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Abstract: Product modularity is a concept that can contribute to the improvement of product
quality and production efficiency in house-building. However, there is a lack of consensus
in the literature on the concepts that define product modularity. Furthermore, little attention
has been given to the differences between building construction and manufacturing, for
which product modularity was originally developed. This research aims to address that gap
by adapting the conceptualization of product modularity so that it can effectively be used in
the house-building industry. The methodological approach adopted in this study was Design
Science Research, and two empirical studies were carried out on construction companies
based in Brazil and in the U.K. Those studies are used to illustrate the applicability and utility
of the proposed concepts and tools. Research findings indicate that the adoption of product
modularity concepts results in benefits to both traditional construction technologies and pre-
fabricated building systems.
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1. Introduction

The entral idea of the mass customisation approach is to deliver products that have some degree of
customisation while striving to meet the standards of efficiency, cost, and quality of mass production [1].
Therefore, it seeks to simultaneously achieve two seemingly conflicting goals, high product variety and
high volume, by delivering products that fulfil the specific requirements of different customers through
flexible processes and organizational structures [2]. In house building, mass customisation has been
linked to environmental and social sustainability, as it can potentially eliminate waste resulting from
changes carried out by occupants after moving in, and provide an opportunity for increasing their sense
of identity and ownership.

Product modularity (or modular architecture) is one of the key elements of mass customisation
strategies. It concerns the use of a limited set of modules to create several product variants [3]. The
mixing and matching of modules in different combinations leads to high product variety, whereas high
volume is achieved by using a limited number of modules across a large number of product variants [2].

The use of a set of interchangeable components sub-assemblies (modules) to build a wide range of
dwellings has been pointed out as one of the necessary strategies to improve the performance of the
house-building industry [4,5]. In this context, much of the design effort goes into designing modules that
can be combined to produce a wide range of solutions [6]. This determines, to a large extent, the degree
of customisation of dwellings and the level of efficiency that can be achieved in production [4,7,8]. Despite
the potential benefits of product modularity, there are two main difficulties in the dissemination of this
concept in the house-building sector.

The first difficulty relates to the lack of consensus on the conceptualization of product modularity.
A large number of perspectives, languages and definitions are presented in the literature, from
different fields of knowledge, such as engineering management, management science, and operations
management [9]. According to Gershenson et al. [3], there is neither a clear measure of product
modularity nor a widely adopted systematic method to help designers to increase the degree of product
modularity. Such a diversity of definitions constitutes a major barrier to the advancement of scientific
knowledge [9]. It hampers the creation of valid measures, which are necessary for empirical testing and
theory building [9,10].

The second difficulty relates to the differences between the construction and manufacturing
industries, as existing product modularity conceptualizations do not consider the peculiarities of
construction, such as on-site production, temporary supply chains, and buildings as one-off-products [11]. In
fact, previous studies investigated product modularity in construction, reinforcing the relevance of this
topic in this sector. For instance, Voordijk et al. [5] explored the idea of aligning product, process and
supply chain architecture, while Halman et al. [6] and Veentra ef al. [12] investigated the development
of product platform architectures for the house-building industry. Moreover, the concept of product
modularity has a strong connection with the open building approach, which focuses on the introduction
of different levels of decision making in the building process, and the possibility of decoupling building
parts with different life cycles [13]. However, none of those studies have proposed a conceptual
framework for product modularity for building products, addressing differences between manufacturing
and construction.
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This research aims to address that gap by adapting the conceptualization of product modularity so
that it can effectively be used in the house-building industry. The research also proposes two operational
tools, named the module combination matrix and module interactions matrix, which can support
decision-making in the development of house-building products. Therefore, this study has a prescriptive
character, as its main contribution focuses on understanding product modularity in this specific context
to support the design of customised house-building projects. This investigation was part of broader
research work whose main outcome was a conceptual framework for defining customisation strategies
in house building [14].

2. Product Architecture and Modularity

Product architecture is a conceptual representation of the physical components used for making a
product and the interactions between them, which affect the functioning of that product [15]. Any
product has a product architecture regardless whether it was deliberately devised or not [16]. According
to Salvador [9], the conceptualisation of product modularity does not point to a single concept, but it
encompasses a number of different and interrelated concepts.

Ulrich [17] suggests that a product architecture is defined by three main decisions: (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. The most common distinction
made in the typology of product architecture is between a modular architecture and an integral
architecture, although most products cannot be classified strictly as modular or integral [17]. There is
rather a continuum, in which a product design can assume different architectures.

Functional elements define what a product does, whereas physical components are the chunks
designed to fulfil these functions [17,18]. Clearly, there is a relationship between the functional elements
and chunks of a product, termed as function-component allocation scheme [10]. Allocation schemes can
be one-to-one, many-to-one, one-to-many, or many-to-many [17], depending on the design solution. In
modular architecture, there is a one-to-one allocation scheme, in which each chunk (a sub-assembly of
components) is physically independent and performs only one function [17]. Those chunks are termed
modules [19] and can be mixed and matched in distinct combinations. By contrast, in integral
architecture, there is a complex mapping (not one-to-one) from functional elements into physical
components, and coupled interfaces [17]. This means that two or more physical components perform
more than one function, or conversely two or more functions are performed by a single component.

The functional elements and components that form a product can be organized into hierarchical
levels [9,19,20]. At the highest level, a function is provided by the whole product, whereas at the lowest
level a very specific function might be provided by a single component [10]. Clearly, the level of interest
when designing a product architecture is to define a set of sub-functions somewhere between these
extremes [10], so that each function is close to client requirements, and the modules devised to fulfil
these functions can be combined to meet distinct requirements.

Indeed, in mass customisation, product variants are often the result of different module combinations,
which should be able to meet different client orders. Thus, it is important to devise modules that fulfil
as many requirements as possible but that can also be used in a large number of product variants [10].
Pine II [2] described the main benefits of modular architecture as (i) economies of scale, which are



Sustainability 2015, 7 4922

achieved through the production of high volumes of standardised components rather than standardised
products; (ii) economies of scope, which are achieved by using the modules over and over again in
several product variants; and (iii) customisation being provided by using a limited number of modules
to provide several product variants.

Platform is a concept closely related to modular architecture. A platform can be described as a basic
common module that is used in several variants of a product family [21]. In other words, it is a specific
module that encompass a larger chunk of physical parts than the other modules and that is used in every
product variant that can be generated in a particular system [9].

A one-to-one allocation scheme is a necessary (although not a sufficient) condition for modular
architecture [10]. In addition, the specification of interfaces needs to be appropriately established for
modules to be interchangeably used across combinations [17]. The degree to which the interfaces among
interacting modules follow a standard defines the compatibility among modules [22]. In other words, if
two modules have the same interface standard it means that they can be combined. Using only one
interface standard enables more modules combinations to be created than using several interface
standards. Indeed, Salvador [9] points out that the highest level of combinability is achieved when all
possible combinations of all available modules can be made. This can only occur when all modules have
only one interface standard, as in sectional architecture [ 17]. However, such level of combinability might
not be possible or desirable, and often there is more than one interface standard in a product architecture.

The number of different interface standards is a key issue when designing a product for mass
customisation, as it determines the possible combinations between modules and, consequently, the
product variants that can be created. The terms decoupled [17] or loosely coupled [12,23] are often used
to describe modules that have the same interface standard and thus can be interchangeably used across
different combinations. The terms coupled or tightly coupled refer to modules that cannot be easily
combined either because of ambiguous allocation schemes or different interface standards [17].

The definition of interfaces between modules depends on the type of interaction that should exist
between them. Pimmler and Eppinger [24] proposed a set of categories for interactions: (i) spatial
interactions (i.e., need for adjacency or orientation between two or more modules), energy interactions
(i.e., need for energy transfer between two modules), information interactions (i.e., need for information
exchange between two modules) and material interactions (i.e., need for material exchange between two
modules). Tsai and Wang [25] proposed a similar taxonomy of interaction types, adding another
category, named geometric interactions, which refers to the fitting of two modules in relation to
geometric parameters such as shape, size, and tolerance.

From a broader perspective, several decisions related to product design and production system design
are required in the product development process. Consequently, other factors have a strong influence on
whether products are delivered as a set of modules, which can be classified into three different domains:
product, process, and supply chain [5,10]. For instance, Pahl e al. [26] make a distinction between
function modules, i.e., portions of the product implementing technical functions, and production
modules, i.e., portions of the product defined based on production considerations alone. Therefore, the
product architecture is not fully defined by the design; it is also dependent on how a product is delivered.
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3. Product Modularity in Construction

Voordijk et al. [5] pointed out the importance of analysing modularity in the construction industry
from three perspectives: product, process and supply chain. These perspectives can be used to discuss
the differences between construction and manufacturing that affect the adoption of product modularity
in the delivery of buildings.

The main difference between manufacturing and construction from the product 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 the definition of the product architecture. In this context,
components are needed to perform specific functions that contribute to the function of the product at the
highest level. For example, to enable a computer to perform its functions at the higher level, several
sub-assemblies (e.g., monitor, keyboard, central processing unit, mouse) are needed. In contrast, the
focus on components only is not appropriate for a building because buildings need to be considered as a
mix of components and spatial voids. In fact, the main function of buildings, at the highest level, is not
provided by components, but by the provision of spatial voids for people.

From the process perspective, the notion of modules as mechanically stable sub-assemblies, often
involving a “glue-component” that keeps the parts attached [9], is another underlying notion of product
modularity that is not completely applicable to buildings. In manufacturing, suppliers are able to deliver
complex modules that are simply assembled by the main manufacturer [27], making this process simple.
However, in most construction projects it is difficult to use this type of modules. Although mechanically
stable modules can be applied in some highly industrialised projects, or in the production of some
building subsystems in regular projects, much of the work in house-building is usually performed on
site, using traditional technologies. This is strongly related to the unique character and immobility of
buildings [11]. Therefore, much of the work still has to be performed on site, such as at the excavation
and foundation stages. In addition, the finishing stages are often postponed and completed on site just
prior to project delivery, in order to avoid damages in the finished product, which may be caused by the
production activities that are taking place inside the building. As suggested by Voordijk et al. [5], in
traditional building techniques, process architecture is dispersed in time but tight in space.

Finally, the unique and temporary nature of construction projects is another barrier to the design and
production of modules as stable sub-assemblies. Construction project supply chains are essentially
temporary multi-organizations that are set up with the specific purpose of delivering a construction
project. Such supply chains arise at the start of the project, develop, and finally disband as the end of it [28].
In contrast with manufacturing, there is often limited incentive for suppliers to design and
produce modules for a large number of projects. This is also related to the fact that building projects are
one-of-a-kind, which means that the modules developed for a project are unlikely to be suitable for other
projects [4].

Table 1 summarizes the differences between construction and manufacturing to be considered in
product modularity.
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Table 1. Differences between construction and manufacturing relevant for product modularity.

Perspectives Manufacturing Construction

) Buildings combine components and spatial
Components have a central role in the & P P

Product definition of the product architecture voids, which Perform the most important
product functions
Process Suppliers deliver complex modules that are Much work is usually performed on site,
simply assembled by the main manufacturer using traditional technologies
The supply chain gets involved in the design Temporary supply chains usually have
Supply chain and production of modules for a large number limited incentives to produce the same
of products module for a large number of projects
4. Research Method

The methodological approach adopted for the development of the framework was design science
research, which is a form of scientific knowledge production that involves the development of innovative
constructions, intended to solve problems faced in the real world, and simultaneously makes a
prescriptive scientific contribution [29]. An important outcome of this type of research is an artifact that
solves a domain problem, also known as solution concept, which must be assessed against criteria of
value or utility [30]. Even though this approach was developed originally in the area of Information
Systems, a number of authors, such as Voordijk [31] and AlSehaime et al. [32], suggest that design
science research should be used to produce appropriate multidisciplinary solution concepts for solving
complex and relevant problems in the Built Environment.

In this research, the proposed artifact is a set of constructs that provide an understanding of product
modularity in house-building. This set of concepts emerged from two case studies carried out in different
house-building companies, through several cycles of development, testing and refinement, until a
suitable version was produced. Both companies were chosen because they delivered customised housing
units, and also due to their willingness to participate in this investigation. One of them used a highly
industrialised building system (Company B), and the other adopted fairly traditional construction
technologies (Company A).

Company A is a Brazilian contractor that develops and builds apartment buildings for high-end
clients. Most of the construction methods adopted by this company involve activities that are carried out
on site, such as cast in place concrete structure, masonry walls, and plastering. Data from one specific
project, a high-rise residential project, named Project J, was analysed in this investigation.

Company B is a British firm that builds residential schemes for social housing using a prefabricated
system. The system consists of a set of timber-framed pods produced in a factory. Each pod includes a
set of rooms that is fully fitted, with windows and doors in place. After the pods are delivered to the site,
the external finishing and roof are assembled, completing the units.

The aim of carrying out multiple case studies was to assess the utility of the set of concepts in two
very different contexts. In each case, an assessment of the building design process in terms of product
modularity was developed, and improvement opportunities were identified. Such assessment is in line
with the design science research approach, which requires the appraisal of the practical contribution of
the solution [33,34].
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Multiple sources of evidence and a causal chain of evidence were used to create valid constructs, and
a case study protocol was adopted to ensure the reliability of data collection, as suggested by Yin [35].
However, differently from descriptive research strategies from social sciences (like case studies), the
focus of this investigation was the development of an artefact, the conceptualization of which is
presented in Section 5. Thus, the role of the case studies was to test the utility of the set of concepts that
have been proposed, as opposed to pattern matching, which should be used if the research strategy was
multiple case studies.

Table 2 describes the sources of evidence used in this research study. Based on the data collection,
the following information was produced for each company: (a) description of the business model,
competitive criteria, and the profile of its main clients; (b) an overall map of the design and construction
process; (c) identification of existing customization practices, especially those related to product
modularity; and (d) description of the main products delivered and customisation options.

Table 2. Sources of evidence and focus of data collection in Case Studies A and B.

Case study A Case study B
- 8 semi-structured interviews with staff involved

- 13 semi-structured interviews with staff involved in . . .
) ) in the design and construction processes
the design and construction processes
- Analysis of design documents, including strategic
plans, architectural drawings and commercial leaflets
- Participant observation in two meetings involving top

and middle management

- Analysis of design documents, including
architectural drawings and commercial leaflets

- Direct observation of the construction process in
the manufacturing plant

- One meeting with top and middle management

- Direct observation of the construction process on site .
to discuss the outcomes of the research

5. Proposed Conceptualisation of Product Modularity in House-Building

The proposed conceptualisation includes three elements: (i) product architecture perspectives; (ii)
interfaces among interacting modules; and (iii) operational tools to support decision-making. Each part
is described as follows.

Regarding the product architecture perspectives, there are two fundamental types of functional
elements (primary and secondary functions) and physical components (spatial voids and solid mass) in
buildings. The terms “spatial voids” and “solid mass” are borrowed from Ching [36] who uses them to
explain architectural forms. Primary functions (e.g., reading, sleeping, eating, and working) are performed
by people in spatial voids. Secondary functions (e.g., load support, enclosure, roof, and finishings) are
performed by the solid mass of a building. Spatial voids and solid mass are the fundamental parts of any
building. Therefore, the solid mass components of a building have two main roles: (i) to create the spatial
voids; and (ii) to enable the primary functions to be comfortably carried out by people.

Some building components fulfil only one of these roles, whereas others fulfil both of them. For
example, components forming the structural system essentially create the spatial voids. Building
services, such as water, electricity, and heating, do not create the spatial voids but support primary
functions. Other building parts such as the enclosure system fulfil both roles as they create the spatial
voids and also protect these spatial voids from the weather.
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Although spatial voids and solid mass are complementary, the product architecture could be
conceived in terms of solid mass (components perspective) or spatial voids (spatial perspective).
In fact, each of these perspectives embodies a different type of allocation scheme. From a spatial
perspective, the focus is on the primary functions performed by people in the spatial voids (Figure 1).
However, these functions still need to be allocated to some extent into solid mass, as these are needed to
create the spatial voids. In a components perspective, the focus is on the allocation of secondary
functions into solid mass (Figure 1).

Functional elements
Primary Secondary
functions functions
Spatial voids Spatial
Physical elements - Perspective
Solid mass Components
(Components) Perspective

Figure 1. Two perspectives on the product architecture of buildings.

The components perspective is implicit in the product architecture design of most manufactured
products, as product components, rather than people, perform most functions. For example,
Stone et al. [37] proposed a method to identify modules in manufactured products, in which classes of
functions are essentially performed by components. Clearly, the spatial perspective can be adopted for
other products that involve spatial voids such as ships and airplanes, and even for cars. However, the
network of spatial voids in some of those products is likely to be simpler than the one found in buildings,
as the size and number of spatial voids tends to be much smaller.

In terms of interactions among modules, the categories proposed by Pimmler and Eppinger [24] and
Tsai and Wang [25], described in Section 2, are applicable to buildings. However, it seems that spatial
interactions and geometric interactions play a key role. This is because the spatial voids and solid mass
forming a building need to be geometrically and spatially coordinated to enable the primary functions to
be appropriately carried out. A geometrical interaction involves the physical fitting between two
modules. For example, the sink piping and the drain should have a particular geometry so that they can
be connected. A spatial interaction involves the spatial coordination between two modules. For example,
a sink should be positioned at a particular height in relation to the floor.

The other types of interactions discussed by Pimmler and Eppinger [24] and Tsai and Wang [25]
apply only to some building components. For example, there are load exchanges (energy transfer) among
modules that form the structural system, and water exchanges (material flow) among modules that form
the water and sewage system. However, most spatial and geometric interactions also apply to them and
in fact are needed to support the other interactions. In the sink example, the geometric interaction
between the sink piping and the drain need to be appropriately established for the water to flow.
Similarly, the beams and columns need to be geometrically and spatially coordinated for the load to be
adequately transferred.

Two fairly simple tools have been devised to analyse product architecture in house buildings: (a) the
module combinations matrix; (b) the module interactions matrix.
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The module combinations matrix clearly describes the modules used across diverse product variants
in a visual format, as shown in Table 3. The matrix also incorporates a metric, called the module use
index (MUI) to assess the degree of module usage, which is a proxy of commonalities across product
variants: a high MUI means that many modules are common to several product variants. The higher the
MUI, the larger the economy of scope, as it represents greater module usage. This, in turn, leads to a
simplified production process. The MUI can be used to assist designers to evaluate and compare the
economies of scope for different design solutions.

Table 3. Module Combinations Matrix of a hypothetical product architecture

Product Product Product Number of
variant A variant B variant C uses
Module 1 2 1 3
Module 2 1 2 3
Module 3 1 1
Module 4 1 1 2
MUI 2.25(9/4)

The MUI can also be used to assess whether a delayed product differentiation could be adopted for a
particular product design. Postponing product differentiation until the last possible moment enables
organisations to operate with efficiency and to quickly meet clients’ orders with minimum amount of
stock [38]. With such an approach, product variants are designed using common platforms and modules
and are assembled only when a client order is received [39]. Commonality, in turn, dictates to a large
extent the success of a delayed product differentiation approach [40]. If a small number of modules is
used across several product variants, the modules can potentially be produced based on forecast since
they will probably be used in any upcoming order. This is particularly important if there is an off-site
manufacturing system that provides modules (e.g., pods, components) to different construction sites.

The module interactions matrix displays the interfaces that exist between modules in each of the
product variants (e.g., A, B, C in Table 4). It indicates the number of interactions between modules in a
product family. This matrix can be used to identify the need for improving interfaces between modules.
Both matrices indicate whether any of the modules can be considered as a platform. A platform module
is found in all product variants, and must be able to interact with any other modules.

Table 4. Module interactions matrix of a hypothetical product architecture.

Module 1 Module 2 Module 3 Module 4
Module 1 A
Module 2 C
Module 3 A
Module 4 B,C

The application of these concepts and tools in the case studies is described below.
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6. Results
6.1. Case Study A

The apartment buildings developed by Company A can be organized into four product families. Each
product family has a particular householder profile, an average apartment size, and a degree of
customisation. In Project J, this company intended to offer buyers the possibility of choosing the
apartment internal layout as well as the floor tiles for the social areas. For each of these attributes (floor
tiles and layout), Company A planned to offer a limited set of options for clients to select from.

The choice of floor tiles is a low hierarchical level decision in the product architecture, since the
function (floor finishing) is provided by only one component type (floor tile). This type of customisation
does not provide a major problem in terms of product architecture as difficulties most often arise at
higher levels, where more than one component type provide a function.

By contrast, the choice of floor plan is at a high hierarchical level in the product architecture design
as the function (layout) is provided by several components. Product variants are created by altering the
primary functions of some spatial voids (and the solid mass associated to it) while keeping the rest of
the apartment unchanged. In Project J, there are three product variants: 3-bedroom apartment with large
living room (product variant X), 3-bedroom apartment with TV lounge (product variant Y), and
4-bedroom apartment (product variant Z). They are provided by changing the primary functions of four
rooms (A, B, C, and D)—see Table 4 and Figure 2.

The rest of the apartment configures an additional module. It can be regarded as a platform, as it
encompasses a considerable part of the product and is used across the three product variants. The MUI
is 1.50, because three modules (5, 8, and 10) are used twice and the platform is used three times across
the module combinations (Table 5). As shown in Table 6, all modules interact (have interfaces) with the
platform as they are located inside it. The modules used in rooms A and B also interact due to their
physical adjacency, similarly to the modules used in rooms C and D (Figure 2).

Table 5. Module Combinations Matrix—Case Study A.

Product Product Product Number of
variant X variant Y variant Z uses

Module 1 1 1 1 3

Module 2 1 1
Room A  Module 3 1 1

Module 4 1 1

Module 5 1 1 2
Room B

Module 6 1 1

Module 7 1 1
Room C

Module 8 1 1 2

Module 9 1 1
Room D

Module 10 1 1 2

MUI 1.50 (15/10)
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Table 6. Module Interactions Matrix—Case Study A.

Module Module Module Module Module Module Module Module Module Module
1 2 3 4 5 6 7 ] 9 10
Module 1
Module 2 X
Module 3 Y
Module 4 Z
Module 5 X, Z X Z
Module 6 Y Y
Module 7 X
Module 8 Y,Z
Module 9 X X
Module 10 Y,Z Y,Z
3-bedroom 3-bedroom 4-bedroom
with large with TV
Mod.2 | living room Mod.3 | Jounge Mod. 4
Bathroom 1 Toilet Bathroom 2
A | A A
Mod. 1 T Mod. 1 Mod. 1 T
Platform Mod. 5 Platform M°d 6 Platform Mod. 5
B Bedroom 1 B TV lounge 1 B Bedroom 1
Mod. 7 Mod. 8 Mod. 8
TV lounge 2 Mod. 9 Bedroom 2 e Mod. 10 Bedroom 2 & Mod. 10
_‘— D Toilet Bathroom Bathroom
Variant X Variant Y Variant Z

Figure 2. Diagrammatic footprint of product variants X, Y and Z.

A major problem identified in Project J is the ambiguous allocation scheme. The internal walls that
enclose the modules are the same walls enclosing the rooms that form the platform, which means that
some components pertain to more than one module. These components can only be built once the
modules have been defined, which may happen only after the client has selected a product variant (an
apartment floor plan). This ambiguous allocation scheme also creates coupled interfaces and, thus,
physical changes are needed to fit the different modules into the platform.

Another problem is that the platform was not designed to enable the modules in rooms A, B, C and
D to be used interchangeably (Figure 2). For instance, in order to build module 2 in room A, the platform
should have a particular layout for the building service systems that is different from the layout needed
for module 3. Likewise, modules 4 and 5 have different electrical layouts (i.e., lights, switches, and plugs
positioning) and the platform needs to be modified depending on the modules used. Designing a
one-to-one allocation scheme is the first step to solve these problems. In addition, the platform and
modules should be redesigned to ensure that they could be interchangeably used. These changes would
ease the adoption of a delayed product differentiation.
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6.2. Case Study B

There were six customisable attributes in the pre-fabricated building system in case study B:
(1) kitchen fit outs; (ii) bathroom fit outs; (iii)) windows and doors; (iv) facades; (v) roofing; and
(vi) dwelling types. The fit-out options entail different specifications for bathroom and kitchen finishings
and thus involve a decision at a lower hierarchical level in the product architecture. The scope of
customisation embedded in windows, doors, facades and roofing was not clearly defined by Company
B. For example, for windows and doors it was not clear if changes entailed (i) the amount of windows;
(i1) size of windows; (iii) location of windows in the facade, or all of the above. This hindered the analysis
of the implications of some attributes in the product architecture. Nonetheless, “housing types” was the
customisable attribute with the most important implications in product architecture. This is because it
involves a function at a high hierarchical level, which is provided by a sub-assembly of components (i.e.,
pod). As shown in Figure 3, ten pods organised into three sizes are used to provide five product variants

(dwelling types).
small medium large
— . L : \ primary
Mod.1 Mod.2 Mod.3 Mod.2 Mod.4 Mod.2 Mod.5 Mod.6 Mod.7 Mod. 8 Mod.9 Mod.10 Mod. 10 functions
0 ® o 8 ® kitchen
° [} Ibou(?ge
edroom
© ®e @ @ [} O bathroom
Ground floor Ground floor 15 floor Ground 1s'floor  Ground 1%tfloor  Ground 1%t floor 2" floor
(flat 1) (flat 2) floor floor floor
2-bedroom Two 2-bedroom 2-bedroom 3-bedroom 4-bedroom
bungalow flats house house house

Figure 3. Diagrammatic footprint of the pods.

Each pod can be viewed as a module. The pods are combined one on the top of the other or
side-by-side to create different product variants (Figure 3): a 2-bedroom bungalow (product variant A),
two 2-bedroom flats (product variant B), a 2-bedroom house (product variant C), a 3-bedroom house
(product variant D), and a 4-bedroom house (product variant E). Therefore, each pod has a set of primary
functions, suggesting that a spatial perspective was adopted in devising this product architecture. The
MUI has a low result (1.30) for an industrialised building system; module 2 is used three times and
module 10 twice, whereas the other modules are used only once in any combination (see Table 7).

All modules interact with only one module, except for modules 2, 3, 4 and 10 (see Table 8). Modules
do not require physical changes to be used across the different product variants (see Table 7), indicating
that their interfaces are decoupled. Also, this product architecture has a one-to-one allocation scheme
between the primary functions and the components that support them. Consequently, no building
components pertain to two or more modules. This allocation scheme together with the decoupled
interfaces enable each module to be completely built regardless of the other modules that it will be

combined with.
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Table 7. Module combinations matrix—case study B.

Product Product Product Product Product Number of
variant A variant B variant C  variant D variant E uses
Module 1 1 1
Module 2 1 2 3
Module 3 1 1
Module 4 1 1
Module 5 1 1
Module 6 1 1
Module 7 1 1
Module 8 1 1
Module 9 1 1
Module 10 2 2
MUI 1. 30 (13/10)

Table 8. Module Interactions Matrix—Case Study B.

Module Module Module Module Module Module Module Module Module Module
1 2 3 4 5 6 7 8 9 10

Module 1

Module 2 A B
Module 3
Module 4 B B

Module 5

Module 6 C

Module 7

Module 8 D

Module 9

Module 10 E E

os]

Five different modules are needed to create the two 2-bedroom dwellings, namely, the 2-bedroom-house
and the two 2-bedroom-flats (see Figure 3). However, both dwellings have the same functional
requirements in terms of spatial voids as they lodge the same number of householders. Based on that,
different combinations of modules were simulated seeking to identify opportunities to increase the
MUI. An important conclusion was that modules 5 and 6 could also be used to create a two
2-bedroom-flat (see Figure 3). Furthermore, module 6 could replace module 2 in the 2-bedroom-bungalow.
In this way, modules 2, 3, and 4 could be eliminated, increasing MUI from 1.30 to 1.86 without affecting
the product variants offered, as illustrated in Table 9. This new combination is also more suitable than
the existing one as it enables the adoption of a delayed product differentiation, since the five product
variants can be generated using fewer modules. This shows that even a highly modular architecture (i.e.,
one-to-one allocation scheme and decoupled interfaces) such as this can benefit from a careful analysis
of module combinations.
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Table 9. Module combinations matrix (based on suggested changes)—case study B.

Product Product Product Product Product Number of
variant A variant B variant C  variant D variant E uses
Module 1 1 1
Module 5 2 1 3
Module 6 1 2 1 4
Module 7 1 1
Module 8 1 1
Module 9 1 1
Module 10 2 2
MUI 1. 86 (13/7)

The discussions with Company B representatives made them aware that the existing product
architecture had ten modules instead of three, as originally assumed. The representatives had assumed
the existence of three modules only because the pod had three standard sizes (small, medium and large
as shown in Figure 3). Based on this new understanding, Company B realized that it was necessary to
investigate alternatives to increase the commonalties across the combinations in order to reduce the
overall number of modules. These plans were driven by the analysis of the product architecture and also
by the improvements in the combination of modules proposed in this research. Even though some
refinements in the design of modules 5 and 6 were necessary to enable their reuse across the product
variants, the analysis and proposed changes were perceived as very positive by the company. This
illustrates how the proposed conceptualisation was helpful in pointing out how the existing product
architecture could be enhanced.

6.3. Discussion

A summary of the results for each case study is presented in Table 9. Case study A presented an
ambiguous allocation scheme and coupled interfaces, issues that could be solved through the creation of
a one-to-one allocation scheme and assigning each component to only one module (Table 9). Case study
B had a highly modular product architecture, but the MUI was low, indicating an opportunity to improve
the modules combination (Table 10).

Both components and spatial product architecture perspectives were considered in each case study.
The components perspective is not novel, as it is described in most product modularity studies in
manufacturing. This perspective has been previously adopted also in house-building design. For
example, the product architecture described by Hofman et al. [4] adopts a component perspective since
it involves three module types (columns, exterior walls, and floors) that fulfil secondary functions, and
which are mixed and matched to created different building types. Conversely, the spatial perspective has
not been widely investigated in house-building. In that perspective, each module involves a wide
assortment of interconnected components. Consider for instance the different components needed (e.g.,
floor, ceiling, walls, fixtures, finishing) to create a module that supports the primary functions associated
with a bedroom (e.g., to read, to sleep, to watch TV). In a spatial perspective, modules should involve
sizeable portions of the product, resulting in fewer modules and interfaces. These fewer modules and
interfaces are beneficial from a production viewpoint, due to the reduction in the number of modules
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that need to be produced. However, devising a modular architecture defined by a one-to-one
allocation scheme and decoupled interfaces can be challenging, because each spatial void requires
several components.

Table 10. Summary of the case study results.

Case study A Case study B
- Spatial perspective in product architecture - Spatial perspective in product architecture
design design
Product architecture - Ambiguous allocation scheme between - One-to-one allocation scheme between
perspectives functional elements and physical components  functional elements and physical components
- Some building components pertains to more - Each building component pertains to only one
than one module module
- Coupled interfaces: changes are required in Decoupled interfaces: modules can be used

Interfaces among ) ) . .
. . the modules depending on the product variant  across the product variants without changes
interacting modules .

they are used in

- Use of a platform (module 1) and nine other - Use of ten modules (no platform) to create five
modules to create three product variants product variants
Operational tools - All modules interact with two or more modules - Most modules interact with only one other
to support - Module Use Index (MUI) = 1.50 (original) module (except for modules 2, 3, 4 and 10)
decision-making - Module Use Index (MUI) = 1. 30 (original)

- Module Use Index (MUI) = 1. 86 (for suggested

changes in modules combinations)

In addition, each perspective involves distinct relationships between functional elements and physical
components. These differences need to be recognized, as failure to do so could lead to product
architectures that provide limited support to mass customisation. For example, in case study A, standard
sizes were used for modules so that they could interchangeably fit in the rooms. Thus, attention was
given to the dimensions of the spatial voids but not to the components needed to create these voids, as
indicated by the ambiguous allocation scheme in which components pertain to two or more modules,
illustrated in Table 10. The lack of understanding of the relationship between the elements involved is
the root cause of this problem; spatial voids require components to exist, and these need to be associated
to only one module. This highlights the importance of understanding the differences between those two
perspectives as a first step to overcome potential product development problems.

The application of the conceptualization proposed in the case studies suggest that it can be used to
support the design of customised house-building projects, both for the identification of problems and to
support the design of solutions for better house-building customisation strategies. Further empirical
evidence of the usefulness of the concepts and tools proposed in this research was also provided by the
fact that company B planned actions to improve its product architecture based on the analysis provided.

7. Conclusions

The adoption of product modularity in house-building design can contribute to the implementation of
the mass customisation approach in this industry, despite the differences between manufacturing and
construction. The main theoretical contribution of this investigation is the adoption of two different
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perspectives on product architecture that should be considered in the design of house-building projects,
namely the component perspective and the special perspective. While the first perspective is widely
adopted in the manufacturing industry, the spatial perspective is necessary due to the fact that the primary
functions of buildings are performed by people in spatial voids, rather than by solid mass.

This study also emphasized that spatial and geometric interactions play a key role in product
modularity in house-building, because the spatial voids and solid mass forming a building need to be
geometrically and spatially coordinated to enable the primary functions to be appropriately carried out.
Moreover, spatial and geometric interactions are needed to support other interactions, such as load
exchanges or water.

As a practical contribution, two tools for assessing product architecture of residential buildings have
been devised, the module combinations matrix and the module interactions matrix. Based on the first
one, a metric, called the module use index, can be used to evaluate and compare the economies of scope
for different design solutions.

Case study A indicated that product modularity concepts can be beneficial even for companies that
use mostly traditional construction technologies, often performed on site. The problems identified in that
study are related to inappropriate design decisions concerning the modules and module interfaces and
are thus unrelated to the construction method selected.

Case study B illustrated that the use of modules that are stable sub-assemblies, which facilitate the
design of a one-to-one allocation scheme and decoupled interfaces, is not a sufficient condition to get
full benefits from product modularity when a mass customisation approach is adopted. That study
highlighted the importance of analysing module combinations when designing a product for mass
customisation. This reinforces the usefulness of the module combination matrix and module interactions
matrix, which were proposed in this investigation, as they can be used to assess different
product families.

Regarding future studies, at least three topics can be explored. First, this paper has mainly focused on
spatial and geometrical interactions among modules and it is therefore still necessary to explore other
types of interaction and their incidence in buildings. Second, the characteristics of modules and products
variants should be incorporated into upcoming reuse indexes. This is important to better assess the
benefits yielded by module reuse (e.g., the reuse of large modules such as the platform in case study A
are likely to yield more benefits than the reuse of small modules). Third, further studies should investigate
the usefulness of the proposed concepts and tools in the development of new house-building projects.

Acknowledgments

The authors would like to thank the National Council of Technological and Scientific Development
(CNPq) and Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) for funding this
research study. They would also like to thank Carl Abbot and Will Swan from the University of Salford
and Mike Kagioglou from the University of Huddersfield for supporting the development of this research.



Sustainability 2015, 7 4935

Author Contributions

All three authors were equally involved in the writing of the paper. Cecilia da Rocha and Carlos
Formoso were involved in the research design, and Cecilia Rocha carried out data collection and
processing. All authors have read and approved the final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. MacCarthy, B.; Brabazon, P. In the business of mass customisation. [EEE Manuf. Eng. 2003, §2,
30-33.

2. Pine, B.J,, II. Mass Customizing Products and Services. Strategy Leadersh. 1993, 21, 6-55.

3. Gershenson, J.K.; Prasad, G.J.; Zhang, Y. Product modularity: Definitions and benefits. J. Eng. Des.
2003, 74,295-313.

4. Hofman, E.; Voordijk, H.; Halman, J. Matching supply networks to a modular product architecture
in the house-building industry. Build. Res. Inf. 2009, 37, 31-42.

5. Voordijk, H.; Meijboom, B.; de Haan, J. Modularity in supply chains: A multiple case study in the
construction industry. Int. J. Oper. Prod. Manag. 2006, 26, 600—618.

6. Halman, J.I.M.; Voordijk, J.T.; Reymen, .LM.M.J. Modular approaches in Dutch house building:
An exploratory survey. Hous. Stud. 2008, 23, 781-799.

7. Barlow, J. From Craft Production to Mass Customisation. Innovation Requirements for the UK
Housebuilding Industry. Hous. Stud. 1999, 14, 23-42.

8. Noguchi, M. The effect of the quality-oriented production approach on the delivery of prefabricated
homes in Japan. J. Hous. Built Environ. 2003, 18, 353-364.

9. Salvador, F. Toward a Product System Modularity Construct: Literature Review and
Reconceptualization. /IEEE Trans. Eng. Manag. 2007, 54, 219-240.

10. Fixson, S.K. Product architecture assessment: A tool to link product, process, and supply chain
design decisions. J. Oper. Manag. 2005, 23, 345-369.

11. Koskela, L. Is structural change the primary solution to the problems of construction? Build. Res.
Inf- 2003, 31, 85-96.

12. Veenstra, V.S.; Halman, J.I.M.; Voordijk, J.T. A methodology for developing product platforms in
the specific setting of the housebuilding industry. Res. Eng. Des. 2006, 17, 157-173.

13. Kendall, S.H.; Teicher, J. Residential Open Building; Taylor and Francis: Oxon, UK, 2010; p. 320.

14. Rocha, C.G. A Conceptual Framework for Defining Customisation Strategies in the House-Building
Sector. Ph.D. Thesis, Federal University of Rio Grande do Sul, Porto Alegre, Brasil, 2011.

15. Wang, H.; Kimble, C. Low-cost strategy through product architecture: Lessons from China. J. Bus.
Strategy 2010, 31, 12-20.

16. Martin, M.V.; Ishii, K. Design for variety: Developing standardized and modularized product
platform architectures. Res. Eng. Design 2002, 13, 213-235.

17. Ulrich, K. The role of product architecture in the manufacturing firm. Res. Policy 1995, 24, 419-440.



Sustainability 2015, 7 4936

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dahmus, J.B.; Gonzalez-Zugasti, J.B.; Otto, K.N. Modular product architecture. Design Stud. 2001,
22,409-424.

Muffatto, M. Platform strategies in international new product development. Int. J. Oper. Prod.
Manag. 1999, 19, 449—-459.

Salvador, F.; Forza, C.; Rungtusanatham, M. Modularity, product variety, production volume, and
component sourcing: Theorizing beyond generic prescriptions. J. Oper. Manag. 2002, 20, 549-575.
Blecker, T.; Abdelkaf, N. Complexity and variety in mass customization systems: Analysis and
recommendations. Manag. Decis. 2006, 44, 908-929.

Mikkola, J.H. Capturing the Degree of Modularity Embedded in Product Architectures. J. Prod.
Innov. Manag. 2006, 23, 128—146.

Sanchez, R.; Mahoney, J.T. Modularity, flexibility, and knowledge management in product and
organization design. Strateg. Manag. J. 1996, 17, 63-76.

Pimmler, T.U.; Eppinger, S.D. Integration analysis of product de-compositions. In Proceedings of
the ASME Conference on Design Theory and Methodology, Minneapolis, MN, USA, 11-14
September 1994; pp. 343-351.

Tsai, Y.; Wang, K.; Lo, S. A study of modularity operation of systems based on maintenance
considerations. J. Eng. Des. 2003, 14, 41-56.

Pahl, G.; Beitz, W.; Feldhusen, J.; Grote, K.H. Engineering Design: A Systematic Approach, 3rd ed.;
Springer: London, UK, 2007; p. 617.

Alford, D.; Sackett, P.; Nelder, G. Mass customisation—An automotive perspective. Int. J. Prod.
Econ. 2000, 65, 99-110.

Cherns, A.; Bryant, D. Studying the clients role in construction management. Constr. Manag. Econ.
1983, 177, 177-184.

Lukka, K. The constructive research approach. In Case Study Research in Logistics; Turku School
of Economics and Business Administration, Series B1; Ojala, L., Hilmola, O-P., Eds.; University
of Turku: Turku, Finland, 2003; pp. 83—-101.

March, S.T.; Smith, G.F. Design and natural science research on information technology. Decis.
Support Syst. 1995, 15, 251-266.

Voordijk, H. Construction management and economics: The epistemology of a multidisciplinary
design science. Constr. Manag. Econ. 2009, 27, 713-720.

AlSehaimi, A.; Koskela, L.; Tzortzopoulos, P. Need for Alternative Research Approaches in
Construction Management: Case of Delay Studies. J. Manag. Eng.2013, 29, 407-413.

Kasanen, E.; Kari, L.; Siitonen, A. The constructive approach in management accounting research.
J. Manag. Account. Res. 1993, 5, 243-264.

Van Aken, J.E. Management research based on the paradigm of the design sciences: The quest for
field-tested and grounded technological rules. J. Manag. Stud. 2004, 41, 219-246.

Yin, R. Case Study Research: Design and Methods, 4th ed.; Sage: Los Angeles, CA, USA, 2013.
Ching, F. Architecture: Form, Space, and Order, 3rd ed.; Wiley: New York, NY, USA, 2007; p. 448.
Stone, R.B.; Wood, K.L.; Crawford, R.H. A heuristic method for identifying modules for product
architectures. Des. Stud. 2001, 21, 5-31.

Feitzinger, E.; Lee, H.L. Mass customisation at Hewlett-Packard: The power of postponement.
Harvard Bus. Rev. 1997, 75, 116-123.



Sustainability 2015, 7 4937

39. Christopher, M. The Agile Supply Chain: Competing in Volatile Markets. Ind. Mark. Manag. 2001,
29, 37-44.

40. Piller, F.; Kumar, A. For each, their own: The strategic imperative of mass customization. /nd. Eng.
2006, 38, 40-45.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



