application within this study. The constructive research approach is a problem-solving 
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method that aims at producing novel solutions to both practical and theoretical problems. 

Solutions are often suggested through managerial problem-solving techniques through the 

construction of models, diagrams, and plans (Oyegoke 2011). At a practical level, project 

management discipline tends to adopt a problem-solving approach to projects. Problem-solving 

approach is categorised under the hard paradigm in project management research. The terms 

hard and soft paradigms are commonly used in project management literature. The soft 

paradigm is generally related to an interpretive epistemology, inductive reasoning, and 

exploratory, qualitative techniques, which emphasise contextual relevance rather than 

objectivity. However, the hard paradigm is typically associated with positivist epistemology, 

deductive reasoning, and quantitative techniques, which are often associated with rigour and 

objectivity.  Hence, tools and techniques related to problem-solving are predominantly 

quantitative (Pollack 2007). 

The constructive research question can be phenomenon-driven or theory-driven, or a 

combination of the two. The objective is to identify and solve real practical problems. 

Constructive research as a methodology begins with a strong grounding in identifying a 

practical problem from practice complemented by related literature. The identified research 

problems are used to propose research questions. The research questions are solved by 

developing or constructing a solution that will be operationalised to determine its workability. 

This type of approach is related to rationalise paradigm and quantitative technique (Lehtiranta 

et al. 2015; Oyegoke 2011; Pollack 2007). 

The constructive research approach is not a new concept. There are some applied 

constructive studies in technical sciences, mathematics, and computer science with different 

solution forms, such as a conceptual or mathematical model, a physical artifact, a new product 

development, or even software. The constructive research approach is centered on the design 

of a construct or the construction of a solution. The constructive research approach is an 

intrinsically goal-directed problem-solving activity and usually applies the proposed construct 

in a case to evaluate it (Oyegoke 2011).   

3.3 Overview of the research process 

The next figure depicts the five phases of the constructive research approach adopted in 

this research. These phases are: (i) finding a practical problem, (ii) obtaining an understanding, 

(iii) data collection and developing a solution, (iv) validating the solution, (v) research 

contribution. This process is not linear but rather a dynamic and interactive process between 

different phases. In this thesis, it starts with Stage A by identifying practical relevance problems 

that have research potential and can be supported by theoretical literature review and practical 
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experience. This includes mass customisation epistemology, theory, and technical concerns, 

which provide the theoretical viewpoint as well as background and information for the 

investigation. This stage allows the researcher to comprehend the topic. There are three major 

approaches that can be used in generating problems in constructive research: (i) anecdotal 

evidence, (ii) evidence based on practical experience driven from practice or from practitioners, 

and (iii) evidence from peers’ theoretical work (Oyegoke 2011). Chapters one and two of this 

dissertation applied evidence from peers’ research to generate problems and research questions 

(Phases 1 and 2 of the research process).  

 

Figure 19- overview of the research process  

A better design of a construct is informed by both theory-based connection and practical 

or real experience (Oyegoke 2011). In this thesis, the data collection is included within Stage 

B, and C. Stage B is related to finding patterns for apartment’ modular design (as a first 

construct or output of this research), extracted from architectural drawings and illustrated in 

Chapter 4. This stage is associated with the first  research objective. The architectural drawings 

analysis shows the real-world practice in residential building design. The methodology of this 

stage is further explained in Section 3.3. Stage C is associated with the second, third and fourth 
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objectives. This stage deals with mathematical model development (as a second output of this 

research), where the corresponding data was derived from the manufacturers’ initial design 

guides, manuals, and manufacturing processes and constraints. With the aid of the literature 

review and collected data, the model, which is discussed in this chapter, was developed in Phase 

3 of the research process. The methodology of developing the model is further explained in 

Section 3.4. 

Depending on the work at hand, the construct, either design pattern or mathematical 

model, can be validated through the triangulation of different approaches (Phase 4 of the 

research process). To demonstrate that the solution works, testing and validation might be 

empirical or theoretical, quantitative or qualitative, or both. A pilot case study will be the most 

appropriate method to test and improve a construct. Regrettably, in construction industry 

research, pilot case studies are not applicable to demonstrate the workability of the construct 

because of the risks and costs involved. Hence, the alternative approach should be based on 

triangulation, where different research tools and techniques can be used to demonstrate that the 

construct (the framework or model in this dissertation) works and to improve on the construct.: 

(i) data source triangulation, when the data are expected to remain the same in different 

contexts, (ii) theory triangulation, where investigators with different points of view interpret 

the same results, (iii) investigator triangulation when the same phenomenon is examined by 

several investigators (Oyegoke 2011), (iv) methodological triangulation, when multiple 

methods are used to conduct a study. The theory triangulation has been predominantly applied 

in this research, where a technique for internal validation of the drawings’s data analysis output, 

i.e., the design pattern (the construct in Stage B), has been employed in Chapter 4. Also, a case 

example was applied for the mathematical model validation (the construct in Stage C). The 

results were compared with the real-world practice in a CLT factory in addition to testing with 

the theory of swift, even flow and the law of variability. This includes in Chapter 5.  

The construction and evaluation steps, i.e., Phases 3 and 4 (developing and implementing 

a solution and validating the solution), are at the heart of the constructive research approach. 

Nonetheless, a challenge lies in defining when a solution is completed, and the interactive 

activities of constructing and evaluating a solution should be terminated due to the non-linear 

process (Rocha 2011). Hevner et al. (2004) stated that a solution is completed and effective 

when it satisfies the requirements and constraints of the problem which was intended to solve. 

They pointed out that utility, quality, and efficacy are parameters for evaluating a solution. 

Bonatto (2010) and Schramma (2009) have employed utility and ease of use for assessing the 

proposed solutions. However, these are generic criteria. Bespoke criteria should be specified 
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based on the purpose of the solution to be developed and the constraint of the problem at hand 

(Rocha 2011).   

The research’s contribution to the body of cumulative knowledge (Phase 5) should be 

specified, and areas for further research should be highlighted. This step is illustrated in Chapter 

6. It is vital to highlight that this process is not linear but rather a dynamic and interactive 

process between different phases.  

3.4 Research roadmap for stage B  

Stage B assumes that an architect in a D&C company (volume builder) is looking for 

modular design patterns that support MC. In other words, they look for manufacturable design 

patterns that are applicable or desirable for the selected clients. The architect has a role to 

identify a balance between the clients’ preferred design and a manufacturable design. Therefore, 

the architect runs a fact-based comparison in order to enable modular design layouts based on 

the similarities in the clients’ architectural designs. This scenario must be executed in the 

conceptual design stage. The following sub-sections are illustrated the road map for Stage B.  

3.4.1 Data collection to find a pattern for apartments modular design 

The first objective of this research, connected to the aforementioned scenario, 

encompasses two key objectives (i) to recognise the manufacturability of apartment layout 

designs, and (ii) to find a pattern for dwellings’ modular design offered to different clients. 

These two facets are inherently intertwined, with the strategies for accomplishing this goal 

expounded upon extensively in Chapter 4. 

Finding patterns for apartments’ modular design might be quite complicated, demanding 

the consideration of a multitude of variables. These variables encompass apartment layout, 

apartment size, and cost, building frontage, setback, design style, etc. Identifying similarities in 

architectural attributes (spatial voids perspective) and structural spans (component perspective) 

of different apartments design can be considered as a means to find patterns for dwellings’ 

modular design offered to different clients. The current research was implemented based on the 

decomposing of architectural layout design, then performing statistical analysis and a clustering 

technique to identify similarities. In other words, statical analysis and a clustering technique 

enable the author to identify the probabilistic acceptability of spatial voids dimensions and to 

find modular design patterns. The first objective of this research tends to (i) identify the space 

dimensions (i.e., space length, width, aspect ratio) with high probabilistic acceptability in order 

to recognise the common design patterns, (ii) revisit contemporary manufacturing practices and 

compare the manufacturing practices with the existing apartment design requirements, (iii) 
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specify the common structural spans based on the apartment layout design and building vertical 

floor design.  

Decomposing of architectural layout design and performing statistical analysis is a way 

of indicating the expected probability of acceptable architectural design as per client desires in 

terms of spatial voids perspective (Roy and Roy 2016).  Therefore, the data has been extracted 

from architectural drawings of housing projects. During the data collection, the researcher 

focused on multi-storey middle-income class housing. These apartments have not been built or 

were not going to be built in high-priced areas of cities. Australia’s middle-income class 

comprises 58% of the population, and accordingly, they could afford to buy 58 percent of 

dwellings, consisting a significant rate compared to the low and high-income classes ( Toth et 

al. 2015; Rosewall and Shoory 2017). This section of data collection tried to get data to 

generalise to larger populations permitted by random and statistically representative samples. 

Therefore, the number of under-study dwellings plays a key role as the representative samples 

of the large populations. The following paragraph explains how to determine the number of 

samples. 

The number of dwellings commenced in multi-storey residential buildings in Australia 

2017-2018 (the latest statistics in ABS) is around 28000. Among this number, 47% are in NSW. 

It means NSW includes most of the market share (around 13200 per year). There is variety in 

the average size of apartment units (ABS 2017) in the design guidelines of different regions of 

Australia. Therefore, the author focused on NSW, because of the more accessible to companies 

and the market share it encompasses. The current apartment architectural designs that were 

building or built between 2017- 2020 have been examined. For the purpose of this study, the 

estimated sample size is 385 apartment units, in line with Cochran's formula for sizable 

populations. This statistical approach adheres to a confidence level of 95%, while the 

confidence interval and standard error are maintained at 0.05, values deemed acceptable and 

endorsed by the ABS and various literature sources (Kadam and Bhalerao 2010). However, to 

improve the level of confidence in this thesis, the sample size was considered  more, i.e., 710 

apartment units. Hence, within this number of apartments for analysis it can be interpreted that 

the sample size is representative of the population. 

Within this context, this research delves into nine multi-storey housing projects featuring 

a total of 710 recently completed and ongoing apartment units. These projects were undertaken 

by six prominent clients, all oriented towards middle-income earners, and are situated in 

Sydney, NSW. The nine building blocks were selected based on two main criteria: a) they are 

mid-rise residential buildings with multiple floor levels and diverse occupancy units (i.e. 
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studios, 1/2/3 bedroom apartments) and b) they are located across diverse geographical areas 

of Sydney. The first criterion is to ensure a diverse range of building spans are included in the 

dataset for evaluation of offsite manufacturing.  The second criterion intends to ensure buildings 

were strategically chosen from various regions including North16, North West17, West18, 

South19, and South West20. This deliberate location sampling approach was adopted to observe 

and account for potential spatial variations as well as land size limitations and diversity within 

a city. By capturing a broad spectrum of buildings at different locations, the research aims to 

enhance the generalisability and robustness of its findings. 

One of the research objective is to identify design patterns within the mid-rise residential 

building market that can collectively lend themselves to prefabrication, chapter 4 treats all units 

within nine buildings as one sample set. Therefore, individual assessment of each of the nine 

buildings is out of scope of investigations in this chapter. Modelling floor layouts within one 

building for optimum manufacture has been discussed in Chapter 5. 

Of these projects, five were executed using cast-in-place reinforced concrete, while the 

remaining structures employed precast concrete elements. The chosen building cases were 

designed and constructed using concrete, the dominant structural type in the mid-rise residential 

context. As explained in Chapter 1, this segment of the market is the largest and therefore has 

the highest potential for transforming the building industry towards using sustainable 

prefabricated systems such as mass timber. 

The building enclosure and non-load-bearing walls across all structures are composed of 

gib boards. These chosen projects serve as fitting exemplars for market study due to the notable 

and increasing population density driving the surge in multi-storey construction in Sydney. The 

analysis of data, which leads to finding patterns for dwellings’ modular design offered to 

different clients, will be applicable to all geo-climatic regions of Australia with appropriate 

alteration as per the target population’s geo-climatic condition and socio-economic status 

profile. 

3.4.2 Statistical analysis technique to assess the data pattern and specify  spatial voids 
dimensions 

710 apartment units have been analysed to enumerate the module in terms of spatial voids 

and components perspectives. As mentioned in Chapter 2, there are two fundamental types of 

 
 
16 Neutral Bay and Chatswood suburbs 
17 Epping suburb 
18 Parramatta suburb 
19 Wolli Creek 
20 Bankstown 
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functional and physical modularity, i.e., the former includes primary and secondary functions, 

and the latter comprises spatial voids and solid mass. Primary functions (e.g., cooking, sleeping, 

eating, and working) result in the form of spatial voids or architectural spaces, that clients 

require an architect to design a variety of apartments based on their desire. These architectural 

spaces in this research include a living& dining room, kitchen, bedroom, study room, bathroom, 

ensuite, and laundry. Secondary functions (e.g., load support, enclosure, roof, and finishings) 

are performed by the solid mass of a building. Although spatial voids and solid mass are 

complementary, the residential building could be conceived as solid mass (i.e., components 

perspective) or spatial voids (i.e., architectural or spatial perspective) (Rocha et al. 2015). 

In the 710 apartment units, all dimensions of spatial voids, including Length (L), Widths 

(W), and Aspect ratio (AR), were measured and analysed separately and expressed as 

dimensions L, W, and AR. Apartment spans, which also represent the solid mass perspective, 

were considered in the analysis.  In structural engineering and architecture, span is the term 

given to the length of a structural component –floor panels in this research, that extends between 

two supports, that is, structural wall and column. Hence, a structural floor panel may be 

supported at either end, in which case it is said to span between the two points. A general 

engineering principle is the longer the span, the deeper the structural floor panel will have to be 

to safely to support the dead and live load. Thus, span plays a key role in structural and 

architectural design (CCAA 2003). 

The next table shows the summary of the buildings’ profile. The dimensions of spatial 

voids (i.e., architectural spaces) and spans are clear dimensions, excluding the wall thickness 

(usable area in principle). All spatial voids were considered rectangular, and space 

arrangements were not regarded here to simplify the data analysis. Space arrangements require 

considering some variables in apartment layout, which complicates the data analysis. 

Table 5- Buildings profile and parameters considered in the study 

Number 
of 
buildings 

Number 
of 
clients 

Number of 
apartment 
units 

Percentage of 
apartments type 
(%) 

The focus 
of the 
apartment 
study 

Spatial voids 
(spaces) 

Parameters 
studied (spatial 
voids 
characteristics) 

9 6 710 

studio 0.7 
Apartment 
spatial 
voids and 
apartment 
spans 

Bedrooms, 
living and 
dining room, 
kitchen, 
bathroom and 
ensuite, 
laundry, 
balcony 

Space length 
(L), width (W), 
and aspect ratio 
(AR)-interior 
dimensions 

One-
bedroom 22.8 

Two-
bedroom 68.1 

Three-
bedroom 8.4 

Note: Aspect ratio= 𝐿𝑒𝑛𝑡ℎ 𝑜𝑓 𝑆𝑝𝑎𝑐𝑒

𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑠𝑝𝑎𝑐𝑒
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Then as per compiling the range of dimensions of the spatial voids and spans, the 

statistical analysis through programming in R studio environment and Statistical Package for 

the Social Sciences software (SPSS) has been employed in this research to summarise the 

building drawings design data. In statistical analysis, there are three measures to summarise the 

main features of the data, including i) the measure of frequency, ii) the measure of central 

tendency, i.e., mean, and iii) the measure of variation, i.e., standard deviation (Mishra et al. 

2019). The measure of frequency deals with the number of occurrences and percentages in each 

variable within the population. Mean presents the mathematical average of a dataset to make 

comparisons between two or more groups. Standard deviation (SD)  measures how variables 

spread from their mean (Mishra et al. 2019). 

Statistical analysis of L, W, AR, were sorted separately by spaces and apartment types to 

compare the dimensions of spatial voids in different types of apartments. The statistical analysis 

with mean and SD does not integrate the Length and Width of each space simultaneously. 

Hence, the aspect ratio of spaces was also considered. The aspect ratio indicates the rate of 

space length to space width. Mean indicates the average of all the given dimensions (i.e., L, W, 

AR), while SD shows the measures of the dispersion of the given dimensions from the mean. 

It means how far the data values are spread out from the mean value (Mishra et al. 2019). 

Statistical analysis is usually conducted based on the assumption that the data follow a 

normal distribution (Ghasemi and Zahediasl 2012; Mishra et al. 2019). The normal distribution 

described by its mean and SD indicates that extreme values in the dataset do not significantly 

impact the mean value. If the data are not normally distributed, the mean is not a representative 

value of the data. Therefore testing the normality of data is a prerequisite for analysing 

(Ghasemi and Zahediasl 2012; Mishra et al. 2019). Although several studies state that for 

sample sizes larger than 30, the violence of normality does not make a significant problem, and 

the data distribution can be ignored (Altman and Bland 1995; Elliott and Woodward 2007; 

Ghasemi and Zahediasl 2012; Mishra et al. 2019; Pallant and Manual 2007), the normality of 

data was assessed in this research to make cohesive and concrete results.  

Quantitative methods to evaluate the normality of data include Shapiro-Wilk test, 

Kolmogrov-Smirnov test, skewness, kurtosis, z test, and mean with SD. SPSS software enables 

users to conduct all of these tests. Each numerical method is appropriate for a specific sample 

size. As the current study population is considered as large sample size (n>300), skewness, 

kurtosis, and mean with SD are appropriate methods for testing normality (Mishra et al. 2019). 

Skewness measures symmetry, while kurtosis measures whether the data is heavy-tailed or 

light-tailed relative to the normal distribution (Joanes and Gill 1998). For a large sample, the 
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normality of data depends on the skewness and kurtosis absolute values. Either an absolute 

skewness value ≤ 2 or an absolute kurtosis ≤ 4 can be used to assess the normality. If the 

relative value of the SD with respect to the mean is less than 0.5, data is considered normal in 

large samples (Ghasemi and Zahediasl 2012; Mishra et al. 2019). Based on these tests attached 

in appendix A, the normality of the data was accepted.  

For analysing span and modules from the components perspective, Australia’s 

manufacturing design guides of some Australian manufacturers are compared with the 

statistical analysis of data extracted from architectural designs. The manufacturers produce the 

predominant residential building systems. The objective of this is to investigate the capability 

of the manufacturers and the manufacturability of existing designs. Finally, span patterns 

regarding architectural floor and vertical design are specified through cluster analysis. 

3.4.3 Clustering techniques 

Instead of having wide choices, the objective of modularisation is to limit the options 

based on their common denominators. Hence, in modular design, a technique was required to 

integrate and classify the characteristics of spaces (Length, Width, Aspect Ratio) and span so 

as to group similar spatial voids and apartments. Clustering methods are the most applicable 

technique to find design similarities to limit the number of options (Dai and Scott 2007). In 

clustering, all variables are analysed together, and the goal is to form groups or give meaning 

to a set of variables. Clustering techniques have been introduced as a robust technique in 

literature to group FRs and DPs. Hence, cluster analysis was conducted to group apartments 

and their spaces based on the dimensions.  

Analysing the apartment layout design data by clustering results in designating a set of 

design dimensions of the spatial voids to reference a modular design and comply with 

prefabricated components manufacturing. Spatial void modularity followed by modular 

component coordination suggests the following benefits: (i). It creates a basis for minimising 

the variety of types and sizes of building components, which is the main objective of the design 

for MC. (ii). It also allows for the easy adoption of prefabricated components to any layout and 

their interchangeability within the building (Rocha et al. 2015). The easy adoption of 

prefabricated components to any layout is achieved by defining the location of each component 

in the building with reference to a modular grid of spatial void rather than concerning other 

components. 

Clustering techniques provide the architect with an intuitive way to evaluate the expected 

possibility of acceptable layout designs based on client desires (Dai and Scott 2007). Cluster 

analysis enables the research author to put objects, here apartments’ spatial voids characteristics 
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and spans (L, W, AR) into groups so that space characteristics within the group are similar to 

each other. At the same time, spatial void characteristics in any particular group are different 

from the characteristics in all other groups (Diday and Simon 1976; Lee 1981).  

Clustering is an unsupervised machine learning technique to find similarities in data 

points and group similar data points together. Clustering is a powerful machine-learning tool 

for detecting structures or patterns in datasets. Unlike supervised methods, clustering is an 

unsupervised method that works on datasets in which there is no outcome (target) variable, nor 

is anything known about the relationship between the observations, that is, unlabeled data. 

Clustering itself is not one specific algorithm. Nonetheless, there are different algorithms that 

vary significantly in terms of recognising what constitutes a cluster and how well to track data. 

In general, clustering techniques can be classified into partitioning clustering, hierarchical 

clustering, and advanced clustering techniques. Among different clustering techniques, 

partitioning clustering methods are more common (Kassambara 2017; Lee 1981), which is 

explained in the following paragraphs. 

K means Clustering  

Among different clustering techniques, partitioning clustering approaches are more 

common and straightforward and have some features, including presenting cluster center and 

SD, that make them applicable to reach the objective of this thesis. Partitioning clustering 

techniques subdivide the data sets into a set of K groups, where K is the number of groups pre-

specified by the analyst or can be estimated by some techniques. Partitioning clustering 

techniques include four commonly used clustering, namely K-means, K-mediods, PAM21 , and 

CLARA22 algorithms.  K-means clustering is one of the simplest and most commonly used 

unsupervised machine learning algorithms for partitioning a given unlabeled continuous data 

set (i.e., data without defined categories or groups) into a set of K groups (i.e., K clusters). This 

algorithm aims to find groups in the data, with the number of groups represented by the variable 

K, in which K is prespecified. It classifies objects in multiple groups, such that objects within 

the same cluster are as similar as possible (i.e., high intra-class similarity), whereas objects from 

different clusters are as dissimilar as possible (i.e., low inter-class similarity). In K-means 

clustering, each cluster is represented by its center (i.e., centroid), which corresponds to the 

mean of points assigned to the cluster (Kassambara 2017). 

 
 
21 Partitioning Around Mediods 
22 Clustering Large Applications 
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The basic idea behind K-means clustering is to define clusters so that the total intra-cluster 

variation (known as a total within-cluster variation) is minimised. There are several K-means 

algorithms available. The standard algorithm is the Hartigan-Wong algorithm (1979), which 

defines the total within-cluster variation as the sum of squared distances Euclidean23 distances 

between items and the corresponding centroid: 

Eq (4). 𝑊 (𝐶𝑘) =  ∑ (𝑥𝑖 − 𝜇𝑘)2
𝑥𝑖𝜖𝐶𝑘

 

• 𝑥𝑖 designs a data point belonging to the cluster 𝐶𝑘 

•  𝜇𝑘 is the mean value of the points assigned to the cluster 𝐶𝑘 

 Each observation or object 𝑥𝑖 is assigned to a given cluster such that the sum of squares 

distance of the observation to their assigned cluster centers 𝜇𝑘 is a minimum. The total within-

cluster variation is designed as follow:  

Eq (5). 

𝑡𝑜𝑡. 𝑤𝑖𝑡ℎ𝑖𝑛𝑠𝑠 =  ∑ 𝑊(𝐶𝑘) =  ∑ ∑ (𝑥𝑖 − 𝜇𝑘)2

𝑥𝑖∈𝐶𝑘

𝑘

𝑘=1

𝑘

𝑘=1

 

The total within-cluster sum of square measures the compactness of the clustering, and it 

should be as small as possible (Kassambara 2017).  

K means clustering processes  

To perform a cluster analysis, generally, the data needs to prepared as follow:  

(i) Any missing values in the data are removed (Kassambara 2017). Hence, in this thesis, 

any missing values were pulled out from the spreadsheet before analysing the data. The 

missing data pertained to the dimensions of the architectural spaces, where the specific 

measurements were unspecified. Only less than 10 spaces in 710 units, had missing 

 
 
23 The choice of distance measures is very critical step in clustering, as it has significant impact on the results. It 

defines how the similarity of two elements (x,y) is calculated. The classical methods for distance measures is 

Euclidean or Manhattan distances. However, in most cluster analysis software, Euclidean distance, defined as 

follow, is more acceptable and common. 

𝑑𝑒𝑢𝑐(𝑥, 𝑦)= √∑ (𝑥𝑖−𝑦𝑖)^2𝑛
𝑖=1  

Where x and y are two vectors of  length n.  
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dimensions. Therefore, the number of missing values was minimal, and their removal 

did not adversely impact the validity of the data. 

(ii) The data are standardised (i.e., scaled) to make variables comparable. Standardisation 

consists of the transformation of the variables such that they have a mean equivalent 

zero and standard deviation equivalent one. This is particularly recommended when 

variables are measured in different scales (e.g., kilograms, meters, centimeters, etc.) or 

when the mean and/or standard deviation of variables are largely different (Kassambara 

2017). As the L or W and AR were measured in different scales (i.e., meters compared 

to a ratio without any measurement scale) and the SD and mean of the variables are 

different to some extent, the standardisation of the data was carried out in this research.  

When scaling variables, the data can be transformed as follow: 

Eq (6) 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑎𝑠𝑖𝑎𝑡𝑖𝑜𝑛 𝑥𝑖 : 
𝑥𝑖 −  𝑐𝑒𝑛𝑡𝑒𝑟 (𝑥)

𝑠𝑐𝑎𝑙𝑒 (𝑥)
 

Where 𝑐𝑒𝑛𝑡𝑒𝑟 (𝑥) can be the mean or the median of x values, and 𝑠𝑐𝑎𝑙𝑒(𝑥) can be the 

standard deviation (SD).  

After standardisation, the algorithms start randomly selecting K objects from the data set 

to serve as the initial centers for the clusters. The optimal number of clusters (K) can be 

determined by leveraging some methods, namely Elbow, Average silhouette methods, and 

Frequency among 30 indices  (Kassambara 2017). These methods are explained in the next 

section. The selected objects are also known as cluster means or centroids. Next, each of the 

remaining objects is assigned to its closest centroid, where the closest is defined using the 

Euclidean distance between the object and the cluster mean. This step is called “cluster 

assignment step.” After the assignment step, the algorithm computes the new mean value of 

each cluster. The term cluster “centroid update” is used to design this step. Now that the centers 

have been recalculated, every object is checked again to see if it might be closer to a different 

cluster. All the objects are reassigned again using the updated cluster means. The cluster 

assignment and centroid update steps are iteratively repeated until the cluster assignment stops 

changing (i.e., until convergence is achieved). In other words, the clusters formed in the current 

iteration are the same as those obtained in the previous iteration (Kassambara 2017). The 

algorithm works iteratively to assign each data point to one K groups with the Euclidean 

measuring distance method. Data points are clustered based on object similarity. One of the 

main features of the K-means clustering algorithm that this research leverages is the K clusters’ 
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centroid and SD, corresponding to the mean of points and the range of variation which are 

assigned to the cluster. Mean, and SD can be used to label data (Diday and Simon 1976). 

Estimating the optimal number of clusters 

The K-means clustering requires the users to specify the number of clusters to be 

generated. Different methods, namely Elbow, Average silhouette methods, and Frequency 

among 30 indices, are available to identify the optimal number of clusters (Kassambara 2017). 

The following paragraph explains each method.  

▪ Elbow method: the idea behind K-means clustering is to define clusters so that the total 

intra-cluster variation, i.e., the total within-cluster sum of square (WSS) is minimised. This 

method looks at the total WSS as a function of the number of clusters. One should choose 

a number of clusters so that adding another cluster does not improve the total WSS. This 

method computes the clustering algorithm for different values of k, usually by varying k 

from 1 to 10 clusters. Then for each k, the total WSS is calculated. Then the curve of WSS 

according to the number of cluster k is plotted. The knee (bend) location in the plot is 

typically considered an indicator of the appropriate number of clusters. Note that the elbow 

method is sometimes ambiguous; therefore, other alternative methods can be used 

(Kassambara 2017). 

▪ Average silhouette method: this approach measures the quality of clustering and is also used 

for cluster validation statistics. Therefore, it is described comprehensively in the cluster 

validation section. Briefly, it determines how well each object lies within its cluster. A high 

average silhouette width shows good clustering. This method computes the average 

silhouette of objects for different values of K. The optimal number of clusters K is the one 

that maximises the average silhouette over a range of possible values for K. This method is 

similar to Elbow method. First, K-means clustering algorithm for different values of K, for 

example by varying K from 1 to 10 is computed. Then for each K, the average silhouette of 

objects (av.sil) is calculated. The curve of av.sil according to the number of clusters K is 

plotted. Based on the plotted curve, the maximum location is considered as the optimal 

number of clusters (Kassambara 2017). 

▪  Frequency among 30 indices: as sometimes the outcomes of Elbow method and Average 

silhouette method are different, Frequency among 30 indices approach is used to help the 

optimal number of clusters as well. This approach provides 30 indices for determining the 

relevant number of clusters and proposes to users the best clustering scheme from the 

different results obtained by varying all combinations of the number of clusters, distance 

measures, and clustering methods (Kassambara 2017). 
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Cluster validation technique 

Clustering results can be validated through triangulation. As mentioned in Section 3.2, 

there are four types of triangulation for the validation of any construct (here clustering results). 

These four types of triangulation include data source triangulation, theory triangulation, 

investigator triangulation, and methodological triangulation. Data source triangulation is 

attributed to a type of triangulation where the data are expected to remain the same in different 

contexts. Theory triangulation is a type of triangulation that investigators with different points 

of view interpret the same results. Investigator triangulation is attributed to a type of 

triangulation where the same phenomenon is examined by several investigators. 

Methodological triangulation is a type of triangulation in which multiple methods are used to 

conduct a study (Oyegoke 2011). Among four types of triangulation, theory triangulation is 

applied in Stage B of this research to validate the clustering results. This validation method 

includes using theories, laws, or hypotheses when examining a situation or phenomenon so that 

investigators with different points of view interpret the same results. The idea is to look at a 

phenomenon from different points of view, through different lenses, with different questions in 

mind (Denzin 2010). In other words, investigators with different points of view interpret the 

same results.   

Silhouette method, as a law or rule, is applied as a cluster validation measure in this thesis. 

The cluster validation measure is a theoretical triangulation because investigators with different 

points of view can interpret the same results based on the rules or laws. The rules are related to 

the goal of clustering. As the goal of K-means clustering is to split the data set into clusters of 

objects such that (i) the objects in the same cluster are similar as much as possible, (ii) and the 

objects in different clusters are highly distinct, the average distance within a cluster should be 

as small as possible, while the average distance between clusters to be as large as possible. 

Hence, cluster validation measures reflect the compactness and separation of the cluster 

partitions. Compactness or cluster cohesion measures how close the objects are within the same 

cluster. A lower within-cluster variation is an indicator of good cluster compactness, i.e., good 

clustering. Separation measures how well-separated a cluster is from other clusters. Silhouette 

coefficient or silhouette analysis measures how well an object is clustered, and it estimates the 

average distance between clusters. The silhouette value is a measure of how similar an object 

is to its own cluster (cohesion) compared to other clusters (separation). The silhouette plot 

displays a measure of how close each point in one cluster is to points in the neighbouring 

clusters (Kassambara 2017). 

For each object i, the silhouette width Si is calculated as follows:  
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(i) For each object i, calculate the average dissimilarity ai between i and all other points of 

the cluster where i belongs. 

(ii) For all other cluster C, in which i does not belong, calculate the average dissimilarity d 

(i,C) of i to all objects of C. The smallest of these d (i,C) is defined as 𝑏𝑖 =

 𝑚𝑖𝑛𝑐 𝑑(𝑖, 𝐶). The value of bi can be seen as the dissimilarity between i and its 

“neighbour” cluster, i.e., the nearest one to which it does not belong. 

(iii) Eventually, the silhouette width of the object i is defined by the formula: 𝑆𝑖 = (𝑏𝑖 −

𝑎𝑖)/𝑚𝑎𝑥(𝑎𝑖, 𝑏𝑖).  

The silhouette ranges (𝑆𝑖) from −1 to +1, where a high value indicates that the object is 

well-matched to its own cluster and poorly-matched to neighboring clusters. The clustering 

configuration is appropriate if most objects have a high value. A small 𝑆𝑖 (i.e., around 0) means 

that the object lies between two clusters. If many points have a negative 𝑆𝑖, then objects are 

probably placed in the wrong cluster (Kassambara 2017).  

3.4.4 R programming 

Clustering has been conducted through programming in R studio environment in this 

research. R is a free and powerful statistical software for analysing and visualising data. R 

studio is an integrated development environment for R that makes using R easier. It includes a 

console, code editor, and tools for plotting (Kassambara 2017). Following R packages were 

applied in the thesis to compute clustering: 

▪ factorextra for data visualisation. 

▪ fpc for computing clustering validation statistics. 

▪ NbClust for determining the optimal number of clusters in the data set.  

3.5 Research roadmap for stage C 

Stage C of the research assumes that the architect in a D&C company has been tasked to 

design a fully customised building layout, i.e., a one-of-a-kind product. This task takes place 

after the conceptual design stage, i.e., during the preliminary design stage. Under this scenario, 

the architect has little room to offer modular design layouts; instead, s/he must endeavor to 

accommodate MC through integrating production processes in the building design without 

compromising the flexibility in the customised architectural design.  This scenario provides a 

higher degree of customisation compared to the first scenario. The following sub-sections are 

illustrated the research roadmap for this scenario.  
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3.5.1 Data collection to find a floor panel layout (load-bearing wall position) 

Like stage B, this stage starts with finding a problem and understanding the epistemology 

or literature related to the problem, called layout design problems (floor panel layout) in the 

design optimisation scope. The main objective of this problem is to design a mass customised 

building with a focus on a layout design, i.e., architectural floor plan design and its related 

components, i.e., floor panels. In other words, the goal is to identify the manufacturability of a 

layout design and to find a floor panel layout with the optimal production process by integrating 

client-driven design and efficient manufacturing processes. In terms of modular design 

perspective, considering the floor plan or layout design is related to the spatial voids or 

architectural design perspective, while the floor panel layout is associated with the solid mass 

perspective.  

This scenario encompasses the second, third and fourth objectives, i.e., finding and 

incorporating variables and parameters that address off-site manufacturing processes and 

integrating architectural design parameters and efficient manufacturing. This scenario is usually 

allowed where manufacturer’s actions do not sacrifice architectural design and keep the client 

satisfied. Studies show that the desire for layout design customisation is strong (Hofman et al. 

2006) (Veenstra et al. 2006). On the other hand, the building structure, as a building core, has 

perhaps the highest potential for increasing production efficiency or cost efficiency through 

platform concepts. The building structure has the potential for a degree of standardisation, and 

the architect can efficiently and effectively handle it through appropriate layout design by 

considering the above variables. 

The following figure indicates the relation of a mass customised design and the 

integration of a customised design and design for manufacturability. As shown in the figure, 

with the aid of manufacturing data from the supply side, a customised design can be converted 

into a mass customised design. This conversion can be conducted by sharing and representing 

data in a mathematical and optimisation model.  

 

Figure 20- The framework of the scenario 



 

Chapter 3: Research Design and Methodology 79 

Generally, mathematical models can help integrate design and manufacturing and search 

for the optimal solution to maximise or minimise an objective. The main variables in the current 

layout design problem are load-bearing wall location and floor panel dimensions. Due to some 

constraints in manufacturing of the billet, the billet and panel widths are usually the same. 

Therefore, it is considered as a parameter, but panel length and thickness are variables. The 

‘levers of efficiency’ within the MC concept for CLT systems relate to the type of material 

selected, the thickness of panels, and the spanning capacity. Determining these factors is 

remarkably dependent on the load-bearing wall location. Whilst these panels are not fully 

standardised, they are mass customised, the ability to find commonalities between CLT 

thicknesses and spanning or loading capacities ‘within’ the project allows for a relative degree 

of efficient design. Panel efficiencies, in this sense, usually be considered as part of a single 

project only, not a comparison between different projects, because the majority of projects are 

unique (Kaiser et al. 2019).  

Relative to the design and scope of the project, once the panelisation is completed the 

geometric shapes, or the panels nesting, must be optimised for cutting from the billet. In 

industry practice, there is software that optimises panel nesting. However, anecdotally, in real 

practice, human intervention for nesting panels and selecting specified thicknesses seems still 

to be the preferred option (Kremer 2018). Also, the software is designed for predetermined 

dimensions, including panel length, width, and thickness. In any project, there is likely to be an 

assortment of panel shapes and sizes to be cut from billets.  Manufacturers cannot simply just 

‘remove or reduce’ these parts to make efficient use of the production time, particularly CNC 

time, which increases production efficiency. However, what can be done is the arrangement of 

panels across multiple billets with a few changes in length and, consequently, in thickness to 

ensure efficient cutting. This scenario is usually allowed where manufacturer’s actions do not 

sacrifice architectural design and keep the client satisfied. The following figure visually 

indicates the research variables and parameters. Section 3.5.3 and Chapter 5 discuss the related 

objectives and the constraints of Stage C.   
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Figure 21- The variables and parameters of the layout design problem in the thesis (model parameters and 

variables) 

The next figure presents the key parts of developing the mathematical model: i) data 

collection; ii) developing optimisation model based on the objective, parameters, variables, and 

constraints; iii) analysing of the results.  

 

Figure 22- The key parts of developing the model 

It is notable that a CLT  building as a case study with simply supported floor and its 

corresponding structural constraints are considered. Therefore, the manufacturing data 

collection predominantly was focused on CLT off-site manufacturing process-related data. In 

general, there are two types of floor in prefabricated systems: simply supported floor and 

continuous floor. A simply supported floor is a floor with its ends simply supported on two 
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walls free to bend at the ends without any restraint, and it has only one span between two 

supports. On the other hand,  a continuous floor is a floor extending over more than two supports 

or walls. The following figure shows the simple supported floor (XLam 2017) (Knaack et al. 

2012). 

  

Figure 23- Simply supported floor (left) compared to the continuous floor (right), adapted from (XLam 2017) 

Accounting for manufacturing process stages 

As mentioned in Chapter 2, the extant research shows that pressing and CNC router 

cutting stage and raw materials are the high-cost factors in fabricating billets and panels (Abiri 

2020; Brandt et al. 2019; de Araujo Carneiro 2019). Therefore, the off-site process-related data 

and design data targeting production efficiency and profit include but are not limited to: (i) 

average lumber and adhesive costs (raw materials) and their ratio in each billet, (ii) 

manufacturing process time, and productive hour cost (PHC), (iii) manufacturing constraints 

and typical CLT billets dimensions, (iv) architectural and structural design constraints, (v) CLT 

panel market price per unit. 

 

Figure 24- The stages focused in this research 

Some of the information was extracted from a reputable CLT factory in Australia.The 

next table  presents the data collected from the case factory. The factory’s logistics director 

provided the material costs and related information. The estimated time of two main 

manufacturing stages, i.e., press and CNC process stages, for different billet and panel types 

was adapted from the research conducted by Araujo Carneiro (de Araujo Carneiro 2019) which 

is elucidated in Section 2.5.4. In this study, to simplify the conversion of production time into 

cost, only the production direct cost, which is referred to here as the productive hour cost (PHC), 
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is considered. The unit productive hour cost, which is the sum of standard direct labor cost, was 

estimated based on the average number and wages of the workers involved in the factory 

manufacturing process. Manufacturing constraints were identified by interviewing the director 

of technical service, investigating literature and manufacturers’ websites, and attending 

webinars. CLT billets and structural design constraints presented in Table 7, were extracted 

from  the manufacturer’s preliminary design guide. Also, architectural design constraints were 

recognised according to an initial customised architectural design. The factory’s sales and 

marketing supervisor presented the market price.  

Table 6- Data collected from the case factory 

Data  Description 

Location of the factory Melbourne, Victoria, Australia 

Production floor space Over 16,000 Sq. meter production floor space 

Production capacity Over 60,000 Cubic meter yearly production capacity 

Investment Over 54 million dollar invested in their facilities 

Period of data collection Two weeks 

SMEs interviews 

3 SMEs: 

1. Factory’s logistics director/head 

2. Factory's technical service director/head 

3. Factory's marketing supervisor  

Types of data collected 

1. Average lumber and adhesive costs (raw materials) and their ratio in 

each billet 

2. Manufacturing process time, and productive hour cost (PHC) 

3. Typical CLT billet dimensions 

4. CLT panel market price per unit 

5. Data regarding manufacturing constraints (i.e., the CNC cutting 

process constraints, pressing stage) 

 

Accounting for transport and installation stages 

The manufactured panels should be delivered to the construction site. Off-site 

transportation of materials has been estimated to account for 10–20% of the total project 

expenditure in construction projects. Transportation cost depends on the size and weight of 

panels, transportation method, and distance of travel. The shipping method varies depending on 

the infrastructure, routes, and distance (Ahmadian et al. 2016). The regional types of vehicles 

are trucks, trains, and ships. Truck transportation is the most feasible and common type of 

shipment method regionally. Truck transportation requires transportation permits for oversized 
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loads, dimensional limitations, and road regulation restrictions. City and government 

permissions or tuck escort add costs to the project and is not always feasible. Furthermore, the 

size of the hauling is limited by the regulation as well. The maximum truck size authorised by 

Australia’s government is 2.5 meters wide, 4.3 meters tall or high, and  12.3 meters long 

(National Heavy Vehicle Regulator 2016). In practice, the panel width is typically limited 

between 0.6 and 4.2 meters, and panel length is considered up to 12.00 meters due to the 

standard dimensions of the truck used to transport the element to the construction site. Payload 

either wider or/and higher than 2.4 and 4.2 meters or/and longer than 12.00 meters requires one 

pilot vehicle with some special arrangement (Sharafi et al. 2017). Therefore, the maximum floor 

panel width, height, and length in this research are limited to these dimensions. 

Once the CLT panels arrive at the construction site, the installation and erection process 

initiates. On-site installation typically includes lifting, positioning, adjusting, and connecting 

the elements. As mentioned before, component production costs comprise  80% of prefabricated 

structure costs (Forsythe and Sepasgozar 2019; Goh and Goh 2019; Hasan et al. 2018), and this 

percentage is significant compared to transport and installation costs. Hence, the current study 

focuses on optimising the manufacturing process of CLT elements, but it considers the transport 

and installation constraints. In other words, this research does not aim to optimise the logistic 

process and costs. 

3.5.2 Model development  

The MC definitions tend to look at MC as a strategy to accommodate customisation into 

mass production (MP) with relatively similar principles. Those principles are to meet clients’ 

requirements or value (i.e., generating customisation in products) and manufacureres’ needs 

(i.e., producing products with production efficiency). In real-world production activities, 

companies often have to consider a variety of factors when setting a goal, such as market, 

production efficiency  or profit, client satisfaction and loyalty, and corporate image and culture. 

For long-term development, companies may even sacrifice their profit due to lower production 

efficiency in some cases, which is not the case in this research. The concept of efficiency has a 

number of dimensions. Overall, economic efficiency requires the satisfaction of production 

efficiency. Hence, maximum production efficiency requires that products be produced at the 

lowest possible cost. Production efficiency is achieved when the product is produced at a 

minimum cost (Commission 2013), and the profit is high. Then the client would subsequently 

buy the customised building structure at a reasonable price. Aesthetic and other subjective 

aspects of design are typically ignored in optimisation models because they are difficult to 

model with mathematics. Hence, the subjective aspects were not modeled in this thesis. 
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Measuring the client requirements or value, which is supported by utility theory, is complicated 

and requires considering several variables in building design and is out of this research scope. 

However, this research has attempted to simplify it by considering the following elements: (i) 

considering the architect’s suggestion regarding architectural design constraints and client’s 

desires, and (ii) limiting the price of the product (i.e., building structure) by reducing client 

costs or considering the client’s willingness to pay.  

Since architectural design and building structure price, which involve the customisation 

part of MC strategy, are considered as a design constraint and clients requirements in 

mathematical modelling, the emphasis of the objective function is on the optimal production 

processes or on maximising profit. In order to focus on the main objective of this thesis and 

simplify the model, a single objective to maximise profit is set, so the preliminary objective 

function is noted as:  

𝐸𝑞(7). 𝑚𝑎𝑥 𝜋 =  ∑ 𝑅(𝑆𝑖) − 𝐶  

Where 𝜋 means manufacture profit, which can be obtained by total revenue minus the 

cost. Manufacturers tend to produce a variety of components (floor panels) to meet the different 

needs of clients. Therefore, 𝑆𝑖 represents the amount of 𝑖 th component, and 𝑅(𝑆𝑖) represents 

the total revenue, and 𝐶 represents the total cost. In order to maximise profit, the manufacturer 

should determine the variable related to 𝑆, including panel thickness and length. An explicit 

definition of the total cost part of the objective function,i.e., 𝐶, is illustrated in detail in Section 

3.5.3.  

The flexible demand assignment problem can be adapted to model the problem of 

designing load-bearing walls location in an architectural plan. The following section discusses 

how flexible demand assignment is adapted to develop the model. 

Adapting flexible demand assignment to the floor design problem 

The problem of designing each floor panel’s length (i.e., building spans) and thickness, 

which is shown in the following figure, can be modeled as a flexible demand assignment due 

to their similarity of variables. In operation research, there is a well-known problem called the 

flexible demand assignment problem (FDA). Flexible demand assignment problem optimises 

the material usage when cutting a standard-size piece of material called a bin into smaller pieces 

with flexible sizes called item (Balakrishnan and Geunes 2003; Wang et al. 2004). This problem 

is motivated by one form of client or demand flexibility which is called product-specification 

flexibility available to a manufacturer of made-to-order specialty steel plates. Rather than 

specifying product dimensions precisely, some clients are willing to accept steel plates with a 
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specified range of sizes. For each item, the manufacturer must decide, as a part of its production 

plan, the size of the finished item to produce within the specified range. This choice impacts 

the utilisation of resources and hence manufacturing cost (Alidaee et al. 2011; Balakrishnan 

and Geunes 2003; Wang et al. 2004).  

Supposing that the manufacturer produces 𝐼 set of outputs (item) from 𝑇 inputs (bin), for 

each item 𝑖(𝑖 ∈ 𝐼), 𝑅𝑖 is the constant unit revenue for item 𝑖 . 𝑙𝑖 , 𝑢𝑖 stand for the minimum 

(lower) and maximum (upper) size of item 𝑖 , according to the client demand range. For each 

bin 𝑡(𝑡 ∈ 𝑇), 𝐶𝑡 denotes the raw material costs while 𝐵𝑡 means the bin size. 𝑟 denotes the unit 

recycling cost if the capacity of a bin is not fully utilised. The objective aims to decide i) which 

bin (𝑡) to use, ii) which item (𝑖) to assign to each selected bin, and iii) for each item what item 

size (𝑆𝑖𝑡) to fabricate within its specified size range. Hence, there are three sets of decision 

variables:  

(i) Bin selection: 𝑍𝑡 = 1 if bin 𝑡 is utilised, 0 otherwise. 

(ii) Item-to-bin assignment: 𝑋𝑖𝑡 = 1 if item 𝑖 is assigned to bin 𝑡, 0 otherwise. 

(iii) Item sizing: 𝑆𝑖𝑡=size of item 𝑖 assigned to bin 𝑡. 

The objective of the FDA is to minimise total material waste. FDA problem is a complex 

problem and is typically solved with metaheuristics algorithms (Balakrishnan and Geunes 

2003) such as a genetic algorithm.  

In the floor panel design problem, the objective aims to decide: (i) billet selection 

(whether billet 𝑡 is utilised), (ii) panel to billet assignment (whether panel 𝑖 is assigned to billet 

𝑡), (iii) panel sizing (thickness and length of panel 𝑖 assigned to billet 𝑡). 

The following figure shows a simple example of a hypothetical floor plan with three 

different panel lengths and thicknesses. The different dimensions (thickness and length) in the 

floor plan are shown by different colours. Each thickness should be cut out of a distinct billet. 

The gray colour indicates the amount of waste that could be managed by either changing the 

panel length or changing the cut arrangements across different billets of the same size, which 

is the main objective of the FDA. 
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Figure 25- An illustrative example of a floor design problem in 2D plan (top left) and billet cuts based on the 

floor panel lengths 

The differences that distinguish the current problem from the FDA are: (i) the FDA is a 

one-dimensional problem since it aims at finding the optimal length of items, and the item 

thickness is not addressed. However, the current problem looks for the optimal length and 

thickness of items (panels). The matter that should be discussed around this subject is how to 

determine the panel thickness. The answer lies within the structural constraints, leading to 

adopting the extant options introduced in manufacturer’s design table (Table 7).   

Table 7- Preliminary structural design table, adapted from (XLam 2017) 
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The other difference is the nature of the objective function. As mentioned earlier in the 

thesis, the objective of the current study is to optimise load-bearing wall placement and floor 

panel layout in the preliminary design stage regarding the optimal production process through 

integrating client-driven design and efficient manufacturing processes. Since architectural 

design, which involves the customisation part of MC strategy is considered as a constraint in 

the mathematical modelling, the emphasis of the objective function is on the optimal production 

processes.  

The proposed model optimises the interactions between the structural wall placement and 

floor panel dimensions by determining building spans, floor panel lengths, and thicknesses. 

Model assumptions and design constraints  

The modeling practice in this research is based on the following structural and 

architectural design constraints and assumptions: 

1. Although each CLT manufacturer has their own distinct design guide, the structure 

design constraints are formulated based on the table attached in Table 7 extracted from 

a reputable Australian manufacturer’s design manual. The table can also be replaced 

with any other manufacturer’s design tables.  
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2. As typical implementation in prefabricated buildings, the width of all floor panels is 

the same and is considered as a parameter. Still, the panel length and thickness, 

representing span, are variables.  

3. The wall characteristics (dimensions) and production process are not taken into 

consideration in this research. 

4. The model aims at simulating spans of one building’s floor, and it is assumed that the 

other floors in terms of spans or load-bearing wall placement are similar. 

5. This research has not covered structural design performance and floor connections.  

6. Albeit the installation order at the construction site should be considered by 

optimisation, for simplification, it is assumed that all CLT panels in the project are cut 

from billets without considering the installation priority.  

7. Since floor panels are placed on the load-bearing walls, the maximum (𝑢𝑖) and 

minimum size (𝑙𝑖) of panel 𝑖  is determined based on the architect’s opinion. 

8. Bound size constraint specifies the buildable area length and width in the model. 

9. There is a restriction on panel thickness due to regulations. If the roof thickness 

surpasses a certain threshold, it could cause the entire building’s height to exceed the 

permissible limit outlined in the regulations. 

In the next section, the problem is presented in a mathematical form. 

3.5.3 Mathematical representation of the model 

To compare the floor design alternatives, a cost function is necessary. Aesthetic and other 

subjective aspects of design are typically ignored in optimisation models because they are 

difficult to model with mathematics. Hence, the subjective aspects were not modeled in this 

thesis. The objective of the floor design problem is to find the optimal production process, and 

the optimal production process leads to maximising manufacturer’s profit and decreasing the 

client’s cost. Therefore, maximising the manufacturer’s profit is introduced as an objective 

function, Eq (8), while reducing client’s cost appears in the form of constraint, Eq (9).  

The composition of production costs is very diverse, and its accounting is very complex. 

It may include procurement costs of raw materials, manufacturing costs, human resource costs, 

transportation and installation costs, depreciation of fixed assets, marketing costs, etc. Some of 

its content is beyond the scope of the dissertation. Hence, this model mainly considers the main 

factors making up manufacturing process associated costs, including raw materials (lumber 

board and adhesive), pressing stage, and CNC router cutting stage, as addressed in Chapter 2, 
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Section 2.5. The mathematical notations of the model are listed in Table 9. For estimating raw 

material costs, the adhesive spread rate specifying the amount of utilised adhesive and lumber 

in a billet is considered 250 kilograms per square meter (Yusof et al. 2019; Yusoh et al. 2020). 

Pressing stage and CNC router cutting stage time (Table 8) are multiplied by productive hour 

cost (PHC) to convert to cost unit. PHC is calculated based on the average number of workers 

and their wages required for the production stage.  

Table 8- Manufacturing time for producing billet with 3 meters width and 12 meters length and different sizes of 

panels which cut from billets, adapted from (de Araujo Carneiro 2019) 

Number of 
layers in a 
CLT billet 

𝑃𝑟𝑒𝑠𝑠𝑡 (minutes) 𝐶𝑁𝐶𝑖𝑡 (minutes) PW (minutes) 

3-layer 91 
1.13 +

9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
 

10 

5-layer 102 
14.3 +

9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
 

7layer 110 
25.09 +

9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
 

Eq (9) limits the structure price (i.e., client cost). With the aid of the architect, the client 

should rationally determine the intended cost based on the extant market price and the client’s 

willingness to pay, which reflects the value they gain from optimisation of the production 

process. As generalising the value is out of the scope of this research, to simplify the model, it 

is supposed that the floor structure price per meter must be less than the average price proposed 

by different manufacturers. 

The objective function is subject to the following constraints. The assignment constraint, 

i.e., Eq (10), requires assigning each panel to exactly one billet. Eq (11) shows the panel size 

range (minimum and maximum span) determined based on the architect’s opinions or data 

analysis results (Chapter 4). In other words, this equation ensures that if panel 𝑖 assigned to 

billet 𝑡 , the panel size lies between its allowable minimum and maximum size; otherwise, the 

size of panel 𝑖 assigned to billet 𝑡  must be zero. The billet size constraint, Eq (12), specifies 

that the total size (length) of panels assigned to a given billet must not exceed that billet size. 

This constraint also prevents assigning panels to billets that are not chosen. Structure design 

constraints, Eq (13), avoid assigning panels to billets that cannot be utilised due to structural 

design considerations. Structure design constraints are determined based on Table 7, which is 

a manufacturer’s initial design table indicating whether panel 𝑖 with the corresponding length 

can be cut from billet 𝑡 or not. Eq (14), the bound size constraint, represents the floor area that 

panels should cover. The bound size constraint specifies the buildable area length and width in 

the model. Eq (15) indicates nonnegativity and integrality constraints. 

Objective function: 
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𝐸𝑞(8). 𝑚𝑎𝑥 ∑ ∑ 𝑅𝑖𝑡

𝑡

1

𝑖

1

𝑆𝑖𝑡 − ∑ 𝐶𝑡

𝑡

1

𝑍𝑡 − 𝑟 ∑(𝐵𝑡 𝑍𝑡  − 

𝑡

1

∑ 𝑆𝑖𝑡

𝑖

1

)

− 𝑃𝐻𝐶 ∑ 𝑃𝑟𝑒𝑠𝑠𝑡𝑍𝑡 −

𝑡

1

𝑃𝐻𝐶 ∑ ∑ 𝐶𝑁𝐶𝑖𝑡

𝑡

1

𝑖

1

 

𝐸𝑞(9). ∑ ∑ 𝑆𝑖𝑡

𝑡

1

𝑖

1

 𝑅𝑖𝑡 ≤ 𝐾 

𝐸𝑞(10). ∑ 𝑋𝑖𝑡

𝑡

1

= 1, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 ∈  𝐼  

𝐸𝑞(11). 𝑙𝑖 𝑋𝑖𝑡 ≤ 𝑆𝑖𝑡 ≤ 𝑢𝑖  𝑋𝑖𝑡 

𝐸𝑞(12). ∑ 𝑆𝑖𝑡

𝑖

≤ 𝐵𝑡𝑍𝑡, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡 ∈ 𝑇 

𝐸𝑞(13).  𝑋𝑖𝑡 = 1 𝑜𝑟 0 

𝐸𝑞(14).  𝐿 = ∑ 𝑆𝑖𝑡

𝑖 

 

𝐸𝑞(15). 𝑆𝑖𝑡 ≥ 0, 𝑋𝑖𝑡 ∈ {0,1}, 𝑍𝑡 ∈ {0,1} 

Table 9- Mathematical notations 

   
Symbol  Description Unit Symbol Description Unit 

𝐵𝑡  Billet t area Squar
e 

meter 

r Recycling cost Dollars 
per cubic 

meter 
𝐶𝑁𝐶𝑖𝑡 CNC stage 

process time of 
panel i cut from 

billet t 

Minut
e 

𝑅𝑡 Price of a square meter of billet t Dollars 
per 

square 
meter 

𝐶𝑡 Materials costs 
of billet type t  

Dolla
rs per 
billet 

𝑆𝑖𝑡  Panel size i cut from billet t Square 
meter 

K  (client’s 
financial 

objective) 
maximum 

structure price 
they desire to 

pay 

Dolla
rs 

𝑠𝑒𝑡 Coding software CNC machining 
estimated time 

Minute 

𝐼
= {1,2, . . 𝑖} 

Set of panels - 𝑇
= {1,2, … t} 

Set of all billets - 
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with the option of choosing 
thicknesses from the following billet 

types: 
3-layer billets thicknesses(meters): 

0.085,0.105,0.115,0.125, 0.135, 
5-layer billets thicknesses(meters): 
0.145,0.160, 0.175, 0.195, 0.205, 

0.225, 
7-layer billet thicknesses(meters): 
0.245, 0.265, 0.275, 0.295, 0.315 

𝑙𝑖  Lower size of 
panel i 

Squar
e 

Meter 

𝑢𝑖 Upper size of panel i Square 
meter 

𝐿 Building floor 
area 

Squar
e 

Meter 

W Waste of billet during the cutting Square 
meter 

NP Number of 
panels 

- 𝑋𝑖𝑡 1    𝐼𝑓 𝑝𝑎𝑛𝑒𝑙 𝑖 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑏𝑖𝑙𝑙𝑒𝑡 𝑡 
0               𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 - 

𝑃𝐻𝐶 Productive hour 
cost 

Dolla
rs per 
minut

e 

𝑍𝑡 {
1              𝐼𝑓 𝑏𝑖𝑙𝑙𝑒𝑡 𝑡 𝑠𝑒𝑙𝑙𝑒𝑐𝑡𝑒𝑑
0                                𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 - 

𝑃𝑟𝑒𝑠𝑠𝑡  Billet t pressing 
stage process 

time 

Minut
e 

   

3.5.4 Applying Genetic Algorithm as a solution search method of the model 

The FDA is a complicated problem and has been solved by metaheuristic algorithms 

(Balakrishnan and Geunes 2003; Wang et al. 2004).  Metaheuristic algorithms are 

computational intelligence paradigms especially used for sophisticated solving optimisation 

problems (Abdel-Basset et al. 2018). Among the metaheuristic algorithms, Genetic Algorithm 

(GA) is more common. Hence, it would be an appropriate method to solve the developed model. 

GA is a stochastic search method based on natural selection where a population is formed by 

individuals (Augusto et al. 2012; Hassanat et al. 2019). Each individual is a solution to the 

problem. If the solutions can be divided into a series of small blocks, then the steps, which are 

represented by genes and a series of genes (a chromosome), will encode the complete solutions 

(Hassanat et al. 2019). 

Five phases are considered in a GA: 

i. Initial population:  GAs begins with a set of individuals. An individual is characterised 

by a set of the model’s variables known as genes. Genes are joined into a string to 

constitute a chromosome (Hassanat et al. 2019). In this study, based on the variables 

specified under Section 3.4.1, the chromosome structure should be according to the next 

figure. The first set of genes indicates panel sizing. The second set of genes represents 

allowable billet type, i.e., billet thickness. Finally, the last set shows the panel to billet 

assignment. 

https://www.sciencedirect.com/topics/engineering/solving-optimization-problem
https://www.sciencedirect.com/topics/engineering/solving-optimization-problem
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Figure 26- Chromosome structure 

ii. Fitness: This step computes the fitness value of each individual in the present 

population. Fitness classifies chromosomes in accordance with an objective function. 

Then, the best group of individuals is allowed to continue the process, whereas the 

others are rejected (Augusto et al. 2012; Hassanat et al. 2019).  

iii. New population: Steps 4, 5, and 6 are repeated to create a new population up to 

completion.  

iv. Selection (reproduction): The selection chooses the individuals that will participate in 

the cross-over. The better an individual is, the higher it has chance of being selected 

(Hassanat et al. 2019). There are several selection strategies; Roulette Wheel Selection, 

which is widely-used in Single-objective, (Hassanat et al. 2019) is adopted for selection 

operation.  

v. Cross-over: The selection process utilisation determines the individuals’ uses in the 

cross-over to produce a new offspring (Hassanat et al. 2019).  Crossover operation is 

used to improve the diversity of the population so as to advance global searching (Xu et 

al. 2017).  

vi. Mutation: Normally, mutation takes place after cross-over. This operator randomly 

applies the changes to one or more genes to produce a new offspring. Hence, it creates 

new adaptive solutions to avoid local optima (Hassanat et al. 2019). Mutation is 

different from crossover selection which is used to improve the global search by 

changing large part of genes of chromosomes  (Hassanat et al. 2019). While the mutation 

operation only slightly changes the genes of a chromosome, which can protect good 

patterns to help convergence and avoid being trapped by local optima. A mutation point 

is randomly selected (Xu et al. 2017). 

vii. Termination criteria: GA must stop at a point to announce the best solution in hand. 

There are some termination conditions (Hassanat et al. 2019). In the current study, 

reaching a fixed number of generations is utilised as a termination strategy. 

In this thesis, the designed genetic algorithm is implemented in Matlab environment, 

where optimisation can be conducted. Generally, four major parameters playing an important 



 

Chapter 3: Research Design and Methodology 93 

role in gaining appropriate solutions used by GA include cross-over and mutation rate, 

population size, and the number of generations (Hassanat et al. 2019). The determination of 

these parameters is dependent on specific optimisation problems and testing of optimisation 

performance (Xu et al. 2017).  Setting of these running parameters and the optimisation result 

are presented in Chapter 5. 

3.5.5 Model validation techniques  

Theory triangulation is the use of multiple theories, laws, rules, or hypotheses when 

examining a situation or phenomenon. The idea is to look at a phenomenon from different 

viewpoints, through different lenses, with different questions in mind (Denzin 2010). In other 

words, investigators with different points of view interpret the same results. Theories are 

usually introduced when a previous study of a class of phenomena has revealed a system of 

uniformities that can be expressed in the form of empirical laws. Theories explore to explain 

those regularities and, generally, to afford a deeper and more accurate understanding of the 

phenomena in question. Like many laws in natural science, many managerial laws have made 

a great impact while rigorous theories remained absent, although theories exist at a higher and 

deeper level than laws (Schmenner and Swink 1998).  

The discipline of operations management has developed a set of laws that have bearing 

on the phenomenon of differential factory productivity or production efficiency. Some of these 

laws are deductive and derived from mathematical foundations, and some of them are 

probabilistic and derived from observed data, namely the law of variability, the law of quality, 

the law of bottleneck, the law of factory focus, etc. Among these laws, the law of variability 

was applied in the model validation section as a theory triangulation method. Based on this law, 

the greater the random variability, either demanded of the process or inherent in the process 

itself or in the items processed, the less productive the process is or, the less production 

efficiency the process has. This law derives from the theory of swift even flow and can be 

verified by simulation. The more variable the timing or the nature of the jobs to be done by the 

process, and the more variable the processing steps themselves or the items processed, the less 

output there will be formed the process, as captured by labour production efficiency measures, 

machine production efficiency measures, material production efficiency measures, or total 

factor production efficiency measures (Schmenner and Swink 1998). 

3.6 Research design summary and its implications for this thesis 

To develop a data-driven framework for MC, two scenarios are considered in this 

research. Therefore, the research methodology and stages, including data collection, data 
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analysis, and model validation, for each scenario are discussed in this chapter. The first 

scenario, which is discussed in Chapter 4, assumes that an architect is looking for modular 

design patterns that support MC. In other words, they look for manufacturable design patterns 

that are applicable or desirable for the selected clients. Therefore, the architect runs a fact-based 

comparison in order to enable modular design layouts based on the similarities in the clients’ 

architectural designs. This scenario must be executed in the conceptual design stage. This 

scenario aims at meeting the first objective of this research. The first objective of this research 

include (i) recognising the manufacturability of layout design and (ii) identifying similarities in 

architectural design and structural spans of different apartments. These can be considered as a 

means to find a pattern for dwellings’ modular design offered to different clients. In other 

words, this objective identify the common architectural space characteristics (i.e., space length, 

width, aspect ratio) and structural spans. The clustering technique was considered as a method 

to find a pattern for apartments’ modular design. Among four types of triangulations, theory 

triangulation is considered in this research to validate the clustering results. 

The second scenario discussed in Chapter 5 assumes that the architect has been tasked to 

design a fully customised building layout. This task takes place during the preliminary design 

stage. Under this scenario, the architect has little room to offer modular design layouts; instead, 

s/he must endeavor to accommodate MC through integrating production processes in the 

building design without compromising the flexibility in the customised architectural design. 

This scenario aims at achieving the second, third and fourth objectives. These objectives are (i) 

to mathematically model the interrelationships between architectural and structural layout 

designs , (ii)to determine the most critical manufacturing processes influencing building layout, 

(iii) to integrate manufacturing processes in building layout design for attaining optimal factory 

efficiency and preserving architectural flexibility. In other words, these objectives lead to 

finding a wall and floor panel layout with the optimal production process. A mathematical 

model is proposed. The proposed model optimises the interactions between the structural wall 

placement and floor panel dimensions by determining building spans, floor panel lengths, and 

thicknesses. Every option is measured against the available budget, and the client wants to know 

the cost implication of every combination of options. Theory triangulation is also considered in 

this scenario to validate the mathematical model results. 
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Chapter 4: Analysing and Clustering Building 
Layouts  

4.1 Introduction 

To apply product platform strategies for mass customisation of buildings, the focus must 

be on design specifications that lie between ETO and SV (Bonev et al. 2015). As elaborated 

upon in Chapter 2, this intermediary realm allows for alignment between supply-side and 

demand-side stakeholders to collaborate on building design refinements at the module or 

component level, thereby facilitating a degree of standardisation. MC for the building design 

does not mean that an infinite number of options have to be offered. Instead, in a mass 

customised apartment, an appropriate number of options can be sufficient (Cuperus 2003). This 

is where the role of Mass Customisation (MC) enablers such as modules, platforms, and product 

families comes to the fore, effectively serving as mechanisms to provide a diverse yet 

manageable range of choices. Yet, the existing literature reveals a scarcity in comprehensive 

analyses of apartment designs, particularly in formulating architectural design parameters. This 

gap impedes the process of focusing on high-demand options and subsequently developing a 

coherent pattern for modular building design, akin to a product platform. Within this context, 

the present chapter postulates a scenario in which an architect endeavours to find modular 

design patterns that support MC through product platform concepts. In other words, they look 

for manufacturable design patterns that are applicable or desirable for the selected clients. As 

one of the research objectives is to identify design patterns within the mid-rise residential 

building market that can collectively lend themselves to prefabrication, this chapter treats all 

units within nine buildings as one sample set. Therefore, individual assessment of each of the 

nine buildings is out of scope of investigations in this chapter. Modelling floor layouts within 

one building for optimum manufacture has been discussed in Chapter 5. 

The architect has a role to identify a balance between the clients’ preferred design and 

efficient manufacturing process. Therefore, the architect runs a fact-based comparison in order 

to enable modular design layouts based on the similarities in the clients’ architectural designs. 

This method is best executed during the conceptual design phase, facilitating a comprehensive 

exploration of design possibilities. Instead of having wide choices, the objective of 

modularisation in building design is to limit the options based on the expected probability of 

acceptable layout design. Apartments design analysis with spatial voids modularity approach 

gives architects insight into developing a well-defined practical platform. In addition, the 



 

96 Developing a data-driven framework for mass customisation of multi-storey residential buildings 

modular design patterns in this chapter lead to parametrising architectural design and providing 

an appropriate number of design options. Modular design scenarios are identified according to 

finding similarities in architectural design (spatial voids module perspective) and structural 

spans of nine multi-storey housing projects, considering the contemporary manufacturing 

practices (components module perspective) in Australia. The projects include 710 recently 

completed and ongoing apartment units for middle-income earners, which have been built by 

six well-known developers in Sydney, NSW.  

As discussed in Chapter 2, two distinct perspectives—architectural and manufacturing—

are instrumental in shaping modularity within building design. The former, rooted in spatial 

voids, and the latter, centred around solid mass modules, serve as the cornerstones of this 

discussion. Consequently, this chapter unfolds with a dichotomous structure, divided into two 

key sections. 

The first section carries out architectural design analysis to address spatial voids of 

apartments’ modular design and to generate a number of design options with considering 

architectural design patterns. To achieve this, Section 4.2 commences by delineating a 

comprehensive overview of the profile of the examined buildings. It proceeds to define the 

sample size and the methodology deployed for quantifying the parameters of architectural 

drawings.  Subsequently, a synthesis of statistical analysis outcomes pertaining to architectural 

designs—including average spatial void dimensions and the extent of spatial void variability—

is presented. A pivotal facet, spatial void configuration (referred to as spatial voids modules), 

is then elucidated through the lens of cluster analysis. The subsequent exploration, detailed in 

Section 4.3, delves into the realm of layout design manufacturability. This is pursued through 

a twofold approach: Section 4.3.1 delves into statistical analysis regarding apartment spans, 

while Section 4.3.2 focuses on delving into component manufacturing practices. The objective 

is to ascertain the capabilities of Australian prefabricated system manufacturers. This entails a 

comparison between the outcomes of statistical analysis concerning apartment spans and real-

world component manufacturing practices. By weaving insights from Sections 4.3.2 and 4.3.3, 

this section culminates in the presentation of modular design scenarios and span patterns within 

architectural floor plans and vertical designs. This is achieved through the prism of cluster 

analysis. The modular design scenarios presented in this chapter could be equal to CTO 

approach, where the architect define a standard set of building modules or subsystem variants, 

like a number of options for structures design, which can be commonly used within the off-site 

manufacturing design. The next figure shows the Stage B research roadmap which is related to 

this chapter.  
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Figure 27- Research roadmap for Stage B 

4.2 Applying spatial voids perspective to find a pattern for apartments’ modular 
design 

Because of their size and dominance in the market, D&C contractors can dictate to clients, 

provided that they consider their clients’ requirements systematically. Hence, to meet 

customisation requirements, they employ marketing, sales, research, and development (R&D) 

teams to feed architects by providing market analysis information, such as client functional 

requirements and their willingness to pay for the building. Subsequently, architects translate 

these requisites into design parameters. Acting as intermediaries, architects, with the 

collaboration of marketing, sales, research, and development (R&D) teams, generally represent 

the client's interests. The client, having vested authority, entrusts the architect with the 

responsibility of providing them with a dwelling (Warren-Myers and Heywood 2016) 
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The manufacturer generally deals with the building design constructability resulting from 

components manufacturability. In contrast, the client tends to conduct spatial configuration with 

the aid of an architect who offers multiple ranges of apartments in terms of spatial variety and 

layout design. Multiple ranges of apartments are similar to the product variants concept in the 

product design industry. Hence, within the residential building design, it can be concluded that 

the components (solid mass modules) and spatial perspectives are associated with supply-side 

and demand-side concerns, respectively. While the supply-side deals with increasing cost 

efficiency through the production efficiency of components manufacturing, the demand-side is 

concerned with having a variety of housing designs (i.e., spatial configuration or architectural 

layout design) at a reasonable price.  

 

Figure 28- The chapter framework to find some modular design scenarios for apartments design 

Instead of having a wide range of choices, the objective of finding a pattern for 

apartments’ modular design is to provide appropriate number of options according to the 

clients’/ designers’ expected probability of acceptable layout design. Finding a pattern for 

apartments’ modular design might be quite complicated, which  requires considering several 

variables, such as apartment layout, size, cost, building frontage, setback, design style, etc. A 

pattern for apartments’ modular design is generally achieved by predetermined sizes 

(dimensions) and limitation of variety in a systematic approach (Roy and Roy 2016). The 

current research was implemented based on the decomposing of architectural layout design and 

analysing of spaces in a statistical manner. Statistical analysis and a clustering technique were 

performed to find the probabilistic acceptability of the spatial voids dimensions. Architectural 

layout components, i.e., spatial voids, may have defined shapes (square, rectangular, etc.) or 
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loose shapes. Loose shapes are usually undesirable in the layout stage. Special voids in floor 

plans usually include rectangular or square shapes (Michalek et al. 2002). 

Spatial void modularity followed by modular component coordination suggests the 

following benefits: (i). It creates a basis for minimising the variety of types and sizes of building 

components, which is the main objective of the design for MC. (ii). It also allows for the easy 

adoption of prefabricated components to any layout and for their interchangeability within the 

building (Rocha et al. 2015). The easy adoption of prefabricated components to any layout is 

achieved by defining the location of each component in the building with reference to a modular 

grid of spatial void rather than concerning other components. 

In summary, this section, with its following subsections, aids in achieving a part of 

identifying modular design scenarios based on recognising similarities of architectural design. 

4.2.1 Apartments architectural design with a view of spatial voids 

Profile of studied buildings 

Deriving spatial voids dimensions based on clients’ desires has not been extensively 

explored within the prevailing literature, primarily due to reasons such as the limited robustness 

of the study volume. Recognizing that decomposing architectural layout design and conducting 

statistical analysis offer a means of gauging the anticipated likelihood of acceptable 

architectural layout design parameters in line with client preferences, this section embarks on 

data analysis within housing projects, focusing on the architectural spaces within apartments. 

To facilitate this endeavor, a selection of nine recently completed and ongoing projects 

encompassing a total of 710 apartment units in Sydney, NSW has been meticulously chosen 

and dissected to ascertain the essence of the module from a spatial voids perspective. It's worth 

noting that Sydney, NSW accounts for a significant portion of the market share, representing 

approximately 13,200 apartment constructions annually, as per ABS 2017 and ACIF 2019. 

Design and production decisions are usually integrated and jointly made in volumetric 

off-site construction. Namely, it is unlikely to have a building completely designed as a set of 

volumetric prefabricated pods and have a work structure that does not involve the assembly of 

such pods. This provides the simplest and perhaps easiest instance to implement and benefit 

from product modularity in construction because design and production process decisions are 

usually aligned. Yet, buildings are not usually erected by assembling only a set of volumetric 

pods produced off-site. Buildings are most often also comprised of smaller and simpler parts 

(da Rocha and Kemmer 2018), such as wall panels, beams, and columns. These nine buildings 

have concrete structures, either precast or cast in place walls and columns. The enclosure and 

none load-bearing walls of all buildings are gib boards. The data analysis of drawings leads to 
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specifying (i) the spaces which require a higher level of standardisation and have similar 

architectural characteristics (i.e., space length, width, aspect ratio) in order to recognise the 

common architectural design, and (ii) a number of design options based on the expected 

probability of acceptable architectural layout design. The analysis of data will be applicable to 

all geo-climatic regions of Australia with appropriate alteration as per the target population’s 

geo-climatic condition and socio-economic status profile. 

Finding from statistical analysis of apartment architectural design  

The primary aim of this section is to delineate the specific spaces necessitating either a 

heightened level of variety or standardized design. In essence, the objective here is to pinpoint 

prevalent spatial void dimensions for various functional areas within apartments. The analysis 

of apartment designs serves to equip architects with a profound understanding, facilitating the 

provision of well-defined design and building platform.  

The subsequent histogram, illustrating the frequency distribution of each apartment unit, 

vividly portrays the dominance of two-bedroom apartments as the most sought-after dwelling 

type in Sydney. This observation resonates with the assertion by Domain Group: "two-bedroom 

apartments cost an average of 13 percent more than one-bedroom units across Sydney". 

Furthermore, it's pertinent to highlight that "comparing the apartments' prices and their resale 

value indicates that two-bedroom apartments offer greater resale value in the future" (Frost 

2018). On the flip side, the number of studio units pales in comparison to other unit types, 

thereby rendering them excluded from the ensuing data analysis.  

 

Figure 29- Apartment unit frequencies 
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Referencing the Apartment Design Guide, which offers a prescriptive guideline for NSW 

multi-storey residential buildings, the minimum area of one-, two- and three-bedroom units 

should be at least 50, 70, and 90 square meters, respectively (NSW Department of Planning 

Environmen 2015). Accordingly, there was an expectation for unit sizes to increase at the 

proposed minimum area. However, the ensuing data analysis, succinctly outlined in the 

subsequent table, refutes this assumption. To elaborate, the table reveals that the average area 

of each apartment type is in fact greater than the specified sizes delineated in the Apartment 

Design Guide. This underscores the comprehensive range of apartment designs encompassing 

varying dimensions within the residential building market. 

Table 10- Summary of apartment design 
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Studio 5 30 44 49.9 48.2 18.2 13.1 12.1-
14.2 3.5 3.4-

4.1 
One-
bedroom 163 50 59 93.7 73.6 23.6 10.5 8-13 7.1 5.8-

8.4 
Two-
bedroom 487 70 76.8 145.9 103.8 33.5 12.5 10.3-

14.7 8.35 6.8-
9.8 

Three-
bedroom 65 90 114.3 211 131.8 41.8 15 11.6-

18.4 8.6 7.3-
9.9 

*ADG: Apartment Design Guid, (NSW Department of Planning Environmen 2015) 
 

Given the research’s primary focus on apartment spatial voids—encompassing living and 

dining areas, kitchen, bedroom, study room, bathroom, ensuite, laundry, and balcony—the 

length, width, and aspect ratio of all these spatial voids were meticulously gauged, analysed, 

and represented as L, W, and AR, respectively. The resultant analysis findings of spatial void 

dimensions offer architects invaluable insights into identifying two key aspects: (i) spaces 

demanding diversity, and (ii) spaces conducive to standardisation in terms of dimensions. The 

ensuing paragraphs delve into the discussion of these analytical outcomes and their 

implications. 

Table 6 in Chapter 3 provides a concise overview of the profiles of the buildings under 

consideration. The dimensions of parameters are clear dimensions, excluding the wall thickness 
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(usable area in principle). All numeric data adhere to the Australian standard units of 

measurement system. It's important to note that, for the sake of simplifying data analysis, this 

thesis treats all spatial voids as rectangular shapes, without accounting for spatial arrangement 

or proximity. For instance, living and dining rooms were amalgamated into a single rectangular 

space. In cases where living and dining areas don't possess a uniform rectangular shape, the 

equivalent area was computed by summing the areas of two or more rectangles based on their 

average width and length. 

Upon compiling the range of parameter dimensions, the arithmetic mean and standard 

deviation (SD) of spatial void dimensions were calculated. This step aimed to review the range 

of variation within the dimensions Mean indicates the average of all the given dimensions (i.e., 

L, W, AR), while SD shows the measures of the dispersion of the given dimensions from the 

mean. It means how far the data values are spread out from the mean value. The mean of each 

spatial void dimension (i.e., the mean of L, W, AR) and their level of variation in terms of size 

(SD) were sorted out (i) separately by spaces and based on apartment type in the next table, (ii) 

separately by space without considering the type of apartments in Table 12. The latter indicates 

the arithmetic average dimensions available within all apartments, while the former presents 

the average dimensions available within each apartment type. The statistical analysis with mean 

and SD does not integrate the Length and Width of each space simultaneously. In this context, 

AR plays a crucial role in determining the ratio between Length and Width for each spac.  

An independent analysis revealed that there exists no significant distinction between the 

dimensions of the bathroom and ensuite spaces. Given their comparable functions from a spatial 

void perspective, these two spaces were amalgamated and considered as a single entity or 

function. A similar approach was adopted for bedrooms other than the main bedroom (often 

referred to as the master bedroom). Consequently, bedrooms excluding the master bedroom 

were categorized under the label "extra bedrooms" in both Tables 11 and 12. The master 

bedroom, on the other hand, was discerned from other bedrooms through a distinction: it was 

treated as the sole bedroom in one-bedroom apartments and as the master room in two- and 

three-bedroom apartments. The results derived from spatial void dimensions, presented in 

Tables 11 and 12, encapsulate the average clear dimensions, excluding wall thickness.  
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Table 11-Average dimensions and SD sorted separately by spatial voids and apartments typ

 
Apartment  Type 
 
 
 
 
 
Spatial voids 

One bedroom (Average apartment 
area=72.7, SD=11.7 suare meters) 

Two bedroom (Average apartment 
area=103.7,SD=15.3 square meters) 

Three bedroom (Average apartment area= 
130.7,SD=19.6 square meters) 
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Living room 164 5.6 1.2 3.9 .4 1.4 0.2 489 6.1 0.7 4.1 .4 1.5 0.2 56 5.9 0.7 4.4 0.6 1.4 0.2 

Kitchen 164 3.1 0.5 2 0.8 2.2 1.8 489 3.4 0.8 2.4 0.5 1.7 1.4 56 3.4 0.5 2.5 0.3 1.4 0.3
5 

Main bedroom 164 4.2 0.6 3.2 0.2 1.3 0.2 489 4.4 0.6 3.2 0.3 1.4 0.2 56 4.9 0.6 3.3 0.3 1.5 0.2 
Bedroom 2 - - - - - - - 489 3.8 0.3 3.1 0.2 1.2 0.1 56 3.9 0.3 3.1 0.2 1.3 0.1 

Bedroom 3 - - - - - - - - - - - - - - 56 3.7 0.3 3.2 0.3 1.2 0.1 

Study room 27 2.6 0.5 2.1 0.5 1.3 0.2 59 2.9 0.7 1.9 0.4 1.6 0.4 20 2.1 0.4 1.6 0.3 1.4 0.4 

Bathroom 164 2.6 0.3 1.8 0.3 1.4 0.2 489 2.5 0.3 1.8 0.3 1.4 0.2 56 2.7 0.3 1.8 0.2 1.5 0.2 

En suite 36 2.6 0.1 1.9 0.3 1.4 0.2 453 2.5 0.4 1.7 0.3 1.5 0.3 56 2.7 0.3 1.8 0.3 1.5 0.3 

Laundry 155 1.3 0.2 0.8 0.1 1.7 0.3 424 1.4 0.2 0.9 0.2 1.6 0.3 45 1.5 0.3 0.9 0.2 1.6 0.3 

Balcony 1 164 4.3 1.3 2.5 0.6 1.8 0.8 489 5.3 2.1 2.7 0.6 2.1 1.1 56 5.5 2.8 3.0 0.9 2.0 1.3 

Balcony 2 9 2.5 0 1.2 0 2.0 0 199 5.8 3.6 1.6 0.7 4.4 3.8 30 4.0 1.2 1.8 0.6 2.6 1.5 

In a few apartments, laundries were located in the kitchen. In those cases, the laundry dimensions were not measured separately, instead, the kitchen was 
considered as a kitchen including laundry. 
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Generally, the size of apartments significantly varies across the projects. One -, two-, and 

three-bedroom apartments have a rounded average area of 73, 104, and 131 square meters, 

respectively. Accordingly, a wide range of various dimensions of spaces is observed across the 

examined projects. Within the domain of the same client, the dimensions vary from project to 

project, and even in some cases, within the same project or building, it differs within apartment 

types. It appears that space dimensions have evolved from the maximum use of the available land 

and buildable area, and no remarkable space modularity has been reflected. Modularity in design 

and space dimensions is followed within the same apartment type in a  few projects. This kind of 

modularity is specific to the project and apartment type itself. The comparison of the average 

dimensions of each spatial void in Table 11 also demonstrates that there is no correlation between 

the type of apartment and spatial void dimensions. Therefore, all apartment types are accounted 

together for further actions (Table 12).  

Table 12- Average dimensions and SD sorted separately by spaces in all types of apartments 

 

 

 

 

 

 

 

 

 

 

 

The frequency histograms depicting spatial voids dimensions (Figures 30 to 35), obtained 

from the statistical analysis, reveal that certain spaces exhibit a narrow range of Length and Width 

variations, while others encompass a broader spectrum of dimensions across different projects. A 

schematic representation of all spatial voids dimensions, based on their minimum and maximum 

values, is illustrated in Figure 37. The limited range of dimension variability signifies that these 
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Living room 710 6.0 0.9 4.1 0.5 1.5 0.2 

Kitchen 710 3.3 0.7 2.3 0.6 1.8 1.5 

Main bedroom 710 4.4 0.6 3.2 0.3 1.4 0.2 
Extra bedroom 545 3.7 0.3 3.1 0.2 1.2 1.2 

Study room 106 2.7 0.7 1.9 0.5 1.5 0.4 

Bathroom 125
8 

2.5 0.3 1.8 0.3 1.4 0.3 

Laundry 627 1.4 0.2 0.9 0.2 1.6 0.3 

Balcony 946 5.3 2.5 2.5 0.8 2.6 2.3 
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spaces lend themselves to standardisation, offering fewer options for dimension customisation. 

Essentially, it indicates that clients need not contend with extensive size diversity within these 

spaces. Excluding the balcony, the Standard Deviation (SD) of spatial voids dimensions falls within 

the range of 0.1 to 0.9 meters. Consequently, to categorise the variety of spatial voids, dimensions 

less than 0.3 meters, between 0.3 and 0.6, and exceeding 0.6 meters are classified as representing 

low, medium, and high levels of variety, respectively. In this study, the combined variety levels for 

each spatial void side determine the overall potential for space standardisation. These combinations 

and their corresponding outcomes are delineated in Table 13. Spaces such as extra bedrooms, 

bathrooms, and laundries exhibit narrow SD across diverse projects and apartment types, indicating 

a propensity for standardisation. Conversely, spaces like the balcony, living and dining rooms, and 

kitchen demonstrate larger SD, implying a substantial diversity desired by clients seeking 

customised apartments. These analytical findings, encompassing all projects and apartment types, 

are consolidated in Table 13.  

It's worth noting that Figure 31 underscores the non-normal distribution of kitchen 

dimensions, characterised by a significant gap between the minimum dimensions and the rest. This 

gap highlights the two distinctly different types of kitchens: the one-wall kitchen and the 

rectangular kitchen. By distinguishing these two kitchen types, there is negligible impact on the 

average length, width, and SD (Appendix A), and the results in Table 13 remain unaffected. 

 

Figure 30- Frequency histograms of living& dining room dimensions 
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Figure 31- Frequency histograms of kitchen dimensions 

 

 

Figure 32- Frequency histograms of main bedroom dimensions 
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Figure 33- Frequency histograms of additional bedroom dimensions 

 

Figure 34- Frequency histograms of bathroom dimensions 
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Figure 35- Frequency histograms of balcony dimensions 

Table 13- Level of variety of spaces 

Spaces Level of variety in 
space length 
(number of options) 

Level of variety in 
space width 
(number of options) 

Potential for space 
standardisation 

Living room High Medium Low 
Kitchen High Medium Low 
Main bedroom Medium Low High 
Extra bedroom (s) Low Low High 
Study room High Medium Low 
Bathroom/Ensuite Low Low High 
Laundry Low Low High 
Balcony High High Low 
Notes: 

▪ High variety: 0.6< SD 
▪ Medium Variety: 0.3 < SD <=0.6 
▪ Low variety: 0<=SD <= 0.3 

The potential level of standardisation of each space is the result of the following  combination:  
High+High= Low, Hight+Low= Medium,  Low+Low= High, Medium+High= Low, Medium+Low= 
High 
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Figure 36- Schematic view of minimum and maximum dimensions of spatial voids 

4.2.2 Spatial voids configuration (apartments spaces dimensions) through cluster analysis 

In the residential building industry, companies normally create a building as a one-of-a-kind 

product for each client, and the challenge when moving to MC is to predefine the elements of which 

the new buildings can consist, which obviously limits the options for the client.  MC for the building 

design does not mean that an infinite number of options have to be offered. Instead, in a mass 

customised apartment, an appropriate number of options can be sufficient (Cuperus 2003). In other 

words, conventionally, DPs are defined for each individual product to fulfill FRs. In design for MC, 

in essence, a few segments of DPs are identified to cover the same FRs that would have required a 

continuum of DPs. By limiting the spread of FRs, a few selected sets of DPs would be able to fulfill 

diverse demand-side requirements. Therefore, the number of designs and their associated costs in 

engineering, manufacturing, and overheads are reduced (Tseng et al. 1996). Hence, in construction 

companies, the MC enablers, including modules and product families, are utilised as a means to 

limit variety. When construction companies move to MC, the creation of a predefined product 

solution space or design involves the risk that the solution space is not adequately large to meet all 

clients’ requirements. Instead of having wide choices, the objective of modularisation is to limit 

the options based on their expected probability of acceptable layout design.  

 Spatial void modularity followed by modular component coordination suggests the 

following benefits: (i). It creates a basis for minimising the variety of types and sizes of building 

components, which is the main objective of the design for MC (Cuperus 2003) (Rocha et al. 2015). 
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(ii). It also allows for the easy adoption of prefabricated components to any layout and for their 

interchangeability within the building (Rocha et al. 2015). In modular design, a technique is 

required to integrate and classify the characteristics of spaces (Length, Width, Aspect Ratio) so as 

to group similar ones. In the literature, clustering techniques are applied to assist identification of 

clusters that match the DPs for serving the same set of FRs. The group DPs indicates the spatial 

voids modules (Tseng et al. 1996). As clustering techniques have been introduced as a robust 

technique in literature to group FRs and DPs, cluster analysis was conducted to group spaces based 

on their dimensions. Analysing the apartment layout design data by clustering results in designating 

a set of architectural design parameters of the spatial voids to reference a modular grid and comply 

with prefabricated components manufacturing. 

As an outstanding method, K-means clustering groups architectural spaces as per their 

characteristics (dimensions and AR) to limit options in a  wide spectrum of designs and enhance 

the repeatability of design. To perform a cluster analysis, the following steps were carried out. 

(i) Any missing values were pulled out from the spreadsheet before analysing the data. 

(ii) The data were standardised (i.e., scaled) to make variables comparable. 

Standardisation consists of the transformation of the variables such that they have a 

mean equivalent zero and standard deviation equivalent one. Standardisation is 

particularly recommended when variables are measured in different scales or when 

the mean and/or standard deviation of variables are largely different (Kassambara 

2017). As the L or W and AR were measured in different scales (i.e., meters compared 

to a ratio without any measurement scale) and the SD and mean of the variables are 

different to some extent, the standardisation of the data was carried out.  

When scaling variables, the data can be transformed as follow: 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑎𝑠𝑖𝑎𝑡𝑖𝑜𝑛 𝑥𝑖 : 
𝑥𝑖 −  𝑐𝑒𝑛𝑡𝑒𝑟 (𝑥)

𝑠𝑐𝑎𝑙𝑒 (𝑥)
 

Where 𝑐𝑒𝑛𝑡𝑒𝑟 (𝑥) can be the mean or the median of x values, and 𝑠𝑐𝑎𝑙𝑒(𝑥) can be the 

standard deviation (SD) (Kassambara 2017).  

The optimal number of clusters (K) was determined by the frequency of the (K) proposed by 

Elbow, Average silhouette, and Frequency among 30 indices methods (Kassambara 2017). The 

most repetitive number of clusters proposed by these three methods was selected for each space. In 
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the case each of the methods proposed a different number of clusters, the median was selected. The 

number of clusters proposed by each method is illustrated in Figures 37 to 43, and the results are 

listed in the next table.  

Table 14- Optimum number of clusters  for each space 

Name of method Elbow 
method 

Average 
silhouette 

Frequency 
among30 indices 

Number of 
final clusters 

Living&Dinning 
room 

6 6 4 6 

Kitchen 5 2 8 5 
Bedroom1 5 3 3 3 
Additional 
bedroom 

4 3 3 3 

Bathroom 4 4 8 4 
Laundry 3 2 3 3 
Study room 4 8 4 4 
Balcony 5 3 3 3 

 

 

 

 

Figure 37- Number of clusters for living& dining room- left to right Elbow, Silhouette, Frequency among30 indices 

methods 
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Figure 38- Number of clusters for kitchen- left to right Elbow, Silhouette, Frequency among30 indices methods 

 

 

Figure 39- Number of clusters for the main bedroom- left to right Elbow, Silhouette, Frequency among30 indices 

methods 
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Figure 40- Number of clusters for extra bedroom- left to right Elbow, Silhouette, Frequency among30 indices 

methods 

 

 

 

Figure 41- Number of clusters for bathroom- left to right Elbow, Silhouette, Frequency among30 indices methods 
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Figure 42- Number of clusters for laundry- left to right Elbow, Silhouette, Frequency among30 indices methods 

 

 

Figure 43- Number of clusters for balcony- left to right Elbow, Silhouette, Frequency among30 indices methods 
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The cluster analysis was performed based on the number of clusters listed in Table 14. In K-

means clustering, after standardisation, the algorithms start randomly selecting K objects from the 

data set to serve as the initial centres for the clusters. The selected objects are also known as cluster 

means or centroids. Next, each of the remaining objects is assigned to its closest centroid, where 

the closest is defined using the Euclidean distance between the object and the cluster mean. After 

this step, the algorithm computes the new mean value of each cluster. Now that the centres have 

been recalculated, every object is checked again to see if it might be closer to a different cluster. 

All the objects are reassigned again using the updated cluster means. The cluster assignment and 

centroid update steps are iteratively repeated until the cluster assignment stops changing. The 

algorithm works iteratively to assign each data point to one K groups with the Euclidean measuring 

distance method. Data points are clustered based on object similarity (Kassambara 2017). 

Clusters scatter plots are presented in the following figure. The clustering results, namely 

size, mean, SD, and cluster validation index (silhouette coefficient), based on the number of K for 

each spatial void, are listed by spaces in Table 15. The cluster size indicates the number of spatial 

voids that belong to the cluster. The mean and SD present the most repetitive dimensions and the 

amount of dataset variation in the corresponding cluster of each spatial void (Kassambara 2017).  
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Figure 44- Clusters scatter plots, left to right, living& dining room, kitchen, main bedroom, additional bedroom, 

bathroom, laundry, balcony 

The silhouette coefficient (Si) is typically utilised to validate clustering. The value of Si close 

to 1 indicates that the object is well clustered. On the other hand, a value of Si close to -1 indicates 

the objects are poorly clustered (Kassambara 2017). Figure 45 presents the silhouette coefficient 

of each cluster in each spatial void. By considering the average silhouette width, it can be concluded 

that the data is well clustered.  
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Figure 45- Cluster validation with silhouette index in each spatial void. Left to right living& dining room, kitchen, 

main bedroom, additional bedroom, bathroom, laundry  

One of the main features of the K-means clustering algorithm that this research leverages is 

the clusters’ centroid and SD, corresponding to the mean of points and the range of variation which 

are assigned to the cluster. Mean, and SD can be used to label data. These features can be applied 

to specify the probabilistic acceptability of the spatial voids dimensions and modular design 

patterns. Naturally, the mean of each cluster extracted from the building drawings showed decimal 

numbers, i.e., non-modular dimensions. However, modular design requires to comply with 

manufacturing components’ dimensions and round up to grid size. Modular building design is a 

complex interrelationship between architectural design and structural design, i.e., client-driven 

design and manufacturing efficiency, respectively. One of the main issues of manufacturing 

efficiency is to determine the panel size since different sizes of components require different setups 

of the production line equipment. The building design and components should have a grid size to 

meet the modular design concept. Internationally, a modular dimension of 100 mm has been 

conceived as one module. However, to increase manufacturing productivity, manufacturers tend to 

conduct larger sizes for the modular dimension of the panels. In terms of manufacturing and cost 

efficiency, the larger the modules, the lower the relative transport and manufacturing costs. 

Parameters such as multiplicity for making spatial voids modules, component manufacturing 

efficiency, compatibility with the component size currently manufactured, etc., play significant 

roles in determining grid size. As the suitable grid system differs depending on the nature of the 
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building components, in this research, 100 mm was conceived as an appropriate grid size to match 

floor panel size with architectural layout designs. Hence, the clustering results were rounded to 100 

mm in Table 15. The data analysis results indicate that two or three clusters in each spatial void 

include a higher population than the others, which could be considered as a base for spatial voids 

module dimensions. A schematic view of an apartment plan and the dominant dimension of spatial 

voids based on cluster analysis results is presented in the next figure. 

Data analysis provides simple yet sufficiently generic spatial voids that are applicable to 

residential buildings. In terms of dimension, the number of alternatives for each space is reduced 

through clustering, referring to the cluster center, SD, and modular grid size. The cluster analysis 

is a way of indicating the expected probability of acceptable spatial voids design parameters. 

Therefore, the layout design is limited to the number of feasible and desirable options designed 

with spatial void modules. This would benefit production by constraining the variety of spatial 

voids, which leads to standardisation or modularisation of the apartment structure, i.e., floor panels. 

Hence, the tasks or work packages needed to build the modular parts of an apartment may turn into 

standardised.  

Table 15- Cluster analysis results sorted separately by spaces 

Space 
Clu
ster 
No 

Clust
er 

size 

Mean 
Lengt

h -
meter 

SD 
(Lengt

h)- 
meter 

Mea
n 

Widt
h- 

mete
r 

SD 
(Widt

h)-
meter 

Mean 
Aspe

ct 
Ratio 

SD 
(Aspe

ct 
Ratio) 

Mea
n 

Area
-

squa
re 

mete
r 

SD 
(Are
a)-

squar
e 

mete
r 

Silhouett
e 

coefficie
nt for 
each 

cluster 

Valid
ation 
index 
(Aver
age 

silhou
ette) 

Livin
g&din

ing 
room 

1 45 7.4 0.4 4.7 0.2 1.5 0.1 35.1 2.8 0.59 

0.39 

2 192 6.2 0.2 3.8 0.2 1.6 0.1 23.8 1.9 0.35 
3 207 5.5 0.2 4 0.2 1.4 0.1 22.2 1.7 0.36 
4 62 4.2 0.3 3.6 0.3 1.2 0.1 15 1.8 0.52 
5 110 7.0 0.2 3.9 0.2 1.8 0.1 27.6 2.0 0.41 
6 88 5.7 0.4 4.9 0.3 1.2 0.1 28.2 3.2 0.37 

Kitch
en 

1 26 5.1 0.5 0.7 0.02 7.3 0.5 3.6 0.5 0.72 

0.56 
2 203 3.9 0.3 2.4 0.3 1.6 0.3 9.5 1.8 0.34 
3 56 3.4 0.4 0.7 0.0 4.9 0.6 2.4 0.3 0.69 
4 412 2.9 0.2 2.5 0.2 1.2 0.1 7.2 0.9 0.64 
5 7 6.6 0 3.7 0 1.8 0 24.4 0 1 

Main 
Bedro

om 

1 111 4.2 0.4 3.7 0.3 1.1 0.1 15.3 1.9 0.36 
0.48 2 249 5.1 0.4 3.2 0.2 1.6 0.1 16.2 1.6 0.47 

3 344 4 0.3 3.1 0.1 1.3 0.1 12.1 1.1 0.52 
Additi
onal 

bedro
om 

1 412 3.6 0.2 3 0.1 1.2 0.1 10.9 0.7 0.61 
 

0.57 
2 98 4.3 0.3 3 0.1 1.4 0.1 13.2 1 0.43 

3 43 3.9 0.2 3.6 0.1 1.1 0.1 13.8
5 1.1 0.55 
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Bathr
oom 

1 110 2.6 0.1 2.3 0.1 1.2 0.1 6.2 0.5 0.54 

0.49 2 89 3.1 0.2 2 0.1 1.6 0.1 6.1 0.7 0.42 
3 320 2.5 0.1 1.6 0.1 1.6 0.1 4 0.4 0.51 
4 158 2.3 0.2 1.9 0.1 1.2 0.1 4.4 0.6 0.47 

Laund
ry 

1 59 1.9 0.2 1.6 0.1 1.2 0.1 3 0.4 0.71 
.62 2 478 1.3 0.1 0.8 0.1 1.2 0.2 1.6 0.2 0.64 

3 86 1.8 .2 0.8 0.05 2.3 0.3 1.3 0.2 0.48 

Study 
room 

1 11 4.1 0.3 2.1 0.3 2.00 0.1 8.4 2.0 0.58 

0.51 2 25 1.9 0.3 1.5 0.2 1.3 0.2 3.1 0.8 0.47 
3 16 2.3 0.3 1.1 0.2 2 0.2 2.7 0.9 0.59 
4 54 2.9 0.3 2.2 0.2 1.3 0.2 6.3 1 0.5 

Balco
ny 

1 152 7.6 2.1 2.1 0.3 3.7 1.0 15.9 4.9 0.41 
0.50 2 65 7.1 2.1 4.1 0.8 1.8 0.7 29.0 8.3 0.31 

3 487 4.0 1.0 2.7 0.5 1.5 0.4 11 3.1 0.56 

 

Figure 46- A schematic view of  an apartment plan and the dominant dimensions of spatial voids based on the cluster 

analysis results 

This section aimed to specify the spaces that require a higher degree of variety or 

standardisation. Also, it intended to identify common spatial voids dimensions for each functional 

space of apartments. The following section aims to meet this research’s first objective, i.e., to 
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identify prevalent design patterns in residential building layouts and systematically assess their 

manufacturability. 

4.3 Analysing manufacturability of layout designs through investigating the capability of 
prefabricated systems manufacturers (manufacturing perspective)  

Modular building design is a complex interrelationship between architectural design and 

structural design. One of the main concerns of the MC design is to consider the manufacturability 

of the architectural design. The construction cost can be minimised during the architectural design 

stage by choosing from different alternatives that suit off-site production. In the conventional 

approach, however, the structural system is not usually specified until the structural engineer is 

engaged, which often occurs when the major part of the architectural design is completed. This 

means that the architect usually does not consider structural component sizes, such as structural 

walls or floor spans in each building class, that can be optimally manufactured off-site (Roy and 

Roy 2016) (Benros and Duarte 2009). Moreover, the architect may not have a solid knowledge of 

the production processes nor the optimisation techniques (Benros and Duarte 2009). The latter is 

of importance as an architectural floor plan may produce numerous feasible solutions in terms of 

structural spans and component dimensions. While running an optimisation algorithm may be out 

of an architect’s area of expertise, s/he needs to be provided with fact-based insight into the 

manufacturability of the architectural plans. This can simultaneously assist with implementing MC 

in practice and eventually lead to an alternative approach to the conventional design of multistory 

buildings. Such a fact-based insight is non-existent or requires significant improvement. To fill this 

gap, in this section, first, in Subsection 4.3.1, the frequency histograms of spans in residential 

buildings are illustrated to identify the most common patterns in terms of horizontal and vertical 

design, i.e., floor plan and the number of floors. Then, in Subsection 4.3.2, Australia’s 

manufacturing design guides of some predominant residential building systems, including Precast 

Solid Slab (PSS), Autoclaved Aerated Concrete (AAC), Hollowcore, and Cross Laminated Timber 

(CLT), are compared to investigate the capability of the manufacturers and the manufacturability 

of existing designs. This subsection aims to meet the research’s first objective, i.e., recognising the 

manufacturability of apartment layout designs. In Subsections 4.3.3 and 4.3.4, span patterns 

regarding architectural floor and vertical design are specified through cluster analysis. These 

subsections intend to identify modular design scenarios and finding patterns based on recognising 

the manufacturability of layout design and similarities of architectural design. Finally, in 
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Subsection 4.3.5, data analysis validation and contribution to MC in the residential building 

industry are discussed. 

4.3.1 Apartments’ spans analysis 

This research endeavours to find some modular design scenarios that provide a degree of 

standardisation for structural spans by identifying similarities of apartments’ architectural design 

derived from building drawings. In structural engineering and architecture, span is the term given 

to the length of a structural component –floor panels in this research, that extends between two 

supports, that is, structural wall and column. Hence, a structural floor panel may be supported at 

either end, in which case it is said to span between the two points. A general engineering principle 

is the longer the span, the deeper the structural floor panel will have to be to safely to support the 

dead and live load (CCAA 2003). Thus, span plays a key role in structural and architectural design. 

First, the cost of structure highly depends on the span, determinative of structural dimensions. 

Second, it may limit the architectural design if it is not determined in an appropriate size. In general, 

the longer the structural span, the more freedom will be provided to architectural design, like open-

plan dwelling design (CIA 2009). Hence, the main characteristics of architectural design that may 

affect structural span have been considered in this thesis. The apartments’ architectural 

characteristics, including apartments spanning direction dimensions (SDD), apartments spans, 

apartments lengths or widths, number of bedrooms, and the number of building floors, were coded 

and recorded in a spreadsheet to be prepared for analysing. Some of these characteristics and the 

related measuring approach are illustrated in the following figure. 

Spanning direction dimension is the dimension of either apartment width or length that the 

structural span was designed. The spanning direction dimension may consist of one or more spans. 

Whether the span is aligned with the apartment width or length, spanning direction dimension 

corresponds to either apartment width or length. The structural floor panel width of a building is 

usually a fixed size in prefabricated systems, while floor panel length, which is represented as a 

span, is usually considered a variable due to a wide variety of design requirements. Statistical 

analysis and a clustering technique were utilised to perform data analysis.  
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Figure 47 -Illustration of building spans 

 
 

 
Figure 48- Illustration of apartment variables and indicating how they measured 

Based on engineering rules of thumb, the span should be extended within the shorter side of 

buildings/ apartments to minimise the building structure cost (Caprani 2010; Sharafi et al. 2015). 

Nevertheless, this rule would not always be taken into account in all buildings or apartments due 

to the architectural and structural design complicated interrelationships. The following histogram 

illustrates spanning directions frequencies aligned with either the length or width of the apartment. 
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The histogram indicates that most of the designed spans extend in the transverse direction of 

apartments. By considering the average land size and spanning direction of apartments, attached in 

Appendix B, it can be inferred that apartments with spans aligned with their longitudinal direction 

possess larger land sizes and longer building frontage. It appears that apartments designed within 

a wide building frontage are usually extended along the building façade to maximise the natural 

lighting availability through openings (windows) and to create differentiation in terms of façade 

design. Hence, spreading load-bearing walls or wide columns along the frontage is generally 

prevented. Also, the size of the land is one of the criteria for the total number of building floors. 

Taller residential buildings are usually built in large lots, and the complexity of structural design is 

prevalent in this class of buildings. 

. 
Figure 49- transverse (1) or  longitudinal (2) arrangement of spans 

Diverse architectural and structural design requisites contribute to a broad spectrum of spans, as 

depicted in the upper-left histogram in the subsequent figure. The succeeding normal distribution 

histograms reveal that the majority (68%) of spanning direction dimensions within apartment units 

are designed to fall between 6.3 and 10.5 meters. Concurrently, the planned spans exhibit dispersion 

across the range of 4.4 to 7.4 meters. This dimensional range can be regarded as the prevailing 

spans or floor panel sizes prevalent in the realm of residential building construction. Notably, 95% 

of the designed spans range from 2.9 to 8.8 meters.Apartments featuring spanning direction 

dimensions approximately less than 7.5 meters typically incorporate a single span, approximately 

equal to the dimension of the spanning direction. Conversely, apartments with spanning direction 

dimensions exceeding 7.5 meters encompass two or more spans.  
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Figure 50- Apartments’ spans and spanning direction dimension distributions 

4.3.2 Component manufacturing practices in Australia  

MC demands compromise. In other words, not all notational customusation options are being 

offered, but only those that are consistent with the capabilities of the production processes, the 

given product architecture, and the given degree of variety (Piroozfar and Piller 2013; Salvador et 

al. 2009). This part provides information about the capabilities of the production processes, i.e., the 

manufacturability of the designed spans based on the real practice of component manufacturing. 

Therefore, the range of spans that could be manufactured in different prefabricated systems has 

been examined. National construction code- volume one (NCC, 2019), which is the prevalent 

building code for multi-storey residential buildings in Australia, does not specify prefabricated 

construction approaches. It has dealt with masonry, concrete construction (reinforced and 

prestressed concrete), steel construction, and timber. Thus, this section refers to each factory’s 

practical design and manufacturing guides to find a range of manufacturable panel sizes and, 
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accordingly, manufacturable layout designs. As spans are representative of floor panel longitudinal 

sizes, the constructability of design (spans) could be checked based on the manufacturers’ 

capability. As panelised systems have been considered suitable modular elements for multi-storey 

residential buildings in the literature section, the typical prefabricated panel sizes of some well-

known manufacturers in Australia are presented in Table 15. These systems include precast 

concrete slabs, autocalaved aerated concrete floors, hollowcore slabs, CLT panels. These structural 

systems are the predominant residential building systems in Australia (CIA 2009) (CCAA 2003). 

This information has been extracted from the Australian manufacturers’ manuals and initial design 

guides. Although most companies declare that they can fabricate panels at any size (length, width, 

and thickness), the size of panels must be compatible with transport, optimal structural 

performance, local access, and installation constraints.  

In practice, the panel width is typically limited between 0.6 and 4.2 meters since the standard 

dimensions of the truck used to transport the element to the construction site are 12.3 meters long, 

2.5 meters wide, and 4.3 meters high. Payload either wider or/and higher than 2.4 and 4.2, 

respectively, requires one pilot vehicle with some special arrangement. Therefore, the maximum 

floor panel width in Table 16 is limited to the abovementioned dimensions. The optimal structural 

performance also limits the panel length to the maximum panel span. The maximum span is the 

maximum structural capacity of the panels regarding the serviceability requirements (deflection 

and vibration) without utilising any auxiliary components, which leads to a manufacturable design 

and a relatively economical structure (Sharafi et al. 2017). The maximum structural capacity of the 

panels was considered based on the common loads in mid-rise residential buildings, i.e., 2 Kpa 

live-load and 0.0 Kpa superimposed dead load. The maximum span is presented in maximum floor 

panel length and minimum panel thickness. Hence, the maximum panel length and minimum panel 

thickness are the optimal practice in terms of structural performance and material usage. For 

example, based on Xlam design guide, the maximum structural capacity of panels with common 

load in mid-rise residential buildings is provided with a floor panel of 7.300 meters in length and 

0.315 meters in thickness. Although the given panel thickness is applicable for spans smaller than 

7.300 meters, it is not optimal or economical regarding the amount of material used to bear the 

imposed loads (live- and dead-load).  

Table 16- Maximum span of panelised system regarding the maximum panel length, the common panel width, and 

the minimum panel thickness in meters for mid-rise residential buildings  

Company Components Maximum Panel 
Length (meters) 

Panel Width 
(meters) Minimum Panel Thickness (meters) 
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Austral precast 
(Australprecast 
2021) 
 

Precast solid 
floor (slab) 

 4.000 
 1.200 0.100 

Austral floor 
deck (Single) 

 
3.500,4.00,4.500,5.0
00,5.500,6.000,6.70
0,7.750 

2.400 0.150,0.175,0.200,0.225,0.250,0.27
5,0.300,0.350 

Hebel (Hebel 
2010) 
 

Autoclaved 
aerated 
concrete floor 

4.200, 4.500, 5.100, 
5.500, 6.000 0.600 0.150,0.175,0.200,0.225,0.250 

Hollow-core 
concrete 
(HollowcoreCo
ncrete 2018) 
(CCAA 2003) 
 
 

Hollow core 
floor 

10.000, 
11.000,14.000 1.200 0.205,0.220,0.300 

Mini 
slab(floor) 

2.500,3500,4.500,5.
500 1.200 0.095,0.115,0.135, 0.150 

Xlam (XLam 
2017) 

CLT floor 

2.800,3.400, 
3.800,4.200,4.400,4.
600,4.900,5.300,5.6
00,5.800,6.100,6.20
0,6.700,6.800,7.100,
7.300, 
 

0.900,1.000,1
.200,2.400,2.
700, 
3.000,3.500,4
.000,4.200 

0.085, 
0.105,0.115,0.125,0.135,0.145,0.16
0,0.175,0.195,0.205,0.225,0.245,0.
265,0.275,0.295,0.315 

CLT 
cantilever 
floor 

1.600, 1.900, 2.000, 
2.200, 2.300, 
2.300,2.400, 2.600, 
2.700, 2.800, 2.900, 
3.000, 3.200, 3.400, 
3.400 

0.900,1.000,1
.200 

0.085,0.105,0.115,0.125,0.135,0.14
5,0.160,0.175,0.195,0.205,0.225,0.
245,0.265,0.275,0.295,0.315 

Cross Lam 
(Downing 
2016) 
 

CLT floor 

 
3.250,3.700,4.480,5.
150,5.600,6.440,6.6
30, 7.600 

2.400, 3.000 0.087,0.105,0.139,0.175,0.191 
,0.245,0.243,0.315 

Note: The maximum structural capacity of the panels was considered based on the common loads in mid-rise 
residential buildings, i.e., 2 Kpa live-load and 0.0 Kpa superimposed dead load. 
Superimposed deal load may include weights imposed by mechanical equipment (such as heating, ventilation, 
and air conditioning systems), services piping, ductworks, building greeneries, and solar panels. 

To assess the manufacturability of the architectural designs, the apartment span distribution 

in the previous figure has been transformed into a normal distribution histogram in the subsequent 

figure. As previously mentioned, aligned with the normal distribution histograms in the following 

figure, the majority of the designed spans are dispersed within the range of 4.4 to 7.4 meters. This 

range of dimensions is indicative of the most prevalent spans or floor panel sizes within the realm 

of residential building construction. Additionally, approximately 95% of the designed spans fall 

between 2.9 to 8.8 meters. Furthermore, within the histogram, the minimum and maximum span 

for each prefabricated system are highlighted. As an illustrative instance of assessing the 

manufacturability of architectural design practices, the subsequent histogram suggests that CLT 

manufacturers (Xlam and Crosslam) could viably accommodate 68% of the total typical spans 
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prevalent in residential building design, as per the normal distribution histogram. However, it 

should be noted that these manufacturers lack the capacity to produce the entirety of the designed 

spans (95%) without supplementary components. This limitation stems from the system's economic 

feasibility being constrained for spans exceeding 7.6 meters. Similar interpretations can be 

extrapolated for other prefabricated systems as well. 

 

 Figure 51- Manufacturability of spans in different prefabricated systems 

The following table provides good information to architects who are looking to improve the 

manufacturability of their designs. Also, it is beneficial for manufacturers who intend to either 

extend their production line to cover all customised designs or focus on producing the most 

demanded panel sizes with respect to the existing designed span to implement a degree of 

standardisation. This thesis aims to provide insight to architects to improve the manufacturability 

of design and equip the manufacturer with the design pattern in order to take one step towards 

modular /MC design.  

Table 17- The details of the manufacturability of spans in different prefabricated systems 

Compan
y Components 

68% of the designed span, 
according to Figure 50, 51: 
(4.4 to 7.4 meters) 

95% of the designed span, according 
to Figure 50, 51: (2.9-8.8 meters) 
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Austral 
precast 

Precast solid floor 
(slab)   

No No 

Austral floor deck Yes No 

Hebel 
Autoclaved 
aerated concrete 
floor 

No No 

Hollow-
core 
concrete 

Hollow core floor  No (spans shorter than 5 
meters are not economical) 

No (spans shorter than 5 meters are 
not economical) 

Mini slab (floor) No No 
Xlam CLT floor Yes No 
Cross 
Lam CLT floor Yes No 

This subsection intended to recognise the manufacturability of apartment layout designs. The 

following subsections, i.e., 4.3.3 and 4.3.4, aim to identify modular design scenarios and find 

patterns based on recognising the manufacturability of layout design and similarities of 

architectural design. 

4.3.3 Recognising modular design patterns in architectural floor plans through cluster 
analysis 

Identifying similarities in the architectural design of different apartments can be considered 

as a means to find a pattern for apartments’ modular designs offered to different clients. Achieving 

this objective is based on the fact that the MC approach does not mean that an infinite number of 

options have to be offered. Rather, in a tailor-made dwelling, an appropriate number of options can 

be sufficient. An infinite number of options is the other extreme of demand-side satisfaction. This 

approach includes a lot of waste, that imposes a high price will be presented to the demand-side. 

In other words, MC demands compromise, i.e., not all notational customusation options are being 

offered, but only those that are consistent with the capabilities of the production processes, and the 

given degree of variety.  

Different architectural and structural designs lead to a wide variety of spans and panel sizes, 

which is indicated in Figure 50. A wide range of component sizes causes inefficient production and 

implementation on the factory floor and construction site. Hence, by recognising patterns of 

structural spans in architectural designs, the number of options is limited to the manufacturable 

spans in this section. Considering the span patterns in architectural design building, either 

horizontally or vertically, could be beneficial for both architects and manufacturers to investigate 

the most repetitive spans and frequent spanning direction dimensions to enhance the repeatability 

of design and manufacturing. The main objective of this and the following subsections is to specify 
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common structural spans based on buildings’  horizontal (i.e., apartment floor) and vertical design. 

In other words, these subsections identify modular design scenarios and finding patterns based on 

recognising the manufacturability of layout design and similarities of architectural design. Similar 

to what was carried out in section 4.3.2, K-means clustering groups architectural and structural 

characteristics to limit options in a wide spectrum of designs and increase repeatability. The optimal 

number of clusters (K) was determined by the frequency of the (K) proposed by Elbow, Average 

silhouette, and Frequency among 30 indices methods. The median was selected when each of those 

methods proposed a different number of clusters. The number of clusters proposed by each method 

is indicated in Appendix C. 

Clustering has been performed with three approaches: (i) without considering the apartment 

architectural layout, (ii) considering the apartment architectural layout, and (iii) considering the 

vertical design of buildings. The first two approaches are discussed in this section, whereas the 

third approach is explained in the next section. 

 

Figure 52- Cluster scatter plots regarding span and spanning direction dimensions 

Initially, cluster analysis was conducted without factoring in the architectural layout of 

apartments. The analysis was based on two primary variables—span length and spanning direction 

dimensions—for all apartments. The core objective of this clustering was to identify the prevalent 

spans across all apartment designs, irrespective of their specific types. As a result, five distinct 

clusters were identified and visualised in Figure 52. The subsequent table presents the cluster 

centers, revealing dominant spans of 7.3, 6.6, 5.2, and 4.1 meters. By scrutinising the spanning 

direction dimension (SDD), which signifies the side along which spans are situated, it becomes 

apparent that two spans, namely 4.1 and 6.6 meters, constitute this spanning direction. In contrast, 

sides with spanning directions shorter than 7.5 meters encompass a single span. Independent of any 
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architectural design considerations, architects could deem dimensions such as 7.3, 6.6, 5.2, and 4.1 

meters as the most prevalent spans within any apartment architectural layout. Simultaneously, 

manufacturers could concentrate their efforts on optimising the production process for generating 

fully modularised or partially standardised components. 

Table 18- The dominant spans and spanning direction dimensions in apartments design 

Cluster 
Size Span SD SDD SD Cluster validation (silhouette) 

163 4.1 0.6 9.7 0.9 0.52 
99 5.2 0.8 5.3 1.1 0.45 

162 6.6 0.6 9.9 0.9 0.41 
12 7.2 0.3 16.1 1.2 0.75 

271 7.3 0.5 7.5 0.7 0.56 

Finding patterns based on apartment architectural layouts could also be advantageous for 

architects and manufacturers to consider those patterns as modular designs. In other words, on the 

one hand, architects could perform modular design by understanding the span of each architectural 

layout. The modular design scenario helps to increase off-site and on-site production efficiency. 

On the other hand, manufacturers tend to produce the most market-demanded panel sizes in order 

to implement a degree of standardisation by considering the architectural layout of apartments.  

The configuration of the whole apartment layout is out of the scope of this research. In other 

words, in terms of architectural design, the spanning direction dimension is the main factor that 

affects the floor panel sizes and span. Therefore, the focus of this section is placed on spatial voids 

arrangement aligned with the spanning direction. The following figure presents the schematic view 

of the existing arrangement of spatial voids in apartments spanning directions. Therefore, ten 

identified arrangements of spaces were coded (Table 19) to analyse the frequency of each design 

pattern and specify the most demanded panel sizes. 
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Figure 53- Schematic view of the existing arrangements of spaces in the span direction side of apartments 

Table 19- Spatial voids layout or arrangement aligned with spanning direction 

No Abbreviation Descriptions 
1 BL A bedroom and living room are placed in the spanning direction.  
2 L A living room is placed in the spanning direction. 
3 LBB A living room with two bedrooms are placed in the spanning direction. 
4 LK A living room and a kitchen are placed in the spanning direction. 
5 BBBL Three bedrooms with one livingroom are placed in the spanning 

direction  
6 BB Two bedrooms are placed in the spanning direction. 
7 BEL A bedroom, an ensuite/bathroom, and a living room are placed in the 

spanning direction. 
8 BE A bedroom and and ensuite/bathroom are placed in the spanning 

direction. 
9 BKL A bedroom, kitchen, and living room are placed in the spanning 

direction. 
10 BK A bedroom and kitchen are placed in the spanning direction. 
L: Living room  
B: Bedroom  
K: Kitchen 

E: Ensuite/Bathroom 
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 Among the layout patterns in the spanning direction side as outlined in Table 19, BL (a 

bedroom and living room), L (a living room), and LBB (a living room with two bedrooms) emerge 

as the most repetitive arrangements of spatial voids on the spanning direction side. To illustrate, 

these prevalent spatial void arrangements are investigated to establish a relationship between 

apartment layout and span through clustering analysis. The optimal number of clusters and the 

resulting clustering outcomes are presented in Tables 20 and 21 respectively. The clustering 

outcomes in Table 21 encompass the cluster center, SD, and cluster validation. The clustering 

outcomes in Table 21 demonstrate that each spatial void arrangement is associated with two or 

three typical structural spans. Notably, the predominant span clusters differ from one apartment 

layout (i.e., spatial void arrangement) to another. In the first apartment layout group, the most 

common span cluster is 7.2 meters, whereas the second and third groups encompass spans of 

dimensions 6.1 and 4.3 meters respectively.  

As indicated in Table 21, the results can be categorised into three scenarios: 

(i) In the first scenario, which encompasses the largest clusters in the BL and L spatial void 

arrangements, the spans closely align with the spanning direction dimensions, deviating only by 10 

to 20 centimeters. This discrepancy can be attributed to measurement errors. For instance, in 

layouts like BL, the span measures 7.2 meters, while the spanning direction dimension is 7.1 

meters. 

(ii) The second scenario entails spans significantly longer than the spanning direction 

dimensions. In this case, a combination of two spans forms the spanning direction. For instance, in 

layouts labeled as BL, the 4.2 and 6.2 spans collectively form a spanning direction with dimensions 

ranging from 9.3 to 10.1 meters. 

(iii) The third scenario, observed in a few clusters, comprises spans that do not fit within the 

first two scenarios. A closer examination of apartment architectural designs for these spans reveals 

that some apartment floors are cantilevered. This design choice is influenced by two factors: (a) the 

presence of apartment balconies and (b) the positioning of apartments on the top levels of buildings. 

These factors exert less stress on the building and apartment structures, allowing certain apartment 

slabs to be cantilevered. Consequently, in cases such as LBB, the spanning direction dimensions 

exceed the spans by 2.7 meters. 
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Drawing from the clustering outcomes in Table 21, Figure 55 offers a schematic 

representation of the modular design scenarios based on architectural design similarities. 

Table 20- Optimal number of clusters in analysing data based on the apartments architectural layouts design 

Method Elbow method Average 
silhouette 

Frequency 
among30 
indices 

Number of final 
clusters 

L 4 4 5 4 
BL 5 8 4 5 

LBB 5 5 3 5 
 

 
Figure 54- Frequency of spatial voids arrangement aligned with apartments spanning direction 
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Table 21- The dominant spans and spanning direction dimensions patterns in apartments regarding the architectural layout 

 
Apartment 

spatial 
voids 

arrangemen
t 

 
 

Cluster No 

BL L LBB 

Size 
Span 
(mete

rs) 
SD 

Spanning 
direction 
dimensio

n 
(meters) 

SD 
Cluster 

validation 
(silhouette) 

Averag
e 

silhoue
tte 

Size 
Span 
(met
ers) 

SD 

Spanning 
direction 
dimensio

n 
(meters) 

SD 

Cluster 
validati

on 
(silhou
ette) 

Averag
e 

silhoue
tte 

Size 
Span 

(meters
) 

SD 

Spanning 
direction 
dimensio

n 
(meters) 

SD 

Cluster 
validati

on 
(silhou
ette) 

Averag
e 

silhoue
tte 

1 64 4.2 0.6 9.3 1.1 0.43 

0.61 

1 8.9 0 9.9 0 0 

0.68 

15 5.4 0.1 9.6 0.4 0.7 

0.61 
2 120 7.2 0.2 7.1 0.2 0.7 41 6.1 0.3 6 0.3 0.63 41 4.3 0.2 10.5 0.8 0.44 
3 52 6.2 0.5 10.1 0.4 0.5 18 5.1 0.2 4.9 0.2 0.72 17 7.0 0.4 7.1 0.2 0.62 
4 88 7.6 0.3 7.8 0.3 0.59 27 4.1 0.3 3.9 0.2 0.69 34 5.9 0.3 8.6 0.4 0.64 
5 7 7.2 0 17 0 1       21 6.6 0.3 10.8 0.2 0.78 



 

136 Developing a data-driven framework for mass customisation of multi-storey residential buildings 

 

Figure 55- A schematic view modular design scenario based on recognising the manufacturability of layout design and finding a pattern according to the 

similarities of architectural design
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4.3.4 Recognising modular design patterns considering the building vertical design 
(floor levels) 

The preceding section identifies the modular design patterns within architectural floor 

plans. This section aims to recognize modular designs based on pattern recognition between 

different floor levels. Since span dimensions are greatly influenced by the building load and the 

number of floors, the buildings were classified into three distinct categories to ensure reliable 

clustering. This classification process was carried out through multiple trial and error iterations, 

taking into account the quality of clusters measured by the silhouette measure of cohesion and 

separation analysis. Ultimately, buildings with fewer than six floors, those with six to ten floors, 

and those with more than ten floors were respectively assigned to Class 1, Class 2, and Class 3. 

The apartment span dimension histogram for each building class is depicted in the subsequent 

figure. The mean span length within Class 1 is the shortest, measuring at 5.4 meters. While the 

mean span length of Class 3 is shorter than that of Class 2, it isn't conclusive that Class 3 

inherently possesses shorter spans. Nevertheless, due to its larger standard deviation, it can be 

inferred that Class 3 exhibits a broader range of spans. To put it differently, the histogram 

reveals that apartments within this class are characterised by a combination of short spans 

(approximately 3.2-3.8 meters) and long spans (almost 7.2-7.6 meters). This observation is also 

supported by the scatter plot in Figure 56. Notably, the prominent points in the scatter plot 

highlight that the spanning direction dimensions of buildings in Class 3 exceed 10 meters. As 

a result, a majority of apartments in this class encompass two spans. 

 



 

138 Developing a data-driven framework for mass customisation of multi-storey residential buildings 

 

 
Figure 56- Span distribution in building Class1,2 and3 from left to right 

 

 
Figure 57- Apartments spans and spanning direction dimensions scatter plots based on different building 

categories 

Figure 58 illustrates that the incongruity between the spanning direction and the width of 

the apartment is more evident in Building Class 3 compared to the other two building classes. 

This highlights the increased complexity in the structural design within this specific building 

category. Building Class 3 demands significant design efforts for both vertical and horizontal 

components to effectively manage factors such as earthquake and wind loads, along with live 

and dead loads. The architectural composition of this class integrates multiple elements, 
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including panels, frames, cantilevered terraces and balcony floors, along with a supporting 

structure for extensive glass facades. Furthermore, apartments within Class 3 are commonly 

situated on land with a broader frontage when compared to the other two groups. In simpler 

terms, these apartments showcase larger spanning direction dimensions and incorporate 

cantilevered floors to a greater extent than the other building categories. As mentioned earlier, 

apartments within a building featuring a wide frontage are often elongated along the building 

facade to amplify the size of openings and enhance facade diversity. These factors contribute 

to the notable distribution of spans observed within Class 3. For a more comprehensive 

overview of the average building frontage within each building class, please refer to Appendix 

B.  

 
Figure 58- The percentage of span direction in each group 

Likewise the previous clustering analysis, the optimal number of clusters was extracted 

based on the methods previously mentioned (Appendix C). The clustering outcomes of each 

building class listed in Table 22 and presented in Figure 59 indicate that each building class has 

two or three typical structural spans. The most common clusters of spans vary from one building 

class to another. The most common clusters of spans in Class 1 of buildings are 4.3 and 6.8 

meters, while in Class 2 are 5.5 and 7.2 meters. In Class 3 the combination of short (3.5 meters) 

and long spans (7.2 meters) constitute the spanning direction (10.5 meters). The optimal number 

of clusters, average cluster validation, and cluster scatter plots of each building class are 

attached in Appendix C.  

Table 22-  The dominant spans and spanning direction dimensions in apartments regarding the number of floors 

Span SDD   
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Building 
class 

Cluster 
No 

Cluster 
size 

Percentage 
in a cluster 

(%) 
Mean SD Mean SD 

Cluster 
validation 

(silhouette) 

Average 
silhouette 

1 

Cluster1 59 34% 4.3 0.5 9.1 1.0 0.64 0.55 
Cluster 2 58 33% 6.8 0.5 6.9 0.8 0.52 
Cluster3 15 8% 7.0 0.8 11.7 2.4 0.24 
Cluster4 39 22% 5.3 0.6 5.2 0.6 0.57 

2 

Cluster1 77 31% 5.5 0.8 10.0 0.4 0.52 0.68 
Cluster 2 146 60% 7.2 0.4 7.6 0.7 0.74 
Cluster3 12 4% 4.0 0.4 3.8 0.4 0.86 
Cluster4 7 2% 7.2 0 17 0 1 

3 

Cluster 1 52 17% 7.5 0.3 7.3 0.2 0.74 0.64 
Cluster2 22 7% 5.8 0.4 6.9 0.6 0.43 
Cluster3 57 19% 6.0 0.4 8.9 0.4 0.57 
Cluster4 13 4% 4.3 0.05 4.1 0 0.98 
Cluster5 61 20% 3.5 0.4 10.5 0.6 0.73 
Cluster6 30 9% 8.4 0.3 8.6 0.4 0.57 
Cluster7 59 20% 7.2 0.3 10.5 0.7 0.6 

 

Figure 59- A schematic view of modular design patterns concerning the vertical building design 

4.4 Data analysis validation and contribution to MC in the residential building 
industry 

Clustering results are validated through triangulation. As mentioned in Section 3.2, there 

are four types of triangulation for the validation of any construct (here clustering results), i.e., 

data source triangulation, theory triangulation, investigator triangulation, and methodological 

triangulation. Among four types of triangulation, theory triangulation is employed in this 

chapter to validate the clustering results. This validation method includes using theories, laws, 

or hypotheses when examining a situation or phenomenon so that investigators with different 

points of view interpret the same results (Denzin 2010).   

In this context, Silhouette method, a form of law, is applied as a cluster validation measure 

in this chapter. The cluster validation measure is a theoretical triangulation because 

investigators with different points of view can interpret the same results based on the rules. The 
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rules are related to the goal of clustering. As the goal of K-means clustering is to split the data 

set into clusters of objects such that (i) the objects in the same cluster are similar as much as 

possible, (ii) and the objects in different clusters are highly distinct, the average distance within 

a cluster should be as small as possible, while the average distance between clusters to be as 

large as possible. Hence, cluster validation measures reflect the compactness and separation of 

the cluster partitions. Compactness or cluster cohesion measures how close the objects are 

within the same cluster. A lower within-cluster variation is an indicator of good cluster 

compactness, i.e., good clustering. Separation measures how well-separated a cluster is from 

other clusters. Silhouette coefficient or silhouette analysis measures how well an object is 

clustered, and it estimates the average distance between clusters. The silhouette value is a 

measure of how similar an object is to its own cluster (cohesion) compared to other clusters 

(separation). The silhouette plot displays a measure of how close each point in one cluster is to 

points in the neighbouring clusters (Kassambara 2017). The silhouette ranges from −1 to +1, 

where a high value indicates that the object is well-matched to its own cluster and poorly-

matched to neighboring clusters. The clustering configuration is appropriate if most objects 

have a high value. A small silhouette (i.e., around 0) means that the object lies between two 

clusters. If many points have a negative silhouette, then objects are probably placed in the 

wrong cluster (Kassambara 2017). By considering the average silhouette coefficient in cluster 

analysis (Table 15, 18, 21), it can be concluded that the data is well clustered, and the results 

are reliable.  

The proposed method for recognising the manufacturability of apartment layout designs 

and identifying modular design scenarios based on recognising the similarities of architectural 

design was also evaluated by three architects with an average industry experience of 10 years 

in building design. Prior to elaborating on the data analysis methods and concepts, the architects 

were briefed on the mass customisation concept and its key objectives. Subsequently, the data 

collection and clustering methodology, along with the variables contributing to achieving 

modular design scenarios, were expounded upon for evaluation using the following criteria 

within prefabricated systems: (i). significance and usefulness of the method for the residetntial 

building sector needs, (ii) relevance to mass customisation objectives, (iii) reflectiveness of 

results and insight for architectural design. Architects were asked to evaluate the system using 

a Likert scale based on the criteria. Although architects usually would like to design fully 

customised buildings in conventional design, the evaluation results indicated that the 
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participants agree or somewhat agree that the method is useful for architects to implement a 

mass customised design in the building industry. They strongly agree that, in conventional 

design, architects usually do not consider structural component sizes, i.e., floor spans, that can 

be optimally manufactured off-site. Also, they emphasised that architects do not have a solid 

knowledge of the production processes nor the optimisation techniques. While running an 

optimisation algorithm may be out of an architect’s area of expertise to specify spans, they need 

to be provided with fact-based insight into the manufacturability of the architectural plans. This 

can simultaneously assist with implementing MC in practice and eventually lead to an 

alternative approach (i.e., modular design approach) to the conventional design of multistory 

buildings. They pointed out that the results give them insight into designing layouts that are 

manufacturable while at the same time desirable for different clients. They agree that this 

approach provides a number of desirable architectural design options and reduces the need to 

develop unique parts for each new apartment, and potentially reduces part count for a variety 

of apartments. 

4.5 Summary  

This chapter operates on the premise that architects are seeking modular design patterns 

that align with Mass Customisation (MC) principles via product platform concepts. In simpler 

terms, the aim is to identify manufacturable design patterns that are both applicable and 

appealing to specific clients. Therefore, the chapter focused on uncovering modular design 

scenarios that introduce a level of standardisation for structural spans by identifying 

commonalities in the architectural designs of apartments through an analysis of building 

drawings data. This approach reduces the need to develop unique parts for each new apartment 

and potentially reduces part count for a variety of apartments.  The chapter is structured into 

two primary sections. The initial section (Section 4.2) conducts an analysis of architectural 

design parameters—particularly from the perspective of architectural or spatial voids. This 

analysis is undertaken to address spaces that necessitate greater variety in terms of dimensions, 

while simultaneously identifying spaces that share similar architectural traits. This distinction 

facilitates the recognition of typical architectural design parameters. The subsequent section 

(Section 4.3) delves into the realm of manufacturing practices, particularly in relation to the 

sizes of prefabricated components—essentially adopting a manufacturing perspective. The 

primary focus of Section 4.3 is the assessment of manufacturability within architectural designs 

and the identification of recurring span patterns present in various architectural layouts. This 

process allows for the specification of modular design scenarios. 
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The outcomes of this chapter offer valuable insights, especially for scenarios where a 

company or architect lacks access to such an extensive volume of information. These findings 

can serve as essential inputs for seamlessly integrating architectural design with efficient 

manufacturing. Furthermore, the results are particularly beneficial during the conceptual design 

stage. 
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Chapter 5: Analysing and Validating MC-based 
Modelling of Building Layout  

5.1 Overview 

This chapter focuses on the validation of the mathematical model’s computational 

efficiency.  In Subsection 5.1.1, the main characteristics considered in the proposed model are 

discussed.  In other words, before examining model’s computational efficiency, some of the 

model’s key features are summarised. Then, in Subsection 5.1.2, and 5.1.3 the model 

computational efficiency with three different scenarios, i.e., mass customised, mass produced, 

and fully customised design scenarios, with a preliminary architectural floor plan as a case 

example, are examined. Genetic Algorithm (GA) is considered an appropriate method to solve 

the developed model. Therefore, GA paramaeters are discussed in this chapter. In Sections 5.2 

, theory triangulation, law of variability and theory of swift even flow are applied for model 

validation model. 

The following figure shows Stage C research roadmap regarding the generic phases of 

the constructive research approach.  



 

Developing a data-driven framework for mass customisation of multi-storey residential buildings                                      146 

 

Figure 60- Stage C research roadmap 

5.1 Model’s computational efficiency with a case study 

The exercise of this chapter is based on the concept that to apply product platform 

strategies for mass customisation of buildings the focus must be on design specifications that 

lie between ETO and SV (Bonev et al. 2015). Because, as discussed in Chapter 2, between these 

two levels of mass customisation the supply-side and demand-side could agree on building 

design adjustments at a part or component level module. Hence, this provides a degree of 

standardisation. 

This chapter assumes that the architect has been tasked to design a fully customised 

building layout. This task takes place during the preliminary design stage. Under this scenario, 

the architect has little room to offer modular design layouts; instead, s/he must endeavour to 

accommodate MC through integrating production processes in the building design without 

compromising the flexibility in the customised architectural design. In other words, while this 
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approach does not lend itself to identifying similarities in the clients’ architectural design, the 

architect is still responsible to optimise the design for manufacturability. 

The model development procedure is discussed in detail in Chapter 3, Section 3.5. In 

Subsection 5.1.1, before examining model’s computational efficiency, some of the model’s key 

features are summarised. 

5.1.1 The main characteristics considered in the proposed model  

MC definitions tend to look at MC as a strategy to meet clients’ requirements or value 

(i.e., generating customisation in products) and manufacureres’ needs (i.e., producing products 

with production efficiency). Production efficiency brings economy efficiency. Hence, 

maximum production efficiency requires that products be produced at the lowest possible cost. 

Production efficiency is achieved when the product is produced at a minimum cost 

(Commission 2013), and the profit is high. Then the client would subsequently buy the 

customised building structure at a reasonable price. Aesthetic and other subjective aspects of 

the design were ignored in the optimisation model because they are difficult to model with 

mathematics. Hence, the subjective aspects were not modeled in this thesis.  

Measuring the client requirements or value, which is supported by utility theory, is 

complicated and requires considering several variables in building design and is out of this 

research scope. However, this research has attempted to simplify it by considering the following 

elements: (i) considering the architect’s suggestion regarding architectural design constraints 

and client’s desires, and (ii) limiting the price of the product (i.e., building structure) by 

reducing client costs or considering the client’s willingness to pay. Since architectural design 

and building structure price, which involve the customisation part of MC strategy, are 

considered as a design constraint and clients requirements in mathematical modelling, the 

emphasis of the objective function is on the optimal production processes or on maximising 

profit. In order to focus on the main objective of this thesis and simplify the model, a single 

objective to maximise profit is set.  

Off note, as the focus of this research is placed on apartment floor plans, layout design 

problem approach to compare the floor design alternatives is considered in this research. Layout 

design problem is concerned with finding feasible and desirable dimensions and locations for a 

set of interrelated spaces or components that meet all design requirements (architect’s or client’ 

requirements) within the layout. Design requirements including spaces length, width, aspect 

ratio, shape, connectivity, maximise design quality in terms of design preferences (Michalek et 
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al. 2002). Based on the client and manufacturer requirements, the apartment spaces from the 

spatial voids perspective and apartment structure and floor panel from the solid mass 

perspective are the levels of interest in this research. 

Component production costs comprise  80% of prefabricated structure costs (Forsythe 

and Sepasgozar 2019; Goh and Goh 2019; Hasan et al. 2018). Therefore, off-site manufacturing 

processes play a significant role in building production efficiency and building structure price. 

As mentioned in Chapter 3, pressing and CNC router cutting stage and raw materials are the 

high-cost factors in fabricating billets and panels. Therefore, the off-site process-related data 

and design data targeting production efficiency and profit include but are not limited to: (i) 

average lumber and adhesive costs (raw materials) and their ratio in each billet, (ii) 

manufacturing process time, and productive hour cost (PHC), (iii) manufacturing constraints 

and typical CLT billets dimensions, (iv) architectural and structural design constraints, (v) CLT 

panel market price per unit. 

Some of the information was extracted from a reputable CLT factory in Australia. The 

factory’s logistics director provided the material costs and related information. The estimated 

time of two main manufacturing stages, i.e., press and CNC process stages, for different billet 

and panel types was adapted from the research conducted by Araujo Carneiro (de Araujo 

Carneiro 2019) which is elucidated in Section 2.5.4. In this study, to simplify the conversion of 

production time into cost, only the production direct cost, which is referred to here as the 

productive hour cost (PHC), is considered. The unit productive hour cost, which is the sum of 

standard direct labor cost, was estimated based on the average number and wages of the workers 

involved in the factory manufacturing process. Manufacturing constraints were identified by 

interviewing the director of technical service, investigating literature and manufacturers’ 

websites, and attending webinars. CLT billets and structural design constraints presented in 

Table 25, were extracted from the manufacturer’s preliminary design guide. Also, architectural 

design constraints were recognised according to an initial customised architectural design. The 

factory’s sales and marketing supervisor presented the market price.  

Off-site transportation and installation of materials have been estimated to account for 

10–20% of the total project expenditure in construction projects. Transportation cost depends 

on the size and weight of panels, transportation method, and distance of travel. Among different 

modes of transportation, namely trucks, trains, and ships, truck transportation is the most 

feasible and common type of shipment method regionally. However, it adds some limitations 

to the project. Truck transportation requires transportation permits for oversized loads, 

dimensional limitations, and road regulation restrictions. City and government permissions or 
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truck escort add costs to the project and is not always feasible. Furthermore, the size of the 

hauling is limited by the regulation as well. The maximum truck size authorised by Australia’s 

government is 2.5 meters wide, 4.3 meters tall or high, and  12.3 meters long (National Heavy 

Vehicle Regulator 2016). In practice, the panel width is typically limited between 0.6 and 4.2 

meters, and panel length is considered up to 12.00 meters due to the standard dimensions of the 

truck used to transport the element to the construction site. Payload either wider or/and higher 

than 2.4 and 4.2 meters or/and longer than 12.00 meters requires one pilot vehicle with some 

special arrangement (Sharafi et al. 2017). Therefore, the maximum floor panel width, height, 

and length in this research are limited to these dimensions. Once the CLT panels arrive at the 

construction site, the installation and erection process initiates. As mentioned before, 

component production costs comprise  80% of prefabricated structure costs (Forsythe and 

Sepasgozar 2019; Goh and Goh 2019; Hasan et al. 2018), and this percentage is significant 

compared to transport and installation costs. Hence, in model development the focuse was on 

optimising the manufacturing process of CLT elements, but it considers the transport and 

installation constraints.  

The following section examines the model computational efficiency with three scenarios, 

i.e., mass customised, mass produced, and fully customised design scenarios.  

5.1.2  Running the model for a mass customised design scenario 

The integration of design and manufacturing is seen as a solution to the problem of 

achieving the balance between customisation and mass production efficiency in residential 

buildings. The mathematical model presented in Chapter 3, which meets the second, third and 

fourth objectives of this research, balances the supply-side and demand-side requirements by 

focusing on building design adjustments at a part level. The proposed model optimises the 

interactions between the structural wall placement and CLT floor panel dimensions on an 

architectural plan by determining building spans, floor panel lengths, and thicknesses. The 

model presented in Chapter 3 could be classified in MTO approach, where the lowest level of 

system standardisation targets the component level. From a CLT manufacturing perspective, 

such components are represented by different sizes (length, width, and thickness) of CLT 

panels. 

To compare the floor design alternatives, the mathematical model is developed in Chapter 

3, where maximising the manufacturer’s profit is introduced as an objective function in Eq (7) 

while reducing the client’s cost appears in the form of constraint in Eq (8).  In addition to 
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transportation constraints, the model considers the design parameters and off-site 

manufacturing information to meet demand- and supply-side requirements, respectively. The 

variables are the size of spans which include specifying floor panel length and thickness. In any 

project, there is likely to be an assortment of panel shapes and sizes to be cut from billets.  

Manufacturers cannot simply just ‘remove or reduce’ these parts to make efficient use of the 

production time. However, what can be done is the arrangement of panels across multiple billets 

with a few changes in length to ensure efficient cutting. This scenario is usually allowed where 

manufacturer’s actions do not sacrifice architectural design and keep the client satisfied. 

 

Figure 61- A schematic view of panel length and thickness as a variable of the model 

The case example, illustrated with a 3D view in the following figure, with three different 

scenarios, is utilised to demonstrate the practicality and accuracy of the optimisation model. 

Section 5.1.1 and 5.1.2 discuss a mass customised design scenario, while Section 5.1.3. 

considers mass-produced and fully customised design scenarios. Accordingly, Tables 23, 28, 

and 29 indicate the design parameters and off-site manufacturing information as inputs of mass 

customised, mass-produced, and fully customised design scenarios, respectively.  

It is noted that floor components (panels) may have defined shapes (square, rectangular, 

etc.) or loose shapes. However, loose shapes are undesirable in the layout design. Common 

spatial voids and floor plans usually include rectangular shapes in the layout design problem 

research. Rectangular spatial voids may have variable areas with fixed aspect ratios, fixed areas 

with continuously variable aspect ratios (upper and lower bounded), fixed areas with discrete 

allowed aspect ratios, and variable areas with upper and lower bounded and continuously 

variable aspect ratios (Baušys and Pankrašovaite 2005). In the layout problem addressed here, 

the rooms have rectangular shapes with variable areas and continuously variable aspect ratios 

which are suggested by the architect. However, the architectural design constraints, i.e., 
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minimum and maximum areas and aspect ratios, could be determined by the analysis of 

architectural design data addressed in Chapter 4 as well. As indicated in Chapter 4, spatial voids 

dimensions that are in line with apartment spans determine the minimum and maximum range 

of span. This chapter assumes that the architect determines these architectural design 

constraints. 

 
Figure 62- A case example 

The model aims at simulating spans of one building’s floor, and it is assumed that the 

other floors’ spans, or load-bearing wall placement, are similar. The model’s objective function 

mainly considers the key factors making up manufacturing process associated costs, including 

raw materials, pressing stage, and CNC router cutting stage. Eq 14 indicates the objective 

function with some parameters and input derived from Table 23. Table 23 shows the extract of 

the data sourced by the preliminary architectural design, demand- and supply-side, which are 

fed into the developed model as inputs for the first scenario.  

Objective function: 
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1

∑ 𝑆𝑖𝑡

𝑖=5

1

)

− 𝑃𝐻𝐶 ∑ 𝑃𝑟𝑒𝑠𝑠𝑡𝑍𝑡 −

𝑡=16

1

𝑃𝐻𝐶 ∑ ∑ 𝐶𝑁𝐶𝑖𝑡

𝑡=16

1

𝑖=5

1
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𝐼 = {1,2, . .5} , 𝑇 = {1,2, … 16} 

I presents the number of different spans or floor panel lengths. It is assumed that the 

panels are similar in each span, whereas in different spans, the panels could be different in terms 

of length and thickness. Hence, based on the case example, i.e., the preliminary architectural 

design reflected in Figure 62, it can be concluded that the case example includes five different 

spans with the potential of having five different panels, i.e.,  𝐼 = {1,2, . .5}. The second to fourth 

parameters of Table 23 were extracted from preliminary architectural design and the architect’s 

advice. As mentioned before, the mass customised design scenario is allowed where 

manufacturer’s actions do not sacrifice architectural design and keep the client satisfied. 

Therefore, these parameters are determined according to the architect’s advice in the 

preliminary architectural design. 𝑙𝑖  and  

𝑢𝑖   show the panel size range (minimum and maximum span) determined based on the 

architect’s opinions. L represents the floor area or bound size that panels should cover. The 

bound size constraint specifies the buildable area length and width in the model. 𝑙𝑖, 𝑢𝑖  , L  are 

notations related to the model constraints, which are related to Eq 20 and 23 and discussed in 

the following paragraphs.   

Table 23- Model inputs for the mass-customised design scenario 
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The manufacturing parameters and constraints in Table 23, i.e., items 5 to 9, were 

extracted from a reputable CLT factory in Australia. 𝑇 indicates the number of different billet 

thicknesses in a factory. Based on Table 23, sixteen different thicknesses are the billets 

 Symbol Unit Input Source of the data Description 
1 𝐼

= {1,2, . . 𝑖} 
          - i=5 

I={1, 2, 3, 4, 5} 
Demand-side 

(architectural floor 
design) 

The number of different 
panels/spans 

2 𝑙𝑖 Square 
meter 

6.8; 5.7; 4.2; 5.7; 
6.8 

Demand-side 
(architectural floor 

design) 

 

3 𝑢𝑖 Square 
meter 

7.6; 6.3; 5.8; 6.3; 
7.6 

Demand-side 
(architectural floor 
design, architect) 

 

4 𝐿 Square 
meter 

210 Demand-side 
(architectural floor 

design) 

30- and 7-meters length and 
width, respectively 

5 𝑇 - {1,2,…16}  
 

Supply-side 
(manufacturing 

constraints) 

With the option of choosing 
thicknesses from the following 
16 billet types: 
3-layer billets 
thicknesses(meters): 
0.085,0.105,0.115,0.125, 
0.135, 
5-layer billets 
thicknesses(meters): 
0.145,0.160, 0.175, 0.195, 
0.205, 0.225, 
7-layer billet 
thicknesses(meters): 0.245, 
0.265, 0.275, 0.295, 0.315 

6 𝐵𝑡  Square 
meter 

36 Supply-side 
(manufacturing 

constraints) 

12 and 3 meters in length and 
width, respectively  

7 𝑅𝑡 $ per 
square 
meter  

122,136,149,164,17
7,192,209,230,256,
272,301,323,357,36

7,398,422 

Supply-side For each thickness listed in raw 
5 

8 𝐶𝑡 $ per 
billet  

2164,2448,1320,26
82,2952,3186,3762,
4140,48965418,642
6,6606,7164,7596 

Supply-side For each 12 by 3 meters billet 
with the thicknesses listed in 

raw 5 

9 𝑟  Per cubic 
meter 

100 Supply-side  

10 𝑃𝐻𝐶 $ per 
minute 

10 Supply-side  

11 𝑃𝑟𝑒𝑠𝑠𝑡  Minute 91, 102, 110  Supply-side 
(manufacturing 

constraints) 

For three-, five- and seven-
layer billets, respectively  

12 𝑃𝑊  Minute 10 Supply-side 
(manufacturing 

constraints) 

 

13 𝐶𝑁𝐶𝑖𝑡 Minute Eq (1),(2),(3) Supply-side 
(manufacturing 

constraints) 

 

14 𝐾 $ 70.000 Demand-side It is calculated based on the 
average market price (333 $per 

square meter) 
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produced by the factory in this case. 𝐵𝑡 presents the typical billet size produced by the 

manufacturer, which in this case, billets with 12.00 meters long and 3.00 meters wide are 

considered standard billet.  

For estimating raw material costs (𝐶𝑡), the adhesive spread rate specifying the amount of 

utilised adhesive and lumber in a billet is considered 250 kilograms per square meter based on 

the common practice in the industry. The factory’s logistics director  provided average lumber 

and adhesive costs (raw materials) and their ratio in each billet, and the factory’s sales and 

marketing supervisor presented the market price per square meter for each type of billet, i.e., 

𝑅𝑡. It is notable to mention that in the case of applying different billet thicknesses during the 

manufacturing process, a fixed cost equivalent to 8000(𝑥 − 1) is added to the total client cost 

(total panels price), i.e., ∑ ∑ 𝑅𝑖𝑡
𝑡
1

𝑖
1 𝑆𝑖𝑡 + 8000(𝑥 − 1). 𝑥 indicates the number of different 

billets. According to the supply-side statement, this parameter is the base cost of changing the 

production line (setting up the press and CNC machine) and, consequently, waiting time due to 

producing different billet and panel thicknesses that they consider in clients’ costs. For instance, 

suppose three different types of panels in terms of thicknesses are produced. Therefore, based 

on the number of different panels, the total client cost is ∑ ∑ 𝑅𝑖𝑡
𝑡
1

𝑖
1 𝑆𝑖𝑡 +8000 (3-1). 

The estimated time of the two main manufacturing stages (press and CNC process, items 

10 to 13) for different billet and panel types was adapted from the research conducted by Araujo 

Carneiro (de Araujo Carneiro 2019), elucidated in Section 2.5. The estimated press time was 

checked with a technical service engineer in order to identify their applicability to the model. 

As calculating CNC process time is complicated and depends on two different variables, i.e., 

the number of panels and waste of billets during the cutting stage, cutting time for six panels 

from a billet has been tested, which was approximately aligned with the outputs of the formula. 

Therefore, the researcher was assured of the model’s inputs and parameters for the 

manufacturing processes section. 

Table 24- Pressing stage time estimated for billet 3*12 meters adapted from (de Araujo Carneiro 2019) 

Number of layers in a CLT billet Pressing stage time - minutes 
3-layer 91 𝑃𝑟𝑒𝑠𝑠𝑡ℎ𝑟𝑒𝑒−𝑙𝑎𝑦𝑒𝑟 𝑏𝑖𝑙𝑙𝑒𝑡𝑠 
5-layer 102 𝑃𝑟𝑒𝑠𝑠𝑓𝑖𝑣𝑒−𝑙𝑎𝑦𝑒𝑟 𝑏𝑖𝑙𝑙𝑒𝑡𝑠 
7layer 110 𝑃𝑟𝑒𝑠𝑠𝑠𝑒𝑣𝑒𝑛−𝑙𝑎𝑦𝑒𝑟 𝑏𝑖𝑙𝑙𝑒𝑡𝑠 
 10 PW 

 

(16). 𝐶𝑁𝐶𝑡ℎ𝑟𝑒𝑒−𝑙𝑎𝑦𝑒𝑟 𝑝𝑎𝑛𝑒𝑙𝑠 = 1.13 +
9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
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(17). 𝐶𝑁𝐶𝑓𝑖𝑣𝑒− 𝑙𝑎𝑦𝑒𝑟 𝑝𝑎𝑛𝑒𝑙𝑠 = 14.3 +
9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
                     

(18). 𝐶𝑁𝐶𝑠𝑒𝑣𝑒𝑛− 𝑙𝑎𝑦𝑒𝑟 𝑝𝑎𝑛𝑒𝑙𝑠 = 25.09 +
9.77𝑁𝑃 + 0.525 𝑊 + 2.567𝑠𝑒𝑡

𝑁𝑃
                  

 In this study, to simplify the conversion of production time into cost, only the production 

direct cost, referred to as the productive hour cost (PHC), is considered. Pressing stage (𝑃𝑟𝑒𝑠𝑠𝑡) 

and CNC router cutting stage time (𝐶𝑁𝐶𝑖𝑡) are multiplied by productive hour cost (PHC) to 

convert time into the cost. The unit productive hour cost, which is the sum of standard direct 

labour cost, was estimated based on the average number and wages of the workers involved in 

the manufacturing process. On average, two labour are involved in the factory during the 

pressing and cutting process.  

The objective function is subject to the following constraints: 

Eq (18) which limits the client cost, indicates the maximum building floor structure price 

accepted by the client. With the aid of the architect, the maximum structure price is determined 

based on the extant market price and the client’s willingness to pay for standardisation. To 

simplify the model, it is supposed that the floor structure price per meter must be equal to or 

less than the average price proposed by different manufacturers. K is calculated based on the 

average market price of $333 per square meter. 

(19). ∑ ∑ 𝑆𝑖𝑡

𝑡=16

1

𝑖=5

1

 𝑅𝑖𝑡 ≤ 𝐾 

The assignment constraint, Eq (20), requires assigning each panel to exactly one billet. 

This constraint also limits the assigning of panels to billets based on the structural design guide 

of the manufacturer. Structural design constraints were extracted from the Xlam preliminary 

design guide listed in Table 25. Structural design constraints in Table 25 are limited to medium-

rise residential buildings with 2 kPa live-load and 0.0 kPa superimposed dead-load. It is notable 

that the simply supported floor and its corresponding structural constraints are considered. As 

mentioned before, a simply supported floor is a floor with its ends simply supported on two 

walls, free to bend at the ends without any restraint; it has only one span between two supports.  

(20). ∑ 𝑋𝑖𝑡

𝑡=16

1

= 1, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 ∈ {1,2, . .5} 

Table 25- Preliminary structural design table utilised as input for the model 
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Panel designation (number of layer/thickness meters) Maximum span (meters) 
CLT3/0.085 2.800 
CLT3/0.105 3.400 
CLT3/0.115 4.100 
CLT3/0.125 4.200 
CLT3/0.135 4.900 
CLT5/0.145 5.100 
CLT5/0.160 5.400 
CLT5/0.175 5.900 
CLT5/0.195 6.200 
CLT5/0.205 6.400 
CLT5/0.225 6.600 
CLT7/0.245 6.800 
CLT7/0.265 7.200 
CLT7/0.275 7.400 
CLT7/0.295 7.600 
CLT7/0.315 7.800 
Note:  
- The panel size and span are considered based on the following load specification: 
Live load= 2Kpa, Superimposed dead load = 0 Kpa 
- Panel designation shows the number of layers and thickness in a  CLT panel. As 
an example, CLT7/0.315 indicates a seven-layer billet with 0.315 meters of 
thickness. 
 

Eq (21) shows the panel size range (minimum and maximum span) determined based on 

the architect’s opinion. Floor panels are placed on the load-bearing walls and specified 

apartment spans. Span plays a critical role in apartment layout design. Therefore, the maximum 

(𝑢𝑖) and minimum size (𝑙𝑖) of panel or span 𝑖  is determined based on the architect’s opinion. 

This equation represents architectural design constraints based on the preliminary apartment 

layout design. In other words, this equation ensures that if panel 𝑖 assigned to billet 𝑡 , the panel 

size lies between its allowable minimum and maximum size (Items 2 and 3 of Table 23); 

otherwise, the size of panel 𝑖 assigned to billet 𝑡  must be zero. As typical implementation in 

prefabricated buildings, the width of all floor panels is the same and is considered a parameter; 

therefore, in this case, the panel width is 1 meter. Still, the panel length and thickness, which 

represent span, are variables. 

The billet size constraint, Eq (22), specifies that the total size (length) of panels assigned 

to a given billet must not exceed that billet size. This constraint also prevents assigning panels 

to billets that are not chosen. As mentioned before, in this case, the most common billet size of 

the manufacturer, which is 12 by 3 meters, is considered for testing the model’s computational 

efficiency.  

(21). 𝑙𝑖 𝑋𝑖𝑡 ≤ 𝑆𝑖𝑡 ≤ 𝑢𝑖 𝑋𝑖𝑡 , 𝑓𝑜𝑟 𝑎𝑙𝑙  𝑖 ∈ {1,2, . .5} 𝑎𝑛𝑑 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡 ∈ {1,2, … ,16} 

(22). ∑ 𝑆𝑖𝑡

𝑖=5

𝑖=1

≤ 𝐵𝑡𝑍𝑡, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡 ∈ {1,2, … 16} 
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(23).  𝑋𝑖𝑡 = 1 𝑜𝑟 0 , 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 ∈ {1,2, … 5} 𝑎𝑛𝑑 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡 ∈ {1,2, … 16} 

(24).  𝐿 = ∑ 𝑆𝑖𝑡

𝑖=5

𝑖=1

 , 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡 ∈ {1,2, … 16} 

Structure design constraints, i.e., Eq (23), avoid assigning panels to billets that cannot be 

utilised due to structural design considerations. Although each CLT manufacturer has its own 

distinct design guide, the structure design constraints are formulated based on Table 25, 

indicating whether panel 𝑖 with the corresponding length can be cut from billet 𝑡 or not. This 

table can also be replaced with any other manufacturer’s design tables. 

Eq (24), the bound size constraint, represents the floor area that panels should cover. 

Bound size constraint specifies the buildable area length and width in the model. These 

constraints are extracted from the preliminary architectural layout design (item 4 in Table 23).  

Genetic algorithm parameters 

In Chapter 3, Genetic Algorithm (GA) is considered an appropriate method to solve the 

developed model. GA is a stochastic search method based on a natural selection where a 

population is formed by individuals (Augusto et al. 2012; Hassanat et al. 2019). Each individual 

is a solution to the problem. If the solutions can be divided into a series of small blocks, then 

the steps, which are represented by genes and a series of genes (a chromosome), will encode 

the complete solutions (Hassanat et al. 2019). The length of the chromosomes depends on the 

problems, i.e., model variables. As specified in the next figure, the chromosome length for the 

current research problem (MC design scenario) should have 45 building blocks, with three sets 

of genes as model variables. The first set, including five genes in a chromosome, determines 

the panel sizing for each span. Panel sizing range is specified as per the architect’s opinion 

about the minimum and maximum load-bearing wall distances. This set comprises five random 

numbers. The second set with five genes is attributed to allowable billet thickness selection. 

Panels are limited to cut from one billet type in each span due to maintaining aesthetical features 

of ceiling and spaces. Still, panels of each span could be cut from different types of billets. 

Hence, in the mass customised design scenario, the maximum number of different billets that 

may be utilised for the floor plan should equal the number of spans which is 5, according to the 

case example, i.e., Figure 62. Finally, the total number of panels assigned to billets is related to 

the last set of genes. Based on the case example, the number of spans is 5, the building and 

panel widths equal 7 meters and 1 meter, respectively. By multiplying these numbers, the total 
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number of assigned panels is 35. As a result of adding the number of three sets of genes, the 

chromosome should have 45 genes.  

 
Figure 63- Chromosome structure 

Fitness classifies chromosomes in accordance with an objective function. Then, the best 

group of individuals is allowed to continue the process, whereas the others are rejected. Roulette 

Wheel Selection is adopted for selection operation. A mutation point is randomly selected, and 

reaching a fixed number of generations is utilised as a termination strategy. 

In this thesis, the designed genetic algorithm is implemented in Matlab environment, 

where optimisation can be conducted. The coding of the model is attached in Appendix D. 

Generally, four major parameters playing an important role in gaining appropriate solutions 

used by GA include cross-over and mutation rate, population size, and the number of 

generations (Hassanat et al. 2019). The determination of these parameters is dependent on 

specific optimisation problem and testing of optimisation performance (Xu et al. 2017). After 

several trials and errors  and computational tests in Matlab platform the running parameters for 

the optimisation problem are set as follows:  

Table 26- GA parameters in this research 

Parameters name Amount 
Cross-over rate 40% 
Mutation rate 60% 
Population size 1000 
Number of generations 5000 

Model’s outputs 

The model was run 100 times in Matlab environment with the above parameters, and the 

first five-run results are reported in the next table. This table indicates that the convergence of 

the algorithm for such a complicated problem is satisfactory. The average computation time is 

158 seconds (computer configuration: Intel Core i 5; Processors 4.5 GHz; Ram 8 GB).  

Table 27 shows that the results in different runs are nearly identical. With reference to the 

model inputs presented in Table 23, while multiple options exist concerning billet or panel 

thicknesses, the findings suggest that employing a uniform billet thickness within the floor 

layout enhances the production process. Consequently, this practice contributes to a boost in 

the manufacturer's profits. Moreover, imposing restrictions on structural pricing and 

architectural design results in the selection of billets that align with the client's cost and 
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architectural requirements. The outcomes reveal that constructing buildings using a single panel 

thickness category, but adapting them to various lengths to match the building layout, emerges 

as the most profitable scenario for CLT manufacturers. This approach also proves to be a 

financially prudent choice for clients. This alignment with practical industry norms is 

underscored by insights from the supply side. In actual manufacturing, even though adopting a 

single billet thickness might increase the weight of the building structure and potentially 

escalate the structural price in certain instances, it invariably leads to higher profits for 

manufacturers compared to the use of varying thicknesses. Therefore, if architects permit a 

certain level of design flexibility, and manufacturers (supply side) and clients (demand side) 

concur on adjustments to the building design at the module, part, or component level, 

manufacturers can capitalize on producing panels with a consistent thickness across the entire 

floor.This provides a degree of standardisation and is aligned with the product platform concept 

discussed in Chapter 2. Consequently, both the client and manufacturer will benefit from a mass 

customised design and increase their corresponding profit.  

Table 27- Model outputs for the mass-customised design scenario (optimal solution) 

No 
of 
Ru
n 

Manufacture
r‘s profit ($) 

Client 
cost/St
ructure 
price 
($) 

Materi
al cost 
($) 

Recycli
ng cost 
($) 

Pres
s 
cost 
($) 

CN
C 
cost 
($) 

Panel length/[thickness] 
(meters) 

Number 
of 
different 
billet 
thickness
es 

Run time 

1 18286 67830 37926 1029 7700 288
8 

(6.800,5.700,5.000,5.70
0,6.200/[0.245]) 

1 262 

2 18286 67830 37926 1029 7700 288
8 

(6.800,5.700,5.000, 
5.700,6.800/[0.245]) 

1 91 

3 18286 67830 37926 1029 7700 288
8 

(6.800,5.800,4.800,5.80
0,6.800/[0.245]) 

1 130 

4 18286 67830 37926 1029 7700 288
8 

(6.800,6.000,4.400,6.00
0,6.800/[0.245]) 

1 117 

5 18286 67830 37926 1029 7700
0 

288
8 

(6.800,5.700,5.000, 
5.700,6.800/[0.245]) 

1 144 

5.1.3 Running the model for mass-produced and fully-customised design scenarios 

A mass-produced and fully customised design scenario with the case example illustrated 

in Figure 62 are considered in this section to compare the results with the mass customised 

design scenario. The mass customised design scenario is discussed in 5.1.2. Comparing the 

results of these scenarios helps us to demonstrate the practicality and accuracy of the 

optimisation model. Tables 28 and 29 indicate the design parameters and off-site manufacturing 

information as inputs of mass-produced and fully-customised design scenarios, respectively. 

Although the building floor dimensions (length and width) and the number of spans were 
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considered the same in the three scenarios to examine the objective function, there are a few 

differences among inputs in each scenario as follows:  

(i) In the first scenario, i.e., mass customised design scenario, since spans and, 

consequently, panel size and thickness were considered as variables, a range of panel 

sizes between 𝑙𝑖 and 𝑢𝑖   with different thicknesses were regarded as inputs. As 

mentioned before, by considering these variables, the supply-side and demand-side 

could agree on building design adjustments at a part or component level without 

compromising the flexibility in architectural design. While in the second and third 

scenarios, spans are predesignated and fixed, and there is no potential for design 

adjustment at the components level. Therefore, panel size and thickness are considered 

parameters. Accordingly, in Tables 28 and 29  𝑙𝑖 equals 𝑢𝑖.  

(ii) The CLT manufacturer stated that the maximum production efficiency (equivalent to 

MP) is implemented in the factory environment, provided that panels’ length would be 

6.000 meters with 0.195 meters thickness due to the lowest wastage of material and 

production time generated. Therefore, these dimensions are considered as input for span 

size in the mass-produced design scenario. In the fully-customised design scenario, 

different panel thicknesses and lengths in the case example are also tested to examine 

the objective function and the structure price.  

(iii) In the mass-produced and fully customised design scenarios, spans or panel sizes are 

predesigned. Hence, with the predetermined panel sizes, the optimisation model aid in 

minimising CNC cost and wastage of material by determining how panels need to be 

placed on billets.  

(iv)  Also, there is no constraint for the structure price in fully customised, and mass-

produced design. Hence, no limited structure price is specified in the second and third 

scenarios.  

The manufacturer’s profit is the representation of the production efficiency, and the 

structure price indicates the client cost. The manufacturer profit and the client cost, in the mass 

customised design scenario (Table 27) are compared with mass-produced (Table 30) and fully 

customised design outputs (Table 31) as follows: 

On the one hand, in real word practice, in a mass-produced design, a manufacturer usually 

takes advantage of manufacturing panels with repetitive size to increase production process 

efficiency, which leads to maximising their profit and reducing the structure price. Comparing 

the results of the model acknowledges that maximising profit and reducing the client cost are 
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observed in the mass-produced design scenario of this research. On the other hand, the fully 

customised design outputs indicate that applying different billet thicknesses (raw 1 to 4 of Table 

31) results in lower production efficiency, i.e., manufacturer’s profit, and consequently leads to 

a higher client cost. However, utilising only one type of billet (raw 5 of Table 32) results in a 

relatively higher manufacturer’s profit, but in this scenario, it significantly leads to a higher 

client costs than the mass customised and mass-produced design scenarios since there is no 

flexibility to design adjustments at components level. In other words, the spans are 

predesignated, so based on the largest span, which is 7.2 meters, the panel thickness is chosen. 

However, in the mass customised design scenario, instead of a 7.2 meters span, we had some 

degree of flexibility to select spans between 6.8 to 7.6, where 6.8 was selected as an optimal 

size.  

Table 28- Inputs for the mass-produced design scenario  

 
Table 29- Inputs for the fully customised design scenario  

Symbol Unit Input 
𝑖  1, 2, 3, 4, 5 

𝑙𝑖= 𝑢𝑖 Square meter 6, 6, 6, 6, 6 
𝐿 Square meter 210 
T - {1,2,..t} 

With the option of choosing5- layer billets with 0.195 meters of thickness 
 

𝐵𝑡  Square meter 36 
𝑅𝑡 $ per square 

meter 
256 

𝐶𝑡 $ per billet 4896 
r $ per cubic meter 100 

𝑃𝐻𝐶 $ per minute 10 
𝑃𝑟𝑒𝑠𝑠𝑡  Minute 102(five-layer billet) 

PW Minute 10 
𝐶𝑁𝐶𝑖𝑡 Minute Eq (1),(2),(3) 

𝐾 $ - 

Symbol Unit Input Descriptions 
𝑖  1, 2, 3, 4, 5  

𝑙𝑖= 𝑢𝑖 Square meter 5.7, 5.8,7.2, 4.1, 7.2  
𝐿 Square meter 210 30 and 7 meters in length and width, 

respectively 
T - {1,2,..t} With the option of choosing thicknesses 

from the following billet types: 
3-layer billets thicknesses(meters): 

0.085,0.105,0.115,0.125, 0.135, 
5-layer billets thicknesses(meters): 

0.145,0.160, 0.175, 0.195, 0.205, 0.225, 
7-layer billet thicknesses(meters): 0.245, 

0.265, 0.275, 0.295, 0.315 
𝐵𝑡  Square meter 36 12 and 3meters length and width, 

respectively 
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The aforementioned outcomes can be attributed to the fact that, in the context of a fully 

customised design approach, the supply side is compelled to fabricate panels strictly in 

accordance with predetermined and fixed drawings, leaving minimal room for component 

adjustments. Essentially, architects delineate spans devoid of any flexibility, thereby limiting 

the manufacturer's latitude in specifying panel dimensions and thickness. The model's findings 

underscore that the production of panels with varying thicknesses culminates in reduced 

manufacturer profits and elevated costs for clients. In contrast, the mass customised design 

scenario strikes a balance between the manufacturer's profitability and client expenses through 

a mutual agreement to introduce a certain degree of flexibility in span lengths and panel sizes. 

As depicted in Table 27, the optimal panel length or span gravitates toward approximately 6 

meters, and the preferred thickness is selected from a single billet type. These model outputs 

encapsulate the optimal solution for increading manufacturer profits while simultaneously 

decreasing client expenses. 

 

Table 30- Results of mass-produced design scenario 
Manufactur
er profit  

Client 
cost/ 
Structur
e price 
($) 

Materi
al cost 
($) 

Recyclin
g cost 
($) 

Pres
s 
cost 
($) 

CN
C 
cost 
($) 

Parameters  
Panel length/[thickness](meters) Number 

of 
different 
billet 
thickness
es 

20891 53760 24840 117 612
0 

179
1 

6.000,6.000,6.000,6.000,6.000/[0.
195] 

1 

 

Table 31- Results of fully customised design scenario  
Case 
exa
mple 

Manufact
urer 
profit ($) 

Client 
cost/ 
Struct
ure 
price 
($) 

Materi
al cost 
($) 

Recycli
ng cost 
($) 

Press 
cost 
($) 

CNC 
cost 
($) 

Parameters 
Panel length/[thickness] 
(meters) 

Number 
of 
different 
billet 
thickness
es 

𝑅𝑡 $ per square 
meter 

122,136,149,164,177,192,209,23
0,256,272,301,323,357,367,398,

422 

For each thickness listed in raw5 

𝐶𝑡 $ per billet  2164,2448,1320,2682,2952,3186
,3762,4140,4896,5418,6426,660

6,7164,7596 

For each 12 by 3 meters billet with the 
thicknesses listed in raw 5 

r $ per cubic 
meter 

100  

𝑃𝐻𝐶 $ per minute 10  
𝑃𝑟𝑒𝑠𝑠𝑡  Minute 91, 102, 110  For three-, five- and seven-layer billets, 

respectively 
PW Minute 10  

𝐶𝑁𝐶𝑖𝑡 Minute Eq (1),(2),(3)  
𝐾 $ -  
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1 13597 8904
5 

44928 4608 18750 7161 4.200/[0.125],5.700/[0.160], 
5.900/[0.175], 6.800/[0.245], 

7.400/[0.275] 

5 

2 13991 8313
9 

41634 3800 17100 6615 4.200/[0.125], 5.700/[0.160], 
5.900/[0.175], 7.400/[0.275], 

6.800/[0.275] 

4 

3 12518 7597
7 

39042 3218 15570 5330 4.200/[0.125], 5.700/[0.175], 
5.900/[0.175], 7.400/[0.275], 

6.800/[0.275] 

3 

4 9817 6991
8 

37782 2801 14370 4997 4.200/ [0.175],5.700/[0.175], 
5.900/[0.175], 7.400/[0.275], 

6.800/[0.275] 

2 

5 18132 7497
0 

39998 1113 11550 4183 7.200, 4.400, 5.700,5.900, 
6.800/[0.265] 

1 

 

 
 

 

Figure 64- Comparing the results of three scenarios 

5.2 Model validation and contribution to MC in the building industry 

The results indicate that constructing buildings with single category of thickness of panels 

but customised in various lengths to accommodate the building layout are the most profitable 

scenario for CLT manufacturers. Additionally, it  presentscost-effective option for clients. In 

terms of theory triangulation, law of variability and theory of swift even flow are applied in 

model validation. The model results are aligned with the law and theory. Based on this law, the 

greater the random variability, either demanded of the process or inherent in the process itself 

or in the items processed, the less productive the process is. The more variable the timing or the 

nature of the jobs to be done by the process, and the more variable the processing steps 

themselves or the items processed, the less output there will be formed the process, as captured 
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by machine productivity measures, material productivity measures, or total factor productivity 

measures (Schmenner and Swink 1998). Given that the fully-customised scenario entails 

greater panel thickness variability compared to the mass customised and mass produced design 

scenario, manufacturing process productivity diminishes due to extended setup times for 

changing machine set up time. Consequently, these setup delays lead to reduced manufacturer 

profits and elevated client costs. The results showed that multistorey apartments can be adapted 

for mass customisation, resulting in 10% cost saving for the client and additional 1% profit for 

the manufacturer. The table below provides a comparative analysis between the optimal 

outcomes of the fully customised and mass customised design approaches, revealing the extent 

of cost savings at each stage and the corresponding increase in manufacturer profit.  

Table 32- Comparing the results of the mass customised and fully customised design scenarios  

 Manufacturer 
profit ($) 

Client cost/ 
Structure price 
($) 

Manufacturing process costs 
Material 
cost ($) 

Recyclin
g cost ($) 

Press 
cost ($) 

CNC cost 
($) 

Fully customised design 18132 74970 39998 1113 11550 4183 
Mass customised design 18286 67230 37926 1029 7700 2888 

Cost saving or profitability 
% in the mass customised 

design scenario 

1% 10% 5% 7% 33% 30% 

 

 

Figure 65- A schematic view of comparing the results of mass customised and fully customised design scenarios 

The evaluation of production processes quality also adheres to principles outlined by 

Koskela (2000) for improving flow. By comparing the results of the fully customised design 

scenario with the mass customised design scenario, it can be inferred that reducing the waste of 

material and waiting time improves production process flow.  

The proposed model was also evaluated by a panel of three experts with an average 

industry experience of 10 years and advanced to expert experience in timber building design 

and manufacturing. A demo of the system was presented to the participants for evaluation based 

on the following criteria in CLT system: (i) usefulness for the building industry needs and 

novelty, (ii) relevance to mass customisation practice and insight for design optimisation, (iii) 
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reflectiveness of results. Experts were asked to evaluate the system using a Likert scale based 

on the criteria. The evaluation results indicated that all participants agree or strongly agree that 

the tool is useful for architects to implement mass customised design in the building industry. 

They also pointed out that the balance between client’s cost and manufacturing efficiency 

through manipulating panel size and thickness is unknown, which implies the novelty of this 

research. Experts agree that the tool provides insight into optimisation designs and that the 

model results reflect the degree of optimisation.  

The proposed model meets the principle of MC, i.e., balancing the demand-side and 

supply-side requirements through agreeing on a certain level of design adjustments on spans. 

In addition, the model provides high level of detail at components and manufacturing levels; 

by doing so, integrating the building design and manufacturing are met.  

5.3 Summary  

This chapter provided the mathematical model’s computational efficiency with a case 

study of three different scenarios, i.e., mass customised, mass-produced, and fully customised 

design scenarios. The GA algorithm as a solution search method and its parameters were 

elucidated. The results showed that multistorey apartments can be easily adapted for mass 

customisation and doing so, can result in 10% cost saving for the client and 1% more profit for 

the manufacturer. The law of variability and theory of swift even flow were applied as a means 

of model validation based on theory triangulation. Model outputs are aligned with the law and 

theory. The proposed model was also evaluated by a panel of three experts. The evaluation 

results indicated that all participants agree or strongly agree that the tool is useful for architects 

to implement mass customised design in the building industry.
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Chapter 6: Conclusions 

6.1 Overview 

 

This chapter concludes the thesis by presenting a summary of the research findings, main 

contributions, and implications of the work presented.  It refers back to the approaches and 

methods taken to meet the four main research objectives of the thesis, as outlined in Chapter 1. 

This is then followed by discussing the main conclusions, associated with each objective, drawn 

based on the findings presented in previous chapters in this thesis. It then states implications of 

this thesis’s findings for both reseach and practice. Finally, a number of suggestions for future 

work are made based on the existing gaps in the literature and limitations of the present study. 

6.2 Research objectives and key findings 

The central objective of this research is to develop a data-driven design framework for 

mass customisation of multistorey buildings. To achieve this goal, the thesis targeted  four sub-

objectives: 

6.2.1 Sub-objective 1: Manufacturable layout design 

o To identify prevalent design patterns in residential building layouts and 

systematically assess their manufacturability. 

To meet this objective, the focus was placed on investigting mass-customisability of 

building layouts at the conceptual design stage. This was done to see if there are adequate 

repetitions in building designs that would justify economy of scale to mass manufacture various 

layout options. 

The similarities in architectural design of apartments and manufacturability of apartment 

layouts were considered as the main indicators of patterns for dwellings’ modular design. A 

major finding is that building spans play a critical role in evaluating manufacturability of 

design. Based on the statical analysis of design data from more than 710 apartment units, it is 

inferred that the most common clusters of spans vary from one building class to another. 

Nonetheless, a prevailing span range continues to be relevant for the majority of residential 

buildings. The most frequently designed spans for residential structures typically fall within the 

range of 4.4 to 7.4 meters. This dimension range represents 68% of the spans or floor panel 

sizes used in the residential buildings.   
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From architectural design perspective, the prevalent layout pattern often pertains to 

apartments that encompass both a living room and a bedroom along a single spanning 

dimension. This particular apartment type features a span of 7.2 meters.The manufacturability 

of layout design was examined through reviewing the manuals and contemporary design 

practices within the existing prefabricated structural systems. These systems encompass CLT, 

Austral floor deck, precast solid floor, hollow core, and mini slan floor. The study determined 

that manufacturers of CLT and Austral floor deck can provide the typical 68% spans used in 

residential building designs at an economical cost. However, manufacturers of precast solid 

floor, hollow core, and mini slab floor face challenges in economically producing such common 

spans unless they can adapt their production processes to accommodate the specialised 

strcutrual components required for the buildings. It should be noted that none of these 

manufacturers can efficiently produce the remaining 32% of the spans falling outside the 4.4-

7.4 meters range in a cost-effective manner. 

6.2.2 Sub-objective 2: Architectural-Structural Interrelationships 

To mathematically model the interrelationships between architectural and structural 

layout designs  

To achieve this objective, the emphasis was placed on comprehending the mutual 

influence of architectural and structural design on the spatial arrangements within a building. 

The primary finding of the thesis is the intricate interconnection between the architectural 

layout and the positioning of load-bearing walls, both of which significantly impact the spatial 

arrangements within a building. The analysis has led to the conclusion that structural engineers 

can optimize the structural walls by ensuring their placement within a defined coordinate range 

of +/- 50 cm, as specified by the architect. Simultaniously, this positioning results in the 

optimisation of dimensions of floor panels. Hence, the configuration of spaces can be upheld 

according to the intended architectural design, while facilitating cost savings through the 

optimised placement of walls and and dimensions of floor panels. Any process involving 

building layout modelling should incorporate the identification of optimal load-bearing wall 

placement, thereby influencing the dimensions of floor panels. 

6.2.3 Sub-objective 3: Key stages in offsite prefabrication processes 

To determine the most critical manufacturing processes influencing building layout 
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With this aim in mind, the research focus was oriented toward comprehending the 

processes of offsite building prefabrication, exploring beyond academic aspects to analyse 

practical implementations of mass-produced structural building components. 

Aligned with the scope of this research, the study exclusively examined factories 

specialising in panelised prefabrication. Data and constraints related to the manufacturing 

processes were gathered by conducting a literature review, interviewing staff from Xlam 

company (an Australian CLT manufacturer), exploring their websites and factory operation 

manuals, and participating in webinars about panelised timber systems.  

Among the various manufacturing factors, raw materials, pressing time, and CNC 

machining time emerge as the most pivotal elements that influence the efficiency and economoy 

of CLT panel production for building layouts. The cutting plan from a mother panel (or billet) 

determines the quantity of raw material needed and the extent of wastage during the production 

process. Pressing time assumes significance due to its time-intensive nature, closely tied to the 

required number of timber layers within a CLT panel, as well as the billet’s length and 

thinckess. Equally critical is the CNC machining time, a decisive manufacturing factor 

influenced by the dimensions of prefabricated panels of varying types to accommodate specific 

building layouts.  The CNC machining time also depends on factors such as the the number of 

panels cut from each billet, the percentage of waste material produced after cutting from the 

billet, and the estimated process time from coding software. Ultimately, these parameters were 

used to validate the literature formula against real manufacturing practices.  

6.2.4 Sub-objective 4:  Optimal design for manufacture  

To integrate manufacturing processes in building layout design for attaining optimal factory 

efficiency and preserving architectural flexibility 

To achieve the fourth objective, the thesis centered on integrating MC during the 

preliminary design stage. This was achieved by formulating a mathematical model for 

designing building layouts. The model accommodates a certain level of standardization while 

upholding a heightened degree of flexibility in the design of building layouts.  

The development of the model incorporated findings from the preceding sub-objectives. 

This involved parameterising data linked to manufacturing processes, as well as data associated 

with design spans. Additionally, the model integrated manufacturing efficiency constraints, 

including the limits on the panel dimensions, pressing and CNC machining times. It also 

adhered to the limits imposed by layout design considerations, including the location of the 

load-bearing walls, upper and lower limits for the building spans, and dimensions of floor 
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panels. The study used Cross-Laminated Timber as a mass customisable prefabricated system 

increasingly gaining momentum in Australia’s building sector to test and validate the model. 

    

 The objective function is to find the optimal production process which leads to 

maximising the manufacturer’s profit. This objective was subject to reducing the client’s costs 

without compromising the architectural design. The results showed that multistorey apartments 

can be adapted for mass customisation and in doing so, can result in a 10% cost saving for the 

client and a 1% increase in profit for the manufacturer. The 10% cost saving for the client is 

achieved through lowering the production cost by ordering a larger number of standard panel 

sizes. The results indicate that buildings made of a single category of thickness of panels but 

customised in various lengths to suit different building layouts are the most profitable scenario 

for CLT manufacturers and are a cost-effective option for clients.  

6.3 Research contribution and potential use in the building industry 

In this section the research contributions and potential uses of the research findings in the 

building industry are discussed.  

6.3.1 Implication for reseach 

 

The implications of this thesis for research are as follows: 

Comprehensive Approach to Mass Customisation (MC) Literature: The existing MC 

literature has primarily examined one aspect of MC, often overlooking the simultaneous 

consideration of both demand-side factors (designers and building developers) and supply-side 

factors (manufacturers) requirements. This research sheds light on the need to bridge this gap 

by integrating these perspectives. 

Lack of Quantitative Integration of Design and Production: Quantitative research that 

effectively integrates design and production processes is notably lacking. While a few studies 

have touched on the production processes of prefabricated systems, they fall short of 

parameterising production processes and variables, preventing accurate measurement of cost 

and time savings post MC implementation: 

Optimised Layout Design and Manufacturability: The prevalent optimised layout 

design methods in the literature tend to neglect manufacturability concerns and architectural 
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flexibility. In this context, the research introduces a framework that not only parameterises 

manufacturing processes but also integrates these processes into building layout design. This 

integration aims to achieve optimal factory efficiency while preserving architectural flexibility. 

Clustering Architectural Designs for Manufacturing: An important aspect of efficient 

offsite fabrication involves identifying and clustering similarities in various building layouts to 

create building families. However, studies analysing and clustering architectural designs for 

manufacturing purposes are currently scarce. This research endeavors to address this gap by 

exploring and assessing architectural designs from a manufacturing perspective. A systematic 

assessment of prevalent design patterns in residential building layouts from a manufacturability 

standpoint is undertaken. This analysis serves to provide insights into the feasibility of these 

patterns for efficient offsite fabrication. 

Client-Centered Design and Efficient Manufacturing Integration: The research 

contributes to addressing the aforementioned gaps by focusing on the integration of client-

driven design and efficient manufacturing. It proposes and develops a comprehensive 

framework aimed at parameterising manufacturing processes and seamlessly integrating these 

processes into building layout design. The objective is to enhance factory efficiency while 

ensuring architectural adaptability. 

Overall, this research endeavors to provide a more comprehensive and integrated 

approach to Mass Customisation literature, quantitative research in design and production 

integration, manufacturability considerations in layout design, and clustering architectural 

designs for efficient offsite fabrication. 

 

6.3.2 Implication for practice 

Identifying similarities with the clustering technique in architectural design and structural 

spans of different apartments can help to provide dwellings’ modular design offered to different 

clients. Classifying apartments and buildings enable building architects to effectively and 

efficiently adapt the design of residential buildings to modular dimensions. The proposed 

modular design patterns contribute to the mass customisation of the building in the conceptual 

design stage. Also the mathematical model contributes to the mass customisation of the building 

in the preliminary design stage by balancing the manufacturer’s profit and the client’s cost. The 

model helps architects systematically determine the structural wall placement with the optimal 

production process.  
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This research will benefit primarily (i) the architects to respond to the mid-income 

housing clients’ demand in a modular apartment discussed here, (ii) the prospective 

manufacturers of components who will get essential standards for manufacturing components, 

and also (iii) policymakers to frame policy concerning the supply of mid-income housing units 

using prefabricated building system. 

6.4 Research limitation and future research direction 

 This thesis represents an initial effort to address the gaps identified earlier in the literature 

concerning the implementation of MC in the building sector. The study encountered a number 

of challenges and limitations, which are outlined below, to create a path for further exploration 

and future research:  

6.4.1 Research limitations 

▪ The panelised prefabrication, building spans and modular design scenarios discussed in 

this thesis are within the context of Australian housing sector. While this is expected to 

be applicable to multi-story panelised timber buildings any where, not all cities may 

find these equally applicable. Contextualisation is, therefore, necessary. 

▪ Transport and installation requirements have been considered as constraints in the 

model development. However, this research has not investigated the extent of the impact 

that design may have on transport and installation requirements. In other words, design 

improvements have only been made for meeting the requirements of transport and 

installation stages but not for optimisation of these two stages.    

▪ The model formulations have been developed for rectilinear floor plans, commonly 

found in multi-storey buildings. However, since architectural floor plans can be more 

intricate and non-rectilinear, further research is needed to expand and validate the 

proposed model for complex building layouts.  

6.4.2 Future research 

This study is expected to pave way for further research in the following directions: 

▪ The modular design scenarios have been proposed for apartment layouts, specifically 

focusing on certain building types categorized by the number of floors. The thesis has 

discovered that the common span sizes are primarily influenced by the number of floor 

levels in multistorey buildings and secondarily by the arrangement of living 
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spaces.Further research is required to investigate those statistical outliers that do not 

meet such commonalities in span.   

▪ Exploring the potential linkage between the matehamtical model of MC and Building 

Information Modelling (BIM) for the purpose of implementing automated design offers 

an avenue for future investigation. Such automated design could enable diverse spatial 

arrangements based on different panel dimensions. 

▪ The design optimisation model for mass customization introduced in this thesis operates 

under the premise that a panelised system is suitable for a country like Australia as a 

modular building approach. Therefore, further research is needed to study alternative 

forms of component modularity for mass customisation of housing. While the 

developed model is tailored to a CLT structural system, there is potential to adapt it to 

other structural systems, including precast concrete structures. 
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Appendices  

Appendix A -Normality tests of data 

▪ Normality tests architectural drawings data: 

Quantitative methods to evaluate the normality of data include Shapiro-Wilk test, 

Kolmogrov-Smirnov test, skewness, kurtosis, z test, and mean with SD. SPSS software enables 

users to conduct all these tests. Each numerical method is appropriate for a specific sample size. 

As the current study population is considered as a large sample size (n>300) skewness, kurtosis, 

and mean with SD are appropriate methods for testing normality (Mishra et al. 2019). Skewness 

measures symmetry, while kurtosis measures whether the data is heavy-tailed or light-tailed 

relative to normal distribution (Joanes and Gill 1998). For a large sample, the normality of data 

depends on the skewness and kurtosis absolute values. Either an absolute skewness value ≤2 or 

an absolute kurtosis ≤4 can be used to assess the normality. If the relative value of the SD with 

respect to the mean is less than 0.5, data is considered normal in large samples (Ghasemi and 

Zahediasl 2012; Mishra et al. 2019). 

Table 33- Normality tests of all 710 apartment units dataset 

Data type Mean Standard 
deviation 

Skewness Kurtosis 

Span 6.1 1.4 -0.5 -0.8 
Spanning direction 
dimension 

8.4 2.1 0.5 2.3 

Livingroom length 6.0 0.9 -0.2 0.3 
Livingroom width 4.1 0.5 0.9 1.3 
Kitchen length 3.3 0.7 1.8 4.6 
Kitchen width 2.3 0.6 -1.5 1.6 
Main bedroom length 4.4 0.6 0.5 -0.4 
Main bedroom width 3.2 0.3 1.4 2.6 
Additional bedroom 
length  

3.7 0.3 0.7 0.8 

Additional bedroom 
width 

3.1 0.2 1.1 2.1 

Bathroom length 2.5 0.3 0.6 2.0 
Bathroom width 1.8 0.3 0.4 -0.3 
Laundry length 1.4 0.2 1.3 3.8 
Laundry width 0.9 0.2 1.9 3.8 
Balcony length 5.3 2.5 1.7 3.9 
Balcony width 2.5 0.8 1.4 4 

 
 

 
▪ Analysing the dimensions of two different types of kitchens in a separate 

histogram: 
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Note that, Figure 30 and Table 34 show that the kitchen length is not normally distributed, 

and there is a large gap between the minimum width and the other width. Hence, this reflects 

the two recoginisably different types of kitchens, i.e., one wall kitchen and rectangular kitchen. 

By separating these two types of kitchens, the average length, width, and the SD are not changed 

significantly, and it does not affect the Table13 results. 

 
 

  
 

 

 
 
Figure 66- Frequency histograms of kitchen dimension based on kitchen type (left to right one wall kitchen and 

rectangular kitchen) 

 

Appendix B- Spanning direction analysis 

Table 34- Spanning direction and average land size 
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                                               Average land size 

Architectural design characteristics 

Average land 

widths (meters) 

Average land 

lengths (meters) 

Spanning direction aligned with apartment widths 40.5  66 

Spanning direction aligned with apartment lengths 44 71.5 
 

Table 35- Comparing building frontage in each building class 

               Building class 

 

 

 

 

Building characteristics 

Low-rise 

buildings (Up 

to 5 storey- 

buildings 

Class1) 

Mid-rise 

buildings 

(between 5 to 

10 storey-

buildings 

Class2) 

High-rise buildings 

(more than 10 storey-

buildings Class3) 

Average building length (meters) 59 73 77 

Average building width (meters) 40 44 50 
 

Appendix C- Optimal number of clusters and clustering validation in data analysis  

▪ Optimal number of clusters for analysing apartments architectural layouts design 

 

 
 
 
 
 

 
 

 
 

Figure 67- Optimal number of clusters with Elbow, Silhouette, and Frequency among 30 indices methods in 

analysing data regardless of architectural design 

Table 36- Number of clusters in clustering all apartments regardless of architectural design 
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Method Elbow method Average 
silhouette 

Frequency 
among30 
indices 

Number of final 
clusters 

No of cluster in  5 4 5 5 
 

 
Figure 68- Cluster validation in analysing apartments regardless of architectural design 

     

   
 

Figure 69- Optimal number of clusters with Elbow, Silhouette, and Frequency among 30 indices methods in 
analysing data based on apartments architectural layouts design (Living room + bedroom) 

  

   
Figure 70- Cluster validation and scatter plots in analysing data based on apartments architectural layouts design 

(Living room +bedroom) 
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Figure 71- Optimal number of clusters with Elbow, Silhouette, and Frequency among 30 indices methods in 
analysing data based on apartments architectural layouts design (Living room) 

  

Figure 72- Cluster validation and scatter plots in analysing data based on apartments architectural layouts design 
(Living room) 

 

  

  

Figure 73- Optimal number of clusters with Elbow, Silhouette, and Frequency among 30 indices methods in 
analysing data based on apartments architectural layouts design (Living room and two bedrooms) 
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Figure 74- Cluster validation and scatter plots in analysing data based on apartments architectural layouts design 
(Living room and two bedrooms) 

 

Table 37- Optimal number of clusters in analysing data based on the apartments architectural layouts design  

                                     Method 

 

Spatial voids arrangement aligned with 

apartments spanning direction 

Elbow 

method 

Average 

silhouette 

Frequency 

among30 

indices 

Number of 

final clusters 

Living room 5 8 4 5 

Bedroom and Livingroom 4 4 5 4 

Livingroom and two bedrooms 5 10 3 5 

 
 

 

▪ Optimal number of clusters for vertical design analysis 
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Figure 75- Optimal number of clusters with Elbow, Silhouette, and Frequency among 30 indices methods in 
analysing data based on vertical design (building class1, i.e buildings with less than 5 storey) 

 
 

Figure 76- Cluster validation and scatter plots in vertical design data analysis (building Class1, i.e., buildings 
with less than 5 storey) 

 

 

 
Figure 77- Optimal number of clusters with Elbow, Silhouette, and Frequency among 30 indices methods in 

analysing data based on apartments architectural layouts design (building Class2, i.e. buildings with between 5 to 
10 storey) 

 

 
 

Figure 78- Cluster validation and scatter plots in vertical design data analysis (building Class2, i.e buildings 
between 5 to 10 storey) 
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Figure 79- Cluster validation and scatter plots in vertical design data analysis (building Class 3, i.e buildings 

with more than 10 storey) 

 

 

 
 

Figure 80- Cluster validation and scatter plots in vertical design data analysis (building class3, i.e., buildings 
with more than 10 storey) 

Table 38- Optimal number of clusters in analysing data based on vertical designs  

Method 

Building Class 
Elbow method Average 

silhouette 

Frequency 
among 30 

indices 

Number of final 
clusters 

Class 1 5 7 5 5 

Class 2 4 7 4 4 

Class 3 4 9 7 7 
 

▪ A part of clustering coding in R studio (Spatial voids) 
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▪ A part of clustering coding in R studio (Modular design scenario) 

 

 

 
 

 
Appendix D 

Figure 81- Problem coding in Matlab environment 
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