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Abstract

Construction is often defined as a project-oriented industry that develops
complex one-of-a-kind products using an engineer-to-order (ETO)  design
process. The technical solutions that are developed in specific projects often
have integral product architectures that are difficult to re-use in continuous
improvement processes. The ETO process also means that very few
components can be produced before being ordered, which is necessary for
creating economies of scale in production. In contrast, Modify-To-Order
(MTO) Configure-To-Order (CTO)  or Select variant-To-Order (STO)  design
processes based on theories of mass customization reuse technical solutions
from earlier projects to varying degrees. However, many researchers argue that
results and theories from the manufacturing industry cannot be used in the
contexts of construction because each construction project has different
functional requirements and local site conditions whose interaction mandates
the creation of unique end products that cannot be modularized as is done in
manufacturing industries.

The purpose of this thesis was to investigate how mass customization
principles could be utilized in the design of construction products, especially
how the adoption of platform architectures and configurators could support the
reuse of technical solutions between projects. Several case studies of projects
using different specification levels (MTO, CTO and STO) were conducted to
test theories of mass customization in the context of construction. The results
obtained show that when working at the MTO and CTO specification levels,
platform architectures should be based on modules that can be developed
incrementally. STO products can be developed with integral product
architectures, but if the needs of customers in the target market segment change
this presents a risk of ad-hoc end product customization that will adversely
affect the production system downstream in the value chain.
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For all studied specification levels, it is important to determine whether the
target market volume is sufficient to justify the cost of developing a product
platform. The introduction of design modules in modular platform architectures
enables the development and use of configurators in ETO construction design
processes. Such tools allow MTO platforms to be customized using a mixture
of traditional ETO design and the configuration of predefined modules.
Configuration tools for module customization at the MTO and CTO levels
must therefore be integrated with the traditional design tools used in
construction. The configuration of modular platform architectures also
facilitates the effective use of information and its transfer between domains.
As the use of pre-defined modules in the product specification process
increases, the need to involve multiple design disciplines decreases. At the
STO level, the design work can be reduced to such an extent that customization
can be achieved using web-based configurators.

Overall, the results presented in this thesis indicate that the Products in
Product mass customization concept introduced by Erixon (1998) can be
implemented at multiple specification levels in the traditional design of
construction products. By introducing the new design module category into the
platform architecture, predefined construction product platforms can be
integrated with the traditional ETO design process and developed
incrementally.

Keywords: Mass customization, Modularization, Platform architecture,
Product platforms, Specification levels, Configuration, Construction.
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Abstract in Swedish

Byggbranschen beskrivs ofta som en projektorienterad industri som tillverkar
komplexa enstycksprodukter i en traditionell designprocess (ETO). De tekniska
lösningar som utvecklas i de specifika projekten har ofta en integral
produktarkitektur som är svåra att återanvända i en kontinuerlig
förbättringsprocess. Den traditionella designprocessen (ETO) innebär också att
mycket få komponenter kan produceras innan beställning, en förutsättning för
att skapa skalfördelar inom produktion. Genom att förändra
produktrealiseringsprocessen till modify-to-order (MTO), configure-to-order
(CTO) eller select variant (STO), vilket baseras på teorier från
masskundanpassning kan tekniska lösningar återanvändas mellan de specifika
projekten. Dock yrkar flertalet forskare på byggbranschen speciell kontext inte
går att jämföras med andra branscher och produkter. Variationen av
samverkande funktionskrav skapar unika slutprodukter som inte går att
separera på liknade sätt som inom den fasta industrin.

Syftet med forskningen är att undersöka hur principer lånade från teorifältet
masskundanpassning kan användas i designprocessen av byggprodukter. Detta
genom att kartlägga hur plattformsarkitektur och konfiguratorer kan stödja
återanvändning av tekniska lösningar mellan projekten. Flertalet fallstudier i
specifikationsnivåer MTO, CTO och STO har utförts för att testa teorier från
masskundanpassning inom design för byggbranschens produkter.
Forskningsresultat visar att inom MTO och CTO bör produktplattformen vara
uppbygg kring moduler som kan utvecklas inkrementellt. STO produkter kan
utvecklas med en integral produktarkitektur, men om förändringar inom
kundsegmentet uppstår finns det stor risk att produktionen påverkas negativt på
grund av förändrade kundkrav.
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Inom samtliga studerade realisationsprocesser är det viktigt att utgå ifrån
marknadssegmentets volymer för att motivera utvecklingskostnaderna.
Introduktion av en design modul för modulära plattformsarkitekturer medför att
konfiguratorer för delsystem kan utvecklas och nyttjas i den traditionella
designprocessen (ETO). Kundanpassning av MTO plattformar består då av en
blandning av traditionell projektering och konfigurering. Men för att lyckas
med detta måste en koppling mellan konfigurator som nyttjas i MTO och CTO
processen kunna ske till traditionella IT-verktyg inom byggbranschen.
Modulära plattformsarkitekturer underlättar också effektiv överföringen av
information mellan olika discipliner. Eftersom användningen av fördefinierade
moduler kraftigt minska informationsutbytet då produkterna kundanpassas. Om
STO produkter utvecklas kan kundanpassning minimeras så att
kundanpassning kan ske via webgrässnitt.

Sammanfattningsvis indikerar resultaten i denna avhandling på att om
Produkter i Produkten synsättet appliceras beskrivet av Erixon (1998), kan en
modulär produktarkitektur skapas och implementeras i den traditionella
designprocessen. Genom att introducera en ny modulkategori till
plattformsarkitekturen, benämnt design modul, kan  en  övergång  från  ETO
processen skapas där fördefinierade plattformar delvis kan nyttjas tillsammans
med traditionell design och utvecklas inkrementellt.
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Glossary

Configuration “To put together a product from well-defined
building blocks (modules) according to a set of
predefined rules and constraints” (Hvam et al.,
2008:33).

Configurator Tool that support the configuration process (Hvam
et al., 2008).

Integral Architecture An architecture with a complex (not one-to-one)
mapping from functional elements to physical
components and/or coupled interfaces between
components (Ulrich, 1995).

Module A well-defined building block that is part of the
assembled product and can described using the
“Products in Product” concept (Erixon, 1998:3).

Modularization “Decomposition of a product into building blocks
(modules) with specified interfaces, driven by
company-specific reasons” (Erixon, 1998:58).

Modular Architecture An architecture with a one-to-one mapping from
functional elements to physical components and
specified de-coupled interfaces between modules
(Ulrich, 1995).
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Product An instance of a product range consisting of
assembled modules from a product platform.

Platform Architecture A collection of generic architectures for families of
products (Baldwin and Woodard, 2008).

Product Platform “A Product platform is a set of subsystems and
interfaces that form a common structure from which
a stream of derivative products can be efficiently
developed and produced” (Meyer and Lehnerd,
1997:Xii).

Product Architecture ”Product architecture is the scheme by which the
function of a product is allocated to physical
components” (Ulrich, 1995:419).

Product Portfolio All of the products that a company can generate
from its product platform (Stake, 1999).

Product Family A selection of products from a product portfolio
developed for a particular customer segment (Stake,
1999).

Specification Level ETO,  MTO,  CTO,  and  STO  are  four  generic
specification levels in the design process with
different customer order specification decoupling
points.
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1 INTRODUCTION

Why are most products in the construction industry treated as one-of-a-kind?
Is there room for a more nuanced view of the industry’s products that
encompasses possibilities ranging from uniqueness to standardization? This
thesis tests theories of mass customization by implementing them in the design
process of the construction industry.

1.1 Background

The industrialization of construction is nothing new: the industry has embraced
prefabrication  for  a  long  time,  as  demonstrated  by  the Colonial cottages for
Emigrants of 1830 and the catalogue sales of building elements by Sears
Roebuck Co. in 1890 (Ågren and Wing, 2014). Component prefabrication
driven by the development of new theories of mass production of components
and modules enabled further increases in the efficiency of constructing housing
and infrastructure during the 1960s (Adler, 2005; Bertelsen, 2005; Olofsson et
al., 2012). However, starting in the early 1980s, customers began demanding
increasing levels of product variety (Davis, 1987; Pine, 1993a; Hill, 1995). As
a result, systems of mass production were slowly broken down (Hart, 1995).
Similar trends were observed in the construction, where the introduction of
systems building techniques in the 60s (Finnimore, 1989; Gann, 1996; Barlow,
1998) resulted in the production of highly standardized houses that were
subsequently considered socially unacceptable (McCutcheon, 1975).

Product realization processes are often grouped into four distinct categories:
engineer-to-order, manufacture-to-order, assembly-to-order and make-to-
stock. These categories differ in terms of the location of the order penetration
point with respect to the design, manufacturing and assembly processes
(Sharman, 1984; Stavrulaki and Davis, 2010). In this context, construction is
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often  defined  as  an engineer-to-order project-oriented industry that develops
complex one-of-a-kind products which are realized by temporary organizations
using on-site production systems (Koskela, 1992; Gann and Salter, 2000;
Gosling and Naim, 2009). The tendering of construction projects is often done
on a lowest-price basis through short-term interactions between loosely-
coupled partners (Dubois and Gadde, 2002; Segerstedt and Olofsson, 2010),
with  clients  entering  the  design  process  during  the  early  phases  of
conceptualization. Doing things in this way provides little incentive to develop
practices, methods and design solutions that can be reused between disciplines,
partners and projects (Mossman, 2009; Gadde and Dubois, 2010). The
separation of disciplines within the design process also creates operational
islands, impeding the capacity to design for constructability within the
engineer-to-order realization process (Simonsson, 2011; Gerth, 2013a). In
addition, because of this fragmentation and the loose connections between the
different disciplines involved in the design process, confusion relating to
drawings and production instructions is a major cause of construction defects
(Koskela, 1993; Josephson and Hammarlund, 1999; Lopez and Love, 2012).

While some have argued that the principles of mass customization can be
employed to increase the variety of construction products (Gann, 1996;
Schoenwitz et al., 2012), such approaches rely on the ability to reuse
component-level solutions in order to retain economies of scale in production
(Pine, 1993a; Åhlström and Wesbrooks, 1999; Silveira, 2001; Blecker and
Friedrich, 2006). But normally, very few components are manufactured before
the customer order arrives, although the design may be pre-engineered in
certain variations of the engineer-to-order strategy (Johnsson, 2013).
Therefore, many researchers argue that mass customization principles
originating from manufacturing industries cannot be applied to most
construction projects because their volumes are too low (Nam and Tatum,
1988; Winch, 2003; Lind, 2011). Winch (2003) states that the private housing
sector is the only area of construction in which mass customization principles
may be applicable.

1.2 Mass customization in construction

In brief, mass customization can be defined as an intermediate between mass
production systems based on make-to-stock approaches to product realization,
and one-of-a-kind engineer-to-order systems  as  shown  in  the  upper  part  of
Figure 1.1. In such intermediate systems, the structure and composition of the
product, i.e. the platform architecture, must be designed and organized in a
way that balances the contradiction between product variety and production
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volume (Blecker and Abdelkafi, 2006). The basic idea is to reuse standardized
parts at a product architecture level below that of the final product itself.

Figure 1.1: Different specification levels in the design process of products
realized through an “engineer-to-order” production process (after Hvam et
al., 2008).

Hvam et al. (2008) define four generic pre-engineering levels in the design
process, which are illustrated in the lower part of figure 1.1: engineer-to-order1

(ETO), modify-to-order (MTO), configure-to-order (CTO) and select-variant-
to-order (STO). These levels differ in the extent to which the product

1 The abbreviation ETO normally refers to all of the pre-engineering levels in the design
process. However, in this thesis it  refers to situations in which little or no pre-engineering of
the specification is conducted before the customer starts participating in the design process.
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specifications are pre-engineered before the customer starts participating in the
design process. At the ETO specification level, the products are mostly
designed on a one-of-a-kind basis. As a result, the final product architecture is
typically integral, which makes it difficult to modularize and re-use technical
solutions developed within the project (Ulrich, 1995). The MTO specification
level starts with a pre-defined generic product structure that can be reused at a
high level. The CTO specification level starts with a product architecture
consisting of standardized parts and modules (such architectures are also
known as building systems in construction) that can be configured to meet the
customer’s requirements. Finally, the select variant level of specification
(STO) pre-defines products as a selection of final assemblies from which the
customer may choose.

A shift from design processes at the ETO specification level to either MTO-,
CTO- or STO-type processes would enable the incremental industrialization of
the other parts of the production realization process. However, predefined
solutions can only be used to address specific functional requirements if the
platform architecture is based on a modular design (Ulrich, 1995).

The essence of modularity in construction has been highlighted by several
researchers (Gerth, 2013b; Olofsson et al., 2012; Malmgren, 2013). Bertelsen
(2005) argued that if the complexity of construction products can be divided
into more easily manageable modules that each address a clear functional
requirement, then the complexity of the construction process and products can
be minimized. Similar arguments have been presented in studies of service
system design, where it was found that modularization enabled better product
control  (Lennartsson,  2012).  Based  on  an  analysis  that  used  the  definition  of
modularity proposed by Fine (1998), Voordijk et al. (2006) concluded that the
modularity concept was generally applicable to and useful in the development
of product platforms for construction. Kudsk et al. (2013b) investigated
whether stepwise modularization could be used in a situation involving a
bottom-up-approach. Their case study indicated that modularization and
associated methods could provide substantial benefits in construction. They
also claim that some benefits can be achieved by focusing modularization
efforts exclusively on the internal interfaces between modules, while allowing
the use of unique external interfaces to meet the specific requirements of the
project at hand (Kudsk et al., 2013b). These examples suggest that there is
indeed scope to implement the principles of modularization in construction.
However, it is not clear how platform architectures will need to be developed
to enable the incorporation of unique design aspects in specific projects or their
use in conventional design processes.



Introduction

5

A study conducted in a German house building company concluded that the
development of product platforms needs to be incremental and systematic, with
a clear separation between the development of the platform and the production
of the products (Thuesen and Hvam, 2011).  Similar conclusions have been
proposed by Lessing (2006). Another recent study tried to define a generic
product architecture (platform architecture) for a multi-residential structural
system using a top-down-approach (Kudsk et al., 2013a). Veenstra et al.,
(2006) described a methodology for developing product platforms in the house
building industry that builds on the concept of identifying modules that are
amenable to standardization and distinguishing them from those that must
accommodate customization. However, they did not provide any detailed
suggestions for establishing the connection between the project and the
platform. The transfer of predefined technical solutions from project to project
requires the formalization of relevant knowledge, for example in product
platforms. However, some aspects of the platform must be adaptable to meet
the  individual  requirements  of  specific  projects,  to  deal  with  particular  site
conditions, and so on. It must therefore be possible to combine the predefined
solutions from the platform architecture with unique design features that can be
built into a particular product instance (Jansson, 2013).

In their work on integrated model-based design in construction, Kunz and
Fischer (2012) define three levels of integration of ICT support systems for
virtual design and construction (VDC). The first level uses visualization
techniques based on 3D and 4D models. The second level involves the
integration of information into the 3D and 4D models to create so-called
Building Information Models (BIM). Finally, the third level involves the
construction of knowledge-based models that support automation, with
parametric models being used to automate routine work such as piece detailing.
Third level models have some similarities with the configurators used in the
mass customization of products, as described in section 2.3.

Several  studies  have  focused  on  the  third  level  of  VDC.  Gross  (1996)  used  a
constraint-based design program called CKB that relies on a series of grids of
different levels and sets of component object design rules. The program is not
intended to force architects to use a single predefined technical system; rather,
it  gives  them  the  ability  to  define  technical  systems.  Similarly,  Benros  and
Duarte (2008) described an integrated ICT system that incorporates rules and
constraints for a building system and can automatically generate the
information required for production during the customization process while
ensuring that the customer’s unique requirements are satisfied. Sandberg et al.
(2008) developed a rule-based system for the automated design of a wood slab
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and its connection to a staircase. Their system can both generate product
specifications and be used in the sale process. Kudsk et al. (2013a)
implemented a configurator for use when adapting structural systems in a
building design. However, to the author’s knowledge, no investigators have
previously examined how the construction industry could use configurators or
couple them to its existing design processes.

1.3 Problem formulation

Are construction products such as dams, bridges, roads, and buildings of
various types so unique and complex that they must all be produced in one-of-
a-kind projects using an ETO design process? It  is  not immediately clear that
this is true because many construction products are built to a common building
code, which means that many products in a given product category will have
similar or identical functional requirements.  It thus seems that the widespread
occurrence of unique product features in construction is due to the use of
fragmented ETO design processes that generate technical solutions which are
not readily re-used in subsequent projects. However, the arguments of
uniqueness and complexity still hold for the end products of construction
projects (Nam and Tatum, 1988; Winch, 2003; Lind, 2011). The design and
production of products are thus interrelated to some extent but should not be
mixed-up  with  one-another  (Gerth,  2013b).   It  seems  that  MTO,  CTO,  and
STO design processes can be incorporated into engineer-to-order product
realization processes, but not vice versa (Johnsson, 2013). The use of
principles of mass customization in construction should therefore be evaluated
from a design perspective that will make it possible to reuse previously
developed technical solutions while still working within an engineer-to-order
product realization process.

Can parts of a product architecture be defined in, e.g., platform architecture
and reused in an engineer-to-order production process? And how does the
platform architecture affect the scope for flexibility in the customization of
construction products? Can mass customization methods such as configuration
be used in conjunction with traditional engineering methods in the design of
construction products? There is a need to understand how platform architecture
and the reuse and configuration of existing solutions from a product platform
can be integrated in the design of construction products.
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1.4 Purpose and research questions

The  purpose  of  the  research  presented  in  this  thesis  was  to  investigate  how
mass customization principles can be utilized in the design of construction
products. Two research questions were therefore defined, both of which relate
to the specification process described in the lower part of figure 1.1.

RQ 1: How does the specification level affect platform architectures in
construction?

Using the definition of platform architecture, several generic product
architectures are addressed (Baldwin and Woodard, 2008).

RQ 2: How can mass customization in construction be supported by product
configuration at different specification levels?

1.5 Limitations

The investigated phenomena were consistently analyzed with respect to the
concepts of Product definition and Product design as shown in figure 2.4 (Jiao
et al., 2007:7). The products were analyzed from a pure product perspective but
back-end problems in production were not investigated. In addition, all of the
studies included in this thesis were conducted from the perspective of an
engineering firm, implying that only a part of the building process was
evaluated.

1.6 Authorship of appended papers

The contributions of each named author to the scientific papers describing the
case studies included in this thesis can be divided into the following main
activities:

1. Formulating the fundamental ideas of the study

2. Performing the study  (see sections 3.2 and 3.3)
3. Drafting the paper and analyzing the result

4. Revising for important intellectual content
5. Final approval for submission
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Table 1.1: Contributions of the main and co-authors of the appended papers.
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PA
PE

R
E

PA
PE

R
F

PA
PE

R
G

PA
PE

R
H

Patrik Jensen 1..5 1..5 1..5 1..5 1..5 1..5 1..5 1..5
Thomas Olofsson 1, 4, 5 1, 4, 5 1, 4, 5 1, 4, 5 1, 4, 5 1, 4, 5 1, 4, 5 1, 4, 5
Helena Johnsson 4, 5 1, 4, 5
Linus Malmgren 5 1..5
Jerker Lessing 5
Erik Smiding 2, 3, 5 3, 5
Robert Gerth 3, 5
Marcus Sandberg 4, 5
Tim Johansson 4, 5
Johan Larsson 4, 5
Peter Simonsson 5
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2 THEORY

This chapter will focus on the following theories and tools of mass
customization: the product architecture, modularisation, platforms, and the
configuration process. The theories were reviewed from the perspective of the
manufacturing industry.

2.1 Introducing the theory of mass customization

There have been a number of publications and books written over the last
decades regarding the definition and concept of mass customization. The term
was originally coined by Davis (1987) as an expression for the production of
custom-tailored end products in a way that retains the economies of scale of
mass production (e.g. Pine, 1993a; Hart, 1995; Åhlström and Westbrooks,
1999; Silveira, 2001; Tseng and Jiao, 2001; Piller, 2005; Blecker and Friedrich,
2006).

Hart (1995:36) provided two definitions of mass customization, one visionary
and one more realistic. The visionary definition of mass customization is “the
ability to provide your customers with anything they want profitably, any time
they want it, anywhere they want it, any way they want it” The more realistic
definition  is  “the use of flexible processes and organizational structures to
produce varied and often individually customized products and services at the
low cost of a standardized, mass-production system”.

Tseng and Jiao (2001:685), define the concept as “producing goods and
services to meet individual customers' needs with near mass production
efficiency”.   The  basic  idea  of  mass  customization  is  thus  to  improve  the
flexibility of the end product while maintaining standardization and economies
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of scale in its components. In this way, the costs of investment in factories and
product development can be minimized.

The justification for the development of mass customization systems is mainly
based on three ideas (Pine, 1993a; Hart, 1995; Åhlström and Wesbrooks,
1999):

• There is an increasing demand for customized goods; existing brands
and market segments are excessively broad.

• Shorter product life-cycles mean that product series tend to be smaller
and less long-lived, leading to the breakdown of mass production
systems.

• Flexible manufacturing technologies and information systems can
increase the capacity of production systems to adapt to changing
conditions.

The level of permitted customization has been identified as an important
property of mass customization systems (Silveira et al., 2001). Pine (1993b)
argued that a company goes through five stages when transitioning from mass
production to mass customization. Lampel and Mintzberg (1996) defined five
levels of customization, ranging from pure customization to pure
standardization. Piller and Stotko (2002) identified four major approaches to
customization: Add-On, Attract Attention, Product Configuration, and E-
Service Innovation. While Product Configuration relies on interactions
between sales representatives and customers during the configuration of the
customized product, the other approaches are primarily based on do-it yourself
configuration by the customer. All customization processes are strongly
dependent on the efficient transfer of information from configuration to
production. As a result, CAD and CAM systems have been important enablers
of mass customization (Silveira et al., 2001).

A company should have a clear customization strategy in order to avoid
developing costly product architectures that can be customized in ways that are
not necessary to meet customers’ demands (Gilmore and Pine, 1997). Huffman
and Kahn (1998) pointed out the risk of mass confusion as  the  number  of
customization options grows; increasing the complexity of the  product
configuration process might adversely influence customer satisfaction. Tseng
and Jiao (1996) claim that mass customization enables a better match between
the producers’ capabilities and customer needs. According to their argument,
mass customization makes customers willing to pay more than they would
otherwise because it ensures that their unique requirements are satisfied.
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The most widely quoted principles of mass customization relate to the design
of products and product families (Piller and Stotko, 2002) and are listed below:

• Product architectures should be modularized.

• Production processes should use product platforms and modularization.
• Rules and constraints should reflect the need for stable processes,

• There should be a clear division between standardized and customer-
specific parts within the product

• The specification process should use dedicated information systems

The following sections review the importance of the product architecture and
explain how the principles of modularization can be used to develop product
platforms.

2.2 Product architecture

The product architecture determines a product’s adaptability to customer
requirements. “If the product is not developed in such a way that it can easily
be adapted to the customer requirements at low costs, mass customization
would never be able to achieve its goals”, (Blecker and Abdelkafi, 2006:7).
Therefore, it is crucial to transform customer needs into generic product
architectures from which a sufficient number of product variants can be
derived (Blecker and Abdelkafi, 2006).

According to Ulrich (1995), the product architecture describes the
arrangements of functional elements, their mapping to physical components
and the specification of interfaces between the interacting components. Harlou
(2006) describes the architecture as a number of design units and interfaces that
form a common structure, these design units, when reused are named standard
design, one or several design units may form a module, but only if they comply
with the module drivers defined by Erixon (1998).The product architecture or
structure may be integral, modular, or a mixture of the two (Ulrich, 1995;
MacDuffie, 2013). A modular architecture has a one-to-one mapping between
functional requirements and the physical components of the product, thus
creating decoupled component links or interfaces between the different
functions of a product (Kim and Suh, 1991; Ulrich, 1995). Conversely, integral
architectures have more complex mappings between functions, physical
components, and interfaces and are more common in one-of-a-kind products
(Ulrich, 1995). Table 2.1 compares modular and integral product architectures.
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Table 2.1: Comparison of modular and integral designs, adapted from Ulrich
(1995)

Modular design Integral design
A product is composed of modules which
may have an integral design but are
functionally and physically independent
of other modules in the product

A product consists of chunks that may
have integral designs and may also be
functionally and physically dependent on
other chunks within the product

The interface is standardized and
remains the same even if the functional
and physical characteristics of connecting
modules change

Interfaces are specially designed  for
each configuration of chunks and depend
on the functional and physical behaviors
of the connected chunks

Modules are designed from a functional
perspective and can be reused if the same
functions are required in other
applications

Chunks are tailored for particular
applications and cannot easily be reused
without changing the design of other
connecting chunks

Modular products are generally over-
designed for specific applications so that
they can be adapted to meet diverse
customer requirements

A product that is optimized  for a
specific set of functional requirements
and uses will normally have an integral
design

Standard interfaces are physically
separated from the module and normally
oversized for its purpose in any one
application

Interfaces may be integral to the chunk,
thus contributing to its ability to fulfil the
product’s functional requirements when
optimized

The trade-off between the commonality and distinctiveness of the product
architecture is often discussed in the literature (Jiao et al., 2007; Robertson and
Ulrich, 1998). Commonality is  defined  as  the  common  base  of  the  product
architecture and refers to the reuse of functions, physical components and
technical solutions across all customized products in a product family (Jiao et
al., 2007). Distinctiveness defines the parts that provide the variety between
products in a product family, making the product distinct from a customer’s
point  of  view.  The commonality in  the  product  family  is  a  measure  of  its
economies of scale while its distinctiveness differentiates the final product,
balancing manufacturing costs against the capacity to fulfil customer needs.
According to Robertson and Ulrich, (1998), modular product architectures
provide the potential to develop a variety of products with a high degree of
commonality.
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2.2.1 Modularization

Modularization is central to the realization of mass customization (Hvam et al.,
2008; Silveire et al., 2001; Piller and Stotko, 2002). “Moving to mass
customization requires that products must be modularized to provide unique
combinations for any customer” (Pine, 1993b:24). The development of
modular products is defined by Erixon (1998:58) as the “decomposition of a
product into building blocks (modules) with specified interfaces, driven by
company-specific reasons.” There are many reasons for adopting a modular
architecture such as increased commonality (which  allows  more  parts  to  be
standardized and thus provides opportunities to increase production volumes),
shorter lead times in development and production, testability before final
assembly, and opportunities for incremental product development (Ulrich,
1995; Erixon, 1998). However, modularization can also result in the
standardisation of end products, lower levels of innovation, and more oversized
designs (Ulrich, 1995).

A modularized product consists of standard and variant modules, (Stake,
1999). Standard modules are included in all product variants within a product
family and contribute to the product’s commonality, while variant modules are
available in different versions and are used to customize the end product and
provide a distinctive solution for the customer (Robertson and Ulrich, 1998;
Jiao  et  al.,  2007).  The  architecture  of  a  product  family  thus  consists  of  a
common base and a set of differentiation enablers (Du et al., 2001).  Figure 2.1
shows a generic product architecture for a product family of detached houses.
The product family consists of four generic modules - one standard module and
three variant modules that can be combined in different ways. The example
illustrates the essence of modularization: the 13 modules can be combined into
1x5x4x3 = 60 different end products. Compared to a non-modular system with
the same number of end products,  modularization thus reduces the number of
products that must be developed, produced and maintained by 47. The
developed modules become products in product and can be produced
separately using Erixon’s factories-in-factory approach (1998:129). Different
strategies can be utilized to ensure that the production of standard modules is
matched to predicted demand while variant module production and assembly
are conducted on a made-to-order basis. This approach minimizes lead times
while ensuring that production is tailored to variations in market demand
(Christopher and Towill, 2001).
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Figure 2.1: Decomposition of a product family into interchangeable modules

A decoupled modularized product architecture using interchangeable module
interfaces provides the ability to combine the different module variants into
streams of derivative products (Ulrich, 1995; Erixon, 1998; Huang and Kusiak,
1998; Pahl and Beitz, 1996).

Three types of modularity can be defined; Slot modularity, Bus modularity and
Sectional modularity (Ulrich, 1995). Bus modularity is the ability to add extra
modules to an existing series of products whereas sectional modularity is when
modules have standardized interfaces that allow them to be combined in
multiple ways, like LEGO®. Figure 2.1 illustrates the concept of slot
modularity: modules can be connected in certain positions using standardised
interfaces but the interfaces and positions need not be identical for all modules.
Four types of slot modularity can be distinguished (Ulrich, 1995):

• Component-Sharing: two or more modules contain one or more of the
same basic components as the core upon which they are built.

• Component swapping; two or more alternative types of components are
paired with the same basic product body to create different product
variants.
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• Mix modularity; several standard components are combined to create a
new device.

• Cut-to-fit modularity; modules are parameterized such that their design
remains constant but their dimensions can be varied.

A number of methods and tools have been suggested to support the design of
modular product architectures e.g. Design Structure Matrices (DSM) (Pimmler
and Eppinger, 1994; Browning, 2001; Baldwin and Clark, 2000), Modular
Function Deployment (MFD) (Erixon, 1998) and Design For Manufacturing
and Assembly (DFMA) (Ulrich and Eppinger, 2008). Holmqvist and Persson
(2003), divide the modularization process into three steps; (1) decomposition of
the product into functional or structural parts; (2) integration of modules and
parts into a product and (3) evaluation of the resulting product’s modular
characteristics. The theory of axiomatic design (Suh, 1990) can also been seen
as a theory of modularization mainly because its first axiom stipulates a one-to-
one relationship between functional requirements and design parameters. A
more comprehensive list of product modularization theories, methods and tools
can be found in Holmqvist and Persson (2003) and Farrell and Simpson (2003).
In this thesis the modularization concept has been reviewed from a product
perspective, but modularization can also be applied to processes and supply
chains (Fine, 1998).

One measure of modularization efficiency is the commonality index (Collier,
1981), which quantifies the common attributes of products or the production
process for a specific family of products. Collier’s (1981) definition of
commonality is given by eq. (1):

= , (1)

= , the total number of immediate parents for all distinct
component parts over a set of end items or product structure level(s).

j = the number of immediate parents components j has over a set of end
items or product structure level(s).

d = the total number of distinct components in the set of end items or
product structure level(s).

i = the total number of end items or the total number of highest level
parent items for the product structure level(s).
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The product family shown in figure 2.1 has a commonality index of  8.2  (see
case I in figure 2.2). If we reduce the number of entrance module variants to 2,
the total number of product variants will decrease to 40 and the commonality
index will be reduced to 6.5 (case II in figure 2.2). The commonality index thus
reflects the balance between commonality and the variety within the product
family. Wacker and Treleven, (1986) defined the commonality index as  the
percentage (ranging from zero to 100%) of common components within the
product  family  rather  than  as  a  representation  of   the   average   number   of
parent   items   per   distinct   component   part.  The  Wacker  and  Treleven
commonality index for the examples discussed above would be 89% in case I
and 86% in case II.

Figure 2.2: Calculation of the commonality index (C) for the example shown in
figure 2.1.

2.2.2 Platforms

Platforms can be defined and understood in two ways. The physical view
focuses on the product alone while the more holistic view encompasses all  of
the assets that are required to design, customize and produce the end product
for a customer (Jiao et al., 2007). The physical view defines the product
platform as  a “set of subsystems and interfaces developed to form a common
structure from which a stream of derivative products can be efficiently
developed and produced” (Meyer and Lehnerd, 1997:Xii) whereas the holistic
view defines the platform as a collection of assets such as components,
processes and knowledge but also includes people and the relationships
between sets of products (McGrath, 1995). A more industry-specific definition
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has been proposed by Volkswagen, who argued that the “platform is an entity
that has no impact on the vehicle’s outer skin” (Harlou, 2006:44).

Figure 2.3 shows an expanded product family related to that from figure 2.1.
The reuse of modules can minimize the development costs of new product
families (Meyer and Lehnard, 1997). In this case, by developing two new
modules with three variants each plus a new standard module for product
family B, and combining these new modules with reused modules from product
family A, a total of 540 unique derivative products in product family B can be
generated. The savings generated in this way can be substantial because the
development costs for families of products can be shared. According to Meyer
and Lehnerd (1997), the platform comprises the sum of all of its modules. The
case shown in figure 2.3 has twenty standard modules from which a total of 60
+ 540 distinct products in two product families can be generated.

Figure 2.3: Creating a new product family from seven new modules and the
thirteen existing modules shown in figure 2.1.

The power tower, (Meyer and Lehnard, 1997), refers to an integrated process
of product and process innovation based on the development of common
building blocks from which product platforms can be developed so as to
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expand the product portfolio in order to target multiple market segments while
maintaining competitive pricing in each. As noted by Jiao et al. (2007:9),
“while a product family targets a certain market segment, each product variant
is developed to address a specific subset of customer needs of the market
segment.” Tseng  and  Jiao  (1998)  also  accentuate  the  ability  to  cluster  the
development of product families, i.e. to use common product architectures to
minimize development costs and incrementally improve the product range. A
generic product architecture in which common components and interfaces can
be shared while others can change over time (as exemplified in figures 2.1 and
2.3) is the fundamental defining feature of a platform architecture (Baldwin
and Woodard, 2008).

Stakeholders from different domains, e.g. sales, engineering and production,
will each have their own views of the product (Suh, 1998; Hvam et al., 2008).
Suh’s (1998) axiomatic design theory defines four domains of product
fulfilment: customer, functional, physical and process. Transfers of information
between domains are regarded as matrix operations on the system architecture
that transform inputs from one domain into another, e.g. from customer
attributes {CA} to functional requirements {FR} to the design parameters
{DP} of the physical product. The similarities and connections between
axiomatic design theory and theories of modularisation and product platforms
have been discussed more extensively by Holmqvist and Persson (2003) and
Jiao et al. (2007). The analysis of Jiao et al. (2007) added logistic variables as a
fifth domain of system architecture (figure 2.4).

Figure 2.4: The domains of product fulfillment, (Suh, 1998; Jiao et al., 2007)
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In order to develop a successful product portfolio, customers’ needs and
attributes {CA} must be transformed into functional requirements {FR}, (Suh,
1998, Jiao et al., 2007). Quality Function Deployment is a method that uses
affinity diagrams and tree diagrams to map customer needs to functional
requirements (Akao, 1990). According to Simpson (2004), there are two basic
approaches to designing product platforms: the top-down proactive approach
and the bottom-up reactive approach. The proactive approach starts with a
generic product architecture (platform architecture) for a customer segment and
then develops derivatives in order to create a family of products tailored to that
segment’s needs. Conversely, in a bottom-up or reactive approach, the
company will redesign a set of distinct products in a product family in order to
increase their commonality and  improve  the  economies  of  scale  within  the
product platform. This thesis focuses exclusively on product definition and
product design, i.e. the mapping of customer needs to functional requirements
and design parameters {CA}  {FR}  {DP}.

2.3 Configuration

The customization of a modularized product family is normally supported by
configurator software tools (Jørgensen, 2003; Hvam et al., 2008; Blecker et al.,
2004).  Jiao et al. (2007) refer to configuration systems as design support
systems. Configuring a product is defined as “putting together a product from
well-defined building blocks (modules) according to a set of predefined rules
and constraints”. (Hvam et al., 2008:33).

The product platform in figure 2.3 is based on modules that can be combined in
various ways. Certain constraints must be applied when selecting module
combinations – for example, if product family B is chosen, roof module variant
R3  cannot  be  used.  The  rules  and  constraints  of  a  product  platform  must  be
maintained and updated when new versions are released. Hvam et al. (2008)
and Harlou (2006) developed the Product Variant Master (PVM)  model  in
order to structure and maintain knowledge representations relating to the part-
of representations of the platform architecture and its possible configurations
using the kind-of representations of the product platform.

The acquisition and representation of such platform-related knowledge is a
prerequisite for the design and development of platform configurators (Haug et
al., 2012).  There are two challenges that must be addressed in the development
of configurators (Haug et al., 2012): First, their development must be
synchronized with that of the platform itself, and second the configurator must
be accepted and adopted by the organization that is using the platform.
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There are two main types of configurator: sales configurators and engineering
configurators (Hvam et al., 2008; Blecker et al., 2004). Sales configurators
exist to guide customers through the product’s specification process,
highlighting relevant constraints and potential solutions. Sales configurators
may be put in the hands of the customer or operated by sales personnel
(Blecker et al., 2004). Kumar (2008) argues that web-based customization
systems are opening a new paradigm of one-to-one marketing, which is also
known as mass personalization. Engineering configurators exist to standardize
and expedite the engineering design process by enabling the reuse of existing
results and knowledge. The introduction of expert systems makes it possible to
automate time-consuming engineering activities, making more time available
for refining old solutions or finding new ones (Hvam et al., 2008). Another
motive for introducing engineering configurators is to establish a link between
sales and production. Much of the work presented in this thesis focused on
engineering configurators used in so-called Knowledge Based Engineering
(KBE). The development of KBE tools focuses on design automation using
object-oriented programming, configuration and engineering knowledge
(Sandberg, 2007).

Several software tools and packages are available that can be used when
working with design configuration and automation. Many of these KBE tools
use object-oriented CAD models and map design rules to parameterize objects.
Such tools are often developed to support software that is mainly used in
industrial contexts, such as Solid Works, Pro/Engineer, Solid Edge, Inventor,
NX/Unigraphics, and Catia. Examples of rule-based design applications and
tools such as those considered herein include Tacton configurator, Configit,
Drive works, Rule designer and Knowledge fusion.
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3 SCIENTIFIC APPROACH

This chapter starts by defining the research perspective and the researcher’s
background. This is followed by a description of the design of the case studies
and the methods used for data collection. Finally, the validity and reliability of
the results obtained in the case studies are discussed.

3.1 Research perspective

This research is based on the assumption that principles of mass customization
can be used in the design of construction products. Because this involves
taking theories from one context (that of the manufacturing industry) and
applying them in another (the construction industry), it is clear that the
investigated phenomenon must be situated in the context of construction
(Chalmers, 1999). Therefore, case studies were selected as the means of
collecting empirical data to test deductive predictions. According to Yin
(2011), case studies are appropriate tools for accessing real life information in
new contexts, e.g. when developing new knowledge and applying knowledge
from one industrial domain in another. The general validity of results obtained
in case studies is often questioned. However, as noted by Dubois and Gadde
(2002:554), “learning from a particular case (conditioned by the
environmental context) should be considered a strength rather than a
weakness. The interaction between a phenomenon and its context is best
understood through in-depth case studies.”

3.1.1 Researcher’s background

After  graduating  with  an  M.Sc.  in  Mechanical  Engineering  from  the  Royal
Institute of Technology (KTH) in Stockholm in 2005, I began working as a
structural  engineer  at  Tyréns  AB,  an  AEC  consulting  company  working  on
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traditional  construction  projects.  In  this  capacity,  I  spent  two  years  doing
structural design work, primarily on residential buildings made from steel,
concrete, and wood. Then, in 2007, I became an industrial Ph.D. student at the
Lean Wood Engineering (LWE) centre - a joint venture established by three
Swedish  universities  (Luleå  University  of  Technology,  the  Institute  of
Technology at Linköping University and Lund Institute of Technology) and
twelve industrial partners including Tyréns AB.

Since 2007 I have been working part time as a structural design engineer at
Tyréns and part time as a Ph.D. student at Luleå University of technology
(LTU). My industrial experience and connections have been very valuable in
the planning and realization of my research, and in the practical application of
its results. For example, a new building system for residential multi-storey
timber houses that was initially presented in my licentiate thesis (Jensen, 2010)
was subsequently implemented in a real project in Malmö. Since 2012, I have
also been the head of a new department developing platforms for use at Tyréns.
My work in this capacity has involved a combination of research, development
and the implementation of configurators.

3.2 Research design

All seven of the case studies presented in this thesis were based on research
designs with the same structure: facts were acquired using theories of mass
customization, and data collected during the case studies. In some of the case
studies (studies 3-7; see Table 3.1), experiments based on prototyping were
conducted in order to test empirical findings and further develop the theory of
mass customization in the context of an engineering company working in the
construction industry. Because empirical observations were systematically
matched with theory in all of the case studies, the research process for the
thesis work as a whole can be considered abductive, see figure 3.1 (Chalmers,
1999; Dubois and Gadde, 2002; Kovacs and Spens, 2005). The two research
question posed in section 1.4, relate to the specification levels defined by
Hvam  et  al.  (2008).  The  specification  level  of  the  study’s  subject  would
therefore be expected to affect both the platform architecture and the
customization process. Therefore the case studies were selected to cover
subjects  specified  at  the  CTO,  MTO  and  STO  levels,  and  the  studies  are
described in relation to these specification levels. The data collection methods,
the nature of the researcher’s participation in each study, the companies
involved in each case, and the papers in which the studies were described are
listed in table 3.1. Case study 5 is presented in chapter 4 and has not been
published before.
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Table 3.1: Specification levels examined and data collection methods used in
each case study.
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CASE 1 STO 1   X X        X     A

CASE 2 STO 2 X   X     X       B

CASE 3 STO 4     X   X       X C

CASE 4 CTO 3,4 X X     X     X   D,E

CASE 5 MTO 4   X X   X       X N/A

CASE 6 MTO 4         X     X   F

CASE 7 MTO 4   X X X X       X G,H

3.2.1 Case studies and specification levels

Type Products - STO

Three case studies focusing on the STO specification level were conducted.
These were case 1- A single-family house producer, case 2 - A modular family
house manufacturer, and case 3 - Development of a bridge configurator.

The first study was conducted in Company 1 and examined technical solutions
developed within the company. The purpose of the study was to determine
whether modularization principles from manufacturing industries can be
adapted for use in the building industry.
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The second study involved Company 2 and analyzed the company’s product
family Ugglan and management of product data relating to customer
requirements in order to understand how product modelling technology can be
used to facilitate product customization.

The third study was conducted in collaboration with Company 4 and involved
the modularization of a standard bridge and the development of a prototype
configurator. The aim of this study was to integrate production knowledge into
design and illustrate how the theory of mass customization can be adapted for
use in non-building construction applications.

System of Products - CTO

The CTO specification level was examined in case study 4 - Development and
implementation of a timber building system. This study involved Companies 3
and 4.  Its  aim was to test  and evaluate the development of a modular product
platform. The platform was subsequently customized using a traditional ETO
design process in a real building project.

Products in Product - MTO

The third specification level, MTO, was evaluated in collaboration with
Company 4 by conducting prototyping and implementation studies on Products
in Product modules in ETO design processes. Three studies were performed:
Case 5 - Development of the “Green House”, Case 6 - Development of a
Roundabout configurator, and Case 7 - Development of Platform architectures
in AEC firms. Case study 5 examined an internal development project whose
aim was to develop a product platform for low energy houses. Case study 6
was performed by Erik Smiding in a master’s thesis and was based on an idea
that I proposed to show how configurators can be used in the early design
stages of traditional civil engineering projects. In case study 7, several
Products in Product architectures and configurators were developed and tested
based on theories of mass customization and the findings of the preceding case
studies. Case study 5 in particular provided key insights into the ways in which
theories of mass customization can be used in a traditional ETO design
process.  These findings were further tested and evaluated in cases 6 and 7.
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3.2.2 Case study companies

Case studies were conducted in four companies. Company 1 became involved
via my work as a structural design engineer at Tyréns. Companies 2 and 3 were
part of the LWE and were selected as representative users of modular building
platforms. Company 4 is the AEC firm at which I have been working on a part
time basis as a structural engineer and developer of platforms and configurators
for the construction industry.

Company 1 – a producer of architect-designed single-family houses

The company was established in 2007 and liquidated in 2010. Their approach
to the market was to deliver architect-designed houses in what they called
collections of 3-5 new types of houses every other year. They supplied all of
the materials and components required to build these houses (other than those
required for the foundations), along with assembly instructions. The company’s
manufacturing process operated at the STO specification level, with no product
customization options. The platform architecture was mainly integral, because
it used existing timber stud system production and assembly technologies. The
company had 10 employees, most of whom worked in sales and the
development of new products. The customers were responsible for assembling
their  own  houses.  This  company  was  examined  in  case  study  1,  which  is
described in paper A.

Company 2 – a manufacturer of modular family houses

This company was examined in case study 2, which was conducted in 2008 and
is described in paper B. In 2010, the company’s turnover was about € 84
Million and it had a workforce of approximately 320 people in total. Since its
founding over 50 years ago, it has built approximately 43000 houses. The
company supplies turnkey houses and takes complete responsibility for their
delivery.  In-house  staff  are  responsible  for  selling  the  products  and  for  their
design, manufacture and on-site assembly. Houses are manufactured in both
contemporary and classic designs, and the targeted customer groups are
middle- and upper-middle class families. The company offers products at both
the STO and CTO specification levels,  but the platform examined in the case
study is offered at the STO specification level and provides few opportunities
for customization. The product architecture in this case was integral. The
company exports houses to Denmark, Germany and Japan, and its customers
include both private end-users and professional clients. The company was one
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of Sweden’s leading manufacturers of modular family houses before it was
liquidated in 2010. Since then it has resumed trading under new ownership.

Company 3 –Modular home company

Company 3 is one of Sweden’s leading modular family house manufacturers
and was founded over 60 years ago. It builds approximately 400 single houses
each year, employs around 110 people, and had a turnover of € 30 Million in
2012. The company delivers turnkey houses and takes complete responsibility
for their delivery. It also manufactures modular frames that are delivered to
professional builders. Sales, design, and manufacturing are performed by in-
house staff, but the on-site assembly is often done by subcontractors. The
company’s platform architecture is predominantly integral, but several of its
components are based on standard dimensions and interfaces. They deliver
products  at  both  the  CTO  and  STO  specification  levels,  but  the  case  study
focused on the CTO specification level. The company exports houses to more
than 25 countries including Norway, Denmark, China, Japan and the USA. It
sells to both private end users and professional clients. The company
participated in case study 4, which is described in papers D, E, I, and II.

Company 4 – an AEC Consultancy Company

Tyréns AB was founded in 1942 and has become one of Sweden’s largest and
most prominent consulting firms, with approximately 1,300 employees. It has
offices throughout Sweden and also has subsidiaries in Estonia and England.
Tyréns AB offers qualified consulting services in the construction sector and
primarily  assists  clients  with  the  production  of  documentation,  reports  and
specifications.  The creation of physical  products is  left  to its  customers in the
construction industry. The company works primarily on one-of-a-kind products
with integral product architectures that are delivered at the ETO specification
level. In 2013, its turnover was approximately € 120 Million. The company
was examined in case studies 3-7, which are presented in papers C-H.

3.2.3 Data collection methods

Interviews

Structured and semi-structured interviews are methods for collecting data via
conversations in order to gain insights into and understanding of a specific
phenomenon (Lantz, 2007).
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In case study 1, two semi-structured interviews were conducted in 2007. The
interviewees were the CEO and the marketing manager of Company 1, and the
aim was to understand the company’s product offer. The interviews were not
conducted using a predetermined list of questions, but a framework for the
questions was prepared. In addition, several semi-structured interviews were
conducted with building carpenters who worked with the product during the
analysis of the platform architecture.

In case study 2, structured interviews were conducted with sales personnel
from company 2 in order to understand the product customization process.
These interviews were recorded and transcribed, and followed a structured list
of questions (Jensen, 2010). For more details, see appendix 1.

In  case  study  4,  a  list  of  questions  was  prepared  in  collaboration  with  a
master’s student. The aim was to determine how a newly developed timber
building system was customized in the course of a project. Interviews lasting
for 2-3 hours each were conducted with six experienced architects to gain
information on how they worked when configuring the building system. The
interviews were recorded and transcribed, and are reported in Paper E and the
master’s student’s thesis (Sundström, 2010). An additional interview was
conducted with the architect who customized the building system in the first
real project where it was used; the information so obtained supported the
conclusions drawn from the preceding interviews (Sundström, 2010 and paper
E).

Finally, a number of semi-structured interviews with structural design
engineers from company 4 were conducted in case studies 5 and 7 in order to
obtain information on the technical solutions that were created during the
development of some module configurators. Structural design drawings were
used to guide the interviews and document the questions as they were asked.

Archival studies

Several archival studies were conducted to collect empirical data. The first of
these was conducted within Company 1 as part of case study 1 in order to
gather information on technical solutions that had been used in earlier projects.
Architectural drawings, structural drawings, and descriptions were studied.

In case 2, drawings and documents were collected at company 2 in order to
evaluate the product design and production constraints. The gathered



Configuration of Platform Architectures in Construction

28

information was then verified with the company’s engineering department
during a workshop and used to illustrate different perspectives on the product.

In case study 5 (the Green House case), documents were collected from several
building projects in order to identify best practices in the design of low energy
buildings.

During case study 7, candidates for modularisation and configuration as
Products in Product were identified by archival analysis using the business
management  system of  company 4.  Particular  attention  was  paid  to  structural
drawings of typical foundation components in order to understand the design
and interfaces of module candidates.

The archival analysis of the market share of different bridge variants in case
study 3 was conducted by one of the co-authors of the corresponding paper,
Peter Simonsson. Data were gathered from BaTMan, the program used by the
Swedish transport administration system to manage Sweden’s road and railway
bridges.

Survey

In 2012, two questionnaire surveys were sent out to workers in the consultancy
firm studied  in  case  study  7.  The  aim was  to  identify  technical  solutions  that
had previously been developed within the company and determine the volumes
of several  modules.  The first  survey was a pilot  survey that was conducted in
the company’s Stockholm office. Its purpose was to evaluate the scope for
collecting historical data concerning completed projects. In the second survey,
a total of 70 project managers from offices across Sweden were asked to
specify the designs for all of the projects they had worked on between 2010
and 2012. The response rate was 72% and information on 1193 projects was
collected. The questionnaire used in this survey is shown in appendix 2.

Prototyping

A prototype can be defined as a working model of (parts of) an information
system  that  emphasizes  specific  aspects  of  that  system  (Vonk,  1990).
Prototyping can be used to gain a better understanding of the user’s
requirements and to resolve uncertainties before implementation (Law and
Longworth, 1987). In this thesis, prototyping refers to the process of
conducting experiments to investigate the potential and consequences of
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implementing configurable platform architectures in construction. Prototyping
experiments were conducted in case studies 3, 4, 5, 6, and 7.

3.2.4 Researcher participation

According to Silverman (2010), observation is about capturing social events in
their natural context, which is not possible using other empirical methods (Yin,
2011). The extent to which the researcher is involved in initiating the observed
phenomenon will affect the scope for controlling its outcome. Junkers (1960)
suggests that the level of researcher involvement in the studied process can be
discussed in terms of a continuum ranging from participation to observation,
while Vinten (1994) defines four levels of interaction between the researcher(s)
and the subjects of their research: Complete Participation, Participation as
observer, Observer as participant and Complete observer.  The  nature  of  the
researchers’ interactions with the companies in each of the case studies is listed
in Table 3.1. Vinten (1994) suggests that participant observation should be
used to complement other methods and approaches for gathering information
on the phenomenon of interest.

3.3 Research process

The research process adopted in this work can be described as an abductive
research approach with 6 steps as shown in Figure 3.1.

Figure 3.1: The abductive research approach and the different case studies
performed, instantiated from Kovacs and Spens (2005).
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Step 1 - (0) Prior Theoretical knowledge

To begin with, in 2007, a literature review was conducted to determine what
was already known about the use of technical platforms from the perspective of
the construction industry. According to Lessing (2006), the development of a
technical platform is  a  key  factor  in  the  implementation  of  a  more
industrialized construction process, and this was the main reason for looking
into product platforms. The modularization principles outlined by Erixon
(1998) together with Ulrich´s (1995) view of product architecture provided the
foundations for the research presented in this thesis. In retrospect, it is clear
that my understanding of technical platforms at  this  time  coincided  with  the
STO specification level.

Step 2 - (1) Deviation - real world observations

Case 1 was initiated in 2007 and involved a newly started single-family
housing firm - Company 1. Company 1 needed assistance with re-designing its
first product family: a collection of architect-designed single-family houses.
This gave me an opportunity to carefully examine the company’s process for
designing technical solutions and the scope for their reuse as new collections
were added to the product family. The company’s existing product platform
was based on highly standardized products that could not be customized. To
address this lack of customizability, the product platform concept defined in
section 2.2.2, in which instances of customized products can be developed
based on reusable solutions and modules (Meyer and Lehnerd, 1997), was
taken as the starting point for the development of a new product platform. The
main findings from this study are presented in paper A and section 4.1.

Case 2 was initiated in 2008. Tyréns was hired to identify a suitable product
management system for Company 2 - the modular family house manufacturer.
Two studies were performed in collaboration with Linus Malmgren at Tyréns
based on the theories of customer needs (Akao, 1990) and product data
management (Hvam et al., 2008). Study 1 focused on the management of
product data while study 2 analysed the organization of the product platform
with  respect  to  customer  requirements.  My  task  was  to  analyse  the  product
architecture and information flow by performing an archival analysis of the
product documentation, interviewing the salesmen at the company, and
observing the manufacturing process at the factory. This study is presented in
Paper B and section 4.1.
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Step 3 - (2) Theory matching

Case 4 was the setting for the most extensive of the studies. It was initiated in
2008 when Company 4 was hired to set up a project team in order to develop a
timber building system for buildings of 4-8 storeys. I joined this team when it
was formed and initially focused on the structural design aspects of the project.
However, various theories of modularization and configuration (Ulrich, 1995;
Erixon, 1998; Hvam et al., 2008) were also considered and tested during the
design  of  the  technical  solutions.  The  development  team  consisted  of  a
multidisciplinary group of architects, a structural design engineer (the
researcher), the client (future proprietor), process engineers, a construction site
manager and the site manager of the factory belonging to Company 3. The
team’s  composition  was  chosen  on  the  basis  of  Erixon’s  (1998)
recommendations for the development of modular products. The developed
timber building system was described from different perspectives (Hvam et al.,
2008) in order to understand the flow of information between different
domains during the end product customization process.

The developed system is based on cut-to-fit and component swapping
modularity (Ulrich, 1995).  In terms of the specification levels defined by
Hvam et al. (2008) as shown in figure 1.1, it can be regarded as a CTO-type
system. In the development project, the first idea to mix unique design
solutions with modular configurable components in an ETO design process
came up. A study of the timber building system is presented in in section 4.2
and papers D, E, I, and II.

Step 4 - (1) Deviation - real world observations after testing

The development of the timber building system was finalized in 2010, the year
in which I finished my licentiate thesis.  The system was then used in a real
building  project  in  Malmö,  Sweden.  I  worked  on  this  project  on  a  full-time
basis (with no research responsibilities) while it was being conducted; my job
involved generating drawings, quantitative work, and implementing the system
in the architectural domain in collaboration with three colleagues from
Company 4 (see figure 3.2). The resulting configuration data were used in the
preproduction and assembly of building components by Company 3. After the
project was finalized, interviews with the architects in charge of the project
made it clear that there was a need for a theoretical basis that could be used to
link the unique design of the end product to a modular product platform. The
progression and outcome of this project are described in paper D and section
4.2. The development of the building system was accompanied by the rapid
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development of its design documentation according to the principles of
modularization, which created new business opportunities for AEC firms such
as Company 4. This provided the starting point for the next step in the research
project: theory suggestion (3).

Figure 3.2: Testing the building concept developed in step 3, preproduction of
building elements, and erection of the building.

Step 5 - (3) Theory suggestion

When my doctoral studies resumed after my work on the building project was
complete, I focused on the MTO specification level. In the beginning of 2011
an internal development project was initiated within Company 4, with the aim
of developing a Green House product platform for the construction of low-
energy buildings based on technical solutions that use environmental friendly
materials. The development of this platform was investigated in case study 5.
Life  cycle  analysis  (LCA)  suggested  that  buildings  of  this  kind  must  be
evaluated on the component level. This prompted the development of a
modularization strategy for the Green House product platform. To support the
development team, I became a certified passive house designer. The work
began by reviewing existing solutions through archival analysis in
collaboration with colleagues having different areas of expertise including
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energy, life cycle analysis (LCA), passive house design, structural design,
moisture management, and so on.

As an example of the modularization achieved during this work, the outer walls
of the building system were separated into functional layers according to Suh´s
(1998) axiomatic design theory. Modularized technical solutions were then
developed to fulfil the identified functional requirements. The understanding of
the products-in-product concept (Erixon, 1998:3) and the potential for
automating the generation of design documentation provided the incentive to
develop platforms for the reuse of technical solutions created within the AEC
company (Meyer and Lehnerd, 1997; Jiao et al., 2007). The concepts of Design
Modules and products-in-product configurators evolved during this work as
ways of coupling unique designs with modular platform architectures in the
engineering design process (see chapter 5). The Green House development
project is described in more detail in section 4.3.

Step 6 - (4) Application of conclusions

As a result  of the Green House development project, (case 5), the company’s
senior management saw the potential of encapsulating the company’s
engineering knowledge in platforms and configurators. After I completed my
Ph.D. studies (which included courses on Modularization, Marketing and
Logistics,  and  Configuration),  this  led  to  the  initiation  of  a  pilot  study  on  the
engineering design of elevator pits. This was examined in case study 7, whose
aim was to investigate variables and processes associated with the development
and implementation of platforms and configurators in AEC companies. These
variables and processes included:

• Market volumes (i.e. the scope for achieving economies of scale);

• The validation of final designs;
• The generation of design documentation (e.g. drawings, quantity take-

off) ;
• The organization of feedback and improvement cycles;

• The distribution of platform solutions to office locations nation wide

A top-down approach was used to study Company 4’s management system and
evaluate the market volumes of different design and technical solutions.
Interviews with structural engineers revealed the potential of using
configurators in the design work. This prompted a return on investment (ROI)
estimation exercise in which the cost of developing configurators was balanced
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against the expected savings due to increased design efficiency. At the end of
2012, the company’s board of directors decided to create a product
development unit whose primary task would be to develop configurators for
use within the company. Since then, several configurators have been
developed, implemented and distributed (using a web interface). These include
the elevator pit configurator that was examined in case study 7, a roundabout
configurator examined in case study 6, a bridge configurator examined in case
study 3, and configurators for structural modules such as pile foundations,
retaining walls, and so on, which were examined in case study 7. The results of
this work are described in Papers C, F, G, and H, and some general conclusions
are presented in chapter 5.

3.4 Validity and reliability of the results

Case study research has been criticized because results obtained using
qualitative research methods can be difficult to generalize (Yin, 2011; Patton
and Appelbaum, 2003). It is therefore necessary to evaluate the validity and
reliability of the research presented herein (Robson, 2002).

It is important to triangulate results obtained in qualitative studies by using a
variety of data collection and research methods in order to increase the internal
validity of the data (Jick, 1979; Yin, 2011). As described in table 3.1, all of the
case studies included in this thesis involved the analysis of multiple data sets
gathered using a variety of methods such as interviews, archival document
studies, surveys and prototyping experiments. As such, the analyses provide
holistic and balanced pictures of the investigated phenomena in the context of
construction. In all cases, analyses based on separate data sources yielded
similar  results  –  for  example,  conclusions  drawn  on  the  basis  of  interviews
were always consistent with those drawn based on archival analysis or
experiments.

External validity concerns the real world applicability of the results obtained,
i.e. whether they are true or false (Andersen, 1994). According to Andersen
(1994:92), “the only way to assess external validity is to confirm results by
empirical testing”. In several of the case studies, prototyping experiments were
performed to test the obtained results. In addition, known theories should be
used to enable the generalization of the results (Badersten, 2006). Therefore,
the empirical observations and data that were collected in this work were
rooted in theories of mass customization and extended to encompass the effect
of the studied phenomena on the engineering design process in construction.
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Reliability generally refers to the extent to which a study’s results are
reproducible, i.e. the likelihood that other researchers will obtain similar results
when performing similar analyses using the same data (Chalmers, 1999).
Because all of the case studies included in this thesis used known theories in
new contexts to make deductive predictions, their results should implicitly be
reliable. This argument relies on a deductive view of reliability in which a
study’s results either corroborate or reject a hypothesis that the study was set
up to test. However, if the work in this thesis is regarded as a whole, it is
apparent that the adopted research approach was abductive rather than
deductive: empirical data from evolving case studies was used to develop and
refine existing theories in the context of construction (Dubois and Gadde,
2002).  Therefore,  the  obtained  results  would  be  difficult  to  reproduce  as  a
whole (Riege, 2003). Its reliability must therefore be assessed by considering
the researcher’s background (section 3.1.1), the design and conduct of the
studies (section 3.2 and 3.3), and the fact that the papers in which the findings
were presented have been evaluated in single-, double-, or triple-blind review
processes. In every case study where the researcher was involved as a complete
participant, prototypes were produced that could be tested and evaluated by
external reviewers.

The scope for generalizing research results and connecting them to existing
theories is increased by conducting multiple studies that address the same
research questions in different ways (Miles and Huberman, 1994). My
connection to Company 4 enabled me to conduct case studies in several
construction companies and to examine products that were specified at
different levels. This made it possible to apply the results obtained in the
studies in practice, leading to a deeper understanding of the studied objects
than would have been possible otherwise. On the other hand, proximity to the
studied phenomenon may reduce the researcher´s objectivity (Avison et al.,
2001). This problem can be addressed by connecting the outcome of the
research to relevant theories, which strengthens the objectivity of the work and
enables  the  generalization  of  its  results  (Miles  and  Huberman,  1994).  The
studies presented herein examined different product segments of the
construction industry, including roads, bridges, building systems and building
construction subsystems. As such, they provide a broad overview of the
phenomena of interest. Because all of the case studies involved an element of
testing and validation in real world construction context, many of the
conclusions concerning the use of platforms and configuration should be valid
for engineering companies such as Company 4.
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4 FINDINGS AND RECONNECTING TO THEORY

This chapter will analyse the findings of the case studies using the theory of
mass customization presented in chapter 2. The findings from papers A to H
have been summarized according to the specification levels of the products
considered in each case (see Table 3.1).

4.1 Type Products (STO)

Three case studies (presented in papers A, B and C) focusing on product design
processes at the STO specification level were conducted.  Paper A describes
how methods from the manufacturing industry can be used to map customer
needs  to  functional  requirements  (Jiao  et  al,  2007)  in  the  development  of  a
modularised single-family house building concept. This study demonstrated
that varying customer demands can to some extent be managed using
modularization principles provided that the targeted market segment has been
chosen carefully. Paper B describes a study on the flow of information within a
family house manufacturer.  The technical solutions used within this
company’s modular building system had been developed over a long time and
had often been custom tailored to satisfy specific customer requirements. As a
result, there were several ad-hoc solutions in the process used to manufacture
the configured product. Paper C deals with the ways in which a configurator
can improve the process of designing standard bridges by encapsulating
knowledge of production constraints and rules into the configuration process in
order to improve build-ability.

The case studies revealed that the flow of information and constraints between
different domains (customer, engineering, production, etc.) is important for the
successful implementation of a product platform (Suh, 1998; Harlou, 2006;
Jiao et al., 2007). Jiao et al. (2007:7) describe the transformation of information
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across  domains  as  a fundamental issue for the interpretation and
implementation  of  product  families.   They  further  connect  the  design  and
development of platform-based product families to the theory of axiomatic
design and the transformation of information between design domains (Suh,
1998). This issue is also discussed in section 2.2.2 and figure 2.4.

An unconnected flow of information and constraints can have two major
effects:

• If a production technology is adapted without analyzing how the
ensuing disruption of the transformation chain will affect the family of
standard products (Jiao et al., 2007), the risk that ad-hoc solutions will
propagate  from  design  to  manufacturing  and  on-site  assembly  will
increase, as shown in paper B. This can significantly increase
production costs.

• If the production technology has not been rationalized to the family of
standard products, opportunities to make the production process more
efficient by improving the build-ability of the design may be
overlooked. This is illustrated by the use of rebar carpets discussed in
paper C. In some respects, the use of traditional flexible on-site
construction methods in the production of standard products represents
a missed opportunity to reduce production and design costs.

Ad-hoc customization processes tend to be introduced because of mismatches
between customer requirements and the product offer. The customer attributes
of the selected market segment must be specified and continuously updated to
ensure that the product offer always meets customer requirements (papers A
and B). In the case examined in paper B, many of the most highly ranked
customer needs in the target market segment could not be met by the product
family being studied. Customers’ needs should be the first thing considered
when developing new product families (Suh, 1998; Erixon, 1998).
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Figure 4.1: The connection and integration of information between the
separate product views

The complexity of the product can be reduced by introducing adapted product
views (Harlou, 2006; Hvam et al., 2008) in order to facilitate the downstream
flow of information and the upstream flow of constraints through the value
chain as discussed in paper B. Product modelling tools such as BIMs can be
used  to  visualize  the  different  views  of  a  given  product  family  as  shown  in
Figure 4.1. In this case, two separate production views are considered: a pre-
production view and a site view. The introduction of product views also
facilitates the development of web-based configurators that can be used to
guide the customization of standardized products as discussed in paper C

In retrospect, it is clear the product architectures of the construction products
described in papers B and C were essentially integral. Similar observations
have previously been made by Kudsk et al. (2013a:97): “The  possibility  of
modularization  is  a  problem…, due to the fact that all the different
components used for constructing a building are entangled – they all depend
on each other”. This limits the scope for customization when working with
integral architectures (Hvam et al., 2008).  The building system discussed in
paper B, which had evolved over time, would have benefitted from a more
modular architecture. However, the cost of developing a modularized building
system for the targeted market segment must be compared to the potential gain
in market share, (paper A). This kind of reasoning is discussed further by
Ulrich (1995), who compared integral and modular architectures with respect
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to their production costs and required factory-level capabilities. The potential
for customization introduced by modularization means that it is necessary to
reconsider Winch’s (2003) conclusion that mass customization in fields of
construction other than private housing is impossible. The modularity of the
product architecture has a profound impact on the scope for customizing the
final product, which provides an opportunity to utilize theories of mass
customization when developing construction products in the two other fields
mentioned by Winch (2003), i.e. buildings and major projects.

4.2 System of Products (CTO)

An extended case study was conducted during the development and design of
the first commercial deployment of a new modular timber building system. A
multi-skilled team was put together with the goal of designing a multi-storey
timber housing system that could meet the client’s requirements (Paper I).
Using  the  product  views  proposed  in  paper  B  and  the  principles  of
modularization outlined in section 2.2.1, a configurable building system was
developed that enables an architect to configure unique buildings from
prefabricated modules that are assembled on the construction site (papers D
and E). The first building project was then begun in 2010; its purpose was to
produce 70 apartments on a construction area of 4200 square meters in Malmö,
Sweden, see papers D.

The building system consists of both standard and variant modules, and allows
certain features to have unique designs (including the outer façade). The use of
standard and variant modules is consistent with Stake´s (1999) conception of
the product platform. However, the ability to incorporate unique designs during
the configuration process is a novel feature that has not been discussed in mass
customization literature relating to the manufacturing industry, where all
module variants are defined during the product development process. The need
to add unique design features during the specification process in construction
projects is consistent with the conclusions drawn by Jansson (2013). The
introduction of a Design module makes it possible to incorporate module
variants with unique designs (e.g. the façade) at the CTO specification level.
The modularization of the new building system was designed to satisfy the
target building’s functional requirements, which included structural stability,
fire resistance, acoustics, energy efficiency, and so on. In addition, the system
was based on a cut-to-fit modularity supported by a design grid of 150 mm.
These factors defined the basic constraints imposed on architects working with
the system (Gross, 1996) and are shown in figure 4.2.
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Figure 4.2: The platform architecture of the building system and the
configuration of a project.

The applicable constraints and rules were communicated to all participants in
the design process in order to avoid the propagation of ad-hoc solutions to
production.  This  argument  was  obtained  in  cases  1  and  2,  and  the  theory  of
axiomatic design (Suh, 1998). The introduction of support for modularization
in the architect’s CAD tools solved many of the initial problems and created a
configuration process that minimized errors and the number of design iterations
(Paper D). Moreover, the addition, component swap modularity (Ulrich, 1995)
was added to allow the system to meet diverse functional requirements by
enabling module variants to be exchanged within a given geometrical design.
This enhanced the flexibility of the building system, making the transformation
between the architectural and engineering domains more flexible and smooth
without excessively restricting architectural freedom.

Because the culture of construction is inherently one of project-based design
involving one-of-a-kind products (Koskela, 1992; Kadefors, 1995; Höök and
Stehn, 2008), its product architectures often become integral. This reduces the
scope for developing modular platforms, (Ulrich, 1995). Modular systems
provide beneficial flexibility via the design of standardized modules and
interfaces, but this must be balanced against the potential economic
consequences of overcapacity (Ulrich, 1995). A structured design approach
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was  therefore  adopted  during  the  development  of  the  building  system  (Paper
D) in order to evaluate the designs of individual modules and interfaces and
ensure that the use of oversized construction solutions was justified when the
system was seen as a whole.

A modular product platform makes it possible to connect different domain-
specific applications simply by transferring geometric data. In the case
discussed in paper D, this transformation between domains was achieved using
a simple Excel sheet. Paper E describes a more refined solution in which the
functional representations of ta timber slab module in the customer or
architectural views concealed the details of the underlying technical solutions.
This knowledge was however embedded in the configuration tool, which
automated the transformation of the geometrical information highlighted in the
architectural into the detailed technical solutions presented in the engineering
view. This facile and direct transformation makes the engineer into the owner
of  the  building  system.  The  use  of  such  tools  allows  the  complexity  of  the
building system to be concealed behind “an abstraction and an interface”
(Baldwin and Clark, 2000:73). Current approaches to product modeling in
construction (BIM) usually stress the importance of integrating design
information across multiple domains to enable the construction of as-built
models when the project is finished (c.f. Kunz and Fischer, 2012). Therefore,
much research has focused on reducing the losses of information when
complex data are exchanged between different disciplines and domains (c.f.
Howel, 1996; Tanyer, 2005). CTO approaches to customization based on
product platforms greatly reduce the need for information management using
tools such as BIMs because the complexity of the product as a whole is
concealed within the platform’s modules and interfaces.

Paper E describes one possible way of connecting different domains’ views of
a product downstream in the value chain. Interviews with the architects that
configured the building system revealed a need to develop better configuration
tools that would provide more architectural freedom. One architect wanted the
flexibility  to  override  the  constraints  of  the  building  system,  which  would  of
course violate the basic principles of standardization. Nam and Tatum (1988)
argued that the complexity of products and customers’ individual tastes
represent major barriers to the use of mass customization in construction.
However, by using modularization techniques to create modular platform
architectures, many of these issues can be eliminated (c.f. Pine, 1993b).
Nevertheless, the target market segment should determine the level at which
the product is modularized and which components should have unique designs.
An alternative way of addressing issues of complexity and taste would be to
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introduce architectural objects that define the system’s capabilities from a
functional perspective. This concept is defined in paper II and was further
developed by Wikberg et al. (2014).

4.3 Products in Product (MTO)

In this work, the MTO specification level involves configuration using the
Products in Product approach (Erixon, 1998:3). That is to say, configuration is
only possible using defined modules (Products) belonging to the Product to be
specified. The development of configurators on this level is discussed in papers
F, G and H.

Paper G describes the development of a configurable parametric CAD model
and its use to automate drawing and quantity specification for the construction
of an elevator pit. Elevator pits are the foundations of elevator systems and are
typical Products in Product in multi-storey buildings.  Paper F shows how the
introduction of a configurator for the variant module roundabout improved the
quality of the design of the road network product during the early design stages
by automating the design process based on the functional requirements
imposed by established norms and standards.

Paper H presents a framework for the development of product platforms
containing configurable Products in Product modules adapted to the ETO
project-based nature of the construction industry. The results presented in this
paper can be summarized as:

• Decomposition and analysis of previous construction projects shows
that it is possible to exploit archival data stored in an organization’s
management system to identify module candidates.

• The development of modules in a platform can be done incrementally,
starting with those that provide the greatest ROI.

• The modularization of the platform architecture into standard, variant
and design modules makes it possible to reuse technical solutions and
increase the commonality of components and parts used in the
construction industry.

A need to create environmentally friendly low-energy buildings (case 5,
sections 3.2 and 3.3) prompted the development of modular platform
architectures for building parts that could be used in an MTO design strategy.
The modularization of the outer walls of the planned building system
demonstrates the application of this strategy at the MTO specification level.
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The outer wall was divided into 4 functional module layers (see figure 4.3).
The functional requirements of the outer surface module (OS) are to protect the
wall from the effects of wind, rain and moisture. The insulation module (ISO)
is required to insulate the structure against temperature and sound, and to
support its own load and that of the outer surface. The load carrying module
(LC) is required to carry the load from the connecting modules above, secure
air tightness, be resistant to water vapour, and provide space for electrical
installations. The inner surface module (IS) is required to protect the wall from
moisture and provide an aesthetically appealing inner surface. The interface
between the different modules (layers) is standardized, which makes it possible
to combine different module variants in the defined kind-of-structure of the
outer wall. New module variants can now be developed and added to the kind-
of-structures incrementally without necessitating a complete re-design of the
whole wall. The development of configurators for each wall layer makes it
possible to generate many product instances from a limited set of solutions.
This way of describing and developing a product platform is consistent with
the proposals of Meyer and Lehnerd (1997:53), who state that a platform
strategy can serve as a: “top-down planning approach to maximize market
leverage from common technology”. Design modules that are developed within
a specific project can also be integrated with predefined solutions in the
platform as long as the platform architecture with its predefined interfaces
between the different module layers is kept intact. The (IS) module variant can
also be defined as an architectural design variant that is amenable to unique
customization in the MTO design process. The modularization of the wall
makes it possible to divide the information between different consultancy
domains.  It  is  also  possible  to  modularize  different  types  of  evaluation  and
analysis such as LCAs. The current practice in the Swedish construction
industry  is  to  use  the  Swedish  BSAB  standards  to  define  and  number  the
different  components  and  parts  of  a  building;  e.g.  the  outer  wall,  inner  wall,
floor etc. (Ekholm, 2002). These building parts or elements can be viewed as
products in product and  serve  as  templates  for  the  definition  of  an  open
building system where different companies can each supply building modules
to the system as long as the interfaces between the modules are standardized.
Ulrich (1995:436) claims that slot modularity “requires the top-down creation
of a global product architecture”. This could serve as the starting point for
harmonizing construction products. Similar conclusions have been made by
Kudsk et al. (2013a:98) “It is shown that it is possible to describe these larger
elements on more conceptual level. Thereafter it would be beneficial…to
describe these elements in greater detail”.
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Figure 4.3: Platform architectures for the outer wall and the “Green house”
product instance.

By developing Products in Product, the organization’s knowledge of its own
technical solutions can be formalized, re-used, incrementally refined, and
continuously improved. A recent development in Company 4 has demonstrated
that configurators can be used to automate other types of consultancy work,
such as the documentation of fire protection measures (c.f. Kogan et al., 1998).
Configurators developed using theories of mass customization can thus be
applied to a wide range of products within the construction industry including
both tangible products and other services.

As  discussed  in  papers  G  and  H,  cooperation  and  the  efficient  exchange  of
information between different product views are crucial in configuration at the
MTO specification level. If the transfer of information between configurators
and the architectural and engineering domains cannot be integrated in normal
AEC applications, configurator-driven design processes may be difficult to
implement. This has also been noted by Hvam et al. (2008), who found that the
configurator’s user interface and user friendliness must be considered during its
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development and implementation. Another obstacle to the adoption of
configurators is that the dominant design business model in Sweden at present
is based on billing by the amount of labour done rather than on fixed prices for
providing a specific design.
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5 CONCEPTUALIZATION IN CONSTRUCTION

In this chapter the findings presented in chapter 4 are summarized in a
conceptual model that shows how mass customization can be implemented and
utilized in construction design.

5.1 The product specification process

The difference in project progression between a traditional ETO specification
process and MTO-, CTO- or STO-type processes (see figure 5.1) affects the
scope for customization in a given project and the way in which the platform
architecture should be organised.

Figure 5.1: The different specification levels defined by Hvam et al. (2008),
adapted to the different types of product platforms in the construction industry.
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The main difference between the MTO, CTO, STO and ETO specification
levels is that the design and production of products can be broken down and
separated into modules, enabling the specialization and automation of work (cf.
Taylor, 1967; Gerth, 2013b). However, the increasing degree of
standardization of the platform architecture on going from the MTO to the
CTO and then the STO specification levels brings progressively stricter
limitations on the scope for customizing the end product. To increase the
product commonality and economies-of-scale in design and production
requires the development of product offers based on the market’s demand
rather than offering design and construction services to specific developers of
building products.

There are many construction companies (such as Companies 2 and 3) that
currently work with products on the STO specification level. These products
are normally optimized for their specific market segment, which makes them
integral.  In order to increase the scope for customization at the MTO and CTO
specification levels, there is a need for a reactive redesign of the platform
architecture. This will entail modularizing the existing platform architecture in
order to improve its potential for customization and to establish greater
economies of scale in production.  Integral STO-type of products are therefore
vulnerable to fluctuations in market demand, which can lead to ad-hoc
customization for which their production system is inappropriate. This was
observed in case studies 2 and 4, where the single family homes manufactured
by the studied companies were customized by craftsmen working alongside the
automated production lines.

Case  study  5  (and  case  4,  to  some  extent)  exemplifies  how  proactively
developed modular platform architectures interact with the specification level.
At the MTO specification level, the platform architecture of the wall
components shown in figure 4.3 defines a generic Part-of-structure” The
specific combination of module variants developed for use in the Green House
concept (OS_B+ISO_A+LC_A+IS_A) constitutes a Kind-of-structure that
defines the scope for subsequent CTO customization.

In summary, the part-of-structure, platform architecture represents the MTO
specification level at which Products in product platforms are developed.
When technical solutions are based on Products in product modules with
interfaces that enable their interconnection with other building modules
(including both standard and variant modules), a System of Products platform
is defined that can be customized in a CTO specification process. A Type
Product platform  then  consists  of  a  limited  set  of  configurations  of  the
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architecture, representing the STO specification level.  The progression from
the  MTO,  to  CTO  and  then  to  STO  specification  levels  gradually  limits  the
level of freedom in the design of the final product by gradually standardizing
its constituent parts, modules and the specific configuration of modules in the
platform architecture.  The  transition  from  MTO  to  CTO  and  then  to  STO
makes it possible to benefit from economies of scale in production, but also
makes the return on investment more vulnerable to fluctuating demand in the
target market segment.

5.2 Developing platform architectures

In order to use a predefined platform in a specific construction project, it is
often necessary to create distinctiveness in the product instance (Jansson,
2013). Robertson and Ulrich (1998), illustrated the trade-off between
commonality (shown in green in figure 5.2) and distinctiveness (blue in figure
5.2) using two types of product architectures: the integral architecture A and
the modular architecture B. The white lines in the two architectures show the
limit of configurability in each case. These figures show that modularisation is
a method for transforming an integral product architecture (A) into a modular
architecture (B) in a way that can increase the use of predefined modules in the
product instance (Robertson and Ulrich, 1998). Modularisation makes it
possible to organise components into customizable modules with well-defined
interfaces that can be reused in different product families. A traditional design
(A) is often optimized to meet project-specific functional requirements, which
leads to a situation where many components contribute to a specific function.
A modular design (B) has a more decoupled architecture that makes it possible
to develop interchangeable modules which can be adapted to meet diverse
customer requirements. The down-side is that individual modules are
overdesigned for specific uses. Implementing a modular design strategy
challenges the traditional culture in the construction engineering community,
which is more accustomed to optimizing designs with respect to, e.g., the usage
of material (see also papers D, G and H).
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Figure 5.2: The transformation from an integral to a modular product
architecture. Adapted from Robertson and Ulrich (1998)

A product platform is often described as a collection of standard and variant
modules that are shared between different product families, to which unique
parts are added during the development of distinct product families. In
construction, very few of the distinctive parts will have been designed in
advance, meaning that curves (A) and (B) define the connection of the platform
to the project at hand. Figure 5.2 introduces Design modules, which can be
described as modules that are intermediate between a pre-designed platform
components and unique components developed specifically for the project at
hand. A design module (indicated by a yellow circle in figure 5.3) has the same
pre-defined interface as the module category it belongs to but is a uniquely
designed module variant developed in a specific project.  The design module is
actually a Part-of-structure until it is instantiated in the specific project, at
which point it becomes a Kind-of structure of the variant module it belongs to
(see figure 5.3). The design module was identified in the CTO case study 4,
further developed in the MTO case studies 5-7, where some of the identified
module variants were not included in the development of a module
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configurator because their estimated ROI did not justify the corresponding cost
of investment.

The platform architecture can thus include four categories of
chunks/components; Standard modules, Variant modules, Design modules and
Unique parts. Standard modules are used in all product instances while Variant
modules are used to configure the product instances according to customer
requirements. If standard and variant modules thus together comprise the
product platform, the design modules are instances of a variant module
category that have not yet been integrated into the platform. A design module is
a module that can be modified or adapted to meet the unique demands of the
project  at  hand  so  long  as  its  design  remains  within  the  constraints  and
complies with the interface specification for the Variant module category it
belongs to. The final category, unique parts,  refers  to  those  parts  of  the
platform architecture that are developed during the course of a project. These
parts are traditionally engineered integral design solutions that form part of the
final product instance.

Figure 5.3: A “Part-of-structure” modular platform architecture and its
connection to the underlying “Kind-of-structure” product

platform, which includes design modules.
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The proactive development of a modular platform architecture should begin
with the definition of the part–of–structure for a specific family of products.
This   definition should specify the different categories within the platform
architecture (Ulrich, 1995). Interfaces and corresponding standard and variants
modules that define the Kind–of–structure of the product platform can then be
incrementally developed, potentially by searching through the design archives
of previous ETO projects to identify suitable candidates for refinement. This
kind of strategy makes it possible to incrementally develop and implement
product platforms and configurators in the construction design process. The
resulting platforms will make the design work more efficient, enhance the
quality  of  the  design,  and  ensure  that  knowledge  relating  to  factors  such  as
buildability will be encapsulated within the platform’s pre-designed modules
(see also paper G). The interface between the predefined modules and the
project’s design modules and unique parts as defined in figure 5.3 will be
crucial for the introduction of product platforms in the AEC industry (Erixon,
1998). The industrial implications and benefits of this approach are discussed
in section 6.2.2.

5.3 Product configuration in construction design

Modular platform architectures provide an opportunity to introduce
configurators in the specification process. However, the specification level and
the degree of modularization will determine the scope for using configurators
to automate the design process. Many of the products or parts there of that are
normally designed in an ETO context can probably be designed on the MTO or
CTO specification level using configurators. During the case studies, several
products in product candidates were identified by searching through the design
archives of the AEC firm (e.g. Case 7). Implicit engineering knowledge
relating to the design of a specific component becomes the knowledge of the
organization when it is encapsulated in the configurator. The formalization and
encapsulation of knowledge in the configurator reduces the need for
information  transfer  and  exchange  (Papers  C,  D  and  E).  This  also  limits  the
likelihood of creating interoperability problems between the different domains
in the value chain. However, in order to reduce the cost of developing product
platforms and configurators, the solution space must be reduced while
maintaining the flexibility needed to satisfy customer requirements. It was
noticed in case 4 that the introduction of a design grid reduced the variety of
cut-to-fit modules and simplified the development of CTO configuration tools.
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Lessons learned during the implementation of configurators include:

• Configuration tools seem to be easier to introduce when the product is
more standardized (i.e. specified at the STO level). For example, this
enables the use of web-based configurators. The user can then see the
benefits of the configurator because they can see how the whole product
is generated and how its implementation becomes simplified because
fewer design tools need to be integrated with the configurator, reducing
development costs.

• A fixed-price model should be adopted in order to justify the costs of
development, and there should be a clear recipient/user within the
organization. Modules chosen for configurator development should be
clearly separate from the rest of the construction product so that a
standardized interface can be defined and maintained over time (see
paper H).

5.4 Commonality and distinctiveness in design

The unique parts and the introduction of design modules in the product
platform make the commonality index defined in equation 1 inapplicable
because the number of components in the final product architecture will be
undefined. The applicability of Collier’s (1981) commonality index in
construction is thus limited to STO-type products whose modules and
components are all predefined. However, an alternative measure of the relative
usage of pre- and project-defined design solutions can be created based on the
time (i.e. the number of design hours) spent configuring or engineering
components from the following four categories during the design phase of a
specific project (or product instance in figure 5.2): Standard modules (S),
Variant modules (V), Design modules (D), and Unique parts (U). The
expression for this alternative commonality index in design (Cd) is shown in
equation 2:

=
+

+ + +
, 1 (2)

Sc, total number of hours spent configuring “Standard modules” in a
specific project

Vc,, total number of hours spent configuring “Variant modules” in a
specific project.

Dd total number of hours spent engineering the “Design modules” in a
specific project
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Ud, total number of hours spent engineering “Unique parts” in a specific
project

The commonality index in design takes  values  ranging  from 0  (in  the  case  of
ETO products) to 1 (STO) and can be used to quantify the specification level of
the product instance. Another way of describing commonality relates to the
amount of time saved by using configurators.  Based on ROI calculations done
to justify the development costs of individual modules (configurators) as
discussed in paper H, a usage percentage of commonalty gain in design (Cg)
can be defined for each module category in relation to a traditional engineering
design process (see equation 3 and figure 5.4).

=
+

+ + +
, < 1 (3)

= ; = ; = + +

Sg, total number of hours saved by configuring all “Standard modules”
in a specific project.

Sd, total number of hours that would have been spent on traditional
engineering of all “Standard modules” in a specific project

Vg,, total number of hours saved by configuring all “Variant modules” in
a specific project

Vd,, total number of hours that would have been spent on traditional
engineering of all “Variant modules” in a specific project.

Ue,, total number of hours spent engineering “Unique parts” and
configuring predefined Standard and Variant modules in a specific
project

For example, suppose that a foundation must be designed as part of  project A
(figure 5.4). One standard module (the reinforced concrete slab), three variant
modules (pile  foundations,  elevator  pit,  and  a  retaining  wall),  and  one design
module” (a new variant of the pile foundation) are used. The design module
could potentially be incorporated into a future version of the product platform.
Some extra engineering work would then be required to design unique parts
and configure the modules from the product platform. Based on the previously
performed ROI calculations, a standard module of  this  type  would  normally
take 20h (SdA) to engineer. However, it can be configured in only 5h using the
configurator (ScA).  The  customization  process  thus  saves  15h  (SgA) in the
customization process. Similar calculations can be performed for the variant
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modules, (VcA 10h; VdA 70h; VgA 60h). Engineering the design module takes 5h
(DdA). The design hours spent on the design module during the project are
stored and can be used in a future ROI analysis to evaluate the merits of its
subsequent inclusion in a new configurator. The unique parts (UeA) are the sum
of the configuration time (ScA + VcA)  and  the  ordinary  engineering,  5h  (UdA).
The analysis of the commonality gain in design in the project provides insights
that can drive further refinement of the platform architecture and also increase
the profitability of working with the product platform.

Figure 5.4: An illustration of the commonality gain in design in a platform
architecture that is not fully defined.
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6 CONCLUSION

This chapter presents the conclusions of the thesis and answers the research
questions. The scientific contribution of the work and its industrial implications
are also presented and discussed, after which some potentially fruitful
directions of future study are suggested.

6.1 Answering the research questions

The studies presented in this thesis were conducted to determine how mass
customization principles can be utilized in the design of construction products.
Seven case studies were performed, addressing the research questions at three
different product specification levels.

6.1.1 Research question 1

How does the specification level affect platform architectures in construction?

Three types of product platforms have been defined: Products in Product,
System of Products and Type Product. These correspond to the MTO, CTO and
select variant (STO) specification levels, respectively.

The Products in Product and Systems of Products platforms have modular
platform architectures in order to support the development of standard and
variant modules. The results obtained in this work suggest that the usability of
such platforms in construction projects can be increased by augmenting them
with design modules that have standardized module interfaces but can be
uniquely customized within specific projects. This enables the incremental
development of a products in product platform, starting with the modules that
will provide the most rapid ROI (see figure 6.1).
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Figure 6.1: Incremental development of variant modules in the platform
architecture using the design modules.

The  decision  to proactively develop a Products in Product and System of
Products type of platform for a specific market segment must be taken based
on  a  comparison  of  target  volumes  to  development  costs.  For Products in
Product platforms, the estimated volumes can be based on data from earlier
projects. The solutions in the platform should always be developed from the
customers’ view in order to ensure that the modules, module variants and
interfaces are modularized from a functional perspective.

The Type Product platform often contains a collection of distinct products with
integral designs. If the platform is highly standardized (i.e. there are only a few
possible configurations), an optimized and integral product architecture will be
appropriate if the volume of the market segment is large enough. However, if
the customer segment has not been properly evaluated or the platform is not
adapted to changing customer requirements, there is a risk that ad-hoc solutions
will propagate through the production system, causing economic losses in the
value chain.

6.1.2 Research question 2

How can mass customization in construction be supported by product
configuration at different specification levels?

The introduction of design modules makes it possible to incrementally develop
module configurators in Products in Product platforms  as  long  as  the
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production volumes of the configurable module are sufficient to cover the cost
of developing the configurator.

The customization of a Products in Product-type platform involves combining
design modules that are created using traditional engineering design with
unique parts as well as product configuration using predefined standard and
variant modules. Customization at the MTO specification level thus involves a
combination of ETO and CTO design methods.

Whereas MTO configurators operate on the individual module level, CTO
configurators are used to configure systems of modules.  The use of a design
grid restricts the design space, which facilitates the implementation of CTO
configurators (and thus reducing development costs), but increase the
standardization of the end product.

The outputs of product configurators on the MTO and CTO specification levels
need to be integrated with that of the ETO design tools used by the different
domains in construction. However, the need to exchange information and the
incidence of interoperability problems between e.g. architectural design and
engineering design can be greatly reduced by encapsulating a lot of the
necessary information and engineering knowledge in a product configurator.

It is possible to use a web-based interface to generate the customer view for
Type Product platforms (for example in a sales configurator). However, it is
important to ensure that the different views (customer, engineering, production
etc.) are connected in order to reduce the need for information exchange and
minimize the risk of creating ad-hoc solutions that subsequently propagate
downstream through the value chain.

6.2 Contribution

6.2.1 Scientific

A product platform in the manufacturing industry consists of a well-defined
platform architecture and a set of standard and variant components, modules,
or parts from which a family of products can be configured and produced. Even
the unique parts of a customized product within a product family will often
have been designed in advance.  In construction, most of the product
architecture, its components and parts are undefined at the beginning of the
design process. Therefore, a mechanism is needed to couple the use of
predefined modules and parts in a platform with the design process in a
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specific project. The introduction of design modules provides a mechanism to
connect the part-of-structure of a product with a product platform where
standard and module variants can be gradually developed in the ETO design
process. Three such platform types, Products in product, System of Products
and Type products can  be  identified  and  linked  to  the  MTO,  CTO  and  STO
specification levels, respectively. The establishment of links between platform
architecture and specification level makes it possible to apply the principles of
mass customization to partially defined product architectures as well as
predefined family of products. As a consequence, the need for information
exchange between domains and design disciplines is reduced by introducing
modularized platform architectures and products into the construction design
process.

6.2.2 Industrial

There is evidence to suggest that the owner of a platform concept needs to
control the entire realization process from customer to final product within a
selected segment to fully benefit from its advantages, e.g. (Johnsson, 2013).
However, ROI estimates made during case studies conducted within the
context of an engineering consultancy company showed that the introduction of
Products-in-product platforms and configurators in an ETO design process can
be very profitable. As Staffan Brege2 put  it  – “if an engineering companies
starts to develop and use configurators in the engineering design process, there
is a strong possibility that this would lead to a consolidation of the industry”.
Moreover, the products of the construction industry have relatively long life
cycles. From the perspective of an AEC that works with product platforms, this
can be seen as a positive thing because this will ensure that newly developed
configurators will also have long lifecycles.

Many building concepts that have been developed in the Swedish construction
industry were designed for the STO specification level. Consequently, their
platform architectures are highly standardized and most of them are integral.
While these platforms can may have acceptable market shares, it is difficult to
reactively open them up or make them more flexible if customers’
requirements change over time. An alternative to this traditional approach

2 Professor of Industrial Marketing at Linköping University, responsible for a PhD-level course
on Marketing and Logistics in which the first ROI calculation for a module configurator was
presented
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would be to proactively develop Products in product into Systems of Products
and then Type Products platforms based on a generic architecture. Technical
solutions can incrementally be developed from the functional requirements of a
specific product segment, and collected into product platforms to support the
customization of families of products at all specification levels (MTO, CTO
and STO) depending on the level of customization required. Such proactively
defined platforms are easier to support over time than traditional alternatives.

Product in products and System of products type of platforms provide new
opportunities for the architectural/engineering company to act as the concept
owner and subsystem/systems integrator in the supply chain. The development
of Product in products platforms  can  start  from  an  archival  analysis  of
previously developed design solutions in e.g. the engineering firm. The product
in products concept also provides Black box engineering for ETO construction
design.  A specific module can be offered to the market in the form of BIM-
object3 that describes its functional output and dimensional constraints. The
BIM-object provides information on the price of the modules, the time required
for their production, their environmental impact, and so on at a very early stage
in the design process. This means that the provider of the BIM-object can take
control when creating shop drawings and bills of material for production. This
is advantageous in an ETO design process because it reduces lead times,
provides higher quality results, increases the reliability of cost calculations, and
so on.

Finally, the creation and development of a modular architecture still leaves
considerable flexibility in the configuration of the final product even if the
standardization of components and parts increases. Moreover, archived data
from previous projects will not necessarily be appropriate for the planned
future development of the product or platform. As such, simply copying
existing solutions can lead to the development of inefficient module designs. It
is therefore important to create feedback loops so that information gathered
during the utilization of configured product instances is considered when
further developing the product platform in order to ensure that its technical
solutions exhibit sufficient flexibility and quality.

3 See the website http://bimobject.com/
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6.3 Future work

The work in this thesis focused on product definition and product design in the
engineering domain, evaluating how different specification levels in the design
process interact with the platform architecture and configuration of
construction products. However, there is a need to consider other topics and
domains in the customization process in order to fully understand how mass
customization theories can be utilized in construction, especially with respect
to:

• The interaction between product, process and supply chain platform.
How can the different platforms be balanced in terms of standardization
and flexibility with regards to the product portfolio?

• The concept of open platforms. How can open platform architectures be
developed for Products in products type of platforms in construction?
Can the Swedish BSAB code system be used as a template in this
process?

• Understanding the cultural change needed to enable the application of
mass customization principals in the ETO construction industry. How
can we overcome cultural barriers to the implementation of modular
platform architectures and configurators?

When considering the interaction between different platforms, the nature of the
production system should be chosen based on desired specification level of the
design process. There is often a mismatch between what is offered and the
balance between the product, process and supply chain platform (Johnsson,
2013). For example, when working with platform architectures at the MTO
specification level, the production system may vary depending on project
constraints. However, at the STO specification level the production system
should be fully defined because the move towards standardization in such cases
is often driven by a desire to establish economies of scale. A better
understanding of the interaction between the specification level, the production
system, the supply chain, and market volumes is therefore needed.

There are many component manufacturers that supply the construction industry
with subassemblies. These subassemblies must comply with their own (often
national) standards to ensure interoperability on the component level, as in the
case of HVAC systems. However, there is no common standard for linking
different sub-systems together in a platform architecture. In other sectors such
as the electronics or telecoms industry, the development of new products,
components and modules often begins with the development of a standard for
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the  system  as  a  whole  (Yoo  et  al.,  2005).   Competing  companies  often
cooperate in strategic technology networks. After the standard has been
developed, companies can create diverse technical solutions and compete. This
creates an expanded market volume in which functional requirements can be
harmonized between competitors (Dittrich and Duysters, 2007). In a similar
manner, the construction industry could create common platform architectures
for various market segments and thus set a standard based on functional
requirements. The idea is not new: examples of such systems can be found in
the component catalogues produced by Sears Roebuck in 1895 (Ågren and
Wing, 2014), and there is even an international working commission regarding
Open building implementation, CIB W104.

The fundamental difference between ETO and MTO, CTO and STO product
design and production process (Gerth, 2013b) creates a major barrier to the
introduction of mass customization in construction. The culture and mindset of
people working in the AEC industry is based on the ETO way of working. For
example, Kudsk et al. (2013a:97) exemplified the ETO culture when discussing
configuration in construction engineering firm: “…professionals often
suggested that their co-workers’ areas could  easily  be  standardized  and
benefit  from  implementation  of  mass  customization,  whereas  their  own
areas  were too complex and never used any kind of standard solutions”. It
seems that there are differences in both the kinds of services and the kinds of
products that are provided. On the other hand, a construction company working
on the STO specification level (case 4) seemed to be better prepared for the
adoption of mass customization principles than traditional ETO construction
companies. A better understanding of the impact of modular platform
architectures and configuration on traditional design and production processes
is therefore needed to facilitate their implementation.
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ABSTRACT 

Many companies in Sweden using prefabricating strategies are currently meeting the ever increasing customer 
requirements with ad-hoc solutions that do not fit their production system. This is causing bottlenecks and 
lower profit margins as a consequence. One solution to the problem is to re-engineer their building systems 
according to modularization principles used in the manufacturing industries, which have adapted their 
production to be able to meet mass-customization.   
This paper describes the first part in study of modularization of building systems and if methods used in the 
manufacturing industry can be adapted to the building industry.   
The Swedish construction industries using prefabrication strategies are mainly project oriented, and needs to 
develop a more product oriented development process to benefit from the values that modularization can give. 
It is also obvious that it is impossible to introduce modularization methods used in manufacturing industries if 
design requirements are incomplete or changing from project to project. It is therefore essential that the 
product owner owns the whole process as well. Varying customers’ demands can to some extent be handled 
using modularization principles. However, we don’t believe that one solution fit’s all; therefore it is essential 
to target a specific segment of the market. The cost for the development of such modularized building system 
for the targeted segment of customer must be evaluated against the possible market share.    
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1. INTRODUCTION
Many of the Swedish prefabrication single-housing industries were established in the mid 60’s. Prefabricated 
houses now dominate the single-house market in Sweden with a market share of as much as 80%. In the 60’s 
and 70’s the customer demands were low and architectural designs and technical solutions were standardized 
(Höök 2005). In the beginning of the 80´s competition in the single-housed market inclined and companies 
were facing new rivalry due to increasing demands on customized solutions, (Hill 1994). Initially well 
designed standardized technical solutions were transformed using “ad-hoc” solutions necessary to customize 
the house according to customers needs. This was, according to Brege (2008), one of the main reasons to the 
fall in profits in the prefabricated single-housing industries in the 80’s.  
Josephson and Saukkoriipi (2005) states that as much as 35% of the total production costs can be identified as 
waste in traditional on-site production of apartment blocks. This has inspired several constructions companies 
in Sweden to implement building systems for the production of apartment buildings. However, the question 
arises how the building system can be customized in order to be competitive on the market? Adaptation to the 
increasing demands for customisation is facing many industrial sectors around the world and, according to 
Ulrich and Eppinger (2008), mass customization methods can be used were the customer can tailor the 
product according to his/her own needs. Modular Function Deployment (Erixon 1998), is one strategy that 
can be adapted to prepare a product family for mass customization. One big difference when referring to 
methods used in the manufacturing industry is that they are developed for product oriented processes where a 
decentralized product development process are common (Johnson et. al 2006). The building industries are 
conventionally project-oriented, and methods that are used in the manufacturing industry must be adapted to 
the building industries way of working. According to Lessing (2006), the focus on the individual project in the 
building industry has often led to a fragmentation in the process with little continuity and low productivity 
development. Also, no single actor owns the whole process as opposed to the manufacturing industry, 
Nordstrand (2003).  
The purpose of this paper is to explore methodologies for customization used in the manufacturing industry 
that in a structured way can evaluate customers demand against the possibility of customization of a 
standardized building platform.  

2. THEORY 

2.1 MODULARIZATION 
Modularization is currently a key concept for customization in the manufacturing industry to reduce 
complexity. Advantages in standardized and rationalized product structures, makes it possible to customize 
flexible solutions (Ulrich and Eppinger 2008). According to Erixon (1998) modularization is, “decomposition 
of a product into building blocks (modules) with specified interfaces, driven by company - specific reasons”.
The building industry in general does not have the same interpretation of modularization, which can be 
confusing. Often modularization is referred to as “standard building elements or volumetric pre-assemblies” 
(Höök 2005). Arranging the main assembly station with several short module assembly lines makes the 
production system easy to understand. “Factory in factory” increase the meaning and personal satisfaction of 
the production staff due to better understanding of the production system (Erixon 1998). Baldwin and Clark 
(2000) states that humans needs to divide complex systems to be able to understand and solve problems. 
When a system is divided into smaller parts, the complexity of the minor parts can easier be solved.  The 
complexity of the system can be concealed behind “an abstraction and an interface” (Baldwin and Clark, 
2000). The abstraction represents a module with a certain function that can be combined with other modules 
using a standardized interface. In the manufacturing industry product lead time is vital: “Six months delay in 
product introduction results in 33% less profit over 5 years while on time introduction but 50% development 
expense overrun only result in 4% less profit over the same period” (Charney 1991). If new house “models” 
can be introduced faster with the modular building system, the benefits of following market trends would be 
noticed also in the building industry. It can also reduce components in stock with less capital assets in use. 

2.2 MFD – A METHOD FOR MODULARIZATION 
Modular Function Deployment or MFD is a method that systematically divides products or families of 
products into modules, based on five key steps. In step 1 the customer needs are recognized by using the 
Quality Function Deployment (QFD) method, (Akao 1990). After the product properties are determined from 
the QFD analysis, technical solutions that meet these needs are developed in step 2. When technical solutions 
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are chosen, a module grouping process is performed in step 3 creating a Module Indication Matrix (MIM). 
This step identify “module drivers” that arrange the technical solutions into similar characteristics. The new 
concepts and the technical solutions are evaluated using an evaluation chart, step 4, where the identification 
and evaluation of module interfaces will be an important factor for which concept to select. When the 
modules are found they can be improved developing module variants with the same interface without 
affecting other parts (modules) of the product. Step 5, the design process or development of modules/ module 
variants can then be structured with methods like Design for Manufacturing/ Assembly (DFMA), (Erixon 
1998) 

2.3 QFD - TRANSLATING CUSTOMERS NEEDS INTO PRODUCTS  
Designing products that are focused on customers needs is essential to sustain competitive advantage. 
Mapping the customer needs against the product properties, well defined methods have been developed in 
industries around the world. Perhaps the most frequently used is called Quality Function Deployment (QFD) 
that emerges from Japan, (Akao 1990). In the year of 1966 QFD was conceptualized for the first time, as 
means for introducing customer needs early in the design process. QFD arises from mainly two issues that 
automobile industries in Japan had. First, design quality started to have a greater determining factor, but there 
were no books available in those days. Second, QC (Quality Control) process charts were established after the 
products were built, which made it hard improve the process (Akao 1990). To be able to find the customer 
needs and structure them, tools called affinity diagrams can be used. The voice of the customer can then be 
arranged in hierarchy levels were the first level defines the idea, next level provide definitions for the primary 
level, the third level describes the details for the second level etc. This can also be described in a tree diagram 
(Eldin and Hikle 2003). When the customer requirements are found a house of quality (HoQ) matrix can be 
formed and the product properties emerge, see figure 2. The relations are determined and marking scale can 
be used to define how strong the relationships are, this formation is mainly done by individual judgments 
rather than concrete solutions. The product properties are weighted and normalized to find the most important 
properties. The work of finding customers needs and turning them to product properties are often done by a 
QFD-team were all disciplines are involved. In traditional procurement systems, when design and 
construction is done by different participants, the general success in using QFD methodology can create a 
problem. In figure 1, the construction industry, with the project centric way of working is defined. Different 
parties are responsible for different parts of the project, and “Cross-functionality” often used when 
conducting a QFD can be hard to achieve. The methodology of QFD can be suited for projects/ products were 
a single part is responsible for every phase and the function requirements can be well defined in an early 
stage, and not as a parade of trades. (Dikmen et al. 2004). 

In the building industry much work in identifying needs have been concentrated on the geometrical shape of 
the building and arrangement of rooms; often these improvements have been performed by using Quality 
Function Deployment in the design phase (Gargione 1999, Ozaki 2002). Not much work has been conducted, 
to the authors’ knowledge, using QFD as a general tool focused on the requirements from a customer’s 
perspective on the product properties of a building system.  

2.4 PRODUCT CONFIGURATION AND PRODUCT MODELS  
The main advantages in modularisation is that despite the end product can vary in shape and functions, the 
design and production of components and modules within a product family are the same. The design phase is 
replaced by a configuration phase where the product is customized by selecting an appropriate set of module 
variants from the product family. From an information management point of view, this means that the product 
model used in the configuration phase must also be modular, (i.e. contain all modules and variants of the 
modules). The result of the product configuration is a specific product model that contains all information for 
production of the customized product (Jørgensen 2008). 

The modularity of the product model can be divided in different types (Gerth 2008): 
- Based on structure: Alternative component models where the customer selects one alternative of the 

companies product model alternative or free selection of components where the customer have 
freedom of selection of components/modules in a so called addition process of parts not compulsory 
for the product. The product can then be more customized by adding additional functionality. 
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- Based on attributes: Specific components/modules can be varied through the use of attributes, either 
by the use of enumerated or numerical values. Example, color on a module (red, green, blue etc.) or 
the length of a specific component (6 m).         

3. THE PRODUCT CENTRIC BUILDING PROCESS  
The Swedish building process is generally divided in several steps involving numerous of participants, 
(Nordstrand 2003). The participants involved are working by them selves with no or little contact to each 
other, and they are often dissolved when projects are finished. What separates the industrialized building 
process from the on site construction projects is that they own most of the disciplines and process, still they 
work on a project basis see figure 1.  

To take advantages of modularization techniques it is necessary to go from project focus to product focus. In 
the future modular building process, figure 1, it is essential to separate product design from project, only then 
it is possible for companies to gain advantages in continuous improvements of product developments. 
Modularization methods based on customer focus and process techniques can then be feasible (Lessing 2006).  

“The key, many in modular bridge industries say, is for engineers and contractors to start thinking of bridges 
in terms of products rather than projects.” (Shaker and Greenwald 1994). 

It is also important to find a market “niche” for the company to be able to meet particular group of customer 
requirements, (Ozaki 2002). Thereafter the design of the product platform can start since the solution will be 
based on requirements of the target customer.  Time from separate project can then be devoted on product 
development where the individual project using a configuration process supported by the technical platform. 
When the organization is arranged as the lower part of figure 1, IT-support and configuration tools will be 
necessary to implement to organize the building systems and the product structure into interchangeable 
modules and module variants (Johnson et al. 2006). If the building system is not organized into design rules 
and configuration patterns much of the ICT support will lose its purpose. Problems that otherwise will be 
solved using ”ad hoc” solutions and many cases special built products”, (Erixon 1998).

Figure 1: Project and product focused processes. (Johnson et al. 2006). 

4. CASE STUDY- SMALL PREFABRICATING COMPANY 
The purpose of the case study is to illustrate the possibility to apply QFD in construction. The study is made 
on a part of an already designed building with the purpose of translating demands and needs to design 
requirements for the specific building part. The next step would be to implement modularization strategies in 
future designs of the building.    

4.1 THE COMPANY IN THE CASE STUDY 
The company involved in the case study is working with design and constructing of new small houses for 
family use. According to the owner, “customers wish to buy a well design/ architect drawn house filled with 
dreams”. Their new approach to the market is that they are delivering new designed houses in what they call a 
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collection, 3-5 new types of houses every second year. They deliver complete material and components 
needed above the foundation including assembling instructions. The assembly of the house is left to be done 
by the customer. The material is delivered pre-cut together with components, such at fittings kitchen utilities, 
in a container and with little or no prefabrication what so ever. To sustain competitive advantages, the 
company needs to modularize the technical solution to find carryover solutions between collections.  

4.2 TRANSLATING NEEDS TO PRODUCT PROPERTIES 
In every new product design, you have to find the customers needs and what the product is supposed to 
deliver and this at low cost in order to get an “economic success”, (Ulrich and Eppinger, 2008). This first 
step, as presented previously, can be evaluated using QFD to map customers need against product properties.    

The  problem is that the overall product properties are the same for most buildings, a building are supposed to 
withstand water and wind etc. and characteristics that separate the different companies and building systems 
from each others is the architectural design. Therefore, companies need to select a particular segment of the 
market in which a specific group of customers are the target for the QFD analysis (Ozaki 2002). The 
customers in focus, market “niche”, could be the architectural design or “low price” that a company are 
focusing on. If design is the competitive edge, the QFD will be directed on how the technical solutions can 
solve the specific architectural design. As an example if the target customers are interested in “old fashioned” 
architectural design, roof construction will most likely be steep with big bases of a roof. On the other hand, 
the technical solutions for a flat roof “with a contemporary design” will be different. Market analysis is 
therefore critical in any new product design.  

The other benefit of targeting a specific group of customer is that the product development costs for the 
architectural and technical design can be shared by a larger volume of houses. When technical solutions can 
be reused within a specific collection and carried over to the next generation of collections through 
modularisation, the development costs/per house can be reduced even more. Also, this would most probably 
lower the production cost over time and give opportunities for industrialized production of certain parts of the 
building.            

The target group in the case study can be said to be the design aware customer who want to own a unique 
architectural designed building. However, the price matters.  From the market analysis, the proposed solution 
was to engage a known architect to do the design and as a compromise between uniqueness and cost. The 
design is only going to be used for a certain collection of houses over a limited time. This type of trade 
marking a product is common in other sector and a well-known example is H&M who uses world famous 
designer to design specific collections of clothing in a limited edition.   

In this paper we will use the roof design proposed by the architect as an example, of how we can translate the 
functional requirements to roof properties. The requirements are listed on the left side and product properties 
on top of the OFD diagram in Figure 2.  
The requirements part has been divided into 4 categories that will affect the technical design: 

- Standard specifications, i.e. regulations from national authorities. 
- Market niche, as interpreted by the architect 
- General demands, i.e. from the owner 
- Production demands. 

The link between requirements and product properties is indicated with circle in the QFD diagram. The 
product properties can now be used to guide the design of technical solutions and abandon old solutions that 
would be used otherwise.  
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Figure 2: Example of QFD executed on the roof-construction 
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4.3 RESULTS FROM THE QFD-ANALYSIS 
The product properties that were extracted from the QFD matrix, showed the possibilities to clarify customer 
needs that otherwise would be hard to take notice of. For example the early design of the roof construction 
done by the architect, the ceiling was inclined. But there were no product requirement that specified this from 
the customer point of view. This construction solution imposed the walls to be cut with an angle of degree; 
and the reason to separate the walls on the gable flanged end from the rest. By making the ceiling of the house 
horizontal, the walls could be made in the same height and therefore dramatically reduce product parts. It is 
easy to see that these kinds of standardizations can in a following investigation of modularization techniques 
help to locate possible parts to standardize, taking in account only those aspects that are essential for the 
customer. For example; if the company wish to generate a two story building in the next collection, there will 
be no difference between the walls on the first floor and the second, this when walls can be made in same 
heights and the interface are the same. Another important thing that was found when conducting the QFD 
analysis on the construction part was that the conceptual design did not support the installation of spotlights in 
the ceiling without going through the vapour barrier, even though spotlights in the ceiling was important for 
the targeted customers. Design errors like these would most likely have increased the production cost. 
Performing the QFD that might seem unnecessary and time consuming can easily be justified. 

The case study company has built three exhibition houses with the architect’s early construction design. Thus 
the comparison of the total building costs for the new building system cannot yet be evaluated.      

4.4 MODULARIZATION PROCESS 
In the manufacturing industry it is common to produce a product that is supposed to perform a certain duty. A 
car ought to transport something somewhere; a stapler is used to make holes in a piece of paper. The purpose 
of the product creates a variety of function-requirements. The identified function requirements are then 
structured in a way that leads to desired solution(s). From a modularisation point of view, the product should 
be designed in such a way that there exist a one-one relation between each functional demand – and the 
technical solution. Then, new functionalities can be added, by adding a new module to the existing set of 
modules. This type of design is common in the software industry (Baldwin and Clark 2000).    

A house has also many different functions; however the technical solutions providing these functionalities are 
more difficult to separate from each other. The house shall offer cooking possibilities, supply with shelter, the 
rooms must supply users with electricity, the air-flow in the building must be in certain ways, etc. Therefore, a 
QFD study on the building as hole with different levels of requirements is hard to do, especially when no 
specific group of customer is targeted. To manage all these different demands in different levels the interfaces 
between the typical solutions from the market analysis must be found and this can provide the possibilities to 
perform the product development on a certain construction part. After this is done the product design can be 
made using modularization methods like MFD. Figure 3 shows the general process and how QFD can be used 
in the product development process translating functional requirements from the market “niche”, which later 
can be used in the MFD process finding modular products.   
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Figure 3: Product development of houses using modularization techniques. 

In the product design phase the design properties are converted into technical solutions that are evaluated 
from a modularization perspective. When the modularization of the technical solutions starts (MIM), reason 
for modularization must be considered. The purpose in the case study is to minimize the design effort, the 
assembly instruction for the technical solutions for development of new collections. The building system need 
to be defined in such a way that interfaces between modules in a collection is the same. Also, if these 
interfaces can be used in the next collection, the probability is high that the design work can be limited to the 
development of new variants of the modules making the design work and production of the assemblies more 
rational. If a house is modularized to have different spans in the building then perhaps the thickness of the 
“framing of joists” must have different heights. If the heights are different then it would be hard to make the 
connection inside the house since the interface and structure between the walls inside the house would 
change. Instead of changing heights of the slabs, the interface imposed by modularization principals need to 
be inside the walls. This could according to Shaker and Greenwald (1994) instead be solved using several 
beams with the same height, where the varying requirements on the load capacity of the “framing of joists” 
can be met by increasing the number of beams in the construction.  

5. DISCUSSION 
Prefabricated house manufacturers are meeting an increasing demand for customizations and their current 
building systems need to be reengineered to meet the new market demands. The benefits from using 
standardized prefabricated building systems are slowly being diminished, since the common way to solve the 
customization today is to use “ad hoc” solutions. The problem has slowly emerged from the beginning of the 
80´s and many industries in the sector are facing the same problem trying to use a building system, not made 
for customization.  

Some manufacturing companies have attacked these problems and being successful using modularization to 
adapt their product and production system for mass customization. Why can’t construction industries work in 
similar ways? Much of this problem dissolves from the fact that manufacturing industries are product oriented 
whereas construction is project driven. Contractual forms and number of participants often working in 
separated phases over the project life has separated design from production. Ad hoc solution to please a 
specific customer are causing problem in the production phase. According to Erixon (1998); “the design 
phase can determine 75% of the production costs”. This has led to methods like MFD to put more emphasis 
on “Design For Manufacture”. The problem of not specifying the functional requirements also from a 
production perspective leads to designs not really adapted for the production system. Methods like QFD can 
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help to identify design properties that are vital both from a customer perspective and from a production 
system point of view. Methods like MFD can then be used to identify both process and product “modules” 
that can be re-used over time from project to project. However, it seems essential that the same actor in the 
building project is also the owner of the product. The most likely candidate is the building constructor making 
him the process owner. Then the benefits (but also the risk) of investing in new building system can be 
calculated over a time span longer than the individual project. Today, you often hear things like “this building 
is so unique and will only be built once” but many of the parts in the “unique” building are used over and over 
again in many construction projects.   

In the case study analysis it was clearly observably that the actual product properties from which the design is 
based on can easily be extended adding more functional requirements such as production needs. Often, these 
step is omitted in normal design in the building industry, since the designers needs to deliver a technical 
solution on a short notice.    

From the functional requirements given by standard regulation, customer demands and production constraint 
(built by at most 3 persons, delivered in a container etc.), it was relatively easy to specify the product design 
properties. They gave a number of technical possible solutions that could be screened by the principles of 
modularisations. A possible modular solution was proposed that can be varied within the actual collection of 
houses. Also, the QFD method makes it possible to see reason for abandoning traditional technical solutions 
that would otherwise be used. Construction industries products (houses) are mainly different in the 
architectural design, and it is essential to have this in mind. Manufacturing industries are mainly separated by 
their technical solutions.  

We believe that going from project design to product design, modularization is essential to meet the customer 
future demands and at the same time take the advantages of carry over technical solutions from “project” to 
“project”. Also, this makes it more motivating to use state of the art IT technologies to speed up the design 
and production phase, i.e. shortening the customer lead time from order to delivery. This is believed to be a 
major factor in a company competitive edge. (Mortensen et. al 2007)  

6. CONCLUSION AND FUTURE WORK 
Swedish Construction Industries are mainly project oriented, and needs to go to a more product oriented 
development to benefit from the values that modularization can give. It is also obvious that it is impossible to 
introduce modularization methods used in manufacturing industries if design requirements are incomplete and 
changing from project to project. It is therefore essential that the product owner owns the whole process as 
well. Varying customer’s demands can to some extent be handled using modularisations principles. However, 
we don’t believe that one solution fit’s all, therefore it is essential to target a specific segment of the market. 
The cost for the development of such modularized building system for the targeted segment of customers 
must be evaluated against the possible market share.    

It has also been noticed that QFD and MFD are possible methods to develop such a building systems.  

In future work we will study modularization and the adaptation of methods like MFD in the construction 
industry. Can this method be used to re-engineer existing non-flexible building systems in the building 
industry in Sweden?   
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SUMMARY:  This paper investigates a Swedish house manufactures building system regarding the documenta-
tion and information structures. The aim is to evaluate how product modeling technology can be used to facili-
tate product customization. By dividing the product in four different views the complexity of the product can be 
reduced and each view represent the interest of customer, engineering, production and assembly respectively. 
The analysis shows that the connections between the different view, i.e. the information transfer, is an area for 
potential improvements and little attention has been devoted to transfer information upstream from manufactu-
ring and engineering to the customer view. The lack of information transfer can often lead to ad-hoc solutions in 
the customization process. We believe that successful cooperation and information exchange between these four 
views is the key to future development and customize-to-order configuration.  
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1. INTRODUCTION 
Production methods of Swedish house manufacturers vary from almost manual carpentry to highly automated 
manufacturing units. Earlier studies in Sweden have concluded that information management in Swedish timber 
house manufacturing is relatively poor and similar to on-site construction (Johnsson et al. 2006; Persson et al. 
2009). The information gap between sales, engineering and production departments often leads to situations 
where customer requirements are implemented using ad-hoc solutions that are not suitable for the existing pro-
duction system. Traditional methods and use of project oriented IT-tools do not support the industrialization and 
automation of the house manufacturing industry (Johnsson et al. 2007). Therefore, new methods and IT systems 
need to be developed and integrated in the design and production of manufactured houses. 

On the other hand, many of the developed building systems have evolved during decades and cannot easily be 
adapted to fluctuating markets. Also, the lack of proper description of the building system makes it harder to 
adapt to volatile customers’ requirements. Development of modularized product platforms is one strategy for 
mass customization (Erixon 1998) that often has been used by the manufacturing industry. The customization 
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process needs information about the product structure, its constraints as well as the customer requirements in 
order to develop a successful configuration and modularization strategy (Yang et al. 2008). The product docu-
mentation in construction industry often consists of drawing files in CAD libraries (predominantly AutoCAD) 
that make the products difficult to use in a customization process. According to Nasereddin et al (2007), ade-
quate documentation of the product structure and customization processes is essential for the productivity and 
quality of the end product. The “ad-hoc” customization of initially well-standardized technical solutions is one  
of the main reasons for the decreasing profits in the Swedish prefabricated single-house industry (Brege 2008). 

This paper evaluates a product family of a Swedish industrialized house manufacturer from two perspectives:  
(1) how the product is designed, how information is shared and how the product is offered to customers, and  
(2) what features customers request. The intention is to find a successful form for product documentation that 
will grasp product information from customer design through engineering and production of the final product. 
The case study has been performed on a product that is offered at a competitive price with limited possibilities 
for customization. This makes it easier to see if it can really be managed to foresee customer demands, and if  
the product can be modularized according to customer needs.   

2. OBJECTIVES AND METHOD 
The objective of the study is to investigate how product modeling technology can be used by industrialized 
house manufacturers in the customization of a building system. More specifically three research questions are 
formulated: 

1. How can an existing building system be documented using product modeling methodology to 
cover the process from sales to the realization of a customized building? 

2. How well can the existing building system be adapted to customers’ requirements? 
3. How is the flow of information from sales to realization of the building affected by the use of 

product modeling technology? 

An investigation of a Swedish company has been performed where three methods of collecting information were 
used for the case study of the building system in the research project: 

• Studying drawings and documents of the building system as well as the production system 
• Interviews with sales and engineering department 
• Workshops with the engineering department to verify the product model of the building system. 

The existing description of the building system is used as a basis for creating the product structure presented in 
section 4. From drawings and documents a first description of the product design and production constraints were 
established. This part of the study was performed with the intention to create a first product model of the case study 
building system. The information was then illustrated in product views (see section 4.4.1-4.4.4), which were used to 
refine and verify the product structure of the building system with the engineering department in a workshop. The 
refined version presented after the final workshop is the version published in this paper. 

Two methods were used to define a set of general requirements from a typical customer used in the study des-
cribed in section 4.5: 

• Information gathered from a Swedish the survey of housing standards (Horsman 2008) 
• Interviews with the sales department in the company. 

3. BACKGROUND 

3.1 Information and product models 
An information model represents a part of the real world, in some cases referred to as the universe of discourse 
(Björk 1995). All information models are unique, as well as the process of creating them. According to Schenck 
and Wilson (1994) an information model should be precise, complete, non-ambiguous, minimally redundant and 
implementation independent.  

Companies that develop, manufacture and sell complex products need to define and manage product information 
during all stages of the life cycle (Claesson et al. 2001). These information models that contain data of both the 
product and the processes supporting the product’s life cycle are generally referred to as product models. A buil-
ding information model, BIM, is a product model defined for building products. A well known model standard 
for buildings is the Industry Foundation Classes (IFC) of the BuildingSmart initiative (BuildingSmart 2009).  
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The team defining the set of rules used to interpret the data in the product model, i.e. the model schema, consists 
of product modeling experts and domain experts possessing knowledge of the product and the supporting life 
cycle processes. The definition of product model schemas often contains a mix of various methodologies, for 
example top-down and bottom-up in an iterative process (Hvam et al. 2008).  

According to Björk (1995) the creation of a product model for buildings start by defining the classes of the main 
building parts and the systems they form, i.e. structural system, installation system etc. The next step is the defi-
nition of the most important attributes of these classes and the relationships between these object classes needed 
in many applications. A similar approach is suggested by Schenck and Wilson (1994), where basic classes and 
relationships often can be extracted from the domain experts by frequently used nouns and verbs, were nouns 
represent the physical objects and verbs represent the relationships between the objects.  

There are aspects that have significance in the choice of the information modeling language (Björk 1995): 
• Capability for modeling the semantics of the universe of discourse without simplifications caused 

by the information modeling language 
• Capability for modeling the designer’s intents and aims 
• Support for the evolutionary process of design (extendibility of the schema) 
• Usefulness for the exchange of data between heterogeneous computer applications in construction 
• Technical feasibility for implementation using current commercial software 
• Realistic possibilities for achieving standardization (in terms of reaching consensus in 

standardization bodies and expenditure) 

A popular language used in many product model applications such as the STEP and IFC model standard is the 
EXPRESS modeling language (ISO 10303-11 2004).  

3.2 Product configuration 
Product configuration is described as an effective mean of structuring products and standardization, but also a 
way of presenting the product for the customer (Hvam et al. 2008). Also, the structuring of products in product 
models becomes a common view of the product ranges in the company that can be shared by the people involved 
in the support of the product life cycle, e.g. sales, design, production and maintenance. Before a configuration 
project is initiated, the following issues need to be resolved:  

• The range of products to be part of a configuration system need to be structured in some form of 
product structure. Often conflicting views exist in the company regarding rules, degree of detail 
etc., these issues have to be resolved before any product modeling initiative is launched. 

• Companies have to decide what parts of the product range should be included in a product confi-
guration system. Probably, not all products are suitable for configuration.  

• The information needed for the product configuration project has to be collected. This information 
often resides in documents, CAD files and different types of management systems such as ERP, 
SCM and CRM. It is also to be found as tacit knowledge of the product specialists within the 
company. 

• How should product information be stored, updated and maintained? The product model will have 
to be constructed so that these parameters are effectively considered. 

Leckner and Lacher (2003) pointed out that customer oriented product modeling is governed by the flexibility 
required in the product configuration process. They defined different types of flexibility or degrees of freedom  
of a product:  

• Alternative component models where the customer can choose exactly one from a set of mutually 
exclusive alternative components 

• Optional component models where the customer can select optional components not obligatory for 
the product in an add-on configuration process 

• Attribute enumerated set model where the customer can choose a component with one value from 
a predefined set of possible values 

• Attribute numerical interval model where the customer can choose a component with one value 
within an interval boundary. 
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The result of a product configuration is a customer specific product model where the product properties and 
functions are determined and specifications of what modules and components will be produced and assembled 
are given (Jørgensen 2001). 

3.3 Customer requirements  
The increasing demands on products matching customers’ individual preferences put pressure on manufacturing 
companies to offer more product varieties (Veenstra et al. 2006). Still, the economical benefits of mass produc-
tion need to be retained to keep the production cost at an acceptable level. 

Since the cost of developing a building system is high, system analysis and customers surveys of the target market 
segments are important in the design of modularized product platforms (Bertelsen 2005). This approach is well 
known in the manufacturing industry but often overseen in construction companies; hence customer requirements 
are treated only in the specific one-off project and often specified by the client in a building program. However, a 
product platform needs to be adapted to a variety of customers in the targeted market segment to be competitive. 
Therefore, a number of methods have been developed to map customer demands against product properties. Quality 
Function Deployment (QFD) is a widely used method that emerged in Japan (Akao 1990). QFD introduces the cus-
omer needs and requirements early in the process and governs the product development in many ways. 

The transformation of customer values and requirements into product properties are often performed by a multi-
discipline QFD-team. In traditional procurement systems where different people perform design and construction, 
the QFD methodology can potentially create problems. The “cross-functionality” approach often used when 
conducting a QFD, can be difficult to achieve in traditional construction projects where the design, engineering and 
production planning and execution phases are separated. The QFD methodology can be suitable for projects where 
one part is responsible for both the design and production, and the functional requirements for both the product and 
the production can be defined in an early stage of the project and not as a parade of trades (Dikmen et al. 2004). 

The QFD analysis needs the customer values or requirements as input. This is often evaluated in market surveys 
where different market segments are surveyed using statistics and customer questionnaires (Eldin et al. 2003). 

4. CASE STUDY 

4.1 Investigated company 
The investigated company is one of Sweden’s leading modular family house manufacturers.  Since the start over  
50 years ago, approximately 43 000 houses have been built. The company delivers turnkey ready houses and takes 
total responsibility for the delivery. Sales, design, manufacturing and on-site assembly are performed by in-house 
staff. The company exports houses to Denmark, Germany and Japan. Customers include both private individuals 
and business to business clients. In 2008, the turnover was € 91 Million and in total the company employs a work-
force of approximately 320 people. Houses are manufactured in both contemporary and classic designs and the 
targeted end customer group is predominantly middle- and upper middle class.  

4.2 The investigated product family  
The investigated product family is an affordable house model offered by the manufacturer. It features five 
alternate models all based on the same construction principles. The design is classic/contemporary with a 
relatively high standard regarding kitchen appliances, surface materials etc. All models are detached houses 
spanning between 100-180 square meters of living space, manufactured in the production facilities of the 
manufacturer and delivered and assembled as turnkey houses to the customers.  

The product family is offered at a competitive price with limited possibilities for customization.  The product 
family is designed by the company associated architect with the intension of creating solutions that do not need 
to be modified. The strategy is to streamline house production and minimize one-of-a-kind operations. The cus-
tomization options are mainly selection of façade, kitchen appliances and surface materials.  

4.3 Product documentation system 
CAD is the predominant product description system for the investigated product family.  Plain AutoCAD1 is 
used for design and customization of all house models in the company.  The AutoCAD system is used for the 

                                                             
1  http://usa.autodesk.com/adsk/servlet/pc/index?id=13779270&siteID=123112# 
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architectural, structural and HVAC design. Production design rules have been implemented in AutoCAD using 
the VBA interface2. The production design rules with associated parameters are stored in a MS Access database. 
The company is also using an in-house developed MRP/CRM-system (Material Resource Planning / Customer 
Relation Management) that keeps track of stock and orders linked with customer data. Product related informa-
tion is consequently kept in two systems, the AutoCAD and MRP system, depending on where the information  
is created, i.e. design information is kept in the CAD system and information related to purchase, stock and cus-
tomer is kept in the MRP/CRM system. 

As a complement to the design rules in the CAD system, written manuals exist that contain information about 
rules and limitations of the building system. There is also a manual describing the design rules of the building 
system to external users, for example architects, structural engineers and sales agents. It includes the main 
aspects such as, facade heights, floor plan, openings, roof and floor structure, etc. Other product related infor-
mation is mostly distributed within the organization through documents and drawings.  

4.4 Current process 
The sales department is often asked to adapt the offered product to fit customer’s individual needs. These changes 
are often not possible to fulfill without violating the rules of the building system. Despite the managements’ inten-
tion to have relatively restricted customization policy, changes to the original concept are often introduced by the 
sales department to satisfy customers. Consequently, these adaptations cause problems both in engineering and pro-
duction when ad-hoc solutions need to be applied to specific customers. Also, the implications, i.e. additional costs 
for adaption of the product by the engineering and production teams, are hard to evaluate. Furthermore, these ad-
hoc solutions are often not reused in other projects since the specific solutions are not analyzed in an attempt to 
modify and incorporate the changes in the product family. 

Findings from interviews with sales and engineering emphasize that there are important issues that need to be 
resolved in order to improve efficiency: 

• The product documentation needs to be adapted to the different processes in the company, e.g. in 
the sales, engineering and production views. 

• Changes in one view, e.g. sales view, should be easily traceable in the engineering and production 
views and vice versa. 

• Changes of the product concept affecting the production system should be made in a product deve-
lopment process from a strategic point of view making the building product more adaptable to 
customers’ requirements. Otherwise, the costs of introducing ad-hoc solutions should be part of 
the offer to the customer.  

In the next section, we present a conceptual solution of the product documentation issue using different views of 
a product model of the investigated product family. 

4.5 Organizing the product information in product views 
Hvam et al. (2008) suggest a methodology based on the representation of the product in a hierarchical structure 
using the Unified Model Language (UML) 3. These representations or product views of the product model are 
used to package and present the product information for a targeted set of stakeholders (knowledge domain). 
IKEA is an example of a company working with different product views. IKEA’s kitchen configuration program 
makes it possible to design and get a price of a custom made kitchen directly on their website (IKEA 2009). 
Information essential for the customer such as cabinet doors and colors etc, are presented in the customer view 
of the product. In the production view of the customized kitchen the types of colors and cabin doors is described 
by article numbers, color codes and other related information used in the production of the custom made kitchen. 
This information is added in the manufacturers CAD application, which is different from the one used on the 
web site. 

The use of process related product views is common in the manufacturing industry and to some extent also in the 
construction industry. However, the different views in the construction industry are mostly connected to the 
architectural, HVAC and structural disciplines using drawings and documents, thereby making the integration 
and coordination between these different disciplines a tedious manual task prone to errors (Jongeling and Olofs-
son 2007). 

                                                             
2  Visual Basic for Applications, http://usa.autodesk.com/adsk/servlet/index?siteID=123112&id=770215 
3  http://www.uml.org/ 
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The product views with their related product structures also constitute the point of departure for organizing, 
storing and communicating product information both internally and externally. This would facilitate information 
sharing in the customization process (Hvam et al. 2008; Johnson et al. 2007).  

Accordingly, in our case study the following product views were defined: 
• The Customer view represents an instance of the product model as seen by end customers and sales 

agents which represent the company. This view represents the features of the product family re-
quested by customers. 

• The Engineering view represents the various customized alternatives of the product model from an 
engineering point of view.  This view represents the most important systems for the technical reali-
zation of the product features requested by the customers (such as structural, installation etc.). 

• The Production view describes the different building parts to be manufactured at the production 
facility. It contains information relevant for the supply chain and the factory production units. 

• The Assembly view describes how the product will be assembled on site. Assembly instructions, 
the order of delivery and assembly of prefabricated elements, schedules etc. are example of infor-
mation relevant in the assembly view. 

Compared to the model presented by Hvam et al. (2008) the assembly view has been added to the product views 
in the case study because this is one essential factor that differentiates the construction industry from manufac-
turing. The assembly of the final product on site needs to be managed separately, in contrast the manufacturing 
industry, in general, considering the product finished when it leaves the factory. 

4.5.1 Customers view 

Fig. 1 a) – d) shows the customers view of the product family. The customization options consist of selecting be-
tween two types (henceforth referred to as type 1 and 2) of models within the product family. Within the type 1 
concept, the customer can for example choose from changing the floor plan to consist of either two or three bed-
rooms, an adjustable roof slope with two optional colors (red, black), two types of façade paneling and two types 
of windows. In Table 1 and Fig. 1 the different types of flexibility and alternatives are exemplified by the type 2 
house. Table 1 summarizes the flexibility types of the customer views of the product family concept according to 
Leckner and Lacher (2003). 

Table 1: Flexibility of the product family in the customer view 

Alternative  Flexibility 

Type 1 or Type 2 Alternative component model 

Type 2 – Floor plans: 2 or 3 bedrooms  Optional component model 

Type 2 – Roof: 27o or 45o  Attribute enumerated set model 

Type 2 – Roof: red or black color Attribute enumerated set model 

Type 2 – Façade: vertical or horizontal paneling  Attribute enumerated set model 

Type 2– Façade: Window type 1 or 2 Attribute enumerated set model 

The alternative floor plan with three bedrooms is not a true add-on configuration (optional component model) 
since the alternative will affect the size of the living room. 

The customer product view shows the choices that are important in the context of the sales process. Prominent 
parameters of this view are (1) architectural expression of the floor plan, and (2) exterior. The details of the 
structural system, installations etc. are not included because they are not important to the customer. Neverthe-
less, the engineering and production parameters need to be verified already in the sales stage to avoid the crea-
tion of ad-hoc solutions propagating downstream to engineering and production. 
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FIG. 1: The customer view of the product family Type 2 alternative.  
FIG. 1a) shows the product structure, 1b) the façade, 1c) the interior floor plan and 1d) an example how the 
configured product is presented for the customer. 

4.5.2 Engineering view 

Fig. 2 shows the engineering view that ensures that the company can technically realize the customers’ choices. 
This view represents the technical solutions that fulfill the features requested by the customer. The engineering 
view is meant to be used in the design of new products or new features in a product family considering the con-
straints given by standards, regulations, production system, etc.  

In the engineering view, the structural system of the product family is shown in Fig. 2a). The load bearing and 
non load bearing wall blocks including openings for doors and windows are shown to be able to test the structu-
ral integrity of the product family model. In Fig. 2b) space objects have been inserted in the bathroom and kit-
chen as carriers of functional and customization requirements, e.g. bathroom and kitchen requirements on the 
walls facing these rooms, such as noggin pieces for kitchen cabinets and bathroom gypsum boards that go behind 
the tiles. Figs. 2c) and 2d) show how a wall can be decomposed or modularized in units that can be reused in 
product development. The combination of these engineering modules into different wall types in the product 
must abide the rules of the production system, i.e. they must be able to be produced by the production system. 
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FIG. 2:  The Engineering view of the product family type 2.  
FIG. 2a) shows the product structure, 2b) the structural view of the interior floor,  
2c) an example of a load bearing exterior wall and 2d) its modular composition.  

4.5.3 Production view 

The production view gives a detailed description of the building parts to facilitate the pre-manufacturing in the 
factory. It contains information relevant for the supply chain and the production system. The production product 
structure can also be used to create the bill of materials (BOM), and hence link the production view to the MRP 
(Material Resource Planning) and ERP (Enterprise Resource Planning) systems in the company.  

Fig. 3 illustrates the product from the production point of view. Here, the elements to be pre-manufactured are 
presented with the necessary information for production. Fig. 3b) shows an exploded view of a wall, Fig. 3c) the 
wall framework while Fig. 3d) contains BOM list and information necessary for manufacturing the wall assem-
bly. CAD applications used in manufacturing industry are often able to connect to various PDM (Product Data 
Management) and PLM (Product Lifecycle Management) systems, but CAD applications in the AEC industry 
are seldom used together with PDM or PLM systems.  
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FIG. 3: The Production view of a customized order.  
FIG. 3a) shows the product structure, 3b) an exploded view of the highlighted wall element,  
3c) the framework of the wall and 3d) its BOM list and manufacturing information. 

4.5.4 Assembly view 

Fig. 4 shows the assembly view that provides information on how the product will be assembled on site. Infor-
mation needed in this view is assembly instructions, the order in which the prefabricated elements such as roof 
blocks and wall elements needs to be delivered to the assembly site and the schedule. Fig. 4a) shows the assem-
bly product structure, 4b) an exploded view of the product to be assembled, 4c) connection details between 
assembly components and 4d) a flow line view of the assembly schedule. The assembly drawing focuses on the 
connections between different elements to be assembled. The proposed scheduling method is flow-line or Line-
of-Balance because of its ability to plan and analyze the assembly for workflow and the possibility to combine 
with 4D visualization (Jongeling and Olofsson 2007). 

Next, we will analyze the product family model, type 2 concept, from a customers point of view represented by a 
recent Swedish customer survey performed on the Swedish housing market. 
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FIG. 4: The Site view of a customized order.  
FIG. 4a) shows the assembly product structure, 4b) an exploded view of the assembly structure,  
4c) assembly drawing of connections and 4d) the assembly schedule expressed in a flow-line diagram. 

4.6 Customer Requirements 
According to the company the house models are targeted towards families looking for a customizable house with 
relatively high standard regarding materials and construction but not with too many other choices, see possible 
alternatives in Table 1. Actually, the studied case company refers to itself as an engineering company that focu-
ses more on the demands from the production department than demands from the customers. However, if these 
models are to be successful on the market, the alternatives must be based on market analysis of the consumer 
segment. 

According to Eldin et al. (2003) customers’ requirements must be based on market research using surveys and 
interviews with prospective customers. To exemplify the importance of adapting the product to market trends, 
the product offers of the product model have been compared with a recent survey of the Swedish housing market 
regarding demands and wishes (Horsman 2008). The Internet survey, performed in 2008, received about 5000 
answers where some 1600 answer came from people living around the city of Stockholm. The respondents va-
ried in age between 18 to 65 years. The result of the survey was also confirmed with customer demands received 
by the sales office in Stockholm in interviews with key employees. In Table 2 the top ten demands from the sur-
vey and the willingness to pay are compared with the product offers of the product model. 
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Table 2: Customer top ten demands compared with the product offers of the product model (Horsman 2008) 

Housing Rank Willingness 
to pay 

Offer 

The housing have central controlled functions that is connected to 
internet, such as possibility to check the fire stove, turn on alarm, etc. 

1 34% no 

It is possible from a central place to control environmental climate 
systems and light system etc. 

2 40% no 

There is a possibility to have built in speakers and media players etc. 3 25% no 

It is easy to rebuild the floor plan for handicap requirements  4 28% no 

The house is easy to access with Wheel chairs and baby carriage   5 28% yes 

Possibility to compensate for climate 6 38% no 

Flexible floor plan with for example movable walls etc. 6 18% no 

The housing is build in a way that lower sound disturbances between 
bedrooms etc. 

8 40% no 

There is a high standard regarding kitchen and bathroom  9 55% yes 

The building is close to culture and activities performed in spare time 
for example restaurants and theaters etc. 

10 28% n. a. 

Remote control of indoor climate, flexible floor plans, noise reducing walls between rooms, high standard in kit-
chens, etc, are among the top alternatives where customers indicate a relatively high willingness to pay. In a 
survey undertaken in Holland “type of kitchen” also ended up as the most important customization property 
(Hofman et al. 2006). These types of customer surveys provide valuable information for customization options 
for the house manufacturers.  

5. ANALYSIS 

5.1 Organizing the product documentation 
Less complex information models of the reality that are better adapted to working processes probably have a 
better chance of success (cf. Sandberg et al. 2008). As illustrated in section 4, the product model was structured 
in four views, capturing the information needs in the customization, engineering, production and assembly pro-
cesses respectively. The control over the product comes from the ability and the way these views are described 
and connected, i.e. the transformation of information downstream and upstream the value chain. Fig. 5 illustrates 
how different views of the same product intervene with each other, for example the chosen kitchen type in the 
customer view will affect the engineering view with how the noggin pieces will be placed, but also the produc-
tion view in the actual production of the wall element. This will also affect the assembly view when assembling 
the kitchen on site. The transformation of information is therefore critical to ensure that ad-hoc solutions are kept 
to a minimum. 

Today, experiences from earlier projects are seldom documented; they exist only as tacit knowledge in the people 
working at different departments (Sandberg et al. 2008). The company knowledge of the product becomes fragmen-
ted since it can only be transferred to co-workers in close proximity. This was also evident in the case study com-
pany, since informal knowledge had been noted on personal copies of CAD files and product documents. Benefits 
of integration of product knowledge using product model technology are manifold – less problems with ad-hoc 
solutions, a better and faster product specification process, ability to develop and modularize technical solutions to 
better match customer requirements, integration of the flow of information between sales, engineering, production 
and site assembly, etc. 
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FIG. 5: The separate views of the same product and how they overlay each other.  

Today, there exists a multitude of product modeling technologies and systems that can manage complex prod-
ucts. However, most methods and tools are still limited to support the design, development and production only 
of single products (Claesson et al. 2001). Often only the geometric description of products generated by CAD 
systems is managed directly (Sudarsan et al. 2005). Instead, the extent of the product family should be modeled 
(digitally represented) and IT systems must be adapted to the manufacturer’s product portfolio and economical 
and organizational abilities.  

5.2 Customer requirements versus product offers 
Many of the highest ranked customer needs cannot be offered by the product family investigated. The compari-
son between the customer survey and the customization options indicates that there is a mismatch between pro-
duct offers and requirements in the market segment. This can be one reason for the ad-hoc solutions observed in 
order to satisfy the customer.  Another possible cause is the inability of the company to transfer information of 
rules and constraints of the building system to the sales organization. Also the company self image as an engi-
neering company might underestimate the importance of adapting the building system to the end customer 
requirements. The product should be continuously developed to adapt to customers volatile requirements and 
trends in the market segment. Therefore, experiences from the sales department should always be analyzed and 
incorporated in development of the building system. New product options should only be implemented as a 
result of a strategic decision to develop the building system.   

5.3 Information flow with product modeling technology 
An order is verified against a checklist which describes the customization rules (constraints).  This checklist con-
tains detailed information of the house to ensure that products can be efficiently manufactured, giving the impress-
ion that the company uses a bottom up approach, i.e. let the customer decide then adapt the design to the system.  
However, the interviews provide the opposite impression that a top-down approach is used – the customer chooses 
a model which then can be modified according to certain rules. According to sales office, they do not have contact 
with engineering and production departments before the customer signs the contract. However, to sell the product 
they need to agree on certain changes of the product, to be able to satisfy the customer. These statements indicate 
that the link between customer view and the other views (engineering, production and assembly) is weak. When the 
customization process violates the rules of the building system, this information is not automatically transferred to 
the engineering and production view which is a major source of ad-hoc solutions in production. Attempts to reduce 
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ad-hoc customization have been to offer fewer options, but this also increases the risk of removing the wrong opti-
ons from a customer perspective.  

It has also been shown that it is much easier for companies to transfer information downstream the value chain 
than transferring information, rules and constraints upstream, see Fig. 6. Thus, problems related to information 
transfer should be addressed by creating paths and tools for information exchange upstream the value chain and 
agree on mutual views of the product. If the information and constrains illustrated in the separate views can be 
described for all disciplines involved in the process “ad-hoc” solutions can be minimized. The constraints are 
often too many to manage without the support of integrated information systems such as PDM and ERP systems 
in the customization of the product. 
 

 

FIG. 6: The connection and integration of information between the separate views 

6. CONCLUSIONS 
Product modeling is a suitable technology to describe the product structure of modular houses. It gives the ma-
nufacturer the opportunity to get a view of the entire product range. Creating adapted views makes the product 
structure less complex to implement and easier to split in more than one release. The integration between the 
different views consists of information transferred downstream from the customers view to the engineering, 
production and assembly views. The rules and constraints of the building system are transferred upstream from 
the assembly, production and engineering views to the customers view and hence define the customization limits 
of the product family.  

The presented case study also showed that product development of modular houses must start from customers’ 
requirements. Too little attention of adapting the production system to the changing customers’ expectations 
increases the risk for ad-hoc solutions propagating to manufacturing and assembly on-site with considerable 
higher costs as a result. Eventually, the product will become harder to sell. It is also evident that the ICT-tools 
used to create and manage the different views should be view specific, as long as the information and constraints 
can be transferred between the tools. We believe that successful cooperation and information exchange between 
these four views is a key to future development and customize-to-order configuration, because it provides an 
explanation model of the information transfer needs and it also provides a good visual overview of the goals set 
out to accomplish by a company in terms of information management. Using the four views will give companies 
a structure for how to plan and organize information transfer. 

However, there are some evident barriers for companies who want to implement information management sys-
tems. Currently there is a lot of tacit knowledge within the studied companies that needs to be formalized before 
it can be used in an IT system. Several companies also need to go through a process of unifying their view on 
product information within the company, so that they have a common ground to stand on when taking on new 
challenges. Another issue is that the general level of IT maturity is lower compared to other industries. 
Regarding the choice of system there are no specific systems for integrating information in this relatively small 
sector, which means that custom development is one probable solution. Going forward companies need to be 
prepared that regardless of what system they decide to use, it will probably need customization to work with 

PRODUCTION VIEW ENGINEERING VIEW 
CUSTOMER VIEW 

SITE VIEW 

INFORMATION REGARDING RULES AND RESTRAINTS TRANSFERRED UPSTREAM 

INFORMATION TRANSFERRED DOWNSTREAM 
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their specific needs and processes. This implies that the company has to be more involved in the development  
or customization, the right competence for this might need to be built up before a project can be initialized. 

The main lesson learned from the studied project is that it proved beneficial to use the presented four views as  
a way of visualizing the information flow from customer requirements to a turnkey-ready house. This approach 
also showed useful as an analysis model – by using the views to assess how well integrated information transfer 
is achieved within a company. We have also learned that a mismatch between the technical platform and custo-
mer requirements will lead to more ad-hoc customization downstream, which in turn leads to a product platform 
that might grow without control. Instead, new product features should be introduced as a result of strategic deci-
sions that are aligned with the overall company strategy. 
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IMPROVING BUILDABUILITY WITH
PLATFORMS AND CONFIGURATORS

Patrik Jensen1, Johan Larsson2, Peter Simonsson3, and Thomas Olofsson4

ABSTRACT
The different stages in construction projects are often separated with little interaction
between the different trades. Many researchers proclaim that this separation between
design and production limits the buildability of construction design. Thus there is a
need for providing knowledge of rules and constraints imposed from production into
the design of construction products. A way of integrating production knowledge into
design is by implementing platforms in construction products. This study will
however investigate if and how configurators could function as carriers of both
product and process (production) knowledge within platform thinking.

Previous work developing configurators has mainly focused on the efficiency of
the design phase and is usually not linked to production improvements and
simplifications. By defining a platform for a certain bridge variant within its market
segment, the technical solutions can be designed to be flexible while ensuring good
buildability in the construction phase.

The developed configurator is built in SolidWorks and parametrically coupled
using Tacton Studio. The first version generates geometrical drawings, whereas
validation of the generated drawings from the configurator compared with the
previous designed drawings from a single case study shows that parametric modelling
configurators can be used for increasing buildability and efficiency at site.

KEYWORDS
Buildability, Customization, Standardization, Integration, Platform, Configurator

INTRODUCTION
The slow growth of productivity in the construction industry in comparison with the
manufacturing industry has been highlighted in many governmental reports and
research publications in western countries such as US, UK and Sweden, e.g. (Egan
1998, Teichholz 2001). Studies have also identified a large amount of waste
generated in traditional building projects, (Horman and Kenley 2005, Mossman 2009),
of which a substantial part can be attributed to errors and mistakes in the traditional
on-off engineer-to-order product design process,  (Lopez and Love 2012).  The waste
are often attributed the focus on the isolated project in construction and short term
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interactions between loosely coupled partners in the supply chain, (Dubois and Gadde
2002), leading to poor incentives for development of practices, methods and designs
that can be reused between disciplines, partners and projects (Mossman 2009).

Waste reduction, e.g. in the manufacturing industry, is normally dealt with using
lean production principals and long-term continuous improvements (Womack and
Jones 1996). Accordingly, researchers and practitioners argue that the construction
industry can learn from lean production strategies applied in the other industries
(Koskela 1992, Ballard and Howell 1998).

It is often debated by researchers and construction management that early stages
of projects, i.e. design stages, is important in order to operate and manage projects
during construction properly (Gerth 2013). Hence, the early stages of design are
where projects become limited regarding buildability. Previous case study where the
rules of production were taken into consideration in the realization of documents for
production resulted in good results in terms of productivity improvement (Simonsson,
2008). Another way of realizing better connection between design and production is
to develop platforms from which a stream of derivative product and processes can be
configured (Meyer and Lehnerd 1997).  Such a platform and configurator should be
developed on the basis of modules to fit customers’ needs of the target market
segment (Hvam et. al. 2008).

The intention of this study is to implement product and tacit production
knowledge into a configurator, so that the design can be controlled in the early stage
with the ability to ensure its buildability in the construction stage.

PLATFORM THINKING
Several authors claim a product family design and platforms contains the interaction
between customer needs and the making of the product that fulfils these needs.
Therefore the design can be separated into four views of the product named product
portfolio, product platform, process platform and supply chain platform (Jiao et al.
2007).

The product architecture is described as the arrangement and mapping of
functional elements to physical components and the interfaces with other interacting
physical components (Ulrich 1995). A modular architecture has a one-to-one
mapping between the functional element and the physical component of the product
which provides the function with de-coupled interfaces between components (Kim
and Suh 1991, Ulrich 1995). An integral architecture on the other hand includes a
more complex mapping between functional elements, physical components and
interfaces between components and is more often found in one-of-a-kind produced
products (Ulrich 1995).

A product family is a group of products with similar properties that can be derived
from a common platform. Meyer and Lehnerd (1997) define a product platform as “A
set of subsystems and interfaces developed to form a common structure from which a
stream of derivative products can be efficiently developed and produced”. Harlou
(2006) quote VW; “The platform is an entity that has no impact on the vehicle’s
outer skin” meaning that things customer cannot see, do not need to be unique and
can thus be made standardized. The reason for developing product platforms is the
search for increased variety for customer while retaining as little variety between
products as possible, this while sustaining economies of scale (Jiao et al. 2007).
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However, platform thinking offers insights not only of what a company is offering
to clients, but also production information about how these offerings (products)
should be designed, produced and delivered (Sawney 1998). This is called the process
platform and was introduced by Meyer and Lehnerd (1997) as a complement to the
product platform. The products of the platform are realized in a process featuring two
central phases: a development phase and a production phase. By using an archive of
standard solutions, a minimal number of problems need to be solved on-site. This
aspect, combined with high employee loyalty and experience, ensures that the
craftsmen know exactly what they are supposed to do when they enter the
construction site (Thuesen and Hvam 2011).

In accordance with a given product family, a process family, consisting of a set of
process variants, is concerned with the fulfillment of all product variants in the
family.  Commonality  across  the  variety  of  product  variants  leads  to  a  number  of
similar operations, processes, and sequences among process variants. Therefore, there
exist a common process structure within a product family and variety is embodied in
different variants of these common structures (Schierholt 2001 and Simpson et al.
2005). A process platform entails the conceptual structure and overall logical
organization of producing a family of products, thus providing a generic umbrella to
capture and utilize commonality, within which each new product fulfillment is
instantiated and extended so as to anchor production planning to a common process
structure (Martinez et al. 2000). Kusiak (2002) expressed it simply by saying that a
process model (or platform) is a way to collect and organize data and knowledge
about processes. The model includes a set of activities arranged in a specific order
with clear identified inputs and outputs.

While most literature about platforms derived from manufacturing, see above, it
has  now  starting  to  gain  some  acceptance  within  construction  as  well.  Gibb  (2001)
stated that, construction companies taking standardization seriously have to resolve
the struggle between uniformity and variation, between maximum standardization and
flexibility. This challenge of handling standardization and flexibility is central in any
platform strategies. Peculiarities like site production, temporary organizations and
one-of products have often stated within lean construction leading to high variety and
low productivity in construction projects (Bertelsen 2003). Vrijhoef and Koskela
(2005) investigated innovative production methods and found that modularity could
resolve all three mentioned peculiarities.

CONFIGURATIONS SYSTEM
Product  configuration  as  described  by  Hvam  et  al.  (2008)  is  an  effective  way  of
structuring products composed of standard parts, and product configuration is also a
method of presenting products to customers. The concept of a configuration system is
also known as constraint-based programming, where the solution space is defined and
can be illustrated by a set of rules determining how components and modules can be
combined into products. To be able to address the different stakeholders and
disciplines, the product can be defined in product views showing relevant information
for a specific actor. The product views with their related product structures can be
defined according to Hvam et al. (2008) as; Customer, Engineering and Production
view, where the flow and exchange of information from design to production and
between stakeholders is believed to be important in order to improve the construction
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process. Traditional design is transformed into a configuration process supported by
knowledge based engineering (KBE) of the final product, (Sandberg et al. 2008,
Erixon 1998). Additionally, products structured in a product model (platform)
become a company view of the product range that can be held in common by sales,
design and production departments and carriers of knowledge.

RESEARCH DESIGN
The research design consists of four steps,  see Figure 1.  First  step is identifying the
right product to develop. As proclaimed by Cooper et al. (1999) “Portfolio
management is about making strategic choices-which markets, products, and
technologies our business will invest in”. It was by study a database (BaTMan) that
contains  all  bridges  administrated  by  STA  possible  to  get  an  overview  of  possible
variants in terms of technical variations and complexity of uniqueness. The chosen
bridge variant (end frame bridge) is common, 13% of all bridges administrated by
STA in Sweden. Further, the reinforcement solution is not that complex for this
variant making it easy to resolve during design, calculation and construction. The
bridge variant is thus a good example to develop a modular configurator for, this
when product development require less development costs and can be repaid within a
limited payback time.

Figure 1: Research design

Second step of the research is decomposition of the product. A functional
decomposition of the product was undertaken by a document study of previous
projects technical solutions, this in order to find the link between customer demands
and functional requirements for the product. The work also aims to ensure that all
requirements are met with the technical solutions chosen. General design rules have
been acquired through in-depth interviews with experienced design engineers for
bridges. These rules form the basis for the restrictions that have been woven into the
configurator. Interviews are, according to Patton (1984) an important method to
collect information that is unable to observe physically. Rules could for example be
how the span affects the thickness of the bridge beam. These relationships have been
described in a 2D drawing and serves as a clear documentation of how the model
works.

Third step is finding appropriate production solutions for the decomposed product.
By  performing  a  full  scale  case  study  with  focus  on  production  methods,  it  was
possible to obtain knowledge about how buildability could be increased and be a part
of the configurator. Production knowledge was taken into account in the design stage,
his to improve buildability of the product.  The study was performed on a small  slab
bridge, located in Kalix in the northern part of Sweden, with a span of 10 meters and
a width of 15 meters (Simonsson 2008).
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The last step is to develop the configurator so that it can function as carrier to both
product and production knowledge. Through studying drawings from the case study,
where production knowledge had been woven into the design phase utilizing
interviews with construction management, material suppliers, design engineers and
client, the aim was to generate equivalent drawings using the developed prototype
configurator.

DEVELOPMENT OF CONFIGURATOR PROTOTYPE

PRODUCT PLATFORM - CHOOSING TECHNICAL SOLUTIONS
In this project, the technical solutions were chosen when analysing previously
projected solutions since these had been proven well thought out, and it would have
required a more comprehensive analysis in order to improve production efficiency if
starting  from  scratch.  In  Figure  2,  a  functional  decomposition  of  the  product  is
illustrated and how these functions can be treated as "products in the product" (Erixon
1998).

Figure 2: Decomposition of a concrete bridge into modules
When structuring the products in modules with defined functional requirements it is
possible to reuse modules between different bridge variants and product families (Jiao
et al. 2007). The identified modules have one-to-one interaction between the
functional  element  and  the  physical  component  of  the  product  which,  according  to
Ulrich (1995) provides the function with de-coupled interfaces between components.
The two most difficult interfaces are between foundation/wall and wall/beam.

PROCESS PLATFORM - EVALUATING PROCESS SOLUTIONS

There are three major production processes when constructing a bridge; formwork,
reinforcement and concrete. These are involved in all product modules and the
process is always the same, see Figure 2. Hence, identifying process similarities
between product modules is one of taking advantage of platform strategies (Kusiak
2002).

Figure 3: Production flow of product module
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Innovative production methods, e.g. prefabrication and Self-Compacting Concrete
(SCC) are tested during the full scale case study, see Figure 4. Two different types of
prefabricated reinforcement were tested, reinforcement cages for the base foundation
and  rebar  carpets  for  the  longitudinal  reinforcement  of  the  main  beam  of  the
superstructure. Both methods (prefabrication and SCC) revealed good results,
concerning both health & safety and time, during construction. Because this was only
a single case study, it was not possible to test new production methods for all
identified production processes.

Figure 4: a) Reinforcement cage. b) Rebar carpet. c) SCC

DEVELOPMENT OF THE CONFIGURATOR

After both the technical details had been selected and the general rules for how
different parameters affect each other, the selected bridge where modeled. When
constructing this model, it is important to know which parameters that can be altered
and which that are to be locked. By restricting the freedom of the design space using
the parametric rules and locks, programming can be simplified. SolidWorks a CAD
software often used within the manufacturing industry was selected due to its ability
to manage parametric attributes. The model consists of modules, described in Figure
1, that are assembled in the bridge configurator by the use of the parametric attributes.
The projection of the 3D model creates a 2D shop drawing that reflects any changes
done to the 3D model. When creating this drawing it is important to remember that
the drawing is not static and it must be allowed dimensional changes. When the
model has been created, various parameters such as height and span attributes where
developed in the "add-in” configurator Tacton Studio. For example, the attribute
named span where linked to the 3D model length, see Figure 5, where the attribute
has been linked.
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Figure 5: Mapping of attributes to the 3D model
When all selectable parameters are coupled to respective dimensions in the 3D model,
the constraints and relationships is described. This is done by using "rules and
constraints", as an example the thickness of the bridge main beam is 0.05 times the
span. The model with its limitations then needs to be provided with a user interface
for the ability to change the parameters for specific projects. How these parameters
are to be defined needs to be carefully selected to make the configurator easy to
manage and update. Input selection can be done either directly in the CAD program,
but can also be published as a user defined web-based interface to the configurator.
The choice of interface relates to how and by whom the configurator should be used.

DISCUSSION AND CONCLUSIONS
By dividing the product into functional elements, a modular product structure is
created which enables reuse of functional components, e.g. edge beams and the
supports that can be reused for other bridge variants. The product structure renders a
parallel development, where product and process knowledge can be spread to several
product variants. The configurator is thus a knowledge carrier for the platform and its
modules.

Validation  of  the  configurator  is  done  by  examining  the  ability  to  automatically
generate similar drawings as in the single case study (Simonsson, 2008). Both the
case study and the generated drawings can be seen in Figure 6. The same data as in
the case study has been used in the configurator to be able to create the same
presumptions for production methods e.g. to be able to use rebar carpets in the
superstructure. As seen in Figure 6, the geometrical limitations and constraints have
been constructed to enable e.g. edge girder to connect to the main beam while still
enabling the use of rebar carpets. This geometrical relation is built into the
configurator, regulating rules and constraints for construction. Thus, it is possible to
create new buildable bridge designs using the configurator. This is only one of many
constraints that have been woven into the configurator.

Based on these results, it is seen that constraints that needs to be taken care of
during the design phase have been woven into the configurator, e.g. now the design
engineer do not need to have specific tacit knowledge about production to the same
extent as before. A centralization of knowledge has occurred where the ability to
update the model based on the transfer of knowledge from the unique project has
been  created.  The  study  also  shows  that  it  is  possible  to  combine  products  with
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production aspects in a configurator to create a model with both good flexibility and
buildability of the product.

Future work will focus on the completion of the configurator and connect it to the
FEM program that can generate all the documentation required for the realization of
the bridge, but also studying how production documents can be visualized to ease the
production at site. After the configurator has been secured, it will be used in a real
project where the continued improvement can be measured.

Figure 6: Comparison of generated drawings with earlier studies
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Abstract. In 2010, the first commercial project using a new modular timber building system 
started. Four-thousand two-hundred square metres of living area divided into 170 apartments were 
to be built in Malmö, Sweden. This paper describes the development and implementation of a 
modularized timber building system. During the development, decomposition must allow the 
design to be modular. In addition, the ability to implement component swap modularity in order to 
support different functional requirements added to the flexibility of the building system. However, 
the benefits of having flexibility in the design of standardized module interfaces had to be 
balanced against the economic consequences of overcapacity. The project identified that the 
benefits of modularization can be expressed as a magnification factor defined as the number of 
possible unique solutions divided by the number of module variants. In the implementation phase 
of a new modular building system, it is essential to communicate the constraints and rules of the 
building system to the various workers involved otherwise ad hoc solutions will appear. The 
introduction of modularization support in CAD tools used by the architects solved many of the 
initial problems and created a configuration process which produced minimal disruption and 
reduced the number of design iterations. 

1   Introduction 

Better integration between the detailed design and production is required when production 
lines with a greater degree of automation are used in off-site production of prefabricated 
components in industrialized house building. However, the recent development of new ICT 
tools can support customization of the final building (Hvam et al., 2007), where automation of 
routine design work can significantly reduce the design effort and time-to-market (Kunz and 
Fischer, 2009). The information transfer between the different product views such as 
architectural, engineering and production could also potentially benefit. Along the value 
chain, the lack of information that transfers downstream, and the lack of constraints that 
transfer upstream often lead to costly ad hoc solutions in the customization process of 
building systems (Zhinling et al., 2004; Malmgren et al., 2010). Therefore, in 2008, Tyréns 
AB, a Swedish AEC consulting company, and Derome AB, a timber manufacturing and 
housing company in Sweden, began to develop a flexible, multi-storey timber building system 
that could be customized without introducing ad hoc solutions in the design process. The 
building system is based on modularization principles using a design grid of 150 mm. Within 
this design grid, different modules can be customized to match the architectural design of the 
project. The building system was developed as an open system, based on traditional stud walls 
and slabs, but utilizing new innovative technical solutions, in order to enable a variety of 
manufacturers the potential to supply elements to future building projects. 

This paper describes the modularization principles used in the multi-storey timber building 
system and how the system was configured for the first real building project. 



2   Theory 

2.1 Building systems and the customer order decoupling point

An industrialized house-building process, according to Lessing (2006), consists of the 
development and configuration of a building system. The building system includes both a 
technical platform and a process platform. The building system is configured by adapting the 
solutions developed on the technical and process platforms to the specific building project. 
The aim is, continuously, to improve the building system and develop new improved versions 
by learning lessons from the configuration and production of individual projects. However, 
from a production point of view, the demands for standardization need to be balanced with the 
demand for customization. Manufacturing industries have developed methods and design 
processes combining customers’ requirements for customization and, at the same time, 
fulfilling the need for the standardization of the production process (Pine, 1993; Hvam et al., 
2008).

Select-variant, configure-to-order, modify-to-order, and engineer-to-order are distinctions in 
traditional manufacturing that differentiate how “deep in”, or upstream, within the design and 
manufacturing process the customer order defines the type of production process to be used In 
traditional manufacturing, the decoupling point is the boundary between modify-to-order and 
select-variant. Christopher and Towill (2001) discussed the introduction of a strategic 
inventory to hold common sub-assemblies, only completing the final assembly or 
configuration when the precise customer requirement is known. This type of postponement 
strategy that moves the customer order point upstream is utilized by the mass customization 
industry thus separating “base” and “surge” demands.  

Construction concepts and projects require different preparations both before the customer 
order arrives and before the realization of the project. Figure 1 shows four different kinds of 
product specification process that occur before the customer order arrives. The customer order 
decoupling point is represented by a line dividing the type of building system from the 
specification process in the specific project (Hvam et al, 2008). The dividing line represents 
how far upstream the customer enters the product development process. The multi-storey 
timber building system was developed as a configurable system of modules and components 
that can be customized to meet the needs of a customer (Segerstedt and Olofsson, 2010).
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Figure 1: Product specification process for different variants of a building system (adapted 
from Hvam et al, 2008) 

 2.2 Modularization and configuration of a building system 

Modularization is a strategy used for the mass customization of products; it has been 
successfully employed by various industries (Hvam et al., 2007; Erixon, 1998; Ulrich and 
Eppinger, 2008). When a complex system is divided into smaller parts or modules, its 
complexity can be reduced (Baldwin and Clark, 2000). Two important factors in the 
modularization of a product are the independence of modules and the module interfaces 
(Hvam et al., 2007; Erixon, 1998; Huang and Kusiak, 1998; Pahl and Beitz, 1996; Suh 1990). 
The main advantages of modularization are that the end product can vary in shape and 
function whilst the design and production of components and modules within a product family 
can be shared (Jørgensen, 2001). Modularization methods can be divided into three major 
steps: (1) decomposition of the product into functional or structural elements; (2) integration
of modules and parts into a product; and (3) evaluation of the final product to determine 
whether it meets the desired characteristics (Holmqvist and Persson, 2003). 

Axiomatic Design Theory (ADT) is based on two axioms that govern the design process and 
can be used in the design of modular building systems (Suh, 1998).  The first, the 
independence axiom, requires a system to "maintain the independence of the Functional 
Requirements {FRs}" This is equivalent to the development of modules that can 
independently satisfy the different {FRs}. The second, the information axiom, states that the 
best solution is the one that fulfills the first axiom and has the highest probability of success. 

Malmgren et al. (2010) divided the design of building systems into four product views. In 
figure 2, these views have been mapped onto the design domains described by Suh (1998): 1) 
The customer view refers to the determination of a minimum set of independent functional 
requirements {FRs} that will satisfy customers’ attributes (CAs); 2) In the engineering view 



the {FRs} are transformed into design parameters {DPs} by the design matrix [A] and in 3) 
and 4) the design is transformed into the production of building elements {PVs} and assembly 
of the building on-site {AVs}.

CUSTOMER VIEW ENGINEERING VIEW PRODUCTION VIEW ASSEMBLY VIEW

DOWNSTREAM FLOW OF INFORMATION

UPSTREAM FLOW OF CONSTRAINT

})min({FRsCAs

Cs

}]{[}{ DPsAFRs }]{[}{ PVsBDPs

Cs Cs

}]{[}{ AVsCPVs
1 2 3 4

Figure 2: Design domains and product views, adapted from Suh (2001) and Malmgren et al. 
(2010).

In the configuration phase, the {FRs} are represented by the functional design produced by 
the architect. The design parameters {DPs} of the building system must now be able to fulfill 
the architectural {FRs}, preferably such that each FRi can independently be satisfied by a 
module's DPi. This is also referred to as uncoupled or modular design, since each DPi can be 
adapted to each functional requirement without affecting the other DPs. 

After mapping {DPs} to {FRs}, the production and assembly of configured modules that 
consist of standard parts begins. A modularized system can be configured either by adding, 
removing, or substituting modules to the design, or by scaling in one or many directions 
(Simpson, 2003). Hvam et al. (2007) described product configuration not only as an effective 
way of structuring products composed of standardized parts but also as a method of 
presenting products to customers. The concept of a configuration system is also known as 
constraint-based programming, where the solution space is defined and can be illustrated by a 
set of rules determining how components and modules can be combined into products. These 
constraints are denoted ‘Cs’ in figure 2 and follow the ADT described by Suh (1998). 
Additionally, products structured to create a product platform become the company-wide 
view of the product range that can be shared by sales, design and production departments. 
Product modularity is the framework upon which both the specification process and the 
detailed engineering and production configuration process depend. The reuse of existing 
modules in the development of new customized products is seen as a competitive advantage 
of modularized product platforms (Anderson and Pine, 1997). 



3   Case study 

3.1 Introduction 

At the beginning of 2010, the first housing project using this modular timber building system 
was started with the aim of producing 4200 square meters of living area divided into 170 
apartments. The project was initiated by Derome AB and carried out in collaboration with 
Veidekke AB, a construction company responsible for the on-site assembly and 
complementary work ; A-Hus AB, a subsidiary of Derome AB, responsible for the production 
of building components; and Tyréns AB, who were responsible for the building system, the 
project-specific technical design as well as the manufacturing drawings for the prefabricated 
building elements. Initially, the project started as a traditional, on-site construction of a 
concrete and wood building but was later re-configured to suit the new modular timber 
building system after the building permit was finalized. The project consisted of 
approximately 1500 elements; it was thus an extensive task to generate the preproduction 
drawings. This job fell to A-Hus AB as they were to deliver floor slabs, wall modules etc to 
the building site. Therefore, new methods to automate the detailed design, the generation of 
manufacturing drawings and bill of materials had to be implemented and this was done by 
Tyréns AB. 

3.2 The timber building system  

The timber building system was developed as a "configure to order" type of system where the 
transformation from CAs to {FRs} was supposed to be facilitated by architects through the 
design of the space layout with functional separating walls, floors and ceilings. Hence, the 
development of the building system i.e. the transformation of {FRs} into {DPs}, focused on 
the development of flexible modules and module variants of the functional separating 
elements in the architectural design. Figure 3 illustrates the open "configure to order" timber 
building system based on configurable modules.  

The timber system that was developed is composed of module assemblies of wall and floor 
ceiling sections. These modules are developed such that they each satisfy the main {FRs} and 
have slot modularity interfaces allowing different wall modules/module variants to be 
exchanged (load bearing and non-load bearing). The module variants are based on cut-to-fit 
modularity which enables them to be adapted to be different sizes. The configuration process 
is structured in four hierarchical levels of detailing, where Level 1 shows the architectural 
transformation of CAs to {FRs} in the customer view. Levels 2 to 4 in figure 3 show the 
engineering transformation of {FRs} to {DPs} in the engineering view.



Figure 3: Tyréns’ and Derome’s timber building system, based on prefabricated configurable 
module assemblies that are produced in the factory and installed on-site. 

3.3 Decomposition and modularization

The first axiom of ADT, when applied to modularization, implies that modules should be 
developed such that functional requirements {FRs} are independent. For example, an outer 
wall module should be able to be load bearing, insulate for climate and sound, provide shelter 
against wind and rain, provide openings for installation of windows and doors and offer 
aesthetic finishes on the inside and outside of the wall. Other requirements such as 
constraints, Cs, from production, transportation or assembly also need to be integrated into the 
design of the modules. Figure 4 illustrates the modular decomposition of the outer wall 
element. The wall consists of an outer shell (façade), a load bearing structure, and an inner 
shell wall. For this first project, the façade was assembled on-site, and was not part of the pre-
manufactured outer wall assembly. Figure 4 shows the breakdown of the load bearing 
structure and how it is made up of different modules at different configuration levels. By 
developing independent modules that can be combined in different ways, a modular design 
fulfilling the varied functional requirements can be obtained.  The architectural wall design 
shown at configuration level 1 is split at level 2 into two modules: the load bearing structure 
and the inner shell wall. The outer shell is assembled on-site.  At configuration level 3, the 
load bearing structure is separated into a corner module, opening modules and wall modules. 
By modularizing the wall without a specific interface module but integrating the interface into 
both opening and wall modules, one module becomes unnecessary.  At the next configuration 
level, corner, openings and wall modules are further broken down into more detailed elements 
such as the cut to-fit modularity of window openings and the length of wall modules. 



Figure 4: Decomposition and modularization of the outer wall assembly. 

3.3 Component swap modularity, interfaces and module flexibility 

A modular design allows the design of one module to be changed without generally requiring 
any changes to other modules, whilst allowing the product to function correctly (Ulrich and 
Eppinger, 2008). In addition, component swap modularity can be used to support different 
functional requirements, thus adding to the flexibility of the product (Ulrich, 1995). In this 
sense, the modular architecture developed by the timber building system was appreciated by 
the architects working on the project when making design alterations such as changing non-
load bearing walls to load bearing ones or increasing the strength of the stabilization walls to 
allow certification to a higher shear capacity. Many of these changes could be made without 
changing the geometry of the architectural layout of the building. The walls were simply 
made stronger without involving the architect. The modular approach was also advantageous 
from other perspectives. The different modules and module variants could be developed 
separately, and optimized according to the functional requirements. The flow of information 
is apparently reduced, increasing the ability to separate different disciplines working in the 
project thus making design iteration less complex and frequent.  

A key to successful modularization is the design of standardized module interfaces. For 
example, the interfaces for the stabilizing wall module were designed to handle the maximum 
shear force that might occur in the building, in this case the force of four to eight floors. This 
means that many of the connections will be oversized with respect to shear force. However, 
the cost of the overcapacity must be compared with the loss of flexibility if the interfaces are 
not standardized.

Another important aspect of modularization is the module flexibility i.e. the ability to adapt 
the module to the architectural design.  As an example, the number of module variants of the 
outer wall, illustrated in figure 4, is 395 whereas the total number of possible unique 
configurations of the outer wall is 66880. The number of additional possible solutions gained 
from the modularization of the outer wall is thus given by 66880-395=66485. We can also 
express the benefit of modularization as a magnification factor of 66880/395=169.3 .



In the case study, there were 305 unique outer wall elements in the project, which could be 
defined using 12 parametric production drawings. The information flow between architects, 
engineers and production operatives reduces significantly as long as the different disciplines 
obey the constraints imposed by the building system.  

Figure 5: Calculation of the benefits of modularization. 

3.4 Configuration of the first project 

Knowledge of the building system needs to be delivered to the disciplines working on the 
configuration of the building. In particular, information regarding constraints needs to be 
communicated to the architects to avoid ad hoc customization that will not be possible to 
produce. At the beginning of the project, the information about the building system was 
communicated by written text. However, many problems started to occur and it was hard to 
verify that the configuration was being carried out correctly. Therefore, the modules in the 
building system were created as AutoCAD blocks for use in the 2D CAD tools used by the 
architect. Hence, many of the initial problems disappeared, thus reducing the number of 
design iterations between architects and engineers. The final project configuration and design 
of the parametric manufacture drawings, illustrated in figure 6, were produced using Revit 
Structure BIM software. A list of configured modules was extracted defining the type, module 
variants, and position of openings from Revit.  The list was imported into Excel where 
module “recipes” were defined in order to produce a BOM list for use in the production of the 
configured modules. The project configuration produced in Revit was later used for assembly 
on-site.



Project configuration in Revit

Configuration of wall element using
timber system modules

Generating BOM list from imported
list of configured modules

Parametric drawing used for the
production of modules

Figure 6: Information exchange from the configuration of the project to the production of the 
elements. 

4 Discussion and Conclusion 

In the development of this type of building system, the following points should be stressed: 

The decomposition of the design should be made such that a modular design can be 
achieved i.e. independent of other FRs
The ability to implement component swap modularity in order to support different 
functional requirements adds to the flexibility of the building system 
The benefits of flexibility in the design of standardized module interfaces need to be 
balanced against the economic consequences of overcapacity 
Benefits of modularization can be expressed as the number of solutions gained or as a 
magnification factor of the number of module variants.  

In the implementation phase of a new modular building system, it is essential to communicate 
the constraints and rules of the building system to all involved disciplines otherwise ad hoc 
solutions will appear. The introduction of modularization support in the CAD tools used by 
the architects solved many of the initial problems and created a configuration process which 
produced minimal disruption and reduced the number of design iterations.

The next phase of this research will investigate the role of the architect in the configuration 
process. The generation of parametric preproduction drawings, BOM lists and CNC files will 
also be automated for the next project.  
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Many construction companies have developed building systems, based on prefabrication strategies, to en-
hance productivity. Current practice coupled with the difficulties of introducing these systems early in the
design process often leads to ad hoc solutions and problems downstream along the value chain. In 2008 a
multi-storey timber building system based on modularization principles was developed. The customization
process used in this system is illustrated herein using a configurable timber floor slab module. The down-
stream flow of design information and upstream flow of constraints on, and rules for, the building system
are described from three product viewpoints: the customer view, the engineering view and the production
view. Using a manufacturing CAD tool, design automation is implemented in the engineering view and con-
nected to an architectural CAD tool. The demonstration software shows that manufacturing CAD tools can be
used to create design automation alternatives for modularized building systems within the construction
industry.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, construction companies have introduced
new building systems into the Swedish market [1,2]. Serious obstacles
to their successful introduction are the constraints imposed by the
building systems when configuring a building to meet the project
requirements [1]. A traditional design-bid-build project often requires
technical solutions that can prove difficult for an industrialized builder
to implement when the system design has already been determined.
This has led to ad hoc customization of the building system that, in
the worst case, is more costly to execute than traditional on-site con-
struction. One method for preventing this scenario from occurring
is to develop a product portfolio, making the customer choose frompre-
defined buildings and thus providing little opportunity for customi-
zation. This approach has been taken by many of the companies
producing private homes for the consumer market in Sweden. In
the professional market, this approach has not been successful except
in specific market areas such as industrial buildings and student
housing. Most multi-storey buildings built for use as rental apart-
ments or condominiums need some form of adaptation or customiza-
tion of the project to satisfy customer needs.

There are two principles of product customization [3]. A product
range should be based on modules whilst a configuration system
should support both the project and the stakeholders involved in

the customization process. In the product development process,
methods such as “design for manufacturing and assembly” [3,12]
are often used to develop components and modules together with
the rules for, and constraints on, the ways in which they can be com-
bined in the customized product. It is important, therefore, that indi-
viduals from a variety of disciplines are included in the product
development team [4]. The rules for, and constraints on, a product
platform or building system need to be included in the development
of the customize-to-order configuration system [5].

Fischer and Kunz [6] described the implementation of Virtual Design
and Construction, VDC, using a maturity model with three phases:
(1) Visualization and metrics; (2) Integration; and (3) Automation.
In the third phase, projects use automated methods to perform routine
design work based around the chosen building system. The benefits of
the automation phase include significantly reduced design effort and
quicker time-to-market. However, there is a requirement when work-
ing with these tools, as Fischer and Kunz [6] stated: “Project organiza-
tion normally needs to dramatically change their processes to enable
or perform more high-value design”. ICT tools used in the construction
industry have often been developedwithout the ability to parameterize
components or directly connect with Computer Numeric Control (CNC)
machines. In addition, the tools used by the different disciplines within
the construction industry cannot be integrated easily [6]. Therefore,
there has been great effort made to improve the interfaces between
the analysis and design software used by specific disciplines. A well
known data model standard for buildings is the Industry Foundation
Classes (IFC) produced by buildingSMART [8]. However, the transfer
of information between different IFC-enabled ICT tools has resulted in
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problems with information loss and data corruption [9]. The pragmatic
way to solve these problems has been to make direct links between
different ICT tools [10,19]. According to Zhinling et al. [11] these con-
nections are mostly developed within a discipline, and information ex-
change between different disciplines is often achieved using drawings
distributed on document servers, FTP servers or by e-mail.

This research investigates how the rules for, and constraints on, a
building system can be integrated into a configuration process carried
out by architects early in the design process so as to reduce the crea-
tion of ad hoc solutions in the downstream information flow to the
engineering and production disciplines. The whole process, along
with the information exchange, is based on configuration principles
and is exemplified by a configurable timber floor slab developed on
a CAD application tool.

2. Theory

2.1. Modularization

Modularization is a strategy for mass customization of products
that has been used successfully by various industries [3,12–14]. How-
ever, a method that defines the reason for modularization is normally
not used in the development of building systems in the construction
industry [5]. When a complex system is divided into smaller parts
or modules, its complexity can be reduced [15]. There are two impor-
tant factors in the modularization of a product: the independence of
modules and the module interfaces [3,12]. The main advantages of
modularization are that the end product can vary in shape and have
different functions while the design and production of components
and modules within a product family can be shared [16]. The design
is replaced by a configuration process where the product is customized
by selecting an appropriate set of module variants from the product
family. The development of modularized building systems incorporates
the development of modules within the system, preserving the inter-
faces between them [12].

Configurable products can be grouped into three types of modular
systems: slot, bus and sectional modularity [12]:

− Slot modularity is the type of system where each module is con-
nected in a certain position by a standard interface. This kind of
modularity can be categorized into four sub-types: Component-
Sharing, Component swapping, Cut-to-fit and Mix modularity.
Cut-to-fit modularity has the property of parameterization, where
the interface of the module remains the same but the dimensions
can change. This has been used inmany applications in the construc-
tion industry. Often, the length of a wall is a variable parameter and
can be stretched according to the rules of the building system.

− Bus modularity describes the ability to add extra modules to an
existing series of products. It can be illustrated in the construction
industry by the foundation onwhich different kinds of wall modules
can be placed and where the interface is defined.

− Sectional modularity is the type of system where modules have
standardized interfaces and so can be combined in several ways.
Sectional modularity is used in the construction industry when re-
ferring to the assembly of prefabricated components such as win-
dows, slabs and walls.

2.2. Configuration

Product configuration, as described by Hvam et. al. [3], is an effec-
tive way of structuring products composed of standard parts, as well
as being a good method of presenting products to customers. In addi-
tion, products structured to create a product model become a
company-wide view of the product range that can be shared by the
sales, design and production departments. To be able to address the
different requirements of stakeholders and departments, the product

can be defined using product views showing relevant information for
a specific actor. The product views, with their related product struc-
tures, have been defined by Hvam et al. [3] as customer, engineering
and production. The customer view represents an instance of the
product model as it is seen by end-users and sales agents. The engi-
neering view shows the customized alternatives of the product
model from a design and analysis point of view, whereas the produc-
tion view describes the various building parts to be manufactured at
the production facility. According to Malmgren et al. [5], for a con-
struction project, an assembly view also exists which describes how
the prefabricated sub-assemblies will be put together on-site. Basing
the product design on a configuration system changes the role of
the engineers. Where they previously developed specifications for
customized products, they now work on the development and main-
tenance of a configuration system [3].

Four different kinds of product specification process are illustrated
in Fig. 1, where the customer order decoupling point is represented
by a line dividing the product development of the building system
from the specification process of the particular customized building
[3,4]. The first type of defined building system is Engineer to order,
where the AEC industry designs products for ordinary construction
projects such as offices, arenas and factories. Engineer to order has
the smallest proportion of finished products available before the cus-
tomer places their order. The design specification process is based
mainly on client requirements, codes and standards. The Modify to
order decoupling point is defined here as the use of technical plat-
forms. Typically, technical platforms within the construction industry
have a generic product structure and have constraints applied to size,
such as standardized floor heights, and a defined range of technical
solutions, such as a selection of approved products for outer and
inner walls and window types. Some major Swedish construction
companies have recently introduced technical platforms into the
market, such as “Skanska Xchange”, and “NCC Bostadsplattform” [1].
There are also a number of companies working in the construction in-
dustry with standard products where the customer Selects a variant
from a certain product portfolio thus restricting the opportunity for

Fig. 1. Customer order specification decoupling point for different kinds of production
methods.
Adapted from [3,4].
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customization. The Configure to order type of product system is based
on modules and standard parts that can be configured to meet cus-
tomer requirements. These types of building systems are relatively
uncommon. The “NCC Komplett” and the “Bau-how” systems are ex-
amples of more flexible and configurable building systems that have
been launched onto the Swedish market over the last decade [1].
However, the “NCC Komplett” system has now been abandoned due
to the poor return on the investment made in it by NCC.

2.3. Information flow and rule based design

The flow and exchange of information from design to production
and between the stakeholders is believed to be important in order
to improve the construction process [18]. Currently, ICT support
used in the Swedish construction industry is still based on 2D applica-
tion tools such as AutoCAD for drafting [19]. Storing and sharing in-
formation using databases with a common data format such as IFC
still does not happen in practice because jurisdiction in the industry
complicates the use of shared models. In addition, the implementa-
tion of the IFC schema in many commercial applications has been
shown to be unreliable, with information being lost or corrupted as
a result [9]. Therefore, the information exchange between applica-
tions relies on proprietary data formats, application specific exchange
protocols or add-on solutions [22]. Many of the application specific
solutions are based on XML (eXtensible Markup Language) as the
transport mechanism for exchange [11].

Prefabrication strategies and design automation are believed to
increase dramatically productivity in the construction industry [6].
Traditional design is transformed into a configuration process sup-
ported by knowledge based engineering (KBE) applied to the final
product [10,12]. Sandberg et al. [10] wrote that “Software needed
for the implementation of the ICT support procedure should have
parametric possibilities and preferably object oriented capabilities”.
Gross [7] illustrated this using a constraint-based design program,
CKB, based on grids and component object design rules. Normally,

these kinds of CAD applications can be programmed to automate a
rule-based configuration process that is applied to the final design.
Software such as CKB is not intended to be used by the everyday de-
signer or architect. Rather, CKB provides the ability to define a technical
platform and provide design automation. Nassare et al. [21] illustrated a
constraint-based CAD application based on EASYBUILD, allowing the
designer to automate parts of thedesign process. In theCADapplication,
ArchiCad, an embedded description language, GDL (Geometry Descrip-
tion Language), can be used to create architectural objects used in archi-
tectural design. Normally, knowledge of programming languages such
as LISP and C++, together with access to the CAD application's pro-
gramming interface (API), is necessary in order to develop these types
of application.

3. Design automation using modularization and cut-to-fit
modularity

3.1. Research approach

In 2008, Tyréns AB, an AEC consulting company in Sweden, put
together a multi-skilled engineering team in order to develop a multi-
storey timber building system available, free of charge, for use by pro-
spective builders in the construction sector [19]. A manufacturer in
southern Sweden that normally designs and builds single family timber
houses would manufacture the building parts needed for the assembly
of the multi-storey timber building on-site. During the development
project, the constraints and requirements of both the production and
transportation of building parts were defined by the manufacturer.
The team decided to develop a modularized system where module
variants of building parts, such as walls and slabs, were designed
using slot modularity. These modules can be configured to fit the ar-
chitectural design of the building using cut-to-fit parameterization,
see Fig. 2.

Regulations, customer requirements, building codes and stan-
dards, and production constraints are normally treated in different

Fig. 2. The building system developed for multi-storey timber houses.
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design stages by separate actors in the building process. Each stage
has its own product view and set of design requirements to consider
before information is transferred downstream to the next actor in the
value chain. This practice often leads to lengthy design iterations and
loss of information, and results in conflicts that have to be resolved on
the construction site. The variety of design rules and constraints im-
posed by various actors and requirements in the value chain must
be transparent for all and transferred upstream from production
staff to engineers and architectural designers. Therefore, it is the
role of the configuration system to support the designers' interpreta-
tion of both the design rules and the constraints of the building system
in the different views. The proposed demonstration tool described in
this paper was subsequently evaluated in a series of semi-structured
interviews by students writing their Master's theses. Six experienced
architects were each interviewed for two or three hours to investigate
how they would view working with the building system, taking into
account all the constraints that would be imposed on them.

Malmgren et al. [5] defined four product views relevant to indus-
trialized timber building systems: the customer view, the engineering
view, the production view and the site assembly view. This paper
concentrates on the first three views and on how the information
flow, rules and constraints can be integrated downstream and up-
stream along the value chain for a configurable timber floor slab
module.

3.2. Demonstration of the timber floor slab module

3.2.1. Production view
Fig. 3 shows a photograph of the first prototype of the timber floor

slab module. People working in the factory need detailed and specific
design information to be able to manufacture the various sub-
assemblies. The following information is required: the specific bill of
materials, drawings, assembly instructions, module identification
numbers and, ultimately, CNC operation codes, if automatedmachinery
is used in the production of the sub-assemblies. Fig. 4 summarizes the
information flow from the engineering to the production view.

Factory regulations, combined with constraints on production and
transportation, impose requirements on the engineering design of the
timber floor slab module. These constraints are often different from
rules applied to ordinary on-site construction projects. The size of
the sub-assemblies can not only be limited by the health and safety
regulations that apply to a factory environment, such as those relating
to the height and width of workbenches, but also by issues with the
transportation of the modules to the construction site. In the demon-
stration, the dimensions of the floor slab module were limited to:

height≤470 mm(distance between bench and location of nail guns)
width≤min (3000 mm, 2400 mm) (determined by the size of
workbench and transportation)
length≥1500 mm, ≤8000 mm (determined by the size of work-
bench and transportation)

These constraints need to be transferred upstream to the engineering
design.

3.2.2. Engineering view
The constraints on production created by the production process

and transportation issues need to be integrated with the engineering
requirements for strength, deflection, fire and acoustics. In addition,
the engineering design should be optimized to give as much freedom
as possible to the architectural designers in order to be able to meet
customer specifications. In many cases, flexibility in design must be
weighed against demands from the engineering and production de-
partments aswell as the targeted segment of themarket. The following
limitations on the design of the floor slabwere imposed by the require-
ments of the production process and engineers:

height=350 mm (acoustic, fire and deflection)
width ∈ (600, 1200, 1800, 2400) mm (transportation)
length ∈(1500, 1650, … 5100, 5250) mm (size of workbench, de-
flection, production)

In ordinary construction projects, the ICT tools that are used are
not adapted to automate the design nor are they adapted to manage
the information exchange with the PDM (Product Data Management)
system [17]. The floor slab was therefore modeled using the CAD
application, SolidWorks. SolidWorks can communicate with a num-
ber of PDM systems. Scripting of design rules and constraints was ac-
complished with the configuration tool TactonWorks Studio, making
it possible for the designer to program the SolidWorks application en-
vironment. Fig. 5 shows the engineering configuration dialog window
in the TactonWorks Engineer software and the corresponding design
rules and constraints defined in TactonWorks Studio.

The configuration tool automates the detailed design of the floor
slab module and can be used in different projects. It can be easily
updated by engineers if design rules or constraints are changed. The
script illustrated in Fig. 5 uses Boolean operators to define the design
rules and constraints and shows how the detailed design can be altered
when the module is configured.

3.2.3. Customer view
In a traditional project, the architect designs the interior and exterior

of the building based on the requirements of the client. It is then the job
of the engineer to design technical solutions that fit within the building
as drawn by the architect. Customization, or customer configuration,
limits the freedom of the architect. Instead of creating the building as
defined by the customer for the engineer, the architect must now select
the most appropriate design from the possible solutions provided by
the building system. There are at least two approaches to accomplishing
this. The first approach, the “LEGO approach”, is to define an object tool-
box of modules in the CAD software used by the architect. The architect
can then configure and combine the differentmodule objects into archi-
tectural spaces. Another approach is to implement some form of config-
uration control that can analyze and automaticallymapmoduleswithin
the design of the building drawn by the architect. This second approach
is more difficult to implement and requires some form of iterative
design to achieve a perfect match between architectural design and
module objects. The first approach was used in this study where the
floor slab module was implemented as a family in the CAD application,
Revit Structure, see Fig. 6. Other software, preferably object-oriented
with facilities for collision control and the configuration of objects, can
also be used [10].

The building systemmodules can be imported into Revit Structure
as a family of objects. The floor slab family consists of four different
widths: 600 mm, 1200 mm, 1800 mm and 2400 mm. The length is
parametric within the module limits and set using the accuracy
scale defined in the Revit Structure software as coarse, medium, or
fine on a grid of 150 mm. The distance between modules is definedFig. 3. A prototype of the timber floor slab module sub-assembly.
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as a parameter representing the interface when connecting the floor
slab to the walls. This approach also enables the use of clash detection
that is built into the CAD application.

The integration between the customer view and the engineering
view is subsequently a matter of exporting the length and width of
the different module objects in the architectural design downstream

to the engineering department. In the study, this was achieved by
implementing an XML export function in Visual basic in the Revit
Structure tool, see Fig. 7. Using the TactonWorks Engineering tool,
the exported XML file was imported with the “Load configuration
state” command which automatically generates the information
needed to manufacture the floor slabs, as illustrated in Fig. 4.

Fig. 4. Information flow from the engineering department to the production department.

Fig. 5. Engineering configuration dialog and functional script of the floor slab module.
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4. Discussion and conclusions

The outcome of the floor slabmodule demonstration is summarized
in Fig. 8 and Table 1. The introduction of building systems and integra-
tion of the information flow adds an upstream flow of constraints, in
contrast to the traditional way of working in the construction industry.
This restricts the solution space, but also facilitates design automation.
In addition, it greatly reduces the flow of information along the value
chain downstream, since much of the information is transformed into
formal computer-readable data that can be shared by the actors in the
value chain.

In the demonstration, this knowledge was used to implement sup-
port tools embedded in the CAD applications used by the various actors.
Defining the different views is important in obtaining well-defined in-
terfaces, good object descriptions and an understanding of the product
between the various stakeholders who are involved. This method of
information exchange between various disciplines across organiza-
tional boundaries also addresses the problem of managing confidential
information, in contrast to solutions which use shared databases and
open formats.

If geometric parameters are the sole parameters that need to be
exchanged between the customer and the engineers, it is most likely

Fig. 6. The floor slab module implemented as a family of objects in Revit Structure.

Fig. 7. Information flow downstream from the customer view.
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that the IFC format will be used [9]. This would simplify the down-
stream information transfer directly from the customer view to the
engineering view, without the need for developing a specific XML
export as described in Section 3 of this paper.

The development of building systems combined with design auto-
mation changes the roles of architects and engineers within the con-
struction industry. Design of configuration tools is probably one task
that building engineers will face in the future. However, most engi-
neering and architectural CAD software used in construction today
lacks user-friendly applications to assist with the development of
configuration tools. Currently, this is only possible by working with
the API of the CAD software being used.

In addition, architects have expressed a strong desire to participate
in the development of building systems [20].Without this participation,
the introduction and use of such systems is likely to be opposed by
architects. They can contribute to the development of building systems
with knowledge of not only the needs of customers but also the be-
havior of end-users. As to the use of modular objects in the customiza-
tion process, architects, who were interviewed for this research, feel
that the configuration system described in this article would constrain
architectural design too much. One of the architects interviewed was
also of the opinion that the idea was good, but he wished to retain
the freedom to override the configuration system. However, this

freedom would most probably lead to ad hoc customization which
would cause problems downstream along the value chain. Changes
need to be controlled and only allowed if new features are implemented
in the building system, such as the release of a new version [23].

The demonstration in this article shows that CAD tools used in the
manufacturing industry can present new opportunities for design
automation of building systems within the construction industry.
However, the doubts expressed in the interviews [20] also imply
that architects should be part of the development process of new
building systems, to ensure that there is enough flexibility so as not
to place too many constraints on architectural freedom during the
configuration phase. In addition, to gain acceptance from the archi-
tectural establishment, a configuration control application that can
analyze and map modules within the space boundaries defined by
the architectural design might be a more appropriate approach in-
stead of a LEGO type tool. If the complexity of the system can be con-
cealed behind “an abstraction and an interface” the abstraction hides
the complexity of the element whilst the interface indicates how the
element interacts with the system as a whole [15]. The customer view
is only a functional representation of the technical solution that is
defined by themodulewidth and length. The engineering of themodule
is concealed in the configuration tool used by the engineers.
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ABSTRACT 
The purpose of this study is to develop methods in the design of roundabouts that can be used in early conceptual 
phases of infrastructural projects to avoid erroneous solutions propagating downstream the value chain. Adapting 
theory and principals from mass customization and design configuration, a configurator for roundabouts to be 
used in early phases was developed and validated in a live project. The configurator is built in SolidWorks and 
parametrically coupled to the use of Tacton Studio. The configurator generates a drawing and a protocol that 
informs the user of the chosen configuration and where it doesn’t conform to the Swedish standards. 
In conclusion, it is possible to use theories from mass customization to develop configurators that can simplify the 
design process and thus evaluating the design according to norms and standards in early phases of the project. In 
the search for increased efficiency within infrastructural projects, parametric modeling configurators can be used 
to speed up the design process and expand the range of alternatives that can be generated. In that sense, this article 
contributes to the understanding of how mass customization principles in general can be used in construction and 
how it can be implemented in the design of specific projects. 
 
Keywords: Product platforms, Configuration system, Roundabouts 

1. INTRODUCTION 
Like many other areas in the construction industry, the civil engineering for infrastructure projects are blamed 

of having low productivity and innovation compared to the manufacturing industry (Teichholz, 2001). The 
government commission on "more road and rail for the money" is a nationwide effort, which aims to remedy this 
problem (SOU 2012:39). Today, the industry is in a situation where few variants are tested where engineering 
consultancies are forced to lowering their profit margins due to higher costs and insufficient reuse of solutions. It 
is also often debated by researchers and construction management that early stages of projects, i.e. design stages, 
is important in order to operate and manage projects during construction properly (Gerth et. al., 2013). Early 
stages relinquishes documents with uncertainties about regulatory compliance, resulting in lower quality of the 
final product with risks of accidents as an result. It is said that a substantial part of waste and failure can be 
attributed to errors and mistakes in the traditional on-off engineer-to-order product design process,  (Lopez and 
Love, 2012).  Also the link to production constraints is neglected and therefore, solutions that is presented is often 
not designed according to what is easy to construct and leads to a poor buildability of the product.  

The present infrastructure process is divided into three phases: traffic analysis, design phase and the technical 
finalization (VGU, 2012). The traffic analysis aims to determine the functional requirements for the product 
where design phase aims to propose and lock the selected solution to meet the functional requirements of the 
traffic analysis. The design phase don’t need to follow any rules for construction, enabling solutions that have 
been raised in the earlier stages usually need to be redrawn completely in the technical design phase to ensure the 
quality of the final product. 
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One way of realizing better connection between design and production is to develop platforms from which a 
stream of derivative product and processes can be configured (Meyer and Lehnerd, 1997).  Such a platform and 
configurator should be developed on the basis of modules to fit customers’ needs of the target market segment 
(Hvam et. al., 2008). According to Erixon (1998), Modularization is described as “decomposition of a product 
into building blocks (modules) with specified interfaces, driven by company-specific reasons”. As seen in the 
definition the focus on interfaces and the development of the technical solutions in close relation to the company 
business, is an essential part of the modularization work. It also complies with the definition by Ulrich (1995), 
which describes a module as a “chunk”, “A collection of components that implement the functions of the product”. 
Construction industry therefore need to focus on defining “the products in the product” to be able to reuse the 
solutions that might increase the productivity.   

The programs that are used today, usually have built-in support for the design of roundabouts and are usually 
developed to support phase 3 where the technical design is done. But since in many cases the design phase has 
resulted in something that is not going to be built on, these tools can’t be fully utilized. The large vendors has also 
not yet adapted these support into the Swedish norm. By focusing on the early stages, an increase in productivity 
in the design and production could be found, solutions that are drawn in the design phase could be utilized in the 
technical stage of the design phase. 

Configurators could be able to control the design in the early stages and improve quality of the final product 
by ensuring that the rules are followed, but also allows more variations to be tested. They can also increase 
buildability through the coupling of standardized components e.g. standard curbs etc. The aim of this paper is 
therefor to describe the development of a configurator that can be used in early phases of the design process 
enabling buildability of  products further downstream the value chain. The configurator developed and described 
in this paper thus works as an carrier of the product platform and enabler of mass customization principals in an 
consultancy firm in construction. 

2. THEORY OF MASS CUSTOMIZATION 
Tseng and Jiao (2001) defines mass customization as "producing goods and services to meet individual 

customer's needs with near mass production efficiency" balancing operational benefits of economy of scale with 
product variety and time-to-market to fulfill market needs. In the search for fulfilling these benefits definitions 
like product platform and configuration systems have been introduced (Piller, 2004).  

2.1 Product platform 
The product architecture is described as the arrangement and mapping of functional elements to physical 

components and the interfaces with other interacting physical components (Ulrich, 1995). A modular architecture 
has a one-to-one mapping between the functional element and the physical component of the product which 
provides the function with de-coupled interfaces between components (Kim and Suh, 1991; Ulrich, 1995). An 
integral architecture on the other hand includes a more complex mapping between functional elements, physical 
components and interfaces between components and is more often found in one-of-a-kind produced products 
(Ulrich, 1995). 

A product family is a group of products with similar properties that can be derived from a common platform. 
Meyer and Lehnerd (1997) define a product platform as “A set of subsystems and interfaces developed to form a 
common structure from which a stream of derivative products can be efficiently developed and produced”. Harlou 
(2006) quote VW; “The platform is an entity that has no impact on the vehicle’s outer skin” meaning that things 
customer cannot see, do not need to be unique and can thus be made standardized. The reason for developing 
product platforms is the search for increased variety for customer while retaining as little variety between 
products as possible, this while sustaining economies of scale (Jiao et. al., 2007).  

A product portfolio can be seen as all possible products that a company can offer based on their product 
platform. Based on the company’s product portfolio derived product families that addresses specific market 
niches can be developed (Jiao et. al., 2007). De Weck et. al. (2003) means that to be able to target specific market 
niches, the degree of commonality can’t be too high, “each variant from product platform might not be 
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competitive in its speci�c market segment due to inferior performance caused by sharing constraints”. The key is 
therefor to develop products generated from a product platform focusing on the right criteria’s  from which a 
number of products can be derived either by adding, removing, or substituting one or more modules to the 
platform or by scaling the platform in one or more dimensions (Farrell and Simpson, 2003). 

2.2  Configuration systems 
Product configuration as described by Hvam et al. (2008) is an effective way of structuring products 

composed of standard parts, and product configuration is also a method of presenting products to customers. The 
concept of a configuration system is also known as constraint-based programming, where the solution space is 
defined and can be illustrated by a set of rules determining how components and modules can be combined into 
products. To be able to address the different stakeholders and disciplines, the product can be defined in product 
views showing relevant information for a specific actor. The product views with their related product structures 
can be defined according to Hvam et al. (2008) as; Customer, Engineering and Production view, where the flow 
and exchange of information from design to production and between stakeholders is believed to be important in 
order to improve the construction process. Traditional design is transformed into a configuration process 
supported by knowledge based engineering (KBE) of the final product, (Sandberg et al., 2008; Erixon, 1998). 
Additionally, products structured in a product model (platform) become a company view of the product range that 
can be held in common by sales, design and production departments and carriers of knowledge. 

Today there are manly four CAD applications to be used in infrastructure projects in Sweden that have 
configuration support; Via Novapoint,  Autotrack, Civil 3D and  Bently.  Via Novapoint and Autotrack is a plug-
in software for Autocad and Via Novapoint was one of the first to be used for infrastructure projects in Sweden. 
Civil 3D is one of the most common CAD-programs in Sweden but only with French and US-standard  built in. 
They all have in common that they have direct integrated support in the CAD-programs whereas the feedback 
loop can be relatively long since they can’t be altered by the consult company that are using it and when norms 
are changed this might not be alter directly, making it hard to fulfill Erixons (1998) module driver; “Driven by 
company-specific reasons”.  

2.3 Information exchange 
The flow and exchange of information from design to production and between stakeholders is believed to be 

important in order to improve the construction process. Currently there are no standardized exchange format  for 
roundabouts. The lack of exchange format makes it  hard to transfer a roundabout design from one application to 
another. The vision of storing and sharing information with the use of databases using a common data format like 
IFC is still not used in practice when jurisdiction in the industry complicates the use of shared models. Also, the 
implementation of the IFC schema in many commercial applications has been shown to be unreliable with 
information losses and distortions as a result (Pazlar and Turk, 2008). Instead, in current practice CAD formats 
like DWG or DGN is used. Often the information exchange between applications relies on propriety data formats, 
application specific exchange protocols or add-on solutions, (Racz, and Olofsson, 2009) Many of the application 
specific solutions are based on XML (eXtensible Markup Language) as the transport mechanism for exchange 
( Zhinling et. al., 2004).  However, the structure of the information representing the roundabout is strongly related 
to the application used. This creates limitations, since roundabout applications fails to interpreter the roundabout 
data from another tool. Instead, information exchange between two tools are dependent on manually extraction, 
transfer and re-structure of information to fit the new environment, this can happened several times in a 
roundabout exchange process since it normally involves several of road designer and actors which is spread out in 
a long time horizon. 

3. RESEARCH DESIGN 
The research design is based on a single case study.  The method was selected because case studies are 

suitable when studying complex processes in general (Yin,1994).  Furthermore, within the case we used an action 
research methodology applied to a system development research (Nunamaker and Chen, 1990; Chiasson and 
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regulations they rather do as they always have done with no quality check when this makes their job easier with 
no constraints from curbs etc. in their phase neglecting the production phase.   

Future work will aim at measuring time savings with the new way of working over the different design phases. 
Also, feedback from production will be collected to enhance the buildability of the roundabout module. The 
development of other modules in the company infrastructure platform such as bus stops, bridges and railway 
crossings that uses the same technics as the roundabout have already started. 
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TITLE
Product configuration in construction

ABSTRACT
Construction is traditionally a trade that produces unique, one-off products
designed specifically for the project in an engineer-to-order process. However,
the development of flexible product platforms, based on the theory of mass
customization, can offer product flexibility with affordable costs. The degree of
commonality can also be increased if applying the products-in-products
concept. This study aims to conceptualize and test theories of mass
customization through modularization for applications in the construction
industry. This is examined for three cases, with different specification processes
(modify-to-order, configure-to-order and select-variant) incorporating both
building and infrastructure products. The results show that the products-in-
products concept is useful for enabling mass customization in construction.
While the design can be integral in the select-variant type of specification
process, the architecture needs to have a modular structure to enable a modify-
to-order or configure-to-order type of customization.

KEYWORDS
Mass customization, Product architecture, Product platforms, Configuration
system

1. INTRODUCTION
Construction is traditionally a trade that produces unique, one-off products
designed specifically for the project in an engineer-to-order manner (Lopez and
Love, 2012). In isolated construction projects, there are short-term interactions
between loosely-coupled partners in the supply chain (Dubois and Gadde,
2002), leading to poor incentives to develop practices, methods and designs
that can be reused between disciplines, partners and projects (Gadde and
Dubois,  2010).  Attempts  in  the  mid-1900s  to  introduce  the  theories  of  mass
production in construction (Finnimore, 1989; Gann,1996) resulted in highly
standardized houses that were considered socially unacceptable (McCutcheon,
1975).

More flexible design and production methods have since been developed, based
on the theory of mass customization, for offering increased product flexibility
without increasing the production cost compared to mass-produced products
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(Pine, 1993; Tseng and Jiao, 1996). Product platforms (Robertson and Ulrich,
1998) have been introduced for housing by Swedish construction companies
over the last decade (Segerstedt and Olofsson 2010). The platform consists of
modules that can be configured into the final product and the basic idea is to
reuse modules and parts across as many variants as possible (Meyer and
Lehnherd, 1997). The intention is to offer the potential for mass customization
(Gerth 2008; Höök and Stehn 2008).

However, several authors argue that it is not possible to apply manufacturing
principles, such as standardization and modularization of subassemblies, to the
majority of products produced by the construction industry (Winch, 2003; Lind
and Suck-Song, 2011; Nam and Tatum, 1988). According to Winch (2003),
private housing is the only market segment that can offer large enough volumes
with similar functional requirements suitable for mass production/mass
customization strategies. For other type of construction projects, such as major
projects including infrastructure and industrial and commercial buildings,
increased industrialization can been difficult to achieve if “concepts derived
from the auto industry” are used (Winch, 2003:115).

This might be true if the end product is taken as the finished artifact. However,
construction has, for a long time, worked with element prefabrication
(Finnimore, 1989) – a concept that Erixon (1998:58) identified as a “product in
the product” or a module. However, the occurrence of modules with a greater
complexity than building elements is rare in construction (Jensen et al., 2012).
Therefore, work using product architectures and product families (Hvam et al.,
2008) is scarce. When and how can modularization and product configuration
be of interest to the construction industry? Modularization and standardization
of the product architecture can arguably reduce lead time and the number of
design errors propagating downstream along the value chain, thus increasing
productivity within the construction industry.

2. AIM, OUTLINE AND METHOD
This paper aims to conceptualize and test theories of mass customization
through modularization for applications in the construction industry. The
conceptualization will be made from a product specification perspective. With
the starting  point  in  a  literature review of  mass  customization,  the concept  of



modularization is singled out as a response to earlier, less successful
experiences of the standardization of entire buildings (Finnimore, 1989). From
the literature review, theoretical constructs applicable to construction are
extracted. Based on modularization principles, three cases (an elevator pit, a
structural load-bearing system and a bridge) were developed in cooperation
with engineering firms and contractors, showing that it is possible to adopt mass
customization principals in construction using different product specifications
processes. The test is analyzed using the developed constructs, evaluating the
applicability of modularization at different levels of the product architecture of
typical construction products.

The main author has been part of a multi-disciplinary development team at an
engineering company and responsible for the development of the product
architecture, the modularization and configurators used in the product
specification process in the exploratory case studies. Quantitative data from the
company's business support system have been collected and surveys of
engineering staff have been made to guide the selection of suitable cases.
Qualitative interviews with engineering staff have also been carried out to verify
the proposed modularization strategies in the three cases presented.

3. MASS CUSTOMIZATION
Tseng and Jiao (2001:685) defined mass customization as "producing goods and
services to meet individual customer's needs with near mass production
efficiency", balancing the operational benefits of economy of scale with product
variety  and  time-to-market  in  order  to  fulfill  market  needs.  Piller  (2005)
categorized the development of mass customization in the manufacturing
industry over three generations. The first generation, originating in the early
1980s, saw the introduction of flexible machinery and computer integrated
manufacturing. The second generation developed the mass customization
concept further, drawing on lessons learnt from cost drivers in the customer
interactions with the design and manufacturing processes. The development
and use of configuration systems and the internet were introduced as part of
mass customization. The third generation of mass customization tries to control
the whole value chain, utilizing the knowledge of the customer in the product
design. Kumar (2007:533) wrote that developments were transforming mass
customization "into a mass personalization strategy, making the market of one a
reality".

3.1 The product architecture
Product architecture is described as the arrangement and mapping of functional
elements to physical components and the interfaces with other interacting
physical  components  (Ulrich,  1995).  It  can  be  modular  or  integral,  to  varying
degrees. A modular architecture has a one-to-one mapping between the



Jensen, P., Lidelöw, H. and Olofsson, T.

functional element and the physical component of the product thus creating
decoupled interfaces between components (Kim and Suh, 1991; Ulrich, 1995).
An integral architecture, on the other hand, includes a more complex mapping
between functional elements, physical components and interfaces between
components and is more often found in one-of-a-kind products (Ulrich, 1995).

How parts (components, interfaces and processes) of a product architecture can
be reused within a product family is measured using commonality metrics
(Wacker and Treleven, 1986; Thevenot and Simpson, 2006). The commonality
index measures the percentage of common components, interfaces and
assembly workstations used in the design and production of a family of
products. According to Robertson and Ulrich (1998), there is a tradeoff between
distinctiveness and commonality in the product architecture, balancing the
flexibility in customization against lower manufacturing costs.

Modular product architecture produces the potential for a flexible family of
products with a high degree of commonality (Robertson and Ulrich, 1998).
However,  many  products  are  not  strictly  modular  or  integral.  Ulrich  stated
“What may be considered a component of one product is itself a product or
system for the supplier of the component” (Ulrich, 1995:432). Hence, a modular
component can be a part of an integral product design, creating a “product in
the product” (Erixon 1998:58), see figure 1.

Modularization i.e. the development of modular product and processes, is
defined by Erixon (1998:58) as “decomposition of a product into building blocks
(modules) with specified interfaces, driven by company-specific reasons”. A
number of theories, methods and tools have been suggested to support
modularization e.g. Design Structure Matrices (DSM) (Pimmler and Eppinger,
1994; Browning, 2001; Baldwin and Clark, 2000), modular function deployment
(Erixon, 1998) and Design For Manufacturing and Assembly (DFMA) (Ulrich and
Eppinger,  2008).  The  theory  of  axiomatic  design  (Suh,  1990)  is  also  often
mentioned as supporting modularization through its first axiom that stipulates a
one-to-one relationship between functional requirements and design
parameters.  A more comprehensive list of modularization methods and tools
can be found in Holmqvist and Persson (2003) as well as Farrell and Simpson
(2003). According to Stake (1999), there are two kinds of modules: standard and



variant. Standard modules are used in every product in the company’s product
family, while variant modules are part of some of the products.

Figure 1: Decomposition of ”Products in Products” in buildings

A product family is a group of products with similar properties that can be
derived from a common platform. Meyer and Lehnerd (1997:11) defined a
product platform as “A set of subsystems and interfaces developed to form a
common structure from which a stream of derivative products can be efficiently
developed and produced”.  A broader definition was given by Robertson and
Ulrich (1998), who included components, processes, knowledge and
relationships in the platform. Jiao et al. stated “While a product family targets a
certain market segment, each product variant is developed to address a specific
subset of customer needs of the market segment”(Jiao et al., 2007:7). The
customization of the product variant is achieved by adding, removing or
substituting one or more modules in the platform or by scaling the platform in
one or more dimensions (Farrell and Simpson, 2003). Simpson (2004) describes
two strategies of developing product families, the proactive and the reactive
approach. In the proactive approach, families of products are developed based
on a platform and its derivatives, while the reactive approach is to redesign and
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consolidate a group of distinct products to be able to reuse and standardize
components (Simpson, 2004).

Volkswagen, who successfully uses platform technology across several car
models and brands, argued that “The platform is an entity that has no impact on
the vehicle’s outer skin” (Harlou, 2006:44). Bertelsen (2005) suggested a similar
approach to standardize invisible parts in building platforms while keeping the
visible skin available for project customization. Suh and Chang (2003) wrote that
to  be  able  to  target  a  specific  market  segment,  the  degree  of  commonality
needs to be balanced against the product performance, meaning that each
variant from the product platform might not be competitive in its specific
market segment due to inferior performance caused by sharing constraints.

3.2 The product specification process
According to Hvam et al. (2008), there is a tradeoff between predefined
specifications and specifications created in the specific projects. Dependent on
the degree of pre-engineering, Hvam et al. (2008) defined four different product
specification processes: engineer-to order, modify-to-order, configure-to-order
and select-variant (Hvam et al., 2008), see figure 2. These are all part of the
design process in construction, created by the fact that the customer enters the
value chain at the specification phase of the project (Gosling and Naim, 2009).

The stakeholders in the value chain have different perspectives on the product
specification and production process (Jiao et al.,  2007). Malmgren et al.  (2010)
defined four product views relevant for industrialized building systems:
customer or architectural view, engineering view, production view and site
assembly view. The different views need to be connected; otherwise ad hoc
solutions will appear in the product specification and production process
(Malmgren  et  al.,  2010;  Jensen  et  al.,  2012).  The  downstream  and  upstream
flow of information and constraints are highly dependent on the type of product
specification process. In the case of engineer-to-order i.e. traditional
construction design, almost no formalized constraints from production and
engineering flow upstream to the architectural design. On the other hand, the
select-variant process needs very little information from the customer and
engineering views since the potential for customization is small. The constraints



are already part of the product; it is only a matter of the customer selecting one
of the pre-defined product variants (Jensen et al., 2012).

Figure 2: Specification processes in construction (after Hvam et al., 2008)

Hvam et al. (2008:17) stated that there are two central principles of mass
customization: “the product range should be developed on the basis of
modules, and configuration systems should be used to support the task involved
in the specification process”. Piller (2005) believed that mass customization is
only possible if flexible manufacturing processes are supported by adequate
systems for customer co-design. These systems are known as configurators,
choice boards, design systems, toolkits or co-design-platforms. Most
engineering and architectural CAD software used in construction at present
lacks user-friendly applications for the development of configuration tools.
Currently, this is possible only through using an API for CAD applications (Jensen
et al., 2011).

4. APPLICATION IN THE CONSTRUCTION CONTEXT
Most construction projects go through three stages before the product is
handed over for operation and use: a conceptual stage where the architect
interprets client needs and demands into a functional view, a design stage
where the functional view is transformed to design solutions by the engineering
disciplines and, finally, a planning and production stage where the design
solutions are realized by the contractor. These stages can be mapped using the
theory of axiomatic design (Kim and Suh, 1991) where the building process can
be described as a series of transformations from customer attributes (CAs) to
functional requirements (FRs), design parameters (DPs) and production
variables  (PVs)  (Jiao  et  al.,  2007).  The  hierarchical  structure  of  the  DPs
determines what Ulrich (1995) defined as the product architecture. The product



Jensen, P., Lidelöw, H. and Olofsson, T.

structure consists of base modules present in all product configurations, variant
modules that are present in many configurations and distinctive parts that are
uniquely designed for a specific configuration (Stake, 1999). The predefined
base consists of commonality parts and, together with the variant modules
these define the product platform for a family of product (Meyer and Lehnherd,
1997).

The product architecture can be modular or integral (Ulrich, 1995). Product
flexibility is normally higher with modular rather than integral product
architectures. In a modular structure, the different modules provide a one-to-
one relationship between FRs and DPs. In this uncoupled design structure (Kim
and Suh, 1991), modules can be changed or added to the product architecture
to fulfill a specific requirement without affecting the solution of other FRs.

In figure 3, the tradeoff between commonality and distinctiveness is illustrated
as two types of product architectures: A and B. By organizing the product
architecture  with  modules,  it  is  possible  to  move  from  architecture  A  to
architecture B (Robertson and Ulrich, 1998). Traditionally, in construction
design, products are designed as integral architecture with standardized
components such as beams, panels and windows (Lopez and Love, 2012).
Standardization in the situation described by curve A is only economic in the
select-variant situation, where the number of common parts is large enough to
provide  economies-of-scale.  Hypothetically,  it  would  be  possible  to  shift  to  a
situation described by curve B, by applying modularization principles (Robertson
and Ulrich, 1998). Using modularization and producing modules, economies-of-
scale can also be obtained for other production strategies, such as configure-to-
order and modify-to-order. The main purpose for developing product platforms
with modules is to reuse the modules across many product families. Also, the
interaction between different product families through their interfaces must be
well defined in order for reuse to be possible. The situation described by curve A
leads to the design being optimized for project-specific requirements, while the
situation with modular design (curve B) implies that the design is made for all
future functional requirements of the module.  For construction engineers, this
represents a large cultural change.



Modules are not necessarily produced by one company, enabling suppliers to
integrate into the value chain upstream. This situation is identified as “products-
in-the-product”, which are produced by “factories-in-the-factory” (Erixon,
1998:3). A modular design would enable much of the design work to be pre-
engineered, moving the engineering work from construction projects to
construction product development. As an example, the heavy truck
manufacturer Scania works both with a configuration process and a project-
based approach for unique customization (Gerth, 2008). However, to enable
customization of unique parts or components, the interface between the pre-
engineered modules and the customized parts needs to be exactly defined.

Consequently, there is an interaction not only between what kind of products
should be developed (the product family) and how the product architecture is
designed, but also how the specification process is organized and on what
specification level. Therefore, breaking down different construction products
into subsystems and defining their product family architecture enables the
reuse of components and modules (the product platform) between different
projects. It is also vital to choose the right modules for product development to
ensure economies-of-scale. The configuration system is the tool used to
combine the platform parts with the specific design for the project.

To summarize, the concept of modularization in the construction industry
means that:

Product architecture:
1. The interface is crucial when connecting a project-unique design to the

product platform.
2. A product can be defined as modular on one level and seen as integral

on another.
3. The number of module variants must be analyzed in order to justify

development.

Product specification process:
1. Rules and constraints in the platform must be transferable upstream

and downstream of the customer, engineering and production views.
2. Product configurators should be based on a modular architecture.
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Figure 3: The movement from an integral to a modular product architecture

5. CASE STUDIES
Tre cases have been studied; case 1, 2 and 3. Each case is described from two
perspectives: product architecture and the specification process. In all cases the
tools used to build the configurators were based on Solid Works® CAD
application controlled by the design automation tool Tacton Works, when
generating drawings and quantities for production of modules and
subassemblies. The project configuration has always been done in Revit
structure.

5.1 A configurable elevator pit using a modify-to-order strategy
Most multi-storey building projects require an elevator, which has a foundation
named  an  “elevator  pit”.  The  elevator  pit  module  is  a  structure  of  reinforced
concrete designed to ensure that inspection staff avoid injury in the case of a
breakdown of the lift mechanism during maintenance. The module is mostly
constructed below drained ground, which is why it is typically designed to be
waterproof, making it robust from a load-bearing perspective. Thus, it can be
standardized in terms of reinforcement and concrete quality. The elevator pit
has little aesthetic value and can therefore also be standardized in terms of its
shape, since it does not affect other disciplines. With this input, there was a
decision to design a configurator that generated the specifications for the
elevator pit. These are usually developed for each project.



Product architecture
The development phase started with an internal study at the consultancy firm,
where the number of construction projects that required elevators over the
past year was ascertained. Since the business management system does not
contain information regarding the projects’ inherent technical solutions, a
survey was sent out in order to collect the count of each design solution (Jensen
et al., 2014). In the evaluation of the design, many different technical solutions
for the same functional requirements were found. The interfaces between the
elevator pit module and the building seemed to be as numerous as there were
engineers involved in the design. The study also concluded that there was no
clear interface between the elevator pit and the rest of the building, hence
changing the design of the connecting construction also affected the design of
the elevator pit. Similar observations have been made by Kudsk et al. (2013:97)
when evaluating modularization of a static system for buildings “…components
used for constructing a building are entangled – they all depend on each other”.
The elevator pits that were analyzed could be divided into 3 module variants
which were used in approximately 38%, 15% and 28% respectively of the
number of the construction projects studied. The remaining 19% could not be
categorized as any module variant since they were all of unique design. The
time spent on drawing up a reinforcement specification was, on average, 16
hours for the simplest module variant, based on interviews with structural
engineers in the case study company.

The development of the generic product architecture started with the selection
of the module variant that had the shortest estimated return-on-investment.
Thereafter, the selection of standard technical solutions and the design of the
interface began. Several design solutions were evaluated according to
buildability and optimization of material, in order to improve commonality in
design (Farrell and Simpson, 2003). The technical solutions of the module
variants were designed to fulfill the functional requirements of the elevator pit
while the standardization of the interface between elevator pit and the rest of
the foundation made it reusable across the product family of multi-storey
buildings equipped with elevators. The product architecture of the elevator pit
is an integral product-in-product, but acts as a module on the subsystem level of
the final product, cf. figure 1 and Ulrich (1995).
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Figure 4: Specification process using the elevator pit module

Product specification process
The product specification process is shown in figure 4 and defines how
information from the customization of a project is delivered downstream for
production. A configurable parametric CAD model was developed and utilized to
automate drawing and quantity specification. The information transferred
upstream can thus be incorporated in the configuration tool. When using the
elevator pit module, the customer order decoupling point for the final assembly
is changed, making the traditional engineer-to-order design process for the
subassembly resemble a modify-to-order type of specification, see figure 2.

When generating the design for the elevator pit using the configurator, the
designer uses parametric models that are described in the company's CAD
library and incorporated as families in Revit Structure BIM software. The specific
dimensional parameters from the elevator supplier are input when using the
Revit  family  of  elevator  pit.  The  detailed  design  of  the  elevator  pit  is  then
generated via a web interface, see Jensen et al. (2013), using exported
dimensional data from Revit together with additional information that needs to
be included in the production drawings. Hence, the configurator is integrated in



the  ETO  design  process  via  the  companies  CAD  library,  see  also  Jensen  et  al.
(2012).

5.2 A modular building system applied through a configure-to-order
specification
In 2008, a multi-skilled product development team was assembled in order to
develop a multi-storey timber building system for structures 4 – 8 storeys high.
The purpose was to strengthen the opportunities for the building industry to
use timber as a structural material and thus the system was to be free to use for
any producer of wood building elements (Jensen et al., 2009). At the beginning
of 2010, the first housing project using the resultant modular timber building
system was realized, resulting in 4200 square meters of living area divided into
70 apartments (Jensen et al., 2011).

Product architecture
The product architecture of the building system is based on modules broken
down into 5 levels using slot modularity (Ulrich, 1995). For example, the outer
wall elements are structured as façade, load-bearing structure and inner wall
skin. The wall elements are then broken down into corners, walls and opening
modules. The wall variant modules are then composed of components such as
timber studs. The design of module interfaces on all levels of the modular
structure enables the configuration of a specific project. This made it possible
for the architects in the project to introduce a bay window and a unique façade
without changing the rest of the structure: “The design of interfaces is the most
important activity when creating an efficient modularity” (Erixon, 1998:159).
However, the benefits of having flexibility in configuration have to be balanced
against the economic consequences of overcapacity (Ulrich, 1995). For example,
the interfaces of the stabilizing wall module were designed to handle the
maximum shear force that might occur in the building. This means that many of
the connections will be oversized but this can be justified i.e. balancing
increased module and component costs against the benefits of standardization
of the load-bearing structure. The unique parts of the system, such as the
façade and the inner wall surface where the customer value can justify the
increase in costs (Tseng and Jiao, 1996; Thuesen and Hvam, 2009), have to be
designed specifically for each project. It should therefore be possible to
combine the predefined solutions from the product platform with the unique
parts that can be designed and built into a specific project (Jansson, 2013).

The modular architecture developed for the timber building system was
appreciated by the architects when making design alterations, such as changing
non-load-bearing walls to load-bearing ones or increasing the strength of the
stabilization walls to allow a higher shear capacity. Many of these changes could
be made without changing the geometry of the architectural layout of the
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building, showing that a high degree of commonality does not necessarily need
to reduce the distinctiveness (Robertson and Ulrich, 1998). The building
elements (wall modules, floors modules etc.) are integral in structure as they
use standardized components, but act at the system level as modules in the
design of the entire building, cf. figure 1.

Figure 5: Information flow from project configuration to element production

Product specification process
Knowledge about the building system needs to be delivered to the disciplines
working with the configuration of the building (Suh, 1990; Jiao et al., 2007). In
particular, information regarding constraints needs to be communicated to the
architects to avoid ad hoc customization that will be impossible to produce
(Jensen et al., 2012).

In the configure-to-order specification process, the different modules can be
combined and parametrically altered. Therefore, the modules in the building
system were implemented as parametric 3D objects using Revit Structure BIM



software. A list of the configured modules was then extracted, defining the type,
module variants and position of openings from Revit. This “bill of quantity” list
of module variants was imported to Excel where module recipes were defined
producing a BOM list for the production of the configured modules (Jensen et
al.,  2011). In Jensen et al.  (2012), this export is implemented to a configurator,
as illustrated in figure 5, generating the manufacturing drawings, numerical
control files and bill-of-materials necessary for the manufacture of the building
elements. The project configuration model produced in Revit was then used for
the assembly of elements on-site. The procedure is described in more detail in
Jensen et al. (2012).

5.3 A concrete bridge using a select-variant strategy
The objective of this third case study is to build a bridge configurator (Jensen et
al., 2013) that links production aspects and constraints in the early design to
ensure buildability of the final product (Simonsson, 2011). This case is still in
progress and has not yet been implemented. The development started with a
reactive redesign of a typical concrete bridge of this type (Simpson, 2004). The
concrete end frame bridge under study is supported by walls/ columns that are
set on pile or compact filling, figure 6.

Figure 6: Web interface used for generating bridge drawing.

In  order  to  ensure  that  debris  does  not  fall  to  the  road  below,  there  are  tail
wings at the end of the bridge. The bridge can be used for roads and railways.
Typically, there is very little communication between the structural engineer
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and the contractor when the bridge is designed, resulting in poor coupling
between the product design and the production process (Simonsson, 2011;
Lopez and Love, 2012).

Product architecture
Information about all bridges built in Sweden can be found in the Swedish
Transport Administration database BaTMan. The type of bridge being studied is
the  third  most  common  bridge  type  in  Sweden.  Currently,  there  are  2  800
already  built,  which  accounts  for  16%  of  the  total  bridge  stock.  On  average,
there are 10 – 20 bridges of this type built each year. According to Eurocodes,
the design cost is, on average, 5% of the production cost, of which half comes
from the production of drawings and the other half from design calculations.

The bridge differs from the two previous cases in that it has mainly integral
product architecture. However, some of the bridge components were
redesigned as modules e.g. the sole plate foundation and the tail wings.
Restructuring the product architecture in modules enables reuse between
different families of bridges (Meyer and Lehnerd, 1997). A similar strategy has
been described by Thuesen and Hvam (2011), where the reuse of technical
solutions and modules in one market segment have been incrementally
developed expanding the use of the product platform in other segments of the
market. When the product architecture was being determined, earlier bridge
projects of the same type were analyzed. With the help of experienced bridge
engineers, parametric relationships between the different parts of the bridge
could be determined i.e. the slab thickness is taken as the span divided by 20 for
normal road bridges. As the bridge is a select-variant type of product, no
interfaces for project unique parts are defined since the design of all variants is
pre-defined.

Product specification process
The configurator for the bridge variant falls into the select-variant strategy of
the  specification  process  (Hvam  et  al.,  2008).  As  seen  in  figure  6,  rules  and
constraints were incorporated in the CAD model and then presented on the
web. The designer selects the bridge variant through a web interface and
customizes the selected variant using project specific parameters. The shop
drawings are automatically generated and delivered in PDF format and,



optionally,  in  DWG  format.  Also,  a  3D  model  of  the  configured  bridge  is
generated so that the designer can check the validity of the result and continue
to work on the visualization, elevation and plan drawings for the specific
location.

6. ANALYSIS
Three cases have been studied; case 1 and 2 have been proactively developed
while case 3 has reactively consolidated parts to modules, (Simpson, 2004). The
case studies are summarized in table 1 contrasted against the theoretical
constructs stipulated in section 4. The modularization and standardization of
interfaces is most important in the modify-to-order and configure-to-order
strategies (cases 1 and 2). The standardization of the module interface in case 1
enables a smooth integration of the configured module in the ETO design
process, while the slot modularity on different levels in case 2 “requires the top-
down creation of a global product architecture” (Ulrich, 1995:436). Case 3 shows
that the select-variant strategy actually means that the product architecture can
be more integral. It seems that the balance is between flexibility and
performance, since an integral product architecture is easier to optimize for a
certain set of functional requirements (Ulrich, 1995). A modular product is more
flexible in terms of the fulfilment of varying functional requirements, arising
from the need to satisfy more heterogeneous markets.

The selected modularization level in the product architecture is also affected by
the need for flexibility in the customization. If, for example, the modularization
level for the wall element in case 2 had been selected on the level where the
window is mounted in the wall (wall-with-window), many module variants of
the module wall-with-window would have been needed to satisfy the customer
requirements for window placement. By separating the window from the wall, a
parametric solution of the window placement could be implemented, reducing
the number of module variants but still resulting in a more flexible solution.
Case 2, also demonstrated that unique design possibilities can be included in a
CTO type of building system to add more customer value in the design. While
MTO design of modularized ‘products in product’ can be smoothly integrated in
a traditional ETO design process; a CTO building system requires that the global
architecture and the constraints of the product platform are communicated and
supported by the organization to avoid ad-hoc customization of the platform
(Suh, 1990; Hvam et al., 2008; Thuesen and Hvam, 2011; Malmgren et al., 2010).

In cases 1 and 3 the development cost of implementing configurators was
weighed against the usage count and the cost was justified through a simple
return-on-investment estimation. In case 2, the number of developed module
wall variants was selected to fulfill the shear resistance requirement in three
performance steps to balance production costs against costs of overcapacity.



Jensen, P., Lidelöw, H. and Olofsson, T.

Table 1: Theoretical constructs emerging in cases 1 – 3.
Case 1;

"Elevator pit
foundation" MTO

strategy

Case 2;
"Modular building

system" CTO strategy

Case 3; "Modular
bridge"

Select variant

Pr
od

uc
ta

rc
hi

te
ct

ur
e

1. The interface is
crucial when
connecting a project
unique design to the
product platform.

The standardized
interface made it
possible to break out
the module variant
from the final product.
Otherwise, this would
have been impossible.

The standardized
interfaces on all levels
of the modular
structure made it
possible for architects
to see where a unique
design was viable.

Little interaction with
project unique
design, made
interfaces less
important.

2. A product can be
defined as modular on
one level and seen as
integral on another.

The elevator pit is a
product-in-product
(module) with an
integral structure
internally, but is seen
as a module on the sub-
system level.

The bearing wall
(345mm thick) is seen
as an integral module
from the architectural
view, but is actually a
modular product in the
engineering view with
either vertical and/or
horizontal load-bearing
capacity.

Some modules within
this bridge variant
can be reused
between others
product families, but
large parts of the
architecture is
integral.

3. The number of
module variants must
be analyzed in order
to justify
development.

The selected module
variant with the
development cost and
number of possible
projects, led to a ROI of
approximately 2.5
years.

A set of module variants
was developed to match
the performance
requirements. This are
repeated in every
building project to
come.

Estimations show
that one drawing
costs 2.5 kEuro. The
investment cost for
the configurator
would be covered
after 10 bridge
projects.
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1. Rules and
constraints in the
platform must be
transferable upstream
and downstream
through the customer,
engineering and
productions views.

Project specific
information can be
incorporated in the
design phase and
transferred
downstream; the rules
and constraints are
incorporated in the
CAD-model.

The architect used
parametric BIM objects
containing the rules
from manufacturing and
generated production
drawings from the same
model.

Rules and constraints
for buildability were
incorporated in the
CAD model and then
described in the web
interface, making
sure that they were
configured correctly.

2. Product
configurators should
be based on a
modular architecture.

The modular
architecture enabled
the use of IT tools with
higher capability for
parametric modeling.

A 3D-model in Revit
enabled the production
of BOM, shop drawings
and specifications at the
system, sub-system,
modular and
component levels.

The product
breakdown structure
made it easy to reuse
modules and
components within
the product.



In case 2 the implemented use was not enough to cover the development cost
of  a  configuration  tool  in  the  initial  project.  However,  the  intention  was  to
spread the development cost over several consecutive building projects. Still,
the modularization of the products enables configurators to be developed,
creating support for the design process. Thus, minimizing the need for
information exchange by allowing the complexity of the modules in the platform
to be concealed behind “an abstraction and an interface” (Baldwin and Clark,
2000:73).

The flexibility in customization (requirements from the architect) always needs
to be balanced against the economy of scale in production. In the modify-to-
order and configure-to-order strategies, the result from a configurator must be
able to be integrated into traditional CAD tools for the design of the unique
parts.  If  the  product  is  of  select-variant  type,  or  all  parts  in  the  design  can  be
configured, a web interface can be used for customization and production of
shop drawings, NC files and a BOM list without the need to involve any type of
CAD software.

Combined, the three cases are examples of how mass customization principals
can be applied in construction, using the concept of products-in-products, to the
identification of possible modules and module variants. Through
standardization, the modules can be configured and produced in large enough
volumes to enable a return on investment in the development of modular
construction products and configurators. Similar conclusions have been made
by Kudsk et al. (2013a, b), concluding that configuration systems can be
developed and used in construction applications. Hence, the statement by
Winch (2003:115) that “The mainstream model of manufacturing, embodied in
mass production and now lean production, can only apply generally to housing,
because this is the only sector where volumes are high enough to allow such an
approach to be economically viable” is contradicted when the products-in-
products concept is applied on different levels of the product architecture.

7. CONCLUSIONS
From the theoretical constructs of mass customization stipulated in section 4,
the following observations can be made from the case studies:

1. The application of mass customization principles to construction is
possible using the concept of products-in-products.

2. Opportunities for modularization in construction range from sub-
assemblies, to building sub-systems, to infrastructure products as
shown in the three case studies.

3. The type of specification process affects the requirements of the
modular product architecture. Modify-to-order and configure-to-order
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processes require clear definition of modules with standardized
interfaces. In select-variant processes, the product architecture can be
more integral.

4. Modular product architectures enable flexibility and simultaneous
commonality over the product range.

5. Modules can have different properties in different stages of the building
design process. A module can be integral in the architectural view, but
actually be modular in the engineering and production views.

Construction projects are normally engineered-to-order with little incentives for
the reuse of designs between projects. Hence, the product architecture is
normally integral in nature, with a lack of modularity and standardized
interfaces between parts.  Also, the price basis for design work in Sweden is
normally the number of engineering hours spent and, if modularization and
design configurators are to be introduced in the construction industry, the
business model needs to be changed.  Lessons learned from the implementation
of configurators in the design for construction products, is that there should be
a clear beneficiary/user in the organization, considering the deep rooted one-of-
a-kind project culture of the industry (Höök and Stehn, 2008). Also, it was
noticed that standardized products (i.e. specified at the select variant
specification level) seems to be easier to introduce since the user can then see
the benefits of the configurator. Finally, the support of configurators over the
life-cycle and management of new versions are both issues that need to be
studied further.
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ABSTRACT

A 5-step method for developing configurable “products in product” platforms to be
used in an engineer-to-order (ETO) design process is proposed. The idea is based on
the transformation of typical product architectures into modular design platforms
where standard and variant modules are identified and developed. The platform
modules can then be configured and combined using traditional design methods to
meet the project specific requirements in the design process. Based on 1193 project
designs, several configurable “products in product” were identified and developed in
a real case study using the proposed method.

Keywords
Product architecture, Modularization, Product platform, configurators

INTRODUCTION

Mistakes made in the traditional engineer-to-order (ETO) product design process
generate waste downstream of the construction process (Lopez and Love, 2012). The
short-term interactions between loosely coupled partners in the construction supply
chain (Dubois and Gadde, 2002; Segerstedt and Olofsson, 2010) also provide poor
incentives for the development of practices, methods and designs that can be reused
between disciplines, partners and projects (Mossman, 2009).

In traditional manufacturing, the standardization of components and continuous
improvements to the production processes have been ways to increase efficiency and
lower costs (Winch, 2003). Therefore, some researchers have proposed that the
construction industry can learn from the methods and procedures applied in
manufacturing industries (Gerth et al., 2013). However, a serious obstacle for the
introduction of increasingly industrialized processes is the constraints imposed by a
standardized design in a traditional engineer-to-order process governed by customer
specifications. This can lead to ad hoc customizations which seriously impact the cost
of realization (Malmgren et al., 2010; Segerstedt and Olofsson, 2010).

Modular product architecture has the potential to increase product variety with a high
degree of commonality (Robertson and Ulrich, 1998). The creation of modular
product architecture has thus been suggested as a solution to increase standardization
and performance within the AEC industry (Gerth et al., 2013; Bertelsen, 2005).
Historically, most modularization methods within the manufacturing industry have
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focused on defining standard modules and variants of modules that can be combined
into different product variants (e.g. Holmqvist and Persson, 2003; Erixon, 1998). In
construction, it is assumed that most products cannot be modular in design because of
the perception of uniqueness in each project. The development of new product
architectures for each project prohibits knowledge transfer between projects and
trades (Love et al., 2010; Lam and Wong, 2009).

So far, the use of configurable and modular product architectures in construction have
been limited (Winch, 2003). Therefore, the objective of this paper is to investigate
how principals and methods from the manufacturing sector, relating to
modularization and product architectures, can be adapted to the AEC industry.

THEORY

Product architecture describes the arrangements of functional elements, their mapping
to physical components and the specification of interfaces between the interacting
components (Ulrich, 1995). The product architecture can be modular or integral to
differing degrees. A modular architecture has a one-to-one mapping between
functional elements and physical components with corresponding de-coupled
component interfaces (Kim and Suh, 1991; Ulrich, 1995). An integral architecture has
a more complex mapping between functional elements, physical components and
interfaces between components, and is more often found in one-of-a-kind products
(Ulrich, 1995). A modular architecture provides opportunities to develop product
platforms based on modules. Meyer and Lehnerd (1997:11) defined product platforms
as “A set of subsystems and interfaces developed to form a common structure from
which a stream of derivative products can be efficiently developed and produced”. A
commonality index is often used to measure the number of common
components/modules in a product architecture relative to the total components used
(Collier, 1981).

Modularization, the development of modular products, is defined by Erixon
(1998:58) as “decomposition of a product into building blocks (modules) with
specified interfaces, driven by company-specific reasons”. A modularized product
consists of standard and variant modules. A standard module is defined as a module
that is included in all product variants within a product family, while a variant module
is available in different varieties and is included only in some of the products of the
same family (Stake, 1999). There are many drivers for a modular architecture such as
higher commonality of parts, standardized production, shorter lead time in
development and production, and the potential for incremental product development.
Modularization of product architecture can also be seen as the making of “products in
product” or “factories in factory” Erixon (1998:129). The customization or
configuration of a modularized product is normally supported by a configurator.
According to Hvam et al. (2008), the configurators are based on a modular design.

A number of theories have been suggested to help develop configurable product
platforms; a comprehensive list of modularization methods and tools can be found in
Holmqvist and Persson (2003) as well as in Farrell and Simpson (2003).  While most
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research concerns the configuration of standard and variant modules to custom orders
in assemble-to-order and make-to-order supply chains, there has been little
investigation of how modularization can support the design process in an ETO
construction process.

Jansson et al. (2013) concluded that platform theories from manufacturing “cannot be
applied straightforwardly by ETO companies” but need to be complemented with
support for traditional design when project requirements meet platform parameters in
an ETO design process. Jensen et al. (2013) discussed the transformation of
traditional ETO product design into a more modular product architecture, where the
platform part contains standard and variant modules that can be configured and
combined with traditional engineering design of the remaining unique parts of the
product.

DEVELOPMENT OF CONFIGURABLE “PRODUCTS IN PRODUCT”
PLATFORMS

The proposed method for developing configurable product platforms to be used in the
design of construction products is based on access to an ETO company’s traditional
designs. The idea is based on the transformation of typical product architectures into
modular design platforms where standard and variant modules are identified and
developed. The platform modules can then be configured and combined with
traditional design methods to meet the project specific requirements in the ETO
process. The following steps are proposed:

1. Selection of a “product family”. The products within a family in the selection
should have a similar product structure such as multistory buildings, single
family houses, concrete bridges etc.

2. The definition of a generic product architecture for the selected product
family. The generic product architecture works as a “template” and guides
how the product family is structured through modularization levels and
module candidates.

3. Definition of the functional requirements for each identified module candidate
in order to identify the design of interfaces.

4. Categorization of modules into the three types standard, variant and unique,
depending on the commonalities found in traditional designs of the module
candidate based on the return on investment estimations (ROI).

5. Development of configurators for the identified modules.

An experienced designer of the family of products needs to be engaged in the
definition of the template product architecture. The template product architecture,
product level breakdown and identification of module candidates need to be
validated, for instance, by interviewing and surveying designers and project leaders
who have been involved in previous projects in the ETO company. The definition of
functional requirements and the coupling to the physical design are needed to
determine how the interfaces must be designed. Depending on the volumes of
categorized modules defined in step 4,  the ROI estimates of the development of the
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configurators can be made. The main driver for the development of modules and
module configurators is an ROI over a short length of time. The last step includes the
actual development of the configurator based on:

Parametric definition of the module (height/length/thickness/ratios etc.)
The input/output to/from the configurator such as geometry, CAD models, bill
of materials, structural design calculations etc.
Potential constraints from a structural, production or supply chain point of
view.

RESEARCH APPROACH

In order to test and validate the proposed method of developing configurable
“products in product”, the authors of this paper have been involved with an ETO
consultancy firm, responsible for the development of module configurators.
Therefore, the research process has been carried out as an action research process (cf.
Vinten, 1994). The purpose of this research is to analyze whether the proposed
method is appropriate in practice and can create configurable product architecture for
typical construction products (Patton and Appelbaum, 2003). Deep qualitative
empirical data are required to validate each step of the method, which means that the
use of case studies is a suitable validation approach (Eisenhardt and Graebner, 2007).
Therefore, the method was tested with a real case of an ETO engineering consultancy
firm to complete the empirical validation of the method.

CASE STUDY

The engineering consultancy firm studied delivers design solutions for all product
types and contractors in Sweden. Recently, the company put together a multi-
disciplinary team to develop modular product structures where parts of the structure
i.e. “products in product” can be configured using configurators. In order to analyze
and structure the architecture for the product family of buildings, data from the
company's previous projects were analyzed. Since the business management system
does not contain information regarding the projects’ inherent technical solutions, a
total of 70 project managers were surveyed to specify the design for each of the
projects carried out between 2010 and 2012. The response rate was 72% and resulted
in 1193 projects being analyzed and used as the basis for continued development in
accordance with the proposed method.

1. Selection of product family. The first step includes identifying the right product
for development. As stated by Cooper et al. (1999:333): “Portfolio management is
about making strategic choices – which markets, products, and technologies our
business will invest in”. The selection included an evaluation of which products are
most commonly used by the firm, but also those “products in the product” that would
be easy to implement and use. In the case study, the product family of buildings was
selected.
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2. Defining the product architecture for the selected product family. Based on the
1193 project designs, a template product architecture that worked as a proposal for
how the product platform could be designed was developed. Figure 1 shows the
product architecture and decomposition of the product family of buildings. In 28% of
all projects examined, the design of foundations and groundwork was included. The
team started the modularization work on the ground level because it was the second-
most common type of design structure in the firm and because coordination with
other disciplines such as installations is often not necessary.

Figure 1: The product architecture for product family of buildings

The survey also identified candidate module categories e.g. the number of designed
elevator pits and pile foundation etc. that were present in the collected projects. The
answers to the survey also recorded the possible module variants for each module
category. For example, if a specific design of a module was detected in more than
10% of the projects investigated, it was listed as a possible variant of that module
category. However, other factors apart from the identified module variants could also
affect the product architecture. The result of the survey in step 2 was then used in
steps 3 and 4.
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3. Determining the functional requirements. The functions of the categorized
modules in step 2 were identified through their design and by discussion with the
experienced engineers. The functions are aggregated according to product level e.g. a
pile foundation has the main function of load transfer to the ground at the modular
category level, but each module variant can have additional functions. The identified
modules from the collected ETO projects are all uniquely designed by different
engineers. Many different technical solutions for the same functional requirements
were present, with no clear interface between the different modules and the rest of the
building as a result. Therefore, the requirements and arrangement of the interfaces of
the module need to be untangled and determined in this step.

4. Module categorization. In this stage, the module variant level is defined, see
figure 1 which lists the module types for the pile foundations. The number of possible
module types corresponds to the usage rate in the projects. When the percentage
drops below a certain threshold, they are listed as “unique design” even though they
share the same functional requirements at the module category level. The main driver
for  the  company  to  develop  a  module  variant  is  having  a  fast  ROI  (here  ROI  is
defined as the time to repay the development cost with earnings from the productivity
increase). Three types of modules are defined: a standard module present in all
designs, a variant module that can be configured to fit the project and a design
module that needs to be uniquely designed for each specific project. The design
module has the same set of functional requirements and standardized interface
together with the other type of modules in the same module category.

5. Development of a configurator. From the unique design modules that have been
produced, in this case determined from drawings of collected projects, the common
denominators in the product design can be identified. These common denominators
are collected from the module types identified in step 4. Accordingly, simplifications
in the programming of module configurators can be achieved through inheritance of
common attributes and geometries. The next step is to define the output e.g.
drawings, specifications, NC files etc. and define how they should be formatted and
presented. When the output is defined, the required inputs need to be specified for the
configurator to be able to produce the module. The inputs can come from different
sources such as building regulations and codes, design rules from company standards
as  well  as  knowledge  from  domain  experts  on  the  specific  design.  Through  a
continuous dialogue between the development team and the domain experts,
solutions,  attributes and constraints of the product can be defined. The design of the
configurator structure consists of mappings between the inputs and the output of the
module. Calculations are then made using the specific product solutions, defined by
the inputs. These calculations need to be explained so that users can understand and
derive information from them. Simplifications in the calculations can be made to
simplify the programming phase and to reduce risks or inconsistencies. Parameters
can also be tabulated, for example a variable load can be given in load steps to make
the programming more efficient. Also, an increasingly modular product family will
facilitate and speed up the development of specific configurators. SolidWorks, and
the plug-in configurator TactonWorks, (Jensen et al., 2012), is used in the
development of the different configurators in the firm. The configurators are then
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placed on an intranet server, allowing the use of the configurator to be independent of
location and meaning it can be managed remotely.

CONCLUSION

The proposed method for developing configurable product platforms for use in an
ETO context, here denoted as products in product platforms, has several advantages
compared to existing methods. First, the development can be carried out
incrementally, selecting the modules with the quickest ROI time to start the process.
Second, the decomposition and analysis of previous construction projects, as
illustrated in the case study, shows the potential of utilizing data from the company
business management system and knowledge from the organization. This data also
made it possible to quantify the possible volumes of different module categories. The
division of the product architecture into standard, variant and design modules makes
it possible to reuse standard and variant modules to a greater extent and slowly ensure
that the technical solutions use a greater number of parts of products produced by the
construction industry. One factor that needs to be kept in mind is that, since we only
examine what has already been done, data that are collected from previous projects do
not necessarily reflect what will be planned in the future. Hence, just copying existing
solutions from previous projects can lead to the development of inefficient module
designs. However, this is, most likely, a minor problem since modularization of the
product architecture will eventually lead to an end product with greater flexibility.
Also, the potential for continuous improvements and incentives to adapt the design
for build-ability increases as solutions, methods and processes become standardized.
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Frågemall inför möte med försäljningsavdelningen 2007-11-28 
Patrik Jensen 08 566 14 61 
 
 
 

 1(1) 

Frågeställning försäljningsavdelningen 

Syftet: 
Att med önskemål och krav från specifikt kundsegment se hur väl byggsystemet uppfyller 
dessa.  

Genomförande av analys: 
Krav och önskemål från kund skall omvandlas till ett ”typhus” som skall pressenteras för 
konstruktionsavdelningen på huvudkontoret. Konstruktionsavdelningen kan utifrån detta hus 
förklara begränsningar och svårigheter i deras byggsystem som uppkommer för att lösa krav 
och önskemål från kund. 

Genomförande av Intervju: 
Dessa frågor skall endast ses som ett stöd i diskussionen och kan förhoppningsvis förtydligas 
under mötet. 

Frågeställning: 
 

1. Hur ser säljningsförfarandet ut vid möte med ny kund? 
2. Vilken är det tänkta kundsegmentet och hur ser den figurerade kunden ut? 
3. Vilken typ av hus säljer ni? Typhus, kundanpassat? 
4. Hur förmedlar ni företagets anpassnings begränsningar? 
5. Är pris den överordnade säljtaktiken?  
6. Vilka är de vanligaste säljargumenten för ert företag, vad skiljer er från övriga 

företag? 
7. Vilka krav ställer kunden på flexibilitet vad det gäller husets utformning?  
8. Finns några viktiga designkriterier som många köpare frågar efter? 
9. Finns krav på tillbyggnadsmöjlighet? 
10. Hur viktigt är tidsperspektivet? Vad anses som en rimlig tid att få ett hus 

inflyttningsklart? 
11. Har förseningar i leverans någon betydelse för val av hus leverantör vid försäljning? 
12. Hur sker uppföljning ut av levererade hus? 

 
 
 
 
 
 
 
 
Kontaktperson:   Mikael Blom  08 590 018 09  
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