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ABSTRACT
Production control is the coordination of supply chain and production 
activities within manufacturing systems to achieve specific delivery 
flexibility and delivery reliability with a minimum of cost. Swedish 
industrialised house-building is a part of housing construction, 
employing an engineer-to-order production strategy, meaning that 
products (buildings) are engineered (designed) and produced to order. 
The building system is used as a strategic asset, giving flexibility to the 
client and aiming for standardisation (e.g. operations, material) and 
predictability (e.g. quality and delivery times) of the production. Still, 
the operational platform encounters problems resulting in severe 
rework, which impact on quality and time frames. 

This thesis describes the transition for industrialised house-building 
towards improved production control by assessing tools from other 
manufacturing typologies than industrialised housing and engineer-to-
order. The aim of the assessment was to identify barriers against the 
transition.  

When assessing tools from other fields it is important that the 
analysis relates to the business model employed i.e. avoid the risk that 
measures introduced to the operational platform compromise the 
flexibility of the end product (the building). 

The tools were decided from a decision base methodology, which 
is a combination of a model for competitive capabilities and the three 
areas product, process and supply chain. The investigated tools were 
modularity, Systematic production Analysis (SPA) and Failure mode 
and Effect Analysis (FMEA).  

Empirical data were gathered from the production process of an 
industrialised house-builder and one of their first-tier suppliers. The 
results show that the tools have to be changed to fit in the 
industrialised house-building company. SPA was for example 
deconstructed with the idea to iteratively add back removed parts. In 
the FMEA study, the tool was also revised by suggesting new ranking 
systems to prioritise failure modes in production and the idea to reflect 
the industrial context of the house-builder and engineer-to-order. 
Especially indicative was the interaction between the severity and 
detection classes and the length of the supply chain. 



The most prominent barriers for production control identified in 
the assessment were product design in terms of interfaces and their 
tolerances, lack of testing in the production (exacerbated by the 
process length), choice of wood as the structural material, orders 
dispatched to the factory project-by-project, and lack of vertical 
integration among consultants and suppliers. Also, in the investigation 
of the transition towards improved production control, the assessment 
of the tools showed that it should be managed in a stepwise manner. 
Consequently, the impact from the tools on both the operational 
platform but also the business model can be monitored. 

Keywords: Production Control, Industrialised House-Building, 
Barriers, Modularity, Systematic Production Analysis, Failure 
Mode and Effect Analysis. 
 



SWEDISH ABSTRACT
Produktionsstyrning är samordningen av aktiviteter för produktionen 
och försörjningskedjan inom ett tillverkningssystem för att uppnå 
förutbestämd leveransflexibilitet och tillförlitlighet till så låg kostnad 
som möjligt. Det svenska industriella husbyggandet använder sig av en 
produktionsstrategi att konstruera och bygga mot order (engineer-to-
order) vilket innebär att produkter (byggnader) är konstruerade 
(projekterade) och tillverkade när klienten gör en beställning. 
Byggsystemet utnyttjas som en strategisk tillgång som ger flexibilitet för 
klienten och som samtidigt standardiserar (t.ex. aktiviteter och 
material) och ökar förutsägbarheten (t.ex. kvalitet och leveranstider) av 
produktionen. Den operationella plattformen stöter dock fortfarande 
på problem som påverkar kvaliteten och tidsramarna, t.ex. omarbeten. 

Den här avhandlingen beskriver övergången för industriellt 
husbyggande emot förbättrad produktionsstyrning genom att utvärdera 
verktyg från alternativa tillverkningsstrategier än industriellt 
husbyggande och engineer-to-order. Därigenom kan hinder mot 
övergången identifieras. När verktyg från andra fält utreds så är det 
viktigt att analysen kopplas mot den valda affärsmodellen dvs. undvika 
risken att införda åtgärder i den operationella plattformen inte 
äventyrar flexibiliteten hos slutprodukten (byggnaden).  

Verktygen valdes utifrån en metodik som är en kombination av en 
modell för konkurrensfaktorer och de tre områdena produkt, process 
och försörjningskedja. De utredda verktygen var modularisering, 
systematisk produktionsanalys (SPA) och Feltillstånd och effekter analys 
(FMEA).  

Empirisk data samlades in från tillverkningsprocessen hos en 
industriell husbyggare och en av deras materialleverantörer. Resultaten 
visar att verktygen måste förändras för att passa hos den industriella 
husbyggaren. SPA var exempelvis nedbrutet med syftet att iterativt 
lägga tillbaka borttagna delar. I FMEA fallet så förändrades även 
verktyget, genom att föreslå nya rankingsystem för att prioritera 
felstillstånden i produktionen, med syftet att det skulle spegla den 
industriella kontexten hos det industriella husbyggnadsföretaget och 
engineer-to-order. Samspelet mellan allvarlighet och upptäckbarhet 
och längden på försörjningskedjan var speciellt indikativ. 



De främsta hindren för produktionsstyrning som identifierades I 
utvärderingen var produktutformning i termer av gränssnitt och 
toleranser, brist på testning i produktionen (förvärrat av process 
längden), valet av trä som konstruktionsmaterial, att order lämnas 
projektvis till tillverkningen samt bristen på vertikal integration bland 
konsulter och leverantörer. Vidare utredningen av övergången emot 
förbättrad produktionsstyrning visade att den ska hanteras stegvis. 
Därmed kan inverkan från verktygen, både på den operationella 
plattformen, men även på affärsmodellen övervakas. 

Nyckelord: Produktionsstyrning, Industriellt husbyggande, 
Barriärer, Modularisering, Systematisk produktionsanalys, 
Feltillstånd och effekter analys. 
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1 

1 INTRODUCTION

This chapter introduces the reader to the research field and presents the aim and 
scope of the thesis, followed by its layout. 

Swedish industrialised house-building forms a part of housing 
construction, where companies use their bespoke building system as 
their key strategic asset (Johnsson, 2011). These companies have 
successfully sold their product in the housing market on the basis that a 
house sold as a product is different from one constructed as part of a 
larger development in terms of the long term commitment and services 
associated to products, based on platform thinking and modularisation, 
which is backed up by an efficient production system. To be 
competitive in the market, it is critical for these companies to produce 
an end product that is flexible, with fast, predictable delivery times, 
high quality and low predictable cost (Söderholm and Johnsson, 2009). 
The process-orientated production system uses defined value streams 
such as long-term contracts with both suppliers and clients, along with 
repetitive operations such as prefabrication and systemised experience 
feedback (Johnsson and Meiling, 2009). However, the production 
system is reliant on a functioning supply chain, manual production 
operations and the skills of the work force. As a consequence, the 
housing production still encounters problems such as small errors that 
result in rework, large potential variation in quality and erroneous 
material deliveries (Lennartsson, 2009). 

This thesis will identify barriers to increasing production control by 
investigating specific production system methods used in industrialised 
house building. Production control, in this thesis, means the 
coordination of supply chain and production activities within 
manufacturing systems to achieve specific delivery flexibility and 
delivery reliability with a minimum of cost (Bertrand et al., 1990 p17). 

Successful manufacturing companies are those that have managed to 
properly align their manufacturing strategy with their marketing 
strategy (Miltenburg, 2005). The strategies are dependent on the 
business model employed. According to Normann (2001), the business 
model consists of three parts: external environment (the market), the 
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offer (the product) and internal factors (the operational platform). The 
challenge is to align the demands of the market with the capacity of the 
operational platform to offer a sought-after product. From a theoretical 
viewpoint, this can be described as a fit between a market-based view, 
inspired by industrial economics (Porter, 1980) and the resource-based 
view approach (Prahalad and Hamel, 1994). de Haan et al. (2002) 
showed that the combined theoretical filter of market and resource-
based views can be applied to analyse construction manufacturing and 
core competencies.  

According to Miltenburg (2005), production control is one of six 
manufacturing levers within the production system: human resources; 
organisational structure and control; sourcing; production planning and 
control; process technology and facilities. The view of production 
control in this thesis is driven by the fact that achieving increased 
production control develops the operational platform and, following 
Miltenburg’s view or the business model, is aligned to the demands of 
the market.  

For project-based traditional housing construction, production 
control relies on look-ahead planning (Ballard, 1997), shielding against 
production variability (Ballard and Howell, 1998) and, from a lean 
construction perspective, the employment of the Last Planner System 
(Ballard, 2000). This system is designed to avoid possible future 
problems by identifying obstructions to the smooth running of the 
process and not allowing external problems to interfere with it. Thus, 
the objective is to streamline each specific project. However, 
industrialised house building is moving towards more process-
orientated production (Höök, 2006; Björnfot and Stehn, 2007), with 
defined value streams and increased levels of standardisation and 
repeated operations. Therefore, tools for production control from 
traditional construction are not directly of use for industrialised house 
building. 

Consequently, it is important to relate the industrialised house-
building production system to alternative manufacturing strategies. 
Construction is identified as a trade dominated by an engineer-to-order 
(ETO) production strategy (Gosling and Naim, 2009). This includes 
industrialised house building. ETO is part of a well-established 
manufacturing typology ranging from make-to-stock (MTS), through 
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make-to-order (MTO) to engineer-to-order (Sackett et al., 1997; 
Caron and Fiore, 1995; Konijnendijk, 1993). The distinction for this 
typology is the order decoupling point, which dictates the production 
strategy (Hoekstra and Romme, 1992; Sackett et al., 1997) i.e. based 
on forecasts (MTS) or orders (ETO), where MTO lies somewhere in 
between, being based on both forecasts and orders.  

For industrialised house building, the client initiates the order to 
build and the sales department communicates with the client until the 
order is won. The design department (engineering function) converts 
client demands into manufacturable elements, guided by the building 
system. Nothing is produced before the order decoupling point. 

In the business model view, the operational platform is the 
production system. Production methods and actions should be 
connected to the production performance outputs i.e. flexibility, 
project times, quality and costs. However, the production control 
strategy must align with the order decoupling point in order not to 
compromise the business model and the competitiveness of the market. 

Literature that deals with manufacturing often describes production 
control strategies for industries with more “mature” production systems 
(Miltenburg, 2005; Vollmann et al, 1997; Hill, 2000). Here, mature 
means using more advanced production control tools that require the 
measurement and capture of a highly detailed flow of information. 
Literature regarding production control for ETO companies is not so 
common. Bertrand and Muntslag (1993) proposed a framework for 
production control in ETO companies, based on splitting the 
production process into smaller chunks. 

Bergström (2004) investigated Enterprise Resource Planning 
(ERP), a method developed for mature production systems e.g. 
employing MTS strategies for industrialised house building. The 
conclusion was that inadequate IT systems and poor communication in 
the supply chain were obstacles to a successful implementation. Simply 
put, this means that there is an insufficient flow of information and 
almost no measurements available or performed in the production 
system. An example of information could be lead times for different 
operations and material consumption. Bergström (2004) also stressed 
that another obstacle for ERP is to allow too much freedom of the 
client in terms of customisation. Consequently, it becomes more 
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difficult to introduce testing and quality checks in the production 
process and gathering of data which would increase the information 
flow. Thus, in this thesis, industrialised house-building companies were 
deemed too immature to use the concept described by Bertrand and 
Muntslag (1993). 

1.1 INDUSTRIALISED HOUSE-BUILDING
Swedish industrialised house building companies serving the multi-
storey housing market have, in several stages over the last fifteen years, 
developed their methods, organisation and technical solutions such that 
industrialised construction is now gaining market share (Engström, 
2012). During this period, the companies have taken about fifteen per 
cent of the housing market in Sweden. They only operate in the 
professional clients market.  

Sales, design, production and assembly of the building are 
integrated into one company. A successful strategy has seen 
development at a moderate pace. In Sweden, there have been 
initiatives using the industrialised concept with high levels of 
prefabrication, which have failed because they have tried to grow too 
quickly (Gerth, 2008).  

A key strategy is to take full responsibility for the client and their 
requirements from sales through design and production, thus offering 
the client full transparency during the building process. However, the 
market is still project-oriented and clients can not only demand, but are 
permitted, to request customised solutions. The struggle for house 
building companies is to balance standardisation with customisation and 
to reduce uncertainty in the supply chain (Gosling et al., 2012). 

The companies competing in the housing market offer shorter 
project times, good quality and lower costs (Söderholm and Johnsson, 
2009). Time and quality are critical parameters: delivery times are 
currently regarded as the most important characteristic of industrialised 
housing. Delivery times are herein defined as the time from when 
orders are won to when they are delivered to the client. Low cost is 
always important, as it is a pre-requisite for successfully turning a 
tender into an order. 

The challenge to the business model (Fig. 1) is the alignment 
between the market and the operational platform that together create the 
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offer. Specifically, this means that the market and the offer are in the 
project-orientated part of Fig. 1, which allows product flexibility 
(unique demands), whilst the operational platform is found between the 
project and the process frame in Fig. 1 (standardised system and 
operations). Many of the industrialised housing companies are in a 
transition to increased production control. This can be visualised as the 
operational platform moving towards deeper process-orientation 
illustrated by the right-hand arrow. An important implication of Fig. 1 
is the relationship between the three entities (market, platform and 
offer). If the operational platform (and/or the production system) is 
moving towards project-orientation and the market and the offer is 
fixed, it will build stress into the business model i.e. the production 
system will experience problems coping with market demands as they 
realign the production system and are constrained by its six levers as 
described by Miltenburg (2005). If this transition is sub-optimal, the 
coupling to the market and the offer will break, risking the business 
model. 

 
Fig. 1. Business model and transition for industrialised house building. 

The transition indicated (the right-hand arrow) in Fig. 1 is illustrated in 
detail in Fig. 2 (inspired by the supply chain strategy matrix from 
Childerhouse et al. (2000)). The delivery times are related to the 
flexibility (product mix and modification, see e.g. Gerwin, 1993)) of 
the end-product, covering low to high demand. Thus, the three 
production strategies (MTS, MTO and ETO) are placed accordingly in 
Fig. 2. 

Project 
orientation 

Market 

Offer 

Process 
orientation 

Operational 
Platform 
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Fig. 2. Relationship between delivery time and end product flexibility for 

manufacturing strategies, inspired by Childerhouse et al. (2000). 

MTS companies have immediate delivery (short delivery times) after 
orders are won (Hill, 2000) i.e. manufacturing of standard products 
ahead of demand and sales based on forecasting. MTO companies 
make fairly standard products (low to average flexibility) but have 
longer delivery times (average delivery times) due to manufacturing 
mainly taking place after orders are won. ETO companies offer 
customised products (high flexibility) and also include an engineering 
phase that impacts on delivery times (long delivery times).  

Arrow 1 in Fig. 2 shows the transition to be studied. This shift, 
along with its associated barriers, represents the move from the ETO 
production systems of the industrialised house building companies 
towards the shorter delivery times that MTS production systems can 
create. 

According to Childerhouse et al. (2000), it is not possible to offer 
high-end product flexibility (Childerhouse et al. called it “degree of 
customisation”) and short delivery times (area A), because of the 
associated design phase. However, industrialised house building 
companies use their building system to cut delivery times and still offer 
end-product flexibility. The trade-off is the reduction of end product 
flexibility (arrow 2), moving towards area B, which Childerhouse et al. 
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(2000) also deemed unfeasible as the market rarely accepts standard 
products with long delivery times. 

Thus, transition in the direction of arrow 1 is desirable whereas 
transition in the direction of arrow 2 is not. The reason for wanting the 
transition shown by arrow 1 is to apply the practice and methods used 
by MTS production control processes to increase the performance of 
the ETO companies’ industrialised house building production systems. 

The challenge is to balance the end-product flexibility with the 
outputs from the operational platform (project times, quality and costs), 
whilst overcoming or adapting to the barriers rising when employing 
methods developed in another production setting with other core 
competences. Thus, the risk is that successfully moving in the direction 
of arrow 1 might also imply movement in the direction of arrow 2, 
which puts strain on the offer in the market (Fig. 1) resulting in the 
actual transition being diagonal, moving towards MTO, as shown in 
Fig. 2. 

1.2 PRODUCTION CONTROL IN INDUSTRIALISED HOUSE-
BUILDING

Production control is the coordination of supply chain and production 
activities in manufacturing systems to achieve specific delivery 
flexibility and delivery reliability with minimum costs (Bertrand et al., 
1990 p17). The purpose for the production control framework is, in 
essence, summarised by this definition, as it covers the whole 
operational platform and the critical outputs for industrialised house 
building. Thus, the transition indicated in Fig. 1 and elaborated in Fig. 
2 can be characterised through this framework. 

The prerequisites (operational platform) for production control in 
industrialised house building are a mix of traditional house building and 
process-oriented manufacturing (Fig. 1). In accordance with the 
combined view of market and resource-based strategy, production 
control strategies have to align to those of manufacturing, to win 
orders. In turn, the manufacturing strategy has to align with the market 
strategy i.e. the business model. 

The conceptual view of the production system taken in this thesis is 
illustrated in Fig. 3 and shows a generic system with an input that 
results in a response (Wang, 2005), a so-called p-diagram. The response 
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depends on control and noise factors, which impact the response 
variability. Whilst it is possible to specify the control factors, noise 
factors are not controllable. The target is to have a response which is 
reliable (so the output can be trusted) and robust (low variability). 

 
Fig. 3. Control and Noise factors. Source: Wang (2005). 

From the viewpoint of production control for industrialised house 
building, a problem currently is that there are only rough estimates of 
the responses that can be directly connected to the production 
performance outputs i.e. quality, delivery times, flexibility and cost. 
Further, there is even less understanding of the nature of the control 
and noise factors. Consequently, when the production system expands 
or transforms, more factors will have an impact on the response, 
building up unpredictability and variability. According to Konijnendijk 
(1994), in itself, the unpredictability of the production process is typical 
for engineer-to-order companies. Testing cannot be carried out before 
all other operations are complete which inevitably leads to rework or 
repairs, impacting customer deliveries. 

Thus, tested and developed methods for increased production 
control are missing for companies with the engineer-to-order strategy 
including industrialised house building companies. 

System 

Control Factors:
Parameters whose 
nominal values can be 
adjusted cost-effectively 

Noise Factors: 
Parameters that influence 
the system variability but 
are difficult, expensive or 
impossible to control 

Input 

Response 
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1.3 AIM AND SCOPE OF THE THESIS

The aim of this thesis is to describe the transition of industrialised 
house building towards improved production control. 

The aim has been determined by the results of the discussion about the 
transition shown in Fig. 2 and its relationship to the business model 
(Fig. 1). This transition is tested to see if there has been an increase in 
production control in three cases. Three research questions have been 
formulated using this assumption. The p-diagram (Fig. 3) is used as 
guidance to identify barriers to implementation and to aid the 
incorporation of adapted production control methods from the make-
to-stock/make-to-order disciplines. 

RQ1: What constitutes production control in industrialised house 
building? 

RQ2:  What barriers to production control are identified by 
applying tools from a manufacturing typology different 
from that of industrialised house building? 

RQ3:  How should the transition of industrialised house building 
towards improved production control be managed? 

This research will not investigate the business model or the production 
system as a whole, only production control as a way to increase the 
performance of the operational platform (production system) within 
the business model. This means that the marketing strategy and the 
offer, as part of the business model, are not particularly investigated, nor 
any of the other levels of the production system. However, the 
theoretical idea in the thesis examines the adaptation between market 
and resource-based production strategy and the reasons why the market 
is acknowledged to have an impact on the operational platform and the 
manufacturing strategy. Thus, they cannot be excluded from the 
analysis. Also, from a construction production point of view, the work 
on-site must be included for a comprehensive analysis of production 
control. However, the case company studied has a prefabrication 
degree of almost 80% i.e. 80% of production activities are executed in 
the factory, so this study has excluded analysis of the on-site work. 
Still, operations and activities that are carried out in the factory, which 
may impact the work on-site, are included. 



The Transition of Industrialised House-Building towards Improved Production Control 

10 

The theoretical frame of reference will explore the production 
control framework resulting from the industrialised house building 
production system, which is itself a consequence of the ETO 
manufacturing strategy. This means that an understanding of 
production control and manufacturing production strategies literature is 
needed. The unit of analysis employed is the ETO value chain based 
on a three dimensional model proposed by Fine (1998) from the field 
of concurrent engineering and product development. The model 
suggests that the variables product, process and supply chain, with their 
overlapping responsibilities, should be described.  

The methods employed, modularity (product development), 
Systematic Production Analysis, SPA (production performance) and 
Failure mode and Effect Analysis, FMEA (quality management), are 
decided based on the methodology presented in section 4.3 and may 
have multiple purposes (as indicated in brackets) but are here evaluated 
in reference to their applicability for production control in 
ETO/industrialised house building. 

1.4 LAYOUT
This thesis is made up of seven chapters and four appended papers. 

Chapter 1: Introduces the reader to the research field and 
presents the aim and scope of the thesis. This is 
followed by the layout of the thesis. 

Chapter 2: Presents the research process, theoretical stand-
points and the methods selected for collection of 
empirical data. 

Chapter 3: Describes the company studied and the industrial 
environment where empirical data have been 
collected. 

Chapter 4: Summarises and synthesises the theoretical 
frameworks collected from the appended papers 
and elaborates on them within the scope for this 
thesis. 
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Chapter 5: Presents the findings from Papers A – D and 
describes the analysis of the findings in 
conjunction with the theoretical framework and 
the description in chapter 2 in order to help 
achieve the aim of the thesis. 

Chapter 6: Based on chapters 3 – 5, the results are used to 
discuss and answer the research questions. 

Chapter 7: Discussion of the cross-analysis and conclusions 
are drawn. The thesis is completed with 
suggestions for future research. 

APPENDED PAPERS A - D: 

Paper A: Production Control through Modularisation 
 Authors: Martin Lennartsson, Ass. Prof. Anders 

Björnfot, and Prof. Lars Stehn 
 Published in: The Proceedings of the 17th Annual 

Conference of the Intl Group for Lean Construction, 
Taipei, Taiwan 

 Martin Lennartsson’s contribution was to plan, 
collect and analyse the empirical data. All authors 
contributed to the design of the conceptual idea 
for the paper. The paper was written by Martin 
Lennartsson and Anders Björnfot under the 
supervision of Lars Stehn. Findings from the 
paper will be used to answer research question 1 
and 2. 

Paper B: Step-by-Step Modularity – a Roadmap for 
Building Service Development 

 Authors: Martin Lennartsson and Ass. Prof. 
Anders Björnfot 

 Published in: Lean Construction Journal, 2010. 
 Martin Lennartsson’s contribution was to plan 

and collect the empirical data. Martin also 
conducted the literature review and realised the 
theoretical base in the paper. Both authors 
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conceptualised the idea and contributed to the 
analysis of the data as well as writing the paper. 
Findings from the paper will be used to answer 
research questions 1, 2 and 3. 

Paper C: Production Resource Management in the 
Industrialised House-Building Supply Chain 

 Authors: Martin Lennartsson and Ass. Prof. 
Anders Björnfot 

 Accepted for publication in: EPPM Journal, 2012. 
 Martin Lennartsson’s contribution was to plan 

and collect the empirical data. Martin also 
conducted the literature review and realised the 
theoretical base in the paper. Both authors 
conceptualised the idea and contributed to the 
analysis of the data as well as writing the paper. 
Findings from the paper will be used to answer 
research questions 1, 2 and 3. 

Paper D: Testing Failure Mode and Effect Analysis in 
an Engineer-to-Order Context 

 Authors: Martin Lennartsson, Ass Prof. Helena 
Johnsson, and Ph.D. John Meiling 

 Submitted for possible publication in: International 
Journal of Production Economics 

 Martin conducted the literature review relating to 
FMEA and aided in the analysis of the engineer-
to-order trade in collaboration with Helena 
Johnsson. The ranking system model was 
developed by Martin and John Meiling. The 
paper was written by all three authors. Findings 
from the paper will be used to answer research 
questions 1, 2 and 3. 
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2 RESEARCH METHOD

This chapter describes the research method and process. This includes the 
research strategy and design, followed by data collection activities and a 
discussion of the quality of the research. 

2.1 RESEARCHER’S BACKGROUND
I have been a member of the ‘Timber Structures’ research group at 
Luleå University of Technology for five years. The group works in the 
research fields of structural engineering and construction management. 
The purpose for the link between these fields is to study the 
development of industrialised construction companies.  

My background is an MSc. in Industrial and Management 
Engineering from Luleå University of Technology which includes a 
technical specialisation in civil engineering. With this background, I 
found the development of industrialised house building interesting i.e. 
originating in a traditional project environment but moving towards 
process-orientated practice. My background in quality engineering has 
also influenced the research approach in the sense of examining and 
alternating between qualitative and quantitative tools and 
methodologies. 

During my PhD studies, I have been involved with the Lean Wood 
Engineering (LWE) research competence centre in their research and 
development of structural engineering and construction management. 
Participation in LWE activities (workshops, seminars, courses and 
conferences) has been important as it has allowed me to approach the 
research from different perspectives and to gain pre-understanding of 
both the research field and the industrial context. LWE has a wide 
range of expertise within its walls, including researchers and company 
representatives and combines both technical and social science fields. 
This mixture of objective and subjective knowledge has helped to 
strengthen the confidence in the research methods used in this thesis 



The Transition of Industrialised House-Building towards Improved Production Control 

14 

2.2 RESEARCH APPROACH
As a result of the problem discussion (Fig. 1 and Fig. 2) and the 
contextual setting of industrialised house building, which will be 
further elaborated in chapter 3, it is clear that these companies struggle 
to use elements of different manufacturing strategies (MTS, MTO and 
ETO). In this thesis, three different tools (modularity, SPA and 
FMEA), that were developed for contexts other than industrialised 
house building and engineer-to-order, have been tested.  

A respectable objective for academic research is to generate 
knowledge for knowledge’s sake (van Aken, 2005). However, when 
referring to the discipline of management research, an alternative 
criterion is added, namely, relevance (van Aken, 2005). Following on 
from the aim and research questions stated in this thesis, the ambition is 
to contribute both academically (barriers to the transition from ETO to 
MTS/MTO) to the scientific field and also practically to the industry 
i.e. describe issues that arise in the race towards improved production 
systems in terms of efficiency and reliability, whilst still being aware of 
the risks associated with this transition. 

In essence, this is the balance between Mode 1 and Mode 2 
research, where Mode 1 represents the traditional approach to research 
i.e. the main focus is the scientific community and the aim is to fill 
gaps in the existing theories. The Mode 2 approach is more field-
problem driven and solution-oriented (van Aken, 2005), describing 
and analysing different courses of action in dealing with certain 
organisational problems. Criticism of Mode 2 research includes the 
argument that science and practical relevance should be kept separated 
(Kieser and Leiner, 2009) and also a debate on knowledge validity (van 
Aken, 2005). 

Another important viewpoint in the research approach is the 
discussion concerning positivism and anti-positivism (or 
interpretivism). The positivistic approach follows the traditions of the 
natural sciences and claims that social sciences and natural sciences 
should be investigated in the same way i.e. findings only have value if 
they can be empirically verified. Everything that cannot be tested 
empirically, such as feelings, values, religious beliefs and political 
statements, do not belong in the scientific sphere (Wallén, 1993). On 
the other hand, interpretivism is described from a non-objective social 
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world, which is instead interpreted by individuals and consequently 
different to the natural world. 

Reviewing the aim of this thesis, “…to describe the transition of 
industrialised house building towards improved production control”, it 
can be concluded that there will be elements of both positivism and 
interpretivism.  

The research in this thesis consists of two parts: (1) gaining 
knowledge and understanding of the company studied, from four 
qualitative studies of building services in industrialised house building, 
starting in the theoretical field of modularity and (2) experimentally 
testing two tools in the specific context of the supply chain of the 
company studied. 

The approach to theory construction in (1) was primarily 
abductive, motivated by the paucity of previous knowledge. The idea 
is based on the notion that there are no a priori hypotheses, no 
presuppositions and that there is no advance theorising. During the 
process, the empirical area of interest is gradually developed and the 
theoretical frame is refined (Alvesson and Sköldberg, 2008). The 
approach concentrates on finding underlying patterns and an overall 
understanding. It was decided to take on a learning strategy where the 
case design was decided depending on analysis and learning from the 
previous case. Thereby, general knowledge of the field is gained, 
relevant analyses can be made and findings can be declared as valid. 
The data in these four studies are mainly observations and interviews.  

For the four data collections included in Papers A and B and the 
description of the company studied in the next chapter, which is 
primarily targeted at answering RQ1 and RQ2, the logic was to 
understand the situation in the given context. Thus, the interpretations 
of the data have been influenced by a subjective view of reality. This 
was especially true of the first studies concerning mapping of electricity 
and the evaluation of a plug-and-play system, where the previous 
experience of the studied phenomena (industrialised house building) 
was novel to the researcher and the studies in themselves were of a 
qualitative nature based on observations and interviews. For the studies 
about flow mapping of building services and consultant procurement, more 
contextual understanding was achieved and those studies also leant 
more towards positivism, as it primarily concerned interpretation and 
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understanding of documents such as drawings and submitted consultant 
proposals. 

In (2), the approach is more distinctively deductive, motivated by 
the “experimental design” based on existing established theoretical 
tools (SPA and FMEA). Thus, the observations from the tests 
contribute to answering RQ2 and RQ3 i.e. they support the 
description of reality (barriers and the transition to production control). 
For the data collections included in Papers C and D, the logic for the 
studies was to hypothetically test the tools SPA and FMEA. Thus, the 
results and interpretations are more positivistic in nature. It is the 
combination of observations along with experiments, which generates 
theory, forms the proof and answer to the aim in this thesis. 

Ontologically, this thesis is primarily objective rather than 
subjective, which is driven by both the researcher’s background as a 
quality engineer (having a product view and limited interpretation of 
data) and the design of the data collections, where the gaining of 
knowledge and qualitative understanding form an objective body of 
knowledge and the two experimental designs are in themselves 
somewhat objective. 

2.3 RESEARCH DESIGN
Following on from the description of Mode 1 and Mode 2 research 
approaches it is reasonable to say that the design has emerged over the 
course of the study by gaining knowledge through the investigation of 
empirical problems in the industrialised house building sector in 
general and in the company studied in particular. 

An important position for the researcher to identify is the 
theoretical frame of reference, which was initially the field of 
modularity. This was chosen because of its advance in fields like 
computers and manufacturing, whilst it has hardly been applied to 
construction and housing. Modularity was also seen as a means to 
reduce variance and manage buildability. In principle, modularity 
worked as a theoretical filter to obtain a holistic view of the production 
system in industrialised house building and the company studied. 
However, in the research process and with the addition of Fine’s 
modularity model, the theoretical framework was widened to include 
production control and manufacturing strategies. Consequently, it 
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became important to understand the entire supply chain in the 
company studied. In Fig. 4, the research process is summarised 
(including the appended papers) thus: (1) Qualitative understanding is 
followed by (2) experimental testing and (3) theory building in 
conjunction with the research questions and the aim of this thesis. 

 
Fig. 4. The research process (Data collection in grey). 

2.4 DATA COLLECTION AND ANALYSIS
As depicted in Fig. 4, a total of six case studies were carried out; they 
are presented in this section. The studies are described in terms of how 
data were collected and analysed. A summary of the case studies is 
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showed in Table 1. All of the case studies can be said to be exploratory 
in the sense that they provide relevant information for further research 
(Yin, 1994), but there are also explanatory elements in all of the 
studies.  

Table 1. Summary of cases. 

Case 
description 

Number 
of cases 

People 
involved 

Method 
tested Data type RQs 

addressed 

Mapping of 
Electricity 1 +20  

Observations, 
interviews, film 
and time 
recording 

RQ 1, 2, 3 

Plug-and-play 
system 1 6  

Observations, 
interviews, film 
and time 
recording 

RQ 1, 2, 3 

Flow 
Mapping of 
Building 
Services 

5 6 
Design 
Structure 
Matrix (DSM) 

Direct 
observations, 
interviews, 
documentation 

RQ 1, 2, 3 

Consultant 
Procurement 1 +20 Procurement 

Direct and 
participant 
observations, 
interviews, 
documentation 

RQ 1, 2, 3 

Systematic 
Production 
Analysis 

1 12 
Systematic 
Production 
Analysis (SPA) 

Observations, 
interviews RQ 2, 3 

Failure Mode 
and Effect 
Analysis 

1 6 

Failure Mode 
and Effect 
Analysis 
(FMEA) 

Participant 
observations, 
interviews 

RQ 1, 2, 3 

The first four qualitative studies are also described in the researcher’s 
licentiate thesis (Lennartsson, 2009), but from a different viewpoint and 
with a different aim than in this thesis. 

2.4.1 Mapping of Electricity 

The study was carried out over two months in the spring of 2007 and 
attempted to (1) identify value-adding activities in electrical assembly 
and (2) measure the approximate time these activities took. To achieve 
the aim, the different operations relating to the assembly of electrical 
installations in the factory were filmed with a video camera and timed 
using a stop-watch by the researcher. In total, four hours of film were 
produced from studying 53 volume modules. These modules were part 
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of one project comprising 40 dwellings, made up of three or four 
volume modules in each dwelling. 

In the analysis, the film and the timed operations were categorised 
(14 operations were identified) and sorted with respect to the element 
being worked on (wall, ceiling, volume), the worker, location in the 
production process and amount of time the task took. 

This was followed by a categorisation, carried out by the researcher, 
of commonly occurring errors in assembly as a result of drawing errors 
and included all the building services (electricity and HVAC).  

Archival records of previously reported drawing errors were 
analysed from 14 projects, covering a total of 1,843 volume modules. 
407 errors were reported of which 237 related to the building services, 
split as 140 for electricity and 97 for HVAC. Together with the 
building service manager in the company studied, a selection of 
commonly occurring errors was chosen in order to investigate 
additional correction times. This investigation was carried out by 
interviewing people from the work groups affected by the errors. The 
daily operations involved the following work groups:  

15 – 20 Carpenters (In-house personnel) 

5 – 6 Electricians (subcontracted) 

3 HVAC contractors (subcontracted) 

2 – 3 Carpet assemblers (subcontracted) 

4 – 5 Painters (subcontracted) 

One or two persons from each work group were interviewed in open-
ended interviews, where they estimated the time it took their group to 
correct errors. 

In the analysis, these time estimations were summarised and 
compiled to provide an overview of the affected work groups and 
overall time taken to fix the errors in comparison to the the time taken 
to perform the task without error. 

2.4.2 Plug-and-Play System Study 

The study took place over two months in the spring of 2007 and 
investigated a plug-and-play system for electrical installations in order 
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to identify possible improvements in assembly time and coordination of 
the production process. 

The investigated project was selected by the researcher and 
company management (two people involved) and consisted of a 
temporary, single floor, prison facility composed of 20 volume 
modules. Thus, the project was quite simple in terms of electrical 
installations, with only one building and less wiring than in typical 
housing projects. The plug-and-play system was used for the power 
supply, emergency lighting and electrical heating system (due to the 
special conditions imposed on projects of this nature, there is no water-
based heating system). 

The strategy for this study was to observe the manufacturing in the 
factory and also the final assembly on-site. Therefore, it was possible to 
follow the whole process, the work of the electricians and their 
perceptions of the system being tested. The electricians employed were 
subcontracted from a local firm near the factory and, in total, three 
people worked throughout the project, two of whom were involved 
with the project in the factory and on-site, to finish the work.  

The different operations were filmed by the researcher with a video 
camera and timed with a stop-watch. In total, three hours of film were 
produced from the factory and the building site. 

After the project was completed, an evaluation led by the 
researcher was held where company management, electricians and 
designers gave their opinions about the tested system. The evaluation 
was designed as a focus group. 

In the analysis, the corresponding operations were compared with 
respect to the time consumption between traditional assembly and the 
plug-and-play system. The analysis of the evaluation compared the 
views of the company management, the designers and the electricians 
about the plug-and-play system. 

2.4.3 Flow Mapping of Building Services 

In conjunction with the consultant procurement (section 2.4.4), it was 
important to prepare a solid tender with specifications of the different 
systems involved. It was therefore decided to perform a mapping of 
building services for industrialised house building. This involved four 
more companies in addition to the case study company. 
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The study took place over two months at the beginning of 2008, 
characterising building service systems currently used and the logic of 
where they were located in a generic building. Suitable projects were 
selected by the participating companies, for both the building services 
and also the buildings. Data were gathered from drawings and 
supplemental interviews carried out with designers from the different 
companies. 

In the analysis, the researcher used the Design Structure Matrix 
(DSM) which is suitable for the decomposition of systems (Browning, 
2001) and interpretations were made in respect to critical interfaces 
within the building. 

The interviews were prepared by the researcher and questionnaires 
were sent to the involved participants beforehand. The researcher also 
made initial analyses from the drawings in order to have some 
knowledge of them at the start of the interviews. The design of the 
interview questions was verified and revised in accordance with the 
answers from the respondents. 

2.4.4 Consultant Procurement 

It was decided to procure Swedish building service consultants to help 
develop a new building system. A total of five industrialised house 
building companies participated. An initial telephone survey suggested 
that consultants felt this to be an interesting project to be involved 
with. 

An invitation to take part in the project was prepared (including the 
flow mapping described in the previous section) in collaboration with 
the participating firms and senior advisers from the construction trade. 
The researcher mailed the invitations to the consultants that had 
declared an interest in the project. As a result of all the invitations sent, 
five proposals for the project were received by the researcher. 

In a meeting with the five companies, the consultants were invited 
to explain their proposals. The assessment was conducted using a 
questionnaire prepared by the researcher, which aimed to evaluate the 
level of holistic view and the industrial suitability of the proposals. 

The data analysis in this study included both the proposals 
submitted, which provided a view of building service development 
from a consultant perspective and also the results of the meeting and 
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the subsequent discussion between the five participating companies, 
which provided a view of building service development from the 
building companies’ perspective. 

2.4.5 Systematic Production Analysis 

The case study took place over 17 days in October and November of 
2010 and experimentally investigated the method of Systematic 
Production Analysis (SPA) at a first-tier supplier of patio doors to the 
company studied. The researcher, in collaboration with the 
management of the supplier, decided to study the manufacture of one 
batch consisting of 152 doors. The product (patio doors) and their 
production process were defined and characterised by the researcher 
through on-site observations and interviews with company personnel. 
Together with company management, worker interviews and 
observations, their production system in terms of resources was defined 
and characterized for the different workstations. The researcher and 
company management decided to investigate the entire production 
process for patio doors. Characterisation of response parameters and 
resources was carried out in a workshop led by the researcher together 
with the company management; the results were transferred to SPA 
worksheets. The worksheets were distributed to the workstations and 
the factory workers were asked to log causes for the wastage of material 
and downtimes. 

In the analysis, the worksheets were combined into one SPA matrix 
and analysed in accordance with SPA methodology. 

2.4.6 Failure Mode and Effect Analysis 

The case study took place during the autumn of 2011 and 
experimentally investigated the method Failure Mode and Effect 
Analysis (FMEA) at the company studied. The test was carried out on a 
problem involving many functions in the supply chain, making it 
suitable for a process-FMEA. The problem was the tolerances in the 
on-site assembly of floor elements. Representatives from the entire 
supply chain in the case study company participated in an FMEA 
workshop in November 2011. Preparation and post-work of the 
FMEA workshop was conducted by the research team (the authors of 
Paper D) and was based on a joint literature review as well as 
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discussions. The data collection resulted in a set of failure modes and 
effects for the tolerance problem. The empirical data were collected by 
the cross-functional team, consisting of six people. The transcription 
and transfer to spreadsheets were done by the research team. The 
research team also gathered background data from specifications, 
photographs and problem descriptions using a multiple data collection 
approach (Gummesson, 2000). Furthermore, supplemental interviews 
and participating observations were made from November 2011 to 
February 2012 to fully understand the tolerance problem. 

The empirical data collected in the workshop were analysed using 
an iterative method of FMEA. The interview data were only used in 
the FMEA analysis process to help avoid misinterpretations. 

2.5 RESEARCH QUALITY
To ensure that the research is of good quality, the findings have to be 
valid and reliable. Consequently, the researcher has to be aware of 
potential methodological pitfalls and take relevant measures to mitigate 
these risks. Two aspects of research quality are discussed: (1) the reason 
for studying a single company and (2) methodological considerations in 
the appended papers in the thesis. 

2.5.1 The Reason to Study a Single Company 

The reason to primarily study only a single company is based on the 
theoretical basis and logic of the business model (Fig. 1 and Fig. 2) and 
the relationship between the market and the operational platform. 
Further, the characterisation (elaborated in Paper B and chapter 4) of 
the operational platform in the three areas of product, process and 
supply chain implies the importance of fully investigating one 
organisation rather than trying to fit studies from different contexts into 
one overarching analysis, which then risks being too broad to be 
properly analysed and yield valid findings. 

The risk associated with studying only a single company is that 
analyses and findings are only valid in that context. The first four 
studies aimed at gaining qualitative understanding and the first two 
studies; mapping of electricity and plug-and-play system implied that the 
researcher collected data, which were verified for the company studied. 
However, the third and especially fourth study included in the 
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qualitative understanding, study flow mapping of building services and the 
consultant procurement, embraced the a larger part of the industrialised 
house-building trade and validated the data from the first two studies. 
Important here was the development of invitations within the frame of 
the consultant procurement, where five companies participated. Thus, 
it was crucial that details were correct for a generic building system and 
housing company. In the evaluation of submitted proposals 
observations from the first two studies were verified. Thus, the view of 
the four studies for qualitative understanding together forms a body of 
knowledge across the industrialised house-building trade. 

For the two experimental studies (Paper C and Paper D) it is more 
difficult to generalise the data outside the given context. Moreover 
these studies should be regarded as pilot studies in the sense that the 
tested tools have not previously been investigated in this context. 
However, the studies are motivated from and rest on the knowledge 
base of the qualitative understanding and part of the collected data from 
these studies is also regarding barriers which are not exclusive to the 
company studied but should be applicable in a wider context 
(industrialised house-building and engineer-to-order firms).  

2.5.2 Methodological Considerations in the Papers 

As illustrated in Fig. 4, the structure in this thesis is that the 
introductory paper, together with Papers A – D, address the aim of the 
thesis and the research questions. Thus, it is the combined analysis of 
those elements that creates a body of knowledge i.e. the introductory 
paper does not solely connect the appended papers together but also 
includes contributions to the thesis itself. Still, the Papers A – D are 
four independent units, where the empirical data have been used to 
verify the specific aim or purpose in each paper. Therefore, because the 
appended papers and the introductory paper are so interlinked, it 
becomes important to address methodological considerations in the 
separate papers. Considerations are here regarded as flaws constraining 
the analysis towards the aim in this thesis. 

In Paper A, modularity was applied to create prerequisites for 
production control over building services using the Design Structure 
Matrix (DSM). However, the theoretical view for production control 
was influenced from the contextual constructions view i.e. the analysis 
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was affected of the project-orientation and the shielding of production. 
The suggestion in the paper is the development of building service 
modules (ceiling and shaft). Paper B is basically a continuation of Paper 
A and presents visualisations of a ceiling and a shaft, which were the 
end results from the consultant procurement. If the analysis and 
theoretical fundament would have been closer associated to process-
orientation, there is a possibility that other product solutions had 
emerged than the ceiling and the shaft. Consequently, other barriers 
than the ones identified could have been discovered. However, this is 
mitigated from the theoretical view on modularity coming from 
manufacturing. 

The same reasoning goes with the proposed roadmap in Paper B 
that it is developed in the contextual settings within construction and 
needs more research and empirical data to be confirmed. However, the 
fundamental idea to manage the transition with a stepwise 
methodology is a common characteristic across all of the papers. Thus, 
it is the collected view that increases the strength in this proposition. 
Further, the concept of Fine (1998) in Paper B is further discussed and 
developed in this introductory paper. 

In Paper C, the SPA results and the conclusion on problems with 
wood as work piece material is weak in the context of a single case 
study. However, this conclusion was augmented from the data in Paper 
D, where a different tool (FMEA) and a different setting also pointed 
out wood as a problem.  

As mentioned above the difficulty in both Paper C and Paper D is 
the context specific validity. However, the nature of these tools is that 
they have to be fitted in the specific context. In this thesis it is 
proposed to stepwise deconstruct and alter or revise the tools i.e. how 
to manage this fit. Thereby, part of the analysis is that the studies 
actually provide data to be analysed. For this purpose, the concepts in 
Paper C and Paper D work satisfactory. 
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3 INDUSTRIALISED HOUSE-BUILDING

This chapter describes the industrial background of the company where empirical 
data were collected (see also chapter 2). 

The characterisation of the company studied is divided into four phases 
(Fig. 5): plan (balancing demand and supply to develop a course of 
action for the subsequent phases), source (procurement of goods and 
services in accordance with the planning phase), make (transformation 
of the product to its finished state in accordance with the planning 
phase) and deliver (providing the finished product in accordance with 
the planning phase). The production strategy for these phases varies, 
depending on the location of the customer order decoupling point 
(Sackett et al., 1997). To the left of the decoupling point (indicated 
with the dotted line) in Fig. 5, production is forecast-based and to the 
right it is order-based. Industrialised house-building is positioned in the 
Engineer-to-order (ETO) strategy, which is described in this chapter.  

 
Fig. 5. Different phases and production strategies depending on the 

customer order decoupling point (dotted line). 

The primary focus of this thesis is production control in the shaded 
area in Fig. 5 (the source and make phases). However, the plan phase is 
also described as this structure is the essence of the ETO strategy and 
has an impact on the structure of the ‘source’ and ‘make’ phases. The 
deliver phase is excluded as it lies outside the scope of the thesis. 

Plan Source Make Deliver 

Make-to-stock 

Engineer-to-order 

Make-to-order 

Assemble-to-order 
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3.1 INTRODUCTION TO THE COMPANY STUDIED
The company studied is a family-owned company group with 
headquarters and a factory located in northern Sweden. The group 
consists of a real-estate branch and an industrialised house building 
branch. Their primary product is a multi-storey dwelling used for 
multi-family homes and students. The company’s business plan is to 
“offer our clients rational building and sound living for a sustainable future” 
and the vision of the company is to be “the clients’ primary choice to build, 
house and live”. 

The company has 160 employees, of which 110 are factory 
workers. The strategy employed is to take wholesale responsibility 
from sales to the completed building i.e. take full responsibility for the 
clients and their requirements from sales through the design and 
production, thus offering the client full transparency during the 
building process. The building system is a crucial asset (Johnsson, 2011) 
within the company and the organisation is set up to support this. In 
the Swedish market, there are more than 30 active competitors. 
However, less than five companies offer comparable building systems. 
Generally, competitors cannot offer such tight time frames, which yield 
a fast return on investments for the clients. Fig. 6 shows the time frame 
for a “typical” 20 dwelling building project built with volume 
modules. 

 
Fig. 6. Time frame to complete a volume module based project for a 

residential building with 20 dwellings (Meiling, 2008). 
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The building system is based on timber volume modules that form a 
closed three-dimensional structure. The typical size of the modules is 4 
x 8 x 3 (w x l x h) cubic metres. They consist of wall elements, floor 
elements and ceiling elements. The production plan is such that the 
modules are completed as much as possible, including interior 
finishing, and then shipped to the construction site where they are 
assembled. 

3.2 PLAN PHASE
The plan phase for the company studied is important because of the 
location of the customer order decoupling point i.e. their classification 
as an ETO company. The process consists of two parts, the sales 
process and the product design.  

3.2.1 Sales – Tendering and Market Expertise 

The sales department, consisting of three people, has, over the last 25 
years, built up a large contact network of repeat and potential clients. 
In 2011, the company had 57 different client contacts and 19 contracts 
were signed. The contact network creates a socially complex situation, 
difficult for other companies to copy. An early involvement in the 
conceptual phase of a building project is crucial for the success of a 
specialised building system, since design decisions affect the potential to 
use the building system efficiently. The best time to become involved 
with the building project is even before the building permit is granted. 
The company exclusively works with design-build contracts. The sales 
department is the project leader for the building project until the 
contract is signed and they produce quotations and cost estimations. 
They are also responsible for setting up the production sequence (the 
order that projects are dispatched to the factory) and the time limits for 
manufacturing. The selection of projects for which to tender is made 
to ensure profitability in manufacturing (linking market conditions 
with the operational platform). During the sales process, the design 
department assists with technical solutions, but larger adaptations are 
negotiated with the client by the sales department.  

3.2.2 Product Design – Engineering Expertise 

The staff (10 people) involved in building design and product 
development range from technicians with no academic training to one 
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associate professor. Between five and fifteen projects run concurrently 
in the design process, at various stages of completion. The engineering 
department produces all the documentation needed to complete the 
project. Their task is to convert the contracts won by the sales team 
into manufacturable elements and modules. This conversion is guided 
by the building system itself with the aim to reduce the number of 
variants as far as possible. When the contract is signed, the project 
responsibility is moved from sales to design. The design manager is 
responsible for overseeing the building system in terms of managing 
requests from the client i.e. alterations from the client have to be kept 
within the limitations of the building system. Sales and design are 
responsible for preventing the acceptance of customised solutions that 
fall outside the boundaries of the building system, which could risk the 
profitability of the project. 

The interaction between sales and design is a core skill for the 
company and it is this characteristic within the planning process that 
classifies them as an engineer-to-order company i.e. the customer order 
decoupling point is located in between these two departments. 

3.3 SOURCE PHASE
The sourcing process encompasses the supply chain network and 
procurement of material. The company started in project-based 
housing construction and have gradually moved away from a supply 
chain with low vertical integration i.e. fragmentation with project-
based individual procurement of downstream subcontractors and 
upstream consultants (producing drawings for electricity supplies and 
HVAC). However, in recent years, a notable shift has taken place to 
increase the vertical integration of the company. Consultants have been 
more closely connected to the company via long-term agreements. 
Also, in the past, a considerable proportion of the specialists 
(electricians, HVAC, carpet layers, painters) were outsourced. Now all 
these skills are found in-house, working in the factory.  

There are about 800 different material suppliers, with the company 
purchasing SEK150 millions of material annually. Primarily, these are 
first-tier suppliers with 60% being joined to the company through 
long-term contracts, whilst the remaining 40% are procured for specific 
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projects. On-site, additional materials are purchased by the manager 
directly from local suppliers when needed to complete the project.  

3.4 MAKE PHASE
The manufacturing process comprises two main parts, the factory-based 
production and the on-site assembly. Within the factory, the 
production follows the route determined by the building system and 
the processes are designed accordingly. The next section presents the 
value chains in the factory and the resources utilised. The on-site 
assembly is only briefly presented as this part lies outside the scope of 
this thesis. 

3.4.1 Factory – Production Expertise 

The factory layout is illustrated in Fig. 7. The arrows indicate value 
streams inside the factory. Factory production does not start until the 
finished drawings are produced. Work orders are dispatched project-
by-project only. 

 
Fig. 7. Factory layout. 

Floor elements (A), wall elements (B), ceiling elements (C) and inner 
wall elements (D) are manufactured in parallel processes. The elements 
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are assembled into volume modules at (E) (Fig. 8). Interior finishing is 
carried out in three parallel production lines at (F). The finished 
volume modules (G) are wrapped (H) and either placed in inventory 
(J) or shipped to the site. The factory also holds inventories of work 
piece material (K), which is delivered to the gate in the top left corner. 
There is also an inventory for articles (I) used in the (F) area such as 
cabinets, radiators and toilets. Finally, (L) is an inventory of supplies for 
interior finishing. 

 
Fig. 8. Assembly of volume modules (E). 

Part of the wall element production (B) is automated and the design 
department produces computer files controlling the automatic nailing 
machines. The modules are constructed using a simple lightweight 
timber frame, which is finished with insulation materials and covered 
with sheathing. It takes half a day to produce each different element in 
areas (A), (B), (C) and (D). In total, it then requires three to four weeks 
to carry out the interior finishing at (F). This includes the installation of 
floors, the painting and building services (electrical and HVAC 
systems). Interior finishing and building services are carried out in the 
factory as far as possible. The volume modules are about 90% finished 
when they are shipped from the factory. 

BUILDING SYSTEM PRODUCTION RESOURCES 

The production resources used for element production in (A), (B), (C) 
and (D) and the volume assembly at (E) are: 
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Tooling. Nailers, milling machines, drilling machines. 

Work piece material. Wood frames, plaster boards, 
chipboards, insulation, nails. 

Manufacturing process. Framing, gluing and nailing (Fig. 9) 
in wall manufacturing (B) is semi-automated and an overhead 
crane is used in assembly (E). All other work is manual. 

Personnel. Carpenters. 

INTERIOR FINISHING PRODUCTION RESOURCES 

The production resources used for the interior finishing at (F) are: 
Tooling. Nailers, milling machines, drilling machines. 

Work piece material. Inner floor, paint, building service 
material, other items (radiators, toilets, cabinets etc.) 

Manufacturing process. All the work is manual and 
dependent on the skills of the workforce. 

Personnel. Carpenters, subcontractors (electricians, plumbers, 
painters, floor-layers etc.). 

 
Fig. 9. Nailing machine (B) in wall element manufacturing. 

3.4.2 Site – Assembly Expertise 

Transportation to the site is predominantly carried out using trucks. 
On-site, the modules are assembled into a building containing 2 - 6 
storeys (Fig. 10). The assembly is carried out by self-employed 
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assembly teams, trained in the building system. The team consists of 15 
people. The on-site completion requires three to four weeks of work.  

 
Fig. 10. On-site assembly of volumetric modules. 

3.5 PRODUCTION CONTROL PREREQUISITES
It can be concluded that the company employs an engineer-to-order 
strategy, which has been presented in this chapter. This conclusion is 
reached from the description of the interaction between sales and 
product design i.e. the location of the customer order decoupling point 
(Fig. 5). This is important for the production control prerequisites in 
the case company. 

The power of the sales department is an essential part of production 
control. They are the connection to the client and negotiate the 
clients’ demands. Their ability not only to estimate the time frame in 
relation to the capacity of the operational platform but also to ensure 
that the cost estimations yield a satisfactory profit is crucial. Similarly, 
the challenge for the product design department is to convert the 
clients’ demands into parts that do not compromise the project time 
frame. 

The production control prerequisites for the operational platform 
are also important to characterise i.e. where actual manufacturing is 
carried out. For the source phase, the strategy to incorporate specialists 
(e.g. electricians and HVAC) into the company should facilitate the 
coordination of production activities. By doing this, the general idea of 
the building system is better communicated. Previously, individually 
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procured subcontractors had difficulties understanding the building 
system. Furthermore, long-term contracts with material suppliers have 
provided opportunities for precision delivery timing, better cost 
estimates and improved production planning and control. 

For the make phase (the factory), there are defined value streams, 
which should facilitate the coordination of manufacturing. However, 
there are no quality checkpoints in the different production processes 
i.e. from (A) - (F) in Fig. 8. Therefore the production process and 
supply chain is judged to be long (number of operations). Important 
aspects inherited from traditional housing are the project-orientated 
production and also the large amount of manual work. Therefore, it is 
essential to have a highly skilled work force. 
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4 THEORETICAL FRAME OF REFERENCE

In this chapter, the theoretical frames of reference included in the appended 
papers are described. The literature is also further described in order to answer 
the research questions.  

4.1 PRODUCTION STRATEGIES FOR ORDER FULFILMENT
The location of the customer order decoupling point is the basis of 
describing manufacturing typology i.e. what production strategy a 
company employs to fulfil orders (Sackett et al., 1997). Olhager (2003) 
suggested that these strategies can be divided into three categories: (1) 
market, (2) product and (3) production characteristics. With the focal 
point on production control, this section relates to production 
characteristics. As described in chapter 3, the company studied operates 
the engineer-to-order strategy. However, the transition for the 
company studied is directed towards make-to-order and make-to-stock 
strategies where the market, product and production characteristics are 
different.  

MTS companies base their business model on forecasting (market) 
i.e. finished goods are produced before there is a specific demand for 
them (push-driven), for immediate delivery (Hill, 2000). The MTO 
strategy entails standard products (any customisation is nominal and 
does not increase lead times), manufactured when customers place their 
orders (ibid.) i.e. production is demand-driven and pull-based. The 
demands put on the suppliers are also notable, ranging from price 
(MTS) to an integrated approach with knowledge sharing (ETO). The 
strategies and their characteristics are summarised in Table 2 (O’Neill 
and Sackett, 1994; Jonsson and Mattsson, 2009). 
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Table 2. Characteristics of different production strategies. Taken from 

O’Neill and Sackett (1994) and Jonsson and Mattsson (2009) 

Characteristic Make-to-stock Make-to-order Engineer-to-order 

Customer values Low price
High variety, High 
quality, Short 
response times 

Customised 
products, highly 
flexible 

Customer 
integration No Average High 

Volume Large Small Very small 

Product variety Low High Very high 

Delivery Time Very short Average Long 

Basis for planning Forecast Forecast/customer 
order Customer order 

Supplier dealing 
base Price Cost, quality 

Knowledge-
sharing, flexibility, 
accuracy 

For companies employing an ETO strategy, the situation is more 
uncertain in terms of product specification (Konijnendijk, 1994; 
Bertrand and Muntslag, 1993). For ETO products, changes to the 
standard configuration are offered and products are always only made 
to order (Hill, 2000). Thus, delivery times also include both 
engineering and manufacturing activities. Hicks and McGovern (2009) 
split the ETO supply into a non-physical stage (engineering and 
planning) and a physical stage (manufacturing, assembly and 
installation). The global flow of goods within ETO manufacturing 
units (Muntslag, 1993) is shown in Fig. 11. 

 
Fig. 11. The global flow of goods within ETO manufacturing. Taken 

from Muntslag (1993). 

Engineering 
Process 
Planning 

Installation 
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4.2 DESCRIBING PRODUCTION CONTROL
In this thesis, production control is investigated, relating to the 
production strategies discussed in the previous section. Thus, different 
approaches apply depending on the characterisations presented in Table 
2. The production control definition put forward in this thesis is: the 
coordination of supply chain and production activities in 
manufacturing systems to achieve specific delivery flexibility and 
delivery reliability with a minimum of cost (Bertrand et al., 1990 p17).  

Typical functions of production planning and control in MTS-
orientated and MTO-orientated firms include planning material 
requirements, demand management, capacity planning and the 
scheduling and sequencing of jobs (Stevenson et al., 2005). These 
functions are intended to, for example, reduce work-in-progress, 
minimise throughput times, lower inventories, maintain responsiveness 
to demand and meet delivery dates (ibid.). Production planning and 
control has increased in importance on a strategic level of decision-
making as it links competitive capabilities (quality, delivery speed and 
reliability, flexibility and price) to production (Olhager and Wikner, 
2000). According to Gosling et al. (2012), most supply chain literature 
addresses the MTS structure, within stable, repetitive, high-volume 
environments.  

In Paper A, production control is investigated from the viewpoint 
of end products being unique. In the paper, it is stressed that prevailing 
methods used in construction such as Line of Balance (LoB), Last 
Planner System (LPS) and Critical Chain (CC) (see e.g. Henrich et al., 
2005) are employed in an active manner i.e. when the building is 
designed.  

However, in Paper A, the lack of methods for proactive production 
control is stressed (Fig. 12) i.e. production planning and modularity is 
suggested as such a method where design is supposed to avoid 
problems in production. Thus, the uncertainties of the product and 
process specification can be mitigated. 
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Fig. 12. Common production control methods and their relationship to 

the construction process. Taken from Paper A. 

Set Based design (SBD) is also part of the proactive production control 
area and aims to gradually specify the design of the product in a 
concurrent funnelling process (Parrish et al., 2007). However, the 
method demands an extensive flow of information from all the 
concerned parties in the process and there is no guarantee that the 
process will converge to the intended funnel shape (Sobek II et al., 
1999). 

Poka Yoke (PY) techniques describe a concept of zero defects 
(mistake-proofing) credited to Shigeo Shingo (Fisher, 1999). This 
concept aims to eliminate defects and mistakes wherever possible. In 
this thesis, a similar approach has been detailed in Paper D, in which 
FMEA is explored. 

Fig. 12 shows a range of production control methods commonly 
used in MTS and MTO e.g. MRP, Theory of constraints and Just-in-
Time. Material Requirements Planning (MRP) is a push-based 
approach designed for complex production planning environments 
(Stevenson et al., 2005). The benefits of MRP and its successor, 
Manufacturing Resource Planning (MRP II), include improved 
customer service, better production scheduling and reduced 
manufacturing costs (ibid.). According to Bertrand and Muntslag 
(1993), MRP methods assume standard products with well-known bill-
of-materials and product routings. This approach also assumes that 
future demand is possible to predict and, consequently, MRP systems 
are sensible for changes in the market i.e. a bill-of-materials cannot be 
used for temporary assemblies (Hicks et al., 2000). Evidently MRP 
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systems are not suited to the production environment in ETO firms 
(Bertrand and Muntslag, 1993; Bergström, 2004; Little et al., 2000). 

Theory of Constraints (TOC) is a way of managing bottlenecks in 
production (Stevenson et al., 2005) and avoiding capacity constraints to 
increase the reliability of delivery (Olhager and Wikner, 2000). To 
avoid bottleneck constraints, strategic material buffers are created to 
ensure that the affected workstations are always in use. Work Load 
Control (WLC) follows a related notion to manage congestions in 
production by having a pool of orders to regulate the flow. 

Just-in-time (JIT), Kanban and also Constant Work in Process 
(CONWIP) are designed to maintain low levels of inventory and 
reduce flow times. The basis of these methods is that the next activity 
is initiated by the completion of another activity i.e. a pull-based 
system. According to Stevenson et al. (2005), to be effective, these 
systems require a continuous flow or large batches, a limited number of 
parts, few set-ups and stable market conditions.  

These approaches are all employed in manufacturing and assume (1) 
standard products, (2) stable markets and (3) active application to the 
manufacturing phase. Also, the approaches assume that product quality 
is not a significant problem i.e. it does not include rework and repair 
activities which would otherwise disrupt the production planning and 
control system employed. Further, MRP assumes a high level of 
detailed information, whilst the reduction of time constraints is focused 
on removing bottlenecks (TOC) or optimising hand-offs (JIT). 

A restraining factor in the ETO trade is uncertainty (Muntslag, 
1993), which is can be viewed from three angles, namely, product mix 
and volume, product specification and process specification. Those 
uncertainties make it difficult to calculate price quotations and estimate 
the time it will take to fulfil an order. As a consequence, three types of 
risks emerge: quality risk, time risk and financial risk. Connected to 
these risks are how competitive a company is and how many 
quotations become orders. Competitiveness tends to drive prices in the 
market down and affects delivery times. 

Bertrand and Muntslag (1993) suggested an alternative framework 
for production control in ETO companies, where the overall 
production control issue is split into smaller chunks and “each production 
phase then becomes a set of operations with an input material or product which 
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is then transformed to an output material or product”. This logic follows the 
p-diagram described in chapter 1 and the discussion of noise and 
control factors. In the case of the company studied and industrialised 
house building, this logic does not work due to the absence of quality 
controls (testing) in the production process i.e. the framework needs a 
qualifying level of quality to work properly. 

4.3 METHODOLOGY FOR PRODUCTION CONTROL METHODS
This section combines the model of competitive capabilities proposed 
by Hallgren et al. (2011) and the three dimensional modularity model 
proposed by Fine (1998) with a systemised view or decision base to 
demonstrate methods for production control in engineer-to-order 
companies. 

4.3.1 Transition Based on Competitive Capability Progression 

Competitive capabilities compare a firm’s ability to meet customer 
expectations to its competitor’s ability to do the same (Hallgren et al., 
2011). Based on operations strategy, research in operations and 
production management has, for a long time, suggested the idea of 
building cumulative capabilities in order to improve or advance 
operational performance. The idea was first presented by Nakane 
(1986), who suggested that a company needed to attain operational 
(production/manufacturing) capabilities at high degrees of competence 
in quality, delivery performance, cost efficiency and flexibility, in that 
specific order, to meet market needs i.e. to attain competitive 
capability. This model presumes that all companies compete with the 
same set of competitive capabilities, that they must excel in all areas to 
be successful and that there is a best way to manage and advance 
manufacturing operations.  

However, empirical tests performed over many years do not fully 
support that this specific order of capabilities is evident – no road-map 
or transition scheme is accepted with the aim of increasing competitive 
capabilities e.g. Ferdows and de Meyer (1990) modified the Nakane 
(1986) model by reversing the order of cost efficiency and flexibility.  

From this basis, Hallgren et al. (2011) incorporated theories on 
trade-offs, order qualifiers and order winners with the concept of 
cumulative capabilities (the sand cone model) and used data on high 
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performance manufacturing from a total of 211 plants. The paper 
presented an approach to manage transition, or as Hallgren et al. (2011) 
called it, competitive capability progression related to operational 
performance. One of the trade-offs most investigated is the one 
between productivity and flexibility (Adler et al., 1999). The concept 
of order winners and qualifiers was created by Hill (1989, 2000). 
Qualifying criteria are those a company must meet for a customer to 
even consider the company as a supplier and order-winning criteria are 
those that differentiate the company from its competitors and 
ultimately allow it to win the order.  

Hallgren et al. (2011) suggested that there is no generic path for 
building higher-level competitive capabilities; instead, they proposed a 
hybrid model (Fig. 13). First, a qualifying level of quality needs to be 
attained followed by a qualifying level of delivery. Then, a balance 
between potential order winners i.e. cost efficiency and flexibility 
needs to be attained. Thus, after meeting the criteria for order 
qualifiers, parallel development of cost efficiency and flexibility can 
proceed. 

 
Fig. 13. A hybrid model begins with the order qualifiers (quality and 

delivery) followed by parallel development of cost efficiency and 

flexibility. Taken from Hallgren et al. (2011). 

The focus for MTS companies, producing high-volume, standardised 
products that compete on price, ought to be on cost efficiency with a 
limited requirement for flexibility. ETO companies, producing low-
volume, customised products, ought to focus on flexibility with a 
limited requirement for cost efficiency. However, cost and flexibility 
are independent parameters that can be developed in parallel. 

When considering the transition from one level of operational 
performance to another level (in terms of meeting market demands), 
these findings for industrialised house building are interesting. First, 
methods and tools for attaining higher quality and more accurate and 
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predictable delivery of houses are the basic capabilities needed for a 
progression or transition to a higher operational performance. Second, 
since both MTS and ETO strategies require cost efficiency and 
flexibility capabilities to be developed together, both methods/tools 
need to be implemented and tested to facilitate and sustain a successful 
transition. 

4.3.2 Production Control in Three Dimensions 

Concurrent engineering aims to improve the manufacturing output not 
by exclusively changing the production process but also by including 
and coordinating the product development and design in the current 
production system (Fine, 1998). However, the key to becoming 
successful is excellence in the supply chain (ibid.), especially in 
environments with short product life cycles such as the computer and 
movie industries. Historically, concurrent engineering of the product 
and the process has neglected the influence of the supply chain; Fine 
(1998) has emphasised that companies risk facing difficulties later 
during product development or in connection to operations, logistics, 
quality engineering or the costs in the production system.  

Fine (1998) presented a three-dimensional modularity model (Fig. 
14) of concurrent engineering and stressed that, regardless of product, 
the market will act similar over time. Thus, supply chain management 
becomes crucial, also including the overlapping responsibilities 
(activities that have to be undertaken concurrently) of the product and 
process. The model is further discussed in Paper B. 

 
Fig. 14. Overlapping responsibilities. Taken from Fine (1998, p146). 
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The approach follows the idea of production control used in this thesis 
i.e. the coordination of production and supply chain activities. Thus, 
the analysis does not exclusively include the product and the process, 
but also includes the associated supply chain. Leading on from the 
analogy of the three-dimensional model is the coordination, or as Fine 
(1998) described it, overlapping responsibilities between these 
dimensions.  

4.3.3 Deciding on Production Control Methods 

By incorporating the review of production control together with the 
models from Hallgren et al. (2011) and Fine (1998), an incremental 
methodology was developed to decide and motivate the methods 
employed in this thesis.  

The reasoning of order qualifiers and order winners and their 
predefined sequence leads to the decision about the competitive 
capabilities to be focused on. As Hallgren et al. (2011), Nakane (1986), 
and Ferdows and de Meyer (1990) stressed, the competitive order 
qualifying capabilities are quality and delivery, whilst competitive order 
winning capabilities are cost efficiency and flexibility. Thus, a company 
should not start to improve their cost efficiency before achieving good 
quality and delivery. As suggested by Konijnendijk (1994) and in Paper 
D, testing (quality) is difficult for ETO firms, something that is further 
exacerbated by the long value chains in the production system. It was 
therefore decided to find methods to improve quality and delivery. 

As suggested in Paper B, it has to be decided which of product, 
process and supply chain is regarded as the most important. Using 
Fine’s (1998) reasoning, the key to excellence is the supply chain area 
and the subsequent coordination (overlapping responsibilities) of the 
other areas. Thus, methods should be sought in the interaction 
between supply chain/product and supply chain/process respectively 
followed by the interaction product/process. 

The idea to apply modularity to building services in the case study 
company, which was investigated in Paper A and B, made it natural to 
analyse modularity as a method from a supply chain/product viewpoint 
and its aspects of quality and delivery from the operational platform.  

Systematic Production Analysis (SPA), which was investigated in 
Paper C, was chosen for the supply chain/process interaction. This was 
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proposed as a result of the method structure derived from the 
performance of the competitive capabilities and also the sequence 
suggested by Ferdows and de Meyer (1990) i.e. investigating 
production losses with respect to quality and time. The investigation of 
SPA was further encouraged by the recognition that the structure of 
the supplier studied was similar to that of the company studied in terms 
of manual operations and skilled personnel. Thus, there was a 
possibility that the results could be interpreted, compared and applied 
to the conditions operating in the company studied. 

For the product/process interaction, it was decided to investigate 
FMEA (Paper D), a systematic engineering technique used to identify, 
assess, reduce and eliminate known and/or potential failures, problems 
and errors in the design and/or production process for a product or 
service (Stamatis, 1995). Thus, in this thesis, this method helps in the 
investigation of quality, i.e. failures in the production process. The 
locations in Fine’s three dimensions of the chosen methods are 
illustrated in Fig. 15. 

 
Fig. 15. Location of methods in Fine’s model. 

The methodology is an iterative and simple process applied in this 
thesis. An important observation was the relative dependency of the 
production control methods to the product, process or the supply 
chain. That is why it is proposed to choose a key dimension in Fine’s 
model. If the investigation of engineer-to-order companies was 
generalised, the validity of the methodology might be further 
strengthened. 

PRODUCT PROCESS 

SUPPLY CHAIN 

FMEA (Paper D) 

Modularity 
(Paper A and B) 

SPA (Paper C) 
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4.4 PRODUCTION CONTROL METHODS

4.4.1 Modularity 

The product modularisation method (Modular Function Deployment), 
proposed by Erixon (1998), takes its starting point from the customer 
requirements (the market). However, in Paper A, as well as within this 
thesis, the primary interest in modularity is its effects on the supply 
chain and manufacturing (the operational platform) in terms of 
production control.  

In Paper A, modularity is seen as a facilitator to manage tolerances 
in order to prevent production difficulties by design and control of 
variances in production i.e. modular interfaces (Milberg and 
Tommelein, 2004). The variance issue was revisited in Paper D, when 
investigating FMEA. Hence, variance is a concern when exploring 
production control in the ETO context.  

In Paper A, it was suggested that modularity can facilitate 
production control by narrowing the number of different types of 
material used. This view is shared by Pine et al. (1993), who advocated 
that the fewer components used in production, the greater the 
economies of scale and consequently, material inventories are easier to 
predict.  

Further, Paper A suggested that modules should be manufactured 
using parallel assembly. This view is extended by Feitzinger and Lee 
(1997) who suggested that quality issues are isolated to specific 
modules. Thus, corrective measures can be targeted at not only value-
adding processes, but also repair/rework processes, which can be 
designed in parallel. According to Kusiak (2002), modular design and 
the associated standardisation imply increased quality, derived from 
effects on the learning curve (Fisher et al., 1999) and the production of 
similar parts and elements. 

Paper B viewed modularity as a concept for design and production 
in contradiction to the approach by Erixon (1998), where it is a 
facilitator for product flexibility. In Paper B, obstacles related to the 
supply chain were identified and there was a description of how, 
according to Lorenzi and Lello (2001), product modularity could 
provide better integration in the upstream supply chain because a 
common language can be developed for the module interfaces. 
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4.4.2 Systematic Production Analysis 

Systematic Production Analysis (SPA) is a method which provides 
support and a foundation for decisions regarding changes and 
development of production systems (Ståhl, 2008). SPA describes and 
reflects the current conditions in production resulting in production 
losses: waste (Q), downtime (S) and takt (P). In this thesis, SPA is seen 
as a tool for better resource characterisation and predictability to 
provide a more robust (delivery reliability) production process. 

In Paper C, SPA was condensed to only include factors A – D 
(excluding factors E – G, as these factors (see Table 2) can be seen as 
input data to the production system (Ståhl, 2008); therefore, proper 
descriptions of these factors provide a characterisation of the resources 
in the production system. The study in Paper C also omitted the 
production loss when using takt (P), as the supplier was not producing 
using the takt method at the time for the study. 

The original SPA matrix (Table 3) can be used for different 
purposes, such as production follow-up, production system design, 
scenario simulations and cause-and-effect analyses of the connections 
between factors and parameters (Ståhl, 2008). 

Table 3. Systematic Production Analysis Matrix. 

 Response Parameters  
Factor Groups Q1,…,Qn [unit] S1,…,Sn [min] P1,…,Pn [min]  
A:  Tooling     
B:  Work piece material     
C:  Manufacturing process      
D:  Personnel     
E:  Maintenance     
F:  Special process 

behaviour/factors     

G:  Surrounding equipment 
and internal logistics     

H:  Unknown or unspecified 
factors     

By calculation of production loss rates and coupling them to economic 
parameters, it is possible to calculate the part cost (Jönsson et al., 2008) 
and employ deterministic production development. However, 
according to Jönsson (2012), this requires access to the necessary data. 
Among the difficulties are the continual collection of the data and also 
deciding the correct resolution of the data. 



Theoretical Frame of Reference 

49 

4.4.3 Failure Mode and Effect Analysis 

Failure mode and Effect Analysis (FMEA) is, in this thesis, a method 
that helps to investigate failures in the production process for a specific 
quality problem on the product (floor elements). A thorough literature 
review is detailed in Paper D. 

To carry out a proper risk analysis, failures identified are ranked for 
occurrence, severity and detection, which is the core of FMEA 
(Stamatis, 1995; Wang, 2005). By decomposing and rebuilding the 
ranking criteria for the production conditions in the company studied, 
hazardous designs for both the product and the production process are 
identified.  
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5 FINDINGS FROM THE APPENDED PAPERS

This chapter presents the findings from the appended papers, which help to 
answer the research questions in the thesis. This chapter simply provides a 
summary of the relevant results and draws no further conclusions. 

5.1 FINDINGS FROM PAPER A
This section will present relevant findings from Paper A (Lennartsson 
et al., 2008), “Production Control through Modularisation”. The aim of the 
paper was to “describe how modularisation can be applied as means to create 
prerequisites for production control”. However, the contribution of the 
paper within the scope of the thesis is that a building should be 
regarded as a product in order to effectively modularise the building 
services in the company studied. Further, modularisation as a method 
has to be modified to be suitable for the company. 

The paper explores production control through the theoretical field 
of modularity and utilises empirical data from the investigation of 
building services (Electricity and HVAC) in the company studied. 
Three areas are significant in striving for improved production control 
in the company: the product, the process and the supply chain. The 
investigation of modularity in the paper follows the suggestion by 
Erixon et al. (1996) and contains a five step process to modularise the 
product, which includes a general set of what Erixon et al. (1996) 
termed “module drivers”. However, the paper stresses that the scope 
for not only the whole process (all of the five steps) but also all of the 
module drivers, is too wide for housing construction. Instead, the 
module drivers were analysed in the areas of product, process and 
supply chain, as suggested by Voordijk et al. (2006) and Fine (1998). 

When analysing the collected data, three module drivers were 
identified: common unit (product), organisation (process) and 
purchasing (supply chain). Common unit refers to sub-functions with 
similar physical solutions i.e. the interfaces between different parts have 
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to fit each other. For example, the assembly of water pipes that have 
different dimensions is a risk, which is an error that would occur in the 
production process. To demonstrate the feasibility of the common unit 
module driver, a product development was described in the paper. The 
Design Structure Matrix (Browning, 2001) was used to identify 
potential locations in a generic building suitable to modularise the 
building services. The development of a shaft and a ceiling module was 
suggested and driven from the overall characterisation of the building 
services of five industrialised house-building companies. 

With respect to the organisation of the production process, the 
paper describes errors that can occur when installing the building 
service components into the volume modules. These types of errors 
stem from both poor design output and lack of production control and 
coordination. In the worst case, an error could lead to additional 
corrections taking more than 48 times the normal time for the 
operation (Table 4). These data also showed the lack of organisation 
(coordination) within production and the way it affected all 
subcontractor groups (electricians, HVAC, carpet layers, painters and 
carpenters) in terms of having to make corrections and the disruption 
to their planned activities.  

Table 4. Errors and correction times (1 unit = 5 minutes) for subcontractors 

in power supply assembly. Boxes are sockets and switches for 

electrical assembly while duct holes are used for ventilation ducts. 

Taken from Paper A. 

# Type of error 
Subcontractor 

Total 
Elec. HVAC Carpet Paint Carpenter 

1 Box misplaced in ceiling 12   6  18 

2 Box behind kitchen inter. 12   4 12 28 

3 Box behind tiles in bathroom 12  24  12 48 

4 Radiator pipes misplaced in floor  24 12  12 48 

5 Duct holes misplaced in slots  18    18 

The paper showed that the company had little control of the building 
service supply chain both upstream and downstream. Upstream in the 
supply chain, consultants were hired for individual projects to produce 
drawings relating to electrical and HVAC solutions. Drawing quality 
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was not checked i.e. the drawings were merely transferred through the 
building company directly to the factory floor. The consultants did not 
fully understand the building system and consequently their drawings 
occasionally did not fit the geometrical requirements of the building 
system used by the company. 

Downstream in the supply chain, the subcontractors involved 
(electricians) were procured individually for each project. From a 
material purchasing viewpoint, the tight time frame led to late material 
purchases which then subsequently delayed deliveries; in the worst 
case, the materials delivered were incorrect. Also, despite the tight time 
frame, the electricians tried to optimise their own objectives i.e. 
maximise their chargeable time, since the subcontracted electricians 
were also involved with other projects.  

5.2 FINDINGS FROM PAPER B
This section will present the relevant findings from Paper B 
(Lennartsson and Björnfot, 2010), “Step-by-Step Modularity – a Roadmap 
for Building Service Development”. The aim of the paper was to “explore 
how Fine’s modularity model can be used and expanded on to guide the 
improvement of building services in housing construction”. However, the 
contribution of the paper within the scope of this thesis is that Fine’s 
modularity model can be applied to identify methods for production 
control in the company studied. Also, the paper demonstrated that 
methods (shown using modularity in the paper) should be introduced 
in a stepwise manner, finalising the areas (product, process, supply 
chain) one-by-one, to improve production control.  

Paper A stressed the importance of the areas product, process, and 
the supply chain, something that is further investigated in Paper B. The 
starting point was the theoretical 3-DCE (three-dimensional 
Concurrent Engineering) modularity model proposed by Fine (1998), 
which did not only consider the product, process and the supply chain 
separately, but also stressed the importance of the overlapping 
responsibilities for these areas. An important proposition in the paper is 
to start at either the product, the process or the supply chain (Fig. 16). 
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Fig. 16. Different strategic choices in module development. Taken from 

Paper B. 

The paper started with the product as the empirical data were collected 
from the demonstration of the product development (Fig. 17) of 
building service solutions in five industrialised house building 
companies (a continuation of the studies from Paper A). When the 
empirical data (collected in the studies described in 2.4.1 - 2.4.4) were 
analysed across the product, process and supply chain, a set of modular 
characteristics emerged. 

 
Fig. 17. Conceptual image for shaft and ceiling modules in a generic 

dwelling design, taken from Paper B. 

Fig. 17 depicts ideas for the product solutions (shaft and ceiling 
modules) and highlights the module interfaces. The suggestion to 
develop base modules with only the necessary system components 
facilitates material purchases. The paper stressed the importance of 
module interfaces, not exclusively for the product but also for the 
process and supply chain i.e. what are the expected outcomes from the 
previous process activity and/or the previous tier in the supply chain. 

PROCESS 
ORIENTED

SUPPLY CHAIN 
ORIENTED 

PRODUCT 
ORIENTED
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An important contribution from the paper is the suggestion of a 
roadmap solution (Fig. 18) for modular development of the building 
services. Thus, Fine’s model can be investigated stepwise, dimension-
by-dimension, to identify modular characteristics. As indicated in step 
4 (Fig. 18), the roadmap is also structured to identify barriers to 
modular development. 

 
Fig. 18. Roadmap for evaluation of modularity in construction, taken 

from Paper B. 

The barriers presented in the paper that have an impact on production 
control are: 

Influential Unions. Subcontractors belong to different unions 
(in construction, there are at least 10 related unions), which 
aim to maximise the benefits of their members. Thus, 
production coordination is complicated. 

Wholesaler Control. Buildings service wholesalers have a 
large catalogue which is an obstacle to a standardised bill-of-
materials. Thus, subcontractors often use their own set of 
materials leading to a mixing of components and the risk of 
incompatibility in production.  

Resistance to Change. The traditional construction culture 
impacts production control as subcontractors make profit from 
rework. For example, the electricians emphasised the problems 
and obstacles to development rather than the advantages. 

Fragmented Supply Chains. Individually procured 
consultants and subcontractors resulted in problems when 
consultant drawings were not validated before delivery to the 
subcontractor in the factory. 

1. Data extraction 
from key dimension 

2. Application of 
modular framework 

3. Develop modular 
characteristic 

5. Step-by-step 
evaluate impact in 
other dimensions 

4. Identify 
obstacles to further 

development



The Transition of Industrialised House-Building towards Improved Production Control 

56 

5.3 FINDINGS FROM PAPER C
This section will present the relevant findings from Paper C 
(Lennartsson and Björnfot, 2012), “Production Resource Management in 
the Industrialised House-Building Supply Chain”. The aim of the paper 
was to “to examine how SPA can be used to provide for a more robust 
production process in terms of better resource characterisation and predictability”. 
However, the contribution of the paper within the scope of the thesis 
is that SPA (Systematic Production Analysis) identifies conditions for an 
upstream first-tier supplier of the company studied as to how they 
should interpret their production system i.e. how they should fulfil the 
requirements (inputs) of the production system used by the company. 
Also, the paper suggested a roadmap approach and decomposition of 
SPA to fit to the production conditions at the supplier, which are 
similar to the conditions in the company. 

SPA (Table 5) was used to evaluate a small (11 people) first-tier 
supplier in the company’s supply chain. The supplier manufactures 
patio doors and had a production process design with high levels of 
manual work. Production control at the company is impacted by how 
precise the delivery from their suppliers is i.e. outputs from the supplier 
are the correct inputs to the company. The supplier studied had an 
overcapacity in production, originating from low staff utilisation, to 
prevent late deliveries.  

Table 5. The combined SPA matrix, taken from Paper C. 

 Q1 (unit) Q2 (unit) S1 (min) S2 (min) 

A Tooling     
A1 Blunt tools    30 

B Work Piece Material     
B2 Twigs 14    
B3 Cracks 38   5 
B6 Crooked wood 10 1  5 
B7 Ragged surface 26   15 

C Manufacturing Process     
C2 Set-up   1320 20 
C3 Defect dispensers    25 
C11 Device error    60 

D Personnel     
D10 Look for place to put material    8 
D11 Material blocking path    13 

SPA produced a characterisation of the production resources at the 
supplier (factors A-D in Table 5) connected to production loss 
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parameters (wastage and down times). Two production loss parameters 
for wastage (Q1, Q2) and two loss parameters for down times (S1, S2), 
planned and unplanned, were investigated in the study.  

The output from the study showed that the supplier had problems 
with the wastage of work piece material. As seen in Table 5 for B, this 
is because of quality problems with the wood. There were also a few 
records for D which shows the performance of the personnel; this is 
notable for a process which involves high levels of manual work.  

To implement SPA, it was suggested that an iterative roadmap was 
used (Fig. 19), consisting of six steps. Thus, the method can be 
incrementally implemented in the suppliers’ production system. An 
important implication of the roadmap is that, in the formulation of an 
objective function and the design of measures, there might be trade-
offs or interactions between the different factors. 

 
Fig. 19. Roadmap to implement SPA, taken from Paper C. 

The SPA roadmap model is straightforward and may be a good 
approach to take for a newly set-up supplier to start performance 
measurements in order to synchronise their production process both 
upstream (e.g. ability to forecast their material consumption) and 
downstream to fulfil requirements (e.g. quality and delivery precision) 
from the company studied. 
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5.4 FINDINGS FROM PAPER D
This section will present relevant findings from Paper D (Lennartsson 
et al., 2012), “Testing Failure Mode and Effect Analysis in an Engineer-to-
Order Context”. The aim of the paper was to “The aim of this paper is to 
test and evaluate FMEA in an ETO context, using industrialised house-
building as the example”. However, the contribution of the paper within 
the scope of the thesis is that the FMEA ranking systems have to be 
modified to reflect the conditions in engineer-to-order companies. An 
important characteristic of the production process in the company 
studied was that consequences are more severe for failures detected 
late, which was reflected in the revised ranking system scales. An 
important contribution in the paper was the suggestion to not only 
deconstruct FMEA but also propose a revised and developed system, 
which reflects the presuppositions in ETO companies. 

Failure mode and Effect Analysis was evaluated in the company 
studied for tolerance errors on and between floor elements (Fig. 20). 
The production control issue is that these errors have to be corrected, 
either late in the process or in the on-site assembly. The network of 
failure modes and causes were not possible to fit to the standard FMEA 
ranking system (three classes are assessed; occurrence; severity; and 
detection). The standard ranking system is designed for high volume 
industrial environments and a clear focus on the risk to the end 
customer. 

 
Fig. 20. Level disparities in floor elements between volume modules. 

Taken from Paper D. 

A stepwise transition of the ranking system scales was suggested. The 
starting point for the new scales was the ETO-characteristic of long 
supply chains and lack of testing (Konijnendijk, 1994) and also the 
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presuppositions in the company studied i.e. low number of products 
and their monetary value. 

In respect to production control, the new scales for severity and 
detection are especially indicative. The paper states that there is an 
interaction effect as they reflect the supply chain. This interaction is 
explained from the ETO context in the company studied where the 
management of the long supply chain is crucial. An extract of the 
FMEA is illustrated in Fig. 21. 

 
Fig. 21. Extract (for Design and Volume) of the FMEA spreadsheet. 

Taken from Paper D. 

In practice these scales are designed to give failure modes high ranks if 
detected late in the production process because more effort is needed 
to correct them (Fig. 22). Analogous to the principle of the p-diagram 
(Fig. 3) both control factors and noise factors increase which impact 
the output. Thus, the length (number of operations) and complexity 
(sub-processes) of the production process implies more risk. 

 
Fig. 22. Effort needed for a failure in relation to the added value. 

Taken from Paper D. 
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Further, when the actual case regarding tolerance errors was evaluated 
with the new ranking system it was revealed that failure modes 
regarding the product were given higher priority than failure modes 
associated with the operations in the production process. Many of these 
product issues were deemed to originate in the natural variance of the 
structural material (wood). Thus, quality related problems are ranked 
higher as potential risk than issues in the process.  
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6 CROSS-ANALYSIS

This chapter presents a cross-analysis based on chapters 3 – 5, ideas from which 
are used to answer the research questions. 

6.1 CONSTITUTION OF PRODUCTION CONTROL (RQ1)
This section will present a cross-analysis relating to research question 1 
which was: “What constitutes production control in industrialised house-
building?” 

As concluded in chapter 3, the interaction between sales and 
product design is an integral part in the make-up of production control 
in industrialised house building. This analysis will identify the 
fundamental aspects of production control which contribute to a more 
robust production system. Further, the analysis assumes the building 
system to be a crucial asset (Johnsson, 2011). The logic in the analysis is 
guided by the methodology of the p-diagram (Fig. 3) and the phases 
described in chapter 3: plan, source and make. 

The sales and product design processes play a major role in the plan 
phase since they, in principle, determine the input to the production 
system. As Konijnendijk (1994) and Bertrand and Muntslag (1993) 
stressed, for companies employing an ETO strategy the situation is 
more uncertain in terms of product specification. Paper D stresses that 
market knowledge and responsiveness are core competencies for ETO 
companies (Hicks et al., 1999). Thus, the network of repeat and 
potential clients and the time the client becomes involved (early 
involvement) are important aspects that influence the input to the 
operational platform. Repeat clients are more familiar with the 
building system. Familiarity with the building system is also important 
for consultants and subcontractors that are procured (Paper A). 

Further, the uncertainty regarding the product in combination with 
the strategic building system makes it important to ensure profitability 
by carefully selecting the projects for which to tender. Thus, the sales 
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department should control the sales process and not allow customised 
solutions. In product design, the challenge is to reduce the number of 
variants as far as possible and not allow the client to make changes 
outside the limits of the building system.  

In the source phase, there has been a notable shift where the 
vertical integration has increased gradually. The consultants have been 
more closely associated because of long-term agreements and specialists 
(e.g. HVAC and electricians) have been employed within the building 
company. As presented in Paper A, errors in production are awkward 
with respect to coordination of these specialists. Among the material 
suppliers (predominantly first-tier), 60% are now secured on long-term 
contracts. In Paper C, SPA was used to demonstrate the demands that 
the company studied put on the patio door supplier with respect to 
reliability in quality and delivery were explained. 

In the make phase, the interior finishing of the volume modules is 
carried out, with as much as possible being done in the factory. This 
step takes place in three parallel production lines. However, work 
orders are dispatched from the design department to the factory on a 
project-by-project basis for manufacture. The majority of the 
operations involve manual work. This is explained by the use of wood 
as the work piece material in the structural design i.e. heavy machinery 
is not needed to process and refine the work piece material.  

6.2 BARRIERS TO PRODUCTION CONTROL (RQ2)
This section will present the cross-analysis regarding research question 
2 which was: “What barriers to production control are identified by applying 
tools from a manufacturing typology different from that of industrialised 
house building?” 

In Paper A, empirical results showed the problems that arose from a 
lack of vertical integration when material purchasing was delayed or 
the materials were found to be faulty in a project with a tight time-
frame. There was also some resistance from the procured supplier 
(electricians) concerning the basis of how they were paid i.e. through 
chargeable time and the use of their own materials in assembly. The 
errors that occur in production (Table 4) have correction times that are 
difficult to estimate (Paper A). 
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Thus, a lack of vertical integration is a barrier to production control 
in terms of reliability of quality and time consumption. The modularity 
theory (Lorenzi and Lello, 2001) reflects this, in situations where 
interfaces are used to connect the buyer and supplier more tightly. In 
Paper B, this barrier is further augmented by the identification of 
barriers within the modularity process. The influence of unions and 
wholesaler control (number of articles) are merely characteristics of the 
resistance to change and a fragmented supply chain (lack of vertical 
integration). This fragmentation is also noted in Paper B as a modular 
interface in the supply chain i.e. between actors. 

Another barrier, connected to quality and the product design, is the 
physical interface between elements, first highlighted in Paper A from 
the viewpoint of modularity and the module driver common unit. In 
Paper A, the discussion concerned the mismatch of pipes and other 
building service material. However, the discussion was extended to the 
physical fit between elements and volume modules i.e. elements have 
to fit together so as not to disturb production control in terms of 
quality and time (repair and rework).  

This barrier was then revisited in Paper D, when FMEA was 
investigated and applied to a tolerance problem with floor elements. 
The revised ranking system in Paper D also showed that the most 
critical failure modes were the ones connected to product design and 
how well the elements fitted together. In the FMEA analysis, it was 
stated that the choice of structural material, wood, has an impact on 
this barrier. In Paper C, this impact was also highlighted in the SPA 
study where all the wastage of material was due to quality issues with 
the wood (twigs, cracks, crooked, ragged). Thus, a barrier to 
production control in product design is how well the elements fit 
together, which stems from the choice of wood as the structural 
material. 

The lack of quality is related to the fact that testing (quality control) 
cannot be carried out before all other operations are complete 
(Konijnendijk, 1994), a typical feature in the ETO supply chain 
structure. This was also evident in Paper D, where severity and 
detection interacted in the assessment of risks regarding failure modes. 
Thus, failure modes detected late in the process were given higher 
ranks and consequently were more severe. An important note in this 
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discussion was found in Paper C, as the process involves high levels of 
manual work it is difficult for workers at the patio door supplier to 
assess their own performance. It is reasonable to think that this is valid 
in the industrialised house building company studied too.  

In Paper D, it was also stressed that the length (number of 
operations) and complexity (sub-processes) of the process in ETO 
companies are important aspects in the risk assessment of failure modes 
in FMEA. With the methodology of the p-diagram and no quality 
controls on output, the variance will increase. As a consequence, when 
errors are detected the product cannot be scrapped because of its 
inherent value within the production process. From Paper A, Table 4 
shows how rework time varies unpredictably. 

At the company studied, the factory layout for volume module 
assembly allows three parallel production lines but, from a production 
control aspect, they cannot be fully used as projects are released to the 
factory one project at a time and organisation across projects 
(coordination of the production of similar elements and volume 
modules) is therefore not possible. Thus, none of the basic factory 
layouts (functional, cellular, or line) posed by (Miltenburg, 2005) are 
applicable to the company studied. This is viewed as an organisational 
barrier and was also noted in Paper A as the module driver 
process/organisation, which suggested a parallel assembly of modules. 
The barrier was elaborated by Feitzinger and Lee (1997) in the 
modularity context; they proposed that quality problems could be 
isolated to the modules and consequently correctional work could also 
be carried out in parallel. 

There are also barriers identified that are linked to how the 
different tools (modularity, SPA and FMEA) were applied within the 
company studied. It is stated that all three tools were altered to fit 
within that specific context.  

Modularity followed the methodology by Erixon et al. (1996) but 
was cut down to address the production control problems in the 
company studied. It was stressed that the scope of the whole 
methodology was too wide and so focus was placed on the module 
drivers that related to production control; these drivers were analysed 
in the areas of product, process and supply chain. The analysis was 
extended in Paper B, where the overlapping responsibilities of these 
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areas were included. Thus, the modularity concept was altered to fit 
the environment of the company studied, which was not so much the 
idea of creating a range of product design, but more related to the 
production control framework proposed by Bertrand and Muntslag 
(1993). 

In the SPA study, deconstruction was carried out in accordance 
with the existing production system of the supplier by omitting the 
factor groups E – G, where E and F are consequences of the process 
operating and G describes the surrounding equipment and internal 
logistics. The production loss for takt was also excluded as the patio 
door supplier did not use that type of manufacturing system. The study 
provided some explanation of the overcapacity and low staff utilisation 
and suggested that manufacturing using the takt system might reveal 
other problems. 

The investigation of FMEA (Paper D) in the company studied 
proved that the failure modes had to be assessed differently than by 
using the standard ranking system. It was evident that the ranking class 
for severity and detection of failure modes had to be changed to better 
capture the risks associated with production within ETO companies. 

6.3 TRANSITION OF INDUSTRIALISED HOUSING (RQ3)
This section will present the cross-analysis relating to research question 
3 which was: “How should the transition of industrialised house building 
towards improved production control be managed?” 

To manage the transition towards improved production control 
described in Fig. 1 and Fig. 2, it is suggested that tools are introduced 
using a stepwise procedure and then refined accordingly. As described 
in section 4.3, the theoretical methodology to encourage the use of 
these tools is a combination of the competitive capabilities and Fine’s 
model with the product, process and supply chain areas. 

This also follows a stepwise procedure where first the 
manufacturing capability of interest is decided followed by the location 
in Fine’s Model. As suggested both in chapter 4 and in Paper B, either 
the area relating to product, process or supply chain (Fig. 16, p.54) 
should be selected to start with and then tools with relevant 
characteristics for this area can be found. In Paper B, where modularity 
was investigated, it was also suggested that Fine’s model be investigated 
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area by area or, as termed in the paper, dimension by dimension. This 
is important in the overall analysis of how the transition should be 
managed by investigating the tools stepwise. 

For SPA (Paper C) the tool was deconstructed (removing factors 
and parameters) and the study followed a stepwise investigation. The 
basic idea would be to iteratively add back the components.  

In the case of FMEA the approach was different even if the tool 
was deconstructed by ruling out the original ranking systems. 
However, instead of suggesting an iterative approach by adding back 
components the analysis associated the tool with the industrial context 
i.e. the company studied and the ETO supply chain. In five steps the 
industrial context and the ranking systems interacted to develop new 
scales. Thus, instead of adding back components, new components 
(revised scales) were added reflecting the intended industrial context 
(ETO). 
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7 DISCUSSION AND CONCLUSIONS

This chapter discuss the cross-analysis in chapter 6 and draw conclusions for the 
aim of the thesis. The thesis is concluded with suggestions for future research. 

7.1 CROSS-ANALYSIS DISCUSSION
In the discussion, the answers to the three research questions are 
analysed together to gain an overall understanding of the problems. 
The answer to research question 1 describes the current conditions in 
the company studied. In summary, the main points are: 

The interaction between sales and product design. 

Maintaining the strategic asset, the building system. 

Operations involve manual work. 

Wood is used as structural material. 

Work orders are dispatched project-by-project to the factory. 

Vertical integration and supplier relationship. 

The answer to research question 2 describes what barriers have been 
identified to the transition with the aid of strategically chosen tools. 
The barriers identified from applying modularity theory, SPA and 
FMEA were both empirical and theoretical in nature. Empirical 
barriers were identified from the collection of data and how they were 
reflected in the answer to RQ1 (constitution of production control) 
and the theoretical framework. Consequently, these findings are only 
valid for the context of the company studied. The theoretical barriers 
concern restrictions placed on the tested methods and should be more 
valid in a wider context i.e. other ETO firms. In summary, the main 
barriers are: 

Product design in terms of interfaces and their tolerances. 

The lack of testing in the production which is exacerbated by 
the length of the process. 
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The choice of wood as the structural material. 

The project-by-project dispatch of orders to the factory. 

Lack of vertical integration. 

Theoretical barriers associated with the tools: 

Modularity was investigated by combining and reducing the 
theories of Erixon et al. (1996) and Fine (1998). 

SPA was deconstructed to fit the context of the patio door 
supplier. 

FMEA was revised so that the ranking system better reflected 
the conditions in the company studied. 

When the answers to RQ1 and RQ2 are analysed together, there are 
conditions associated with the operational platform that correspond to 
barriers to production control.  

The building system is a strategic asset, but the design of interfaces 
and their tolerances are regarded to be a barrier, something that is 
related to the lack of testing during the production. The various 
structural elements can be seen as modules as they are manufactured 
separately and assembled together. However, a fundamental 
characteristic of modularity is that modules fit together using common 
interfaces (Erixon et al., 1996). This issue is further aggravated by the 
length of the process and the high levels of manual work required.  

Related to the high levels of manual work required is the choice of 
structural material being wood. The advance of industrialised house 
building has been facilitated by the use of wood. The entire building 
system is based on this choice of material. It is not necessary to make 
investments in heavy machinery for automated production as wood can 
be processed using less complex tools, which explains the high levels of 
manual work. It also makes it possible to simply transport the finished 
products with trucks. However, as presented in the cross-analysis, there 
are quality problems connected to the characteristics of the material. 
Thus, a risk is that the material itself is a threat to development much 
in the way that a factory layout might pose a similar threat. 

Still, the project-by-project dispatch of work orders to the factory is 
a barrier as the factory cannot be coordinated to benefit from economy 



Discussion and Conclusions 

69 

of scales, as similar elements (from different projects) are manufactured 
in sequence. 

The empirical results in the papers identify problems with 
individuality in the supply chain in relation to aspects such as 
coordination, quality, time consumption and deliveries. However, 
since the data were collected, the company studied has consciously 
incorporated all the specialist work groups (e.g. electricians, HVAC) 
into the company and locked in consultants and material suppliers with 
long-term contracts. By doing this, the building system can be better 
maintained i.e. the factory workers are more familiar with the system 
than the individually procured subcontractors. Further, the operations 
in the production process can be better coordinated. A risk from a 
vertically integrated supply chain is the volatility of the market, since 
there are more overhead costs associated with in-house personnel.  

Research question 3 implies that the transition should be employed 
in a stepwise manner with support from applicable tools, which is 
essentially the production control strategy suggested for the company 
studied. In section 4.3 the theoretical synthesis of competitive 
capabilities (Hallgren et al., 2011) and the areas product, process and 
supply chain (Fine, 1998) was carried out to create a theoretical 
decision base to identify such tools. 

Historically, industrialised housing initiatives have failed because of 
development being too rapid (Gerth, 2008) and Bergström (2004) 
concluded that ERP was not suitable in industrialised house building, 
where the approach was to implement the entire framework.  

From the analysis of RQ1 an import point is the interaction 
between sales and product design i.e. the customer decoupling point. 
This is where the building system proves important in the business 
model i.e. what can be offered and promised to the client without 
compromising the limits of the building system. Consequently, it 
becomes important to relate the decision base methodology and the 
results from the tools to the dynamics of the business model (Fig. 1). 

From the analysis of RQ2 the tools found using this methodology 
have pointed out barriers, which are also recognised in engineer-to-
order literature. Lack of testing and tolerance problems is noted by 
Konijnendijk (1994), project-wise manufacturing rules out alternative 
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layouts presented by e.g. Miltenburg (2005), and the issue of vertical 
integration is discussed by e.g. Hicks and McGovern (2000).  

Also, when the tools are decided they are then subject to be 
analysed and changed according to the current conditions in terms of 
the capacity of the operational platform (demonstrated with the 
deconstruction of SPA and the revision of FMEA) and the implications 
on the business model i.e. the flexibility on the end product (the 
building) and its competitiveness on the market. 

In this context especially the FMEA study is providing an overall 
coherency in this thesis. It investigated variance on tolerances, a 
fundamental quality problem in accordance with the sequential order 
of the competitive capabilities, quality being first). As described 
throughout the thesis testing is missing in the company studied and also 
ETO companies in general. The strategy employed in this study 
demonstrates (1) the overall idea for management of the transition 
(stepwise), (2) the combined understanding of the industrial context 
and the tool employed in order to revise the tool accordingly and (3) 
the FMEA itself can act as basis and enabler to more measurements 
(investigation of failure modes to identify quality checkpoints) in 
industrialised house-building and if further investigated potentially also 
in other ETO-companies. 

7.2 AIM REVISITED AND CONCLUSIONS
The combined analysis of RQ1 and RQ2 described the identified 
barriers to production control in industrialised house-building derived 
from the tools applied. The immediate decision and action for 
company management could be to employ measures to mitigate and 
overcome these barriers followed by full-scale implementation of the 
tools to improve production control and in the progression other tools 
could be examined and employed. However, the answer to RQ3 
suggests an alternative strategy where development proceeds at a 
moderate pace under the supervision of flexibility on the end product 
and the business model (competitiveness on the market).  

The aim of this thesis was: “to describe the transition of industrialised 
house building towards improved production control”. The fulfilment of the 
aim is in essence described by the answer to RQ3, to stepwise select 
tools and then stepwise implement them into the operational platform. 
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The answers to RQ1 and RQ2 then add the elements of current 
prerequisites in terms of how the company is structured constitution 
and potential barriers, which should be considered in the transition. 

However, the aim was based on an understanding of the business 
model (Fig. 1) and the movement of the operational platform (Fig. 2). 
In the introduction it was stated that the competitiveness is based on 
shorter project times, quality and lower costs (Söderholm and 
Johnsson, 2009). Industrialised house-building is moving towards more 
process-orientated production (Höök, 2006; Björnfot and Stehn, 2007) 
i.e. with defined value streams and recurring operations. Thus, the 
transition has to adhere to the notion described in Fig. 2 to lower 
delivery times but avoid reducing flexibility of the end product. 

In this context the decision base methodology (section 4.3) used to 
identify tools can be seen as a regulator of the transition within the 
operational platform to mitigate the stress in the business model in 
terms of end product flexibility. This follows the train of thought from 
the introduction that the production control strategy should align to 
the customer order decoupling point and not compromise the business 
model (the competitiveness on the market). Thus, the decision base 
methodology should guide the development of the operational 
platform towards reduced delivery times (arrow 1, Fig. 2) and avoid 
moving towards lower end product flexibility (arrow 2, Fig. 2). In this 
thesis the decision base methodology was capable to identify tools, 
which pointed out barriers for production control recognised outside 
the company studied.  

A general characteristic in the ETO-trade is for example the lack of 
testing. This barrier is essentially the reason why popular production 
control methods (e.g. MRP, JIT) are not applicable i.e. without 
checkpoints it is not certain that a required level of quality of the 
elements is achieved. Also, there is no flow of information (e.g. 
material consumption and lead times) within the operational platform 
(Bergström, 2004), that could function as a basis to make decisions 
about the control of the operational platform. 

Early on in this thesis, production control concepts from the lean 
construction area were regarded as not suitable for the operational 
platform in the industrialised house-building. The transition in Fig. 1 
where the operational platform is found in between project and process 
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orientation can be described in two ways, (1) pushing the platform 
away from the project dimension by tentatively adding components to 
project tools or (2) pulling the platform towards the process dimension 
by tentatively deconstruct process tools.  

As told in this thesis the second alternative was employed. Even 
though both approaches might work, by choosing that alternative it is 
simpler to elaborate with existing tools than trying to design new 
components entirely. Moreover, the employed alternative guide the 
direction of the transition in the sense that there is a goal in the 
distance (tools returned to their original state) in contradiction to 
aimlessly adding and verifying building blocks to existing tools. 

7.3 FUTURE WORK
As described in the previous section the decision base methodology can 
be viewed as a regulator within the business model. However, the full 
potential of this thinking has not yet been explored. Further 
investigations are needed to evaluate its applicability for other 
organisations than the company studied.  

In this sense the methodology can be examined from different 
angles. For example, the competitive capabilities and the dimensions 
from Fine can be combined in a large number of ways to identify tools 
to regulate the operational platform. An important aspect in this matter 
is the sequence of the competitive capabilities, whether it is rigid or 
not. Also important is the suggestion to start in one of the areas 
product, process or supply chain, which implies that starting in another 
area might identify and decide on other tools. This characteristic also 
suggests that there are dependencies across the different areas and 
consequently also for the decided tools to be tested. Further, it would 
be interesting to investigate the interactions between different tools. 
These interactions can be deemed to be both positive (synergy) and 
negative (sub-optimisations), which is important to consider when 
using the methodology as a regulator.  

Further, the results of this thesis are derived from investigating 
production control. These results have to be regarded in the greater 
context embracing all of the six manufacturing levers by Miltenburg 
(2005) i.e. how the decision base methodology, decided tools 
(modularity, SPA and FMEA) and identified barriers are related to and 



Discussion and Conclusions 

73 

interact with; human resources; organisational structure and control; 
sourcing; and process technology and facilities.  

An example of such barrier is the structural material wood. 
Changing material might forecast reduced delivery times. However, 
the risk associated is that it demands heavy investments in machinery 
(process technology) and training of the factory workers (human 
resources) and moreover changing the strategic asset, the building 
system. Already in Paper C, it was discussed that changing material is 
difficult, especially in smaller companies i.e. return of investment 
cannot be achieved in short term. It would be interesting to investigate 
product design interfaces critical for the quality and also as suggested in 
Paper C, evaluate the applicability of Engineered Wood Products 
(EWP) with supposedly lower natural variance. In such study, the 
results from Paper C and Paper D can act as basis and both examine 
quality critical product interfaces and attempt to identify possible 
checkpoints in the process. 
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PRODUCTION CONTROL THROUGH 
MODULARISATION 

Martin Lennartsson1, Anders Björnfot2 and Lars Stehn3 

ABSTRACT 

In Sweden, the industrial housing trade has developed for many years with the salient 
idea of improving production control through an increased level of prefabrication. 
However, production variability is a consistent issue as work is still sub-optimised, 
resulting in a fragmented production process. Consequently, problems arise when 
prefabricated parts and components are assembled. The building services are often a 
source of high variability (many different components and subcontractors), leading to 
reduced production control. The aim of this paper is to present how modularisations 
can provide prerequisites for production control in service system design. 

So far, modularisation has only rendered little attention in Lean construction. In 
this paper, a modularisation development effort of five Swedish industrial housing 
companies is reported. To generate a relevant set of modules, several workshops were 
held together with company representatives and building service consultants. The 
Design Structure Matrix (DSM) was used to detect the lowest common geometrical 
denominator of the building service systems as well as crucial connection points and 
interfaces. Combining the DSM with qualitative module drivers generates a design for 
service system modules facilitating improved production control. 

KEY WORDS 
Production control, building services, modularisation, module drivers. 

 

INTRODUCTION 
An important theme within the Lean Construction community is production control. 
The general idea of production control is to protect against uncertainty in production 
(variation in production tasks, deliveries, etc.) (Ballard and Howell, 1998). Production 
control, in Lean Construction terms, is generally said to be gained by creating reliable 
work flows between production units and therefore production control should begin 
with defining the building at an overall level (customers, components, organisation, 
etc.). Henrich et al (2006) presented an overview of production control within the 
construction trade, concluding that the strategy depends on context and setting. 

Consequently, the issue to gain production control has been addressed in a number 
of ways, e.g., in relation to Lean Construction, using tools such as Kanban, Critical 
Chain and of course the Last Planner system. These tools mainly concern the planning 
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and production phases of construction and therefore actively attempts to achieve 
control by improved management and production planning activities. Lean methods 
or tools that proactively strive to create prerequisites for production control in earlier 
stages of the construction process are less common in construction literature. 

According to Morris and Donnelly (2006), modularisation is a method/tool that 
contributes to achieve consistent quality and allow firms to provide a wide range of 
up-to-date products at affordable prices. For off-site construction, Lennartsson et al 
(2008) suggested that modularisation is useful in capturing and balancing internal and 
external values. Modularisation thus seems to have a proactive aim in reducing and 
better controlling variance (in material and information flows) that can occur during 
production. In prefabrication, customer values must be declared early. Therefore, any 
change in design can cause variation leading to production delays; e.g. to gain better 
control of production. Veenstra et al (2006) emphasised the significance of creating 
modules for the complex and arduous service system (HVAC, electricity, etc.) work. 

The aim of this paper is to describe how modularisation can be applied as means 
to create prerequisites for production control. This paper first provides an overview to 
the field of production control within lean construction. Then modularisation theory is 
explored in the sense of how production control can be managed. Finally, a logical 
chain of empirical studies was conducted in relation to a practical modularisation 
process within Swedish industrialised housing, aiming to develop modules for 
building service systems. The goal of the studies was to validate a selection of module 
drivers proposed for creating prerequisites for production control. 

PRODUCTION CONTROL – A GENERAL OVERVIEW 
Production is the act to make products (goods and services) while control is used in a 
variety of contexts to express “mastery” or “proficiency”. Thus production control is 
about gaining mastery over the production process. Production planning and control is 
a mature research field (Stevenson et al 2005) and the issue to achieve production 
control in construction is therefore not new. For example, Ballard and Howell (1998) 
stated that production control is about shielding production from uncertainty, while 
Henrich et al (2005) reviewed existing production control methods in construction. 

van der Bij and van Ekert (1999) stated that “the production control system 
comprises a system of tasks, methods, and means, which an organisation uses to 
agree and maintain the availability of products to the expectations of the internal or 
external customer with respect to time, quantity, and place”. Production control in 
manufacturing can be achieved through (Stevenson et al 2005), e.g., Kanban, 
Manufacturing resource planning (MRP), Theory of constraints (TOC), Workload 
control (WLC), and Constant Work In Process (CONWIP). For construction, one of 
the most recognized and applied production control tools is the Last Planner system .  

Other used tools to gain production control in construction are e.g., Critical Path 
Method (CPM), Critical chain (CC), Line-of-Balance (LoB) and Kanban. Common 
for these tools is that they are developed to function in on-site project environments. 
Additional tools capable of addressing production control in early stages of 
construction (essential in the case of prefabrication) are Poka-Yoke (PY) and Set-
based design (SBD). SBD can be applied in early phases of construction to 
proactively achieve production control through an improved design process, i.e., the 
design process is controlled so it facilitates a streamlined production process, 
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minimizing waste. In Figure 1, the methods mentioned above are related to each other 
and to the construction process phases of design, manufacturing and production. 

 

Figure 1: Common Production Control Methods and their Relation to the Construction Process 

As illustrated in Figure 1, there seems to be a lack of production control methods or 
systems that can be applied early in prefabrication to provide proactive control of 
production events. This paper proposes that modularisation can play such a role in the 
design phase. However, it is important to emphasize that modularisation does not 
have the goal to actively control production. Rather, modularisation should be seen as 
a facilitator of production management, since expected variances can be controlled. 

PRODUCTION CONTROL THROUGH MODULARISATION 
Modularity (or modular design) is an approach that subdivides a system into smaller 
tangible entities (modules) that can be independently created and used in different 
systems to drive multiple functions (Voordijk et al, 2006). Modularisation is the 
undertaking to design a modular system. Most modularisation initiatives in 
construction are found within this area. However, in prefabrication, modularisation is 
argued as means to create standardised parts, produced in optimised processes, i.e. the 
essence of modularisation is not modular division, rather a standardised way of 
thinking all through the process (Lennartsson et al 2008). 

Bertelsen (2005) stated that the purpose of modularisation is to reduce production 
variability by turning the building into a product that can be prefabricated in 
permanent facilities using established Lean methods and tools. Erixon et al. (1996) 
refer to this as ‘products in products’ and ‘factories in the factory’. For example, 
Court et al (2008) report on modular initiatives within Lean Construction reducing 
variation and minimizing waste in assembly, while Brookes (2005) noted that tangible 
components are easier to coordinate and misfits can be avoided. 

As was argued in Lennartsson et al (2008), a successful modularisation effort will 
capture and define customer values (both internal and external) implying that 
variations within the supply chain can be better controlled (Voordijk et al, 2006). 
Using modular products, it is, possible to design a production process that provides a 
wider range of variants depending on what the customer demands (Morris and 
Donnelly, 2006), i.e., increased product variety with reduced process variation. 

It seems, modularisation can provide production control from many perspectives. 
Voordijk et al (2006) discuss modularisation as a three-dimensional concept 
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concurrently considering the product, the process and the supply chain. It can be 
argued that modularisation strives for production control in these three areas through: 

• Product modularity specifies the product so that materials, components and 
other resources required for production is known and can be controlled, i.e. 
degree of component independence and interface standardisation For example; 
if ten different connected components each have 5 % risk of erroneous 
tolerances, then there is 40 % risk of failures in assembly. 

• Process modularity refers to management of production, establishing and 
controlling production methods, i.e. how the product is made. The 
industrialised housing trade is aiming for high degree of prefabrication, which 
demands a higher degree of planning and preparation than on-site building. 

• Supply chain modularity refers to who does what, i.e. decides participants 
involved so responsibilities and delivery requirements are known and can be 
controlled and monitored. For example; if each supplier to an assembler have 
a delivery accuracy of 90 %, then there is a 10 % risk of at least one 
component missing during assembly if not relevant buffers are set. 

According to Erixon et al (1996) the first step in a modularisation process is to specify 
the product using Quality Function Deployment (QFD). Then technical solutions are 
selected in respect to manufacturing goals. In the third step, modular concepts are 
generated with aid of module drivers (Table 1), defining reasons to perform a modular 
division and works as a link between module requirements and the production system. 

 Table 1: Overview of the Generic Module Drivers Presented by Erixon et al. (1996) 

Generic Module Drivers 

A Carry over. Solutions can be carried over 
to new product generations. 

G Process/Organisation. Special know-how, 
pedagogical assembly, lead times. 

B Technology evolution. Guard for 
technology shifts during product cycle 

H Separate Testing. When functions can be 
separately tested. 

C Planned design changes. Controlled by 
customer demands. 

I Purchasing. Delivery as a “black box” to 
reduce logistic costs. 

D Technical specification. Concentration 
of variant changes. 

J Service and maintenance. Ease of 
management as separate modules 

E Styling. Influences from trends and 
fashion. 

K Upgrading. If upgrades are expected. 

F Common unit. Sub-function with similar 
physical solutions. 

L Recycling. Concentration of recyclable 
material to one module. 

The fourth step in the modularisation process evaluates concepts and tests interfaces. 
The interfaces are a key consideration as they influence the characteristics and 
flexibility of the final product. The fifth and final step concerns the improvement of 
the specified modules in respect to assembly strategies. Modular division through 
module drivers has been applied in practice in various environments in manufacturing. 
In construction, Veenstra et al. (2006) put forward a driver regarding a variable to 
capture the risk or need for components to change over time. 
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Considering all of the presented module drivers is an arduous process since they 
are so numerous and also hard to fit to construction, e.g. in construction, carry over is 
rarely spoken about. However, considering the three distinct areas (product, process 
and supply chain) that above was argued to provide production control, three of the 
module drivers emerge as influential in facilitating production control: 

• (F) Common Unit. As industrial builders depend on the whole construction 
trade to accept their prefabricated components, it is necessary for all 
participants to adapt to these components. Therefore, it is important to find 
functions present in several product variants and provide them with the same 
design. Variants in demand can then be produced with fewer components. 

• (G) Process/Organisation. Modular products manufactured in main and 
supportive processes, facilitate a production system that will help lower lead 
times and improve quality. Cultural issues in prefabrication lead to strained 
supplier relations as contractors and housing manufacturers have short term 
relations with subcontractors and suppliers (Höök and Stehn, 2008). 

• (I) Purchasing. It is important to gain control of material and components in 
order to lower wholesaler influence. Properly defined modules allow material 
deliveries in “black boxes”, lowering costs for logistics and providing more 
power for the companies in price negotiations. 

CASE STUDY: BUILDING SERVICES IN INDUSTRIALISED HOUSING 
Five small to medium sized Swedish industrial housing companies (Table 2) have 
agreed to cooperate in order to facilitate design and management of building services 
(Lennartsson et al 2008). The companies base their production on a high degree of 
prefabrication (> 80 % work in off-site production facilities) considering modula-
risation as a feasible method to find product solutions that appeal all participating 
companies; the building service modules should fit the different production systems. 

 Table 2: Overview of the Five Involved Housing Manufacturers 

Company Turnover (MEUR) Building system Product strategy 
1 42 Volumetric units Student-dwellings, apartments 
2 42 Volumetric units Apartment buildings, offices 
3 7 Volumetric units Single family residences, schools 
4 18 Volumetric units Student-dwellings, apartments 
5 14 Element structural Multi-storey residential housing 

Early in the project, three studies (Figure 3) were conducted to gain understanding of 
building services issues. Market Exploration proved that wholesalers control the 
market with a catalogue of more than 100,000 articles. The study suggested a plug-
and-play system as a viable path of development. In Map Electric, the current process 
was mapped to spot improvement. In Plug & Play, was decided to test the feasibility 
of a plug-and-play system. The evaluation highlighted a resistance to change at 
building services subcontractors, who emphasised problems and obstacles rather than 
advantages. This supported the idea of a joint industry venture for modularisation. 
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Together with the case companies, it was decided to perform a Competition to 
explore new innovative building services. An open call went out to all consultants, 
contractors and designers in Sweden with the task to develop service system solutions 
suited for industrialised housing. The thorough inquiry included specification of the 
current production systems (Overall Mapping) and specified necessary characteristics 
and technical solutions, e.g. a prefabrication level of 80 %. However, all proposals 
lacked a systems view since not all required service systems were included. After the 
competition, solutions were discussed to identify implementation possibilities. Results 
(product, process, and supply chain) from the studies are presented below. 

 

Figure 3: Empirical Studies Conducted to Validate Proposed Module Drivers. 

SERVICE SYSTEMS – THE PRODUCT 
A Design Structure Matrix (DSM) was used to map the building services in a generic 
building (Figure 4) valid to all case companies. Seven types of media must be 
provided for each apartment; Heating [1], Hot [2] and Cold [3] water, Drainage [4], 
Ventilation [5], Weak Current (TV/Telecom/Computer [6]) and Power Supply [7]. 

A B C D E F G H
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Shaft E 14 5 E 123 
67

123 
67

Access Balcony F F 123 
67

Traffic Volume G 145 G 167

Volumetric Unit H 15 H  

Figure 4: Left: DSM Illustrating Service Systems in A Generic Building. Right: Illustration of A 
Vertical Shaft with Different Media (Ventilation, Power Supply, Warm Water, etc.) Seen From Above. 

The different systems distribute media to the user units within the building. These are 
closed systems consisting of ducts, pipes and wires. The categories of the DSM 
(Figure 4) represent different spaces within the building where building services are 
present and required. Reading the DSM row-wise shows media going out of an entity 
while reading the DSM column-wise reveals media coming from another entity. For 
example, services enter a building through an external feed (A), travel through the 
Central Feed Unit (B) into the Basement (C), through vertical shafts (E) to horizontal 
feeds in Traffic Volumes (G) and then to living quarters inside volumes (H). 

As many service system components as possible are assembled at production 
facilities; wires and sockets are installed in walls and roofs, while pipes are placed in 
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floor elements. In addition, interior slots are assembled to hold ventilation ducts. 
Excluded from off-site work is canalisation (shafts) to reach higher floors, and to 
connect shafts to volumetric units. These couplings are made on the construction site. 

SERVICE SYSTEMS – THE PROCESS 
The production process is divided into two parts; in the factory, wires and pipes are 
assembled into floors and walls. Then the panels are assembled to volumetric units, 
wires and pipes are connected, and sockets installed. In the second phase installations 
are completed on-site. The power supply production process was documented using a 
stop-watch and video-recorder. This study highlighted the many different activities 
taking place in building service assembly resulting in high lead times as the risk of 
errors grow with increasing activities and relations (between physical components and 
subcontractors). Table 3 displays an excerpt from the mapping study illustrating five 
common assembly errors and an estimation of needed correction time (estimation by 
the subcontractors). The assembly activities have a cycle time of five minutes or less. 

 Table 3: Errors and Correction Times (1 unit = 5 minutes) for Subcontractors in Power Supply 
Assembly. Boxes are Sockets and Switches for Electrical Assembly while Duct Holes are Used for 

Ventilation Ducts. 

Subcontractor 
# Type of error 

Elec. HVAC Carpet Paint Carpenter 
Total

1 Box misplaced in ceiling 12   6  18 

2 Box behind kitchen inter. 12   4 12 28 

3 Box behind tiles in bathroom 12  24  12 48 

4 Radiator pipes misplaced in floor  24 12  12 48 

5 Duct holes misplaced in slots  18    18 

Correctional time is derived from additional activities carried out by the 
subcontractors, e.g. misplaced boxes require a new installation and correction of the 
erroneous placement. Errors can be traced to incorrect drawings, as they are passed on 
between designers and subcontractors without validation. Errors lead to increased 
production times with up to 48 times (Table 3), not including delays of other activities 
that can obstruct assembly of correct units. This leads to an increase in overall lead 
times that cannot be predicted (a challenge to any production control system).  

SERVICE SYSTEMS – THE SUPPLY CHAIN 
Figure 5 displays the supply chain for one of the case companies in factory production. 
Dotted parties represent external resources, while the remaining parties are “owned” 
by the company. As displayed in the figure, several actors are involved in the building 
services that are not in-house personnel and the arrows show the many different ways 
information and materials are transferred between participants. Figure 5 should at this 
stage only be viewed as an example of the complexity in relations. 

Information and material flows must be considered in terms of securing delivery 
of drawings and materials on agreed times. Different designers are independent and 
don’t have regular contact with each other. The fact that designers and subcontractors 
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are procured on short-term contracts on a project to project basis pose additional 
problems in relations, i.e. drawings are distributed to factory personnel and procured 
subcontractors without synchronisation or validation, and if necessary materials are 
provided by subcontractors, they will charge for full material coverage. 

 

Figure 5: Illustration of Information and Material Flow During Building Services Assembly in the 
Factory. 

Evaluation of the plug and play system proved possible cuts in lead times up to four 
times. Moreover the results showed the need of a better coordinated supply chain as 
wrong components were delivered, and agreed-on delivery times were exceeded. One 
reason was poor design made in a hurry. There is also ambiguity in the regulations 
when it comes to the demand for inspections in the joints where the plug and play 
system is to be connected. Commonly, the regulations are interpreted in such a way 
that these joints cannot be built in behind the plaster boards in the walls, which was 
why it was decided to keep the joints unveiled in this case. Additionally, the 
subcontractor opposed this kind of system, as the current situation provides power to 
the building service trade where subcontractors can charge maximum work hours. 

DESIGN OF A MODULAR SERVICE SYSTEM 
The DSM detected suitable interfaces for modular division. The analysis shows that 
vertical Shafts (E), Traffic Volumes (G) and the basement holds all seven media types. 
The Shaft (E) is, in a way, already a module with set boundaries, but all assembly is 
performed on-site which causes interferences and delays. There is a need to 
coordinate the media flowing in the shaft, e.g. separate media that affect each other 
such as hot and cold water. Development of a prefabricated shaft module is proposed. 
The Traffic Volume (G) and the Basement (C) both have horizontal canalisation of 
media, with similar opportunities to create a prefabricated inner ceiling module. 

PRODUCTION CONTROL THROUGH COMMON UNITS 
The module driver common unit manages a frequent problem in assembly of building 
service, pipe dimension errors. Often pipes with diameters of both 15 and 16 mm are 
used that can be accidentally mixed increasing risk for leakage, i.e. it is difficult to 
secure a tight joint between two pipes of different dimensions. A reason is the use of 
components from different brands. Instead, specifying a narrow set of discrete 
dimensions for pipes (e.g. 15, 18, 21 mm) only allows for correct jointing lowering 
the risk of faulty assembly. Further, the problem relates to how subcontractors are 
procured; as subcontractors normally work in different projects at the same time for 
different contractors using own materials, thus mixing of components is unavoidable. 
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PRODUCTION CONTROL THROUGH PROCESS/ORGANISATION 
Process/Organisation relates to how and where value adding activities will be 
performed. High levels of on-site assembly require much on-site coordination (e.g. 
on-site work structuring of subcontractors), while a large degree of prefabrication 
demands better planning in design, e.g. assembly errors from poor design can be 
costly due to the level of standardisation. The case companies are focused on the latter 
view. In order to gain production control with respect to process and organisation it is 
desired that shafts and ceilings are manufactured parallel to the main process with a 
specified and minimised set of materials and required activities in order to reduce 
interface, mismatches, e.g. piping dimensions, faulty drawings, etc. 

PRODUCTION CONTROL THROUGH PURCHASING 
Purchasing can facilitate production control by further narrowing allowed materials 
used, e.g. pipe dimensions. Material purchase can then be made in respect to the 
needs and boundaries of the modules by specifying standardised bill of materials that 
lower inventories and waste while improving material forecasting. As a consequence, 
the purchasing division can focus on procurement of fewer components, as previously 
mentioned. Control of required materials prohibit subcontractor to make the purchase 
in order to lower costs and avoid risk of mixing materials from different brands. 

DISCUSSION AND CONCLUSIONS 
In this paper, the main incentive put forward for a modularisation initiative is to 
provide prerequisites for production control. With this means that modularisation is 
applied early in the construction process at the product level to proactively reduce 
variation during production and in the supply chain. The case study results highlight 
the importance of interfaces in products, processes and within supply chains for 
production control. An example of a product interface is the high risk of errors in 
piping connections, while unconfirmed drawings passed on to subcontractors is an 
example of a poor process interface and also show evidence of fragmented supply 
chain interfaces as subcontractors are often procured on a project to project basis. 

Prerequisites for production control are achieved in practice through three module 
drivers (common unit, process/organisation and purchasing), in this case resulting in 
development of shaft and inner ceiling modules for building services. The proposed 
module drivers are interrelated as specification of a narrow set of components affect 
purchasing in respect to how supply of materials is secured. Further, modules work in 
collaboration with Poka-Yoke as module interfaces, by design, shield from erroneous 
assembly through standardized pipe dimensions and interfaces, thereby improving 
production control. These results are in line with those presented by Fine et al (2005) 
who state that modular products tend to have modular processes and supply chains. 

Hofman et al (2009) noted that suppliers tend to be reluctant to adopt new 
standards. Similar results were obtained in the evaluation of the plug-and play system 
where the electricians emphasised the problems rather than lifting up the advantages 
and possibilities. The case study findings are also in line with Halman et al (2008) 
who stated that modularisation initiatives within construction need to address issues 
with restrictive regulations, which lead to the ambiguity in interpretation of 
regulations as was highlighted in the evaluation of the plug and play system. 
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Modularisation has possibilities of becoming a potent tool in the design phase in 
order to facilitate other production control methods within the construction industry. 
Production control can be further facilitated through better adaptation of the product 
into the production process, i.e., opportunities to apply the Line-of-Balance technique 
as well as coordination and monitoring on-site with support from Last Planner. 

ACKNOWLEDGEMENTS 
The authors thank the participating companies and the research centres of 
TräCentrum Norr and Lean Wood Engineering, as well as the research foundation of 
Åke och Greta Lissheds Stiftelse for funding the research. 

REFERENCES 
Ballard, G. and Howell, G. (1998). “Shielding Production: Essential Step in 

Production Control.” J. of Constr. Engineering and Management, 124 (1) 11-17. 
Bertelsen, S. (2005). “Modularization – A Third Approach to Making Construction 

Lean?” Proceed. of the 13th Annual Conf. of the Intl Gr. for Lean Constr., Sydney. 
van der Bij, H. and van Ekert, J. (1999) “Interaction between Production Control and 

Quality Control” Int. J. of Operations & Production Management, 19(7) 674-690. 
Brookes, A. (2005). “Theory & Practice of Modular Coordination.” Proceed. of the 

13th Annual Conf. of the Intl Gr. for Lean Constr., Sydney. 
Court, P. Pasquire, C. and Gibb, A. (2008) “Modular Assembly In Healthcare 

Construction – A Mechanical And Electrical Case Study” Proceed. of the 16th 
Annual Conf. of the Intl Gr. for Lean Constr., Manchester, UK. 

Erixon, G., von Yxkull, A. and Arnström, A. (1996) “Modularity – the Basis for 
Product and Factory Reengineering” CIRP Annals - Manufacturing Technology 
45(1) 1-6. 

Fine, C.H., Golany, B. and Naseraldin, H. (2005) “Modelling tradeoffs in three-
dimensional concurrent engineering: a goal programming approach”. Journal of 
operations Management, 23(3) 389-403. 

Halman, J.I.M., Voordijk, J.T and Reymen, I.M.M.J. (2008) “Modular Approaches in 
Dutch hosue Building: An Explanatory Survey” Housing Studies, 23(5) 781-799. 

Hofman, E., Voordijk, H and Halman, J. (2009) “matching supply networks to a 
modular product architecture in the house-building industry” Building reaserch 
and information 37 (1) 31-42. 

Henrich, G., Tilley, P. and Koskela, L. (2005). “Context of Production Control in 
Construction.” Proceed. of the 13th Ann. Conf. of the Intl Gr. for Lean C., Sydney 

Höök, M. and Stehn, L. (2008). “Lean principles in industrialized housing production: 
the need for a cultural change”. Lean Construction Journal (2008) 20-33. 

Lennartsson, M., Björnfot, A. and Stehn, L. (2008) “Lean Modular Design: Value 
Based Progress in Industrialised Housing” Proceed. of the 16th Annual Conf. of 
the Intl Gr. for Lean Constr., Manchester, UK. 

Morris, D. and Donnelly, T. (2006) “Are there Market Limits to Modularisation?” Int. 
Journal of Automotive Technology and Management, 6(3) 262-275. 

Stevenson, M., Hendry, L.C. and Kingsman, B.G. (2005) “A Review of Production 
Planning and Control: the Applicability of Key Concepts to the Make-to-Order 
Industry” Int. Journal of Production Research, 43(5) 869-898. 



Production Control through Modularisation 

Prefabrication, Assembly and Open Building 
 

463 

Veenstra, V.S. Halman, J.I.M. and Voordijk, J.T. (2006) “A Methodology for 
Developing Product Platforms in the Specific Setting of the Housebuilding 
Industry” Research in Engineering Design, 17(3) 157-173. 

Voordijk, H., Meijboom, B. and de Haan, J. (2006) “Modularity in Supply Chains: A 
Multiple Case Study in the Construction Industry” Int. J. of Operations & 
Production Management, 26(6) 600-618. 





Paper B

Step-by-Step Modularity –  
a Roadmap for Building Service Development 

By: Martin Lennartsson and Anders Björnfot 

Lennartsson, M. and Björnfot, A. (2010) Step-by-Step Modularity 
– a Roadmap for Building Service Development. Lean 
Construction Journal, 2010(1), pp. 17-29. 

(The paper has been edited to fit this thesis format, but the contents remain the same.) 





© Lean Construction Journal 2010 page 17 www.leanconstructionjournal.org

Lennartsson, M., Björnfot A. (2010) Step-by-Step 
Modularity – a Roadmap for Building Service 
Development Lean Construction Journal 2010 pp 17-29

Step-by-Step Modularity – a Roadmap for Building 
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Abstract
Research Question/Hypothesis: Modularity in 3D can serve as a catalyst for change, 

towards a more industrial practice of building services in housing construction.
Purpose: This paper explores and expands on Fines modularity model and demonstrates it

with the development of building services in industrial housing.
Research Design/Method: Empirical data were obtained from a joint product development

initiative of a shaft and an inner ceiling, involving five industrial housing companies.
Findings: The proposed framework is applicable in designing building service modules. The 

framework is applied by identifying and evaluating the key dimension (product, 
process or supply chain), followed by stepwise evaluation of the remaining dimensions.

Limitations: The research considers development of building services in industrialised 
housing construction on the Swedish construction market.

Implications: The research provide a roadmap for modularisation in construction, i.e. how 
to initiate a module development and how to analyse its potential. The methodology 
provides valuable insights in the complex building service trade. 

Value for practitioners: Experiences from an actual product development initiative in 
industrialised housing are presented, a process in which five companies jointly 
developed two building service modules. The roadmap works as an action plan, 
potentially applicable to other complex construction products/components.

Paper type: Case Study
Keywords: Modularity, Building Services, Industrialised Housing, Supply Chain Management

Introduction
Building services (HVAC, electricity, etc.) is a neglected area of innovation in Swedish 
housing construction; during the latter part of the 20th century only minor technical 
improvements have occurred. Work is performed with traditional methods and tools, i.e. 
quality relies on craftsman skills organised in specialised craftsmanship guilds, ranging 
from plumbers and electricians to speciality designers. Housing companies (contractors and 
manufacturers) have difficulties in coordinating actors and activities during production.
These problems are not exclusive for building services; instead they highlight two general 
issues in construction - an equivocal view on value and poor production control. According 
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to Lennartsson et al. (2008; 2009), these issues can be seen as a lack of value creation and 
generation for actors within the supply chain; instead of working towards a unified goal 
they individually optimise the own work. We are convinced that modularity can serve as a 
catalyst for change towards improved value generation and production control.

Modularity in construction is seen as a management concept concerning design and 
production, rather than the conventional mass customisation view to offer multiple
variants. Construction modularity challenges researchers worldwide through, e.g.
tolerances (Milberg and Tommelein 2004), flexibility (Vrijhoef et al. 2002) and open 
building (Cuperus 2001). Voordijk et al. (2006) applied the three dimensional (product, 
process and supply chain) model from Fine (1998) (Figure 1) in construction. Fine (1998) 
investigated concurrent engineering, emphasising that good performance 
(competitiveness) occur from concurrent product, process and supply chain considerations. 
Using the model of Fine, Voordijk et al. (2006) was first to provide an overall view on 
construction modularity. However, modularity was only considered schematically.

Figure 1: Overlapping responsibilities according to Fine (1998, p.146).

This paper aims to explore how Fines modularity model can be used and expanded on to 
guide the improvement of building services in housing construction. Empirical data were
collected from a product development process of a shaft and an inner ceiling module for 
building services. The project consisted of five industrial housing companies working
jointly over three years to modularise their building services. The paper presents an 
expansion of Fine’s model, resulting in a step-by-step roadmap for improving modular 
design of building services in industrialised housing construction.

Industry Context – Building Services in Construction
The idea of prefabricated building services is as old as the idea to prefabricate buildings; a 
prefabricated “building service wall” was used in Sweden during the late 1950s, while 
standardised shaft solutions was used in the 1970s. During the 1980s, efforts were made to 
prefabricate bathrooms with all necessary building services. The floor plans were often 
designed with kitchen “wet” side facing the bathroom wall to group all building services in 
one shaft, simplifying assembly. In the 1990s, the first system solutions emerged as shafts 
were placed near stairwells, a development driven by new materials, e.g. corrosive, 
pressure and thermal resistant pipes. The building service wall reappeared, with wall-
assembled toilets and joints concealed. Lately, the area has developed technologically, 
with sprinkler systems and, communication and automatic control systems. However, 
assembly is performed in traditional fashion, with procured consultants and sub-
contractors. See Lennartsson (2009) for a more detailed overview. Figure 2 illustrates the 
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traditional manner of building services, i.e. vertical canals in shafts between floors and 
between apartments, horizontal canals in inner ceilings. 

Figure 2: Left) Assembly of vertical shaft. Right) Building services in inner ceiling.

Industrialised housing, as a production system, attempts to change how work in 
construction is performed, by production control through increased prefabrication.
Companies manufacturing housing industrially strive to take governance and integrate all 
important functions (design and production); Figure 3 exemplifies such centralised 
organisation. For industrialised housing, interaction between actors in the process is as 
important as within traditional housing construction.

Figure 3: Actors involved in the building services process in industrialised housing.

Case Study – Building Services in Industrialised Housing
Five small to medium-sized (with turnovers ranging from 7 to 42 M€) Swedish industrial 
housing companies cooperate to design and manage the development of building service 
modules (shaft and ceiling). The companies perform at least 80 % of their work off-site in 
factory environments, implying:

The product strategy is focused on a core product, the building system.
The production unit (factory) is defined, aiming for 100 % utilisation.

Focus on these prerequisites is essential for these companies. A key to success and survival 
of these companies is progression in small steps where improvements are made and 
verified before moving on to other undeveloped areas. The strategy is a consequence of 
the companies’ size as smaller corporations cannot make major and rapid investments. 

The selected unit of analysis was building service systems, specifically the design of 
shaft and ceiling modules. Five studies (see further, Lennartsson 2009) were performed to 
detect opportunities and obstacles in module design:
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A. Market survey – Overview of available components for the electric system. Data 
was also collected through interviews with electric system suppliers.

B. Electricity mapping – Study of traditional electric system assembly at one 
company through observations of work flow and analysis of potential problems.

C. Plug-and-play system evaluation – Study of benefit and obstacles of an electrical 
plug-and-play system through interviews and observations at one company.

D. Flow mapping of building services – Mapping of all building services within a 
traditional housing project in order to identify canals and critical interfaces. The
investigation covered a study of drawings and interviews in all five companies.

E. Consultant Procurement – Innovative ideas from Swedish consultants of new 
building service solutions were studied through a procurement process aimed at 
evaluating benefits and hindrances. Results from prior studies were also verified.

Theoretical Context – Modularity in Construction
Modularity research in construction is uncommon. Halman et al. (2008) conducted a survey 
of platform approaches, concluding that restrictive regulations, trade-offs in variety vs. 
price and collaboration among actors must be addressed. Björnfot and Stehn (2004) argued
that modularity support the practice of Lean Production in construction. As a continuation,
Björnfot and Stehn (2007) stated that buildability is enhanced by modularity in design 
through fitting between elements while issues such as Just-in-Time, scheduling, quality 
and flexibility are facilitated. The Open building concept (Vrijhoef et al. 2002) is based on 
modular principles with the purpose to offer variety. Another aspect of modularity is 
interface standardisation, where a key issue is tolerances (Milberg and Tommelein 2004).
Voordijk et al. (2006) approached Fines (1998) product-process-supply chain concept
(Figure 1) to assess and to provide guidance on the degree of modularity.

Modularity in Three Dimensions
Erixon et al. (1996) suggested a concurrent engineering methodology to develop modules 
focusing on capturing customer demands and values with aid from Quality Function 
Deployment (QFD). However, with fragmented supply chains, as the view on value delivery
differ and value is hard to define and quantify, modular development solely based on 
customer requirements is difficult to achieve in construction (Emmitt et al. (2005). 
Consequently, a more general approach to construction modularity is appropriate. Erixon 
et al. (1996) evaluated modular development from a product and process perspective. 
However, as already mentioned, Fine (1998) argued that the key to good performance is to 
master the third dimension, the supply chain.

Fixson et al. (2005) asked; Do products design organisations, or do organisations design 
products? The question highlights the importance of strategic positioning in modular 
development; in what dimension is our core competence? The product, process, or supply 
chain? A framework for the three strategic choices (Figure 4) has been developed from 
Fine’s modularity model (Figure 1). It is important to underline that the key dimension 
must be determined before modularity can be approached in the remaining dimensions, 
which then can be approached independently without any predetermined order.



Lennartsson and Björnfot: Step-by-step modularity – a roadmap for building service development

© Lean Construction Journal 2010 page 21 www.leanconstructionjournal.org

Figure 4: Different strategic choices in module development.

In for example Fine (1998), multiple examples of modularity strategies, ranging from 
computers to aircrafts, are provided that can be positioned in this framework. To fully 
utilise the framework, it is essential to grasp the contents in all dimensions. It is important 
to note that Fines original idea was to anticipate and adapt to sudden shifts and turns on 
the market, i.e. the clockspeed. However, in construction the clockspeed plays a less 
important role. Within this context, the model provides prerequisites for construction 
companies to gain control over the three dimensions. In the following sections, research in 
the three module dimensions is interpreted to identify key issues that must be addressed.

Product Modularity

The product dimension depends on product architecture (Fine 1998, p.135); inter-
changeable components, upgradeable components, interface standardisation and system 
assessment. Based on these characteristics, the following statements were developed:

1. A modular product facilitates interchange of components

An interchangeable component is more modular (Fine 1998). Erixon et al. (1996) includes 
this characteristic as a driver for modular division facilitating service and maintenance.

2. A modular product facilitates upgrade of components

Modular components are individually upgradeable (Fine 1998), i.e. system functionality is
enhanced by upgrading the function of specific modules or adding components providing
wider selection of product variants (Halman et al. 2008). Variation of the end product is 
possible while design and production within product families are fixed (Erixon et al. 1996; 
Jørgensen (2001). According to Vrijhoef et al. (2002) modules can be produced to a certain 
extent before individually customised.

3. A modular product facilitates standard interfaces

Standardised interfaces between components are a key characteristic of modularity (Fine
1998; Erixon et al. 1996). Baldwin and Clark (2000) argue for interdependence within and
independency across modules; isolation of complexity by defining a separate abstraction 
that has a simple interface. The interface hides the complexity of the element and
indicates element interactions with the system. Pandremenos et al. (2008) emphasise the 
importance of module interface definition according to assembly sequence prerequisites.

4. A modular product facilitates easy system assessment

Easy assessment and localisation of failures is a modular characteristic (Fine 1998) related 
to interchangeable components, i.e. with failures isolated, specific components are
replaceable. The interpretation is that, division of a larger system into more tangible parts 
reduce complexity (Erixon et al. 1996; Baldwin and Clark 2000). Veenstra et al. (2006) 
address the issue by defining a product platform to better translate functional 
requirements into traceable technical specifications.
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Process Modularity

Process modularity is approached from two dimensions, space and time (Fine 1998, p.143).
A process is integrated in either or both space and time, or dispersed in both. When 
activities are spread over multiple time intervals or takes place on dispersed locations, 
process modularity increases. Consequently, a modular process is comparable to a modular 
product where standardised components instead are operations with standardised linked
interfaces (hand-offs). To reflect this similarity, three statements have been developed:

5. A modular process facilitates use of common production technology

This statement is related to space. According to Voordijk et al. (2006), process modularity 
in construction refers to management of production and establishing and controlling 
production methods, i.e. how the product is made. Jiao et al. (2007) discuss the concept 
of process platforms, implying process commonality, i.e. common tools and machines.

6. A modular process facilitates parallel assembly

A statement linked to time. As noted by Pandremenos et al. (2008), the ability to 
modularise in time need defined module interfaces due to assembly sequence 
requirements. An advantage from modular division is the reduction of lead times through 
parallel assembly (Erixon et al. 1996). Jiao et al. (2007) discuss the division of assembly in
a main line used for common operations and a line for variants.

7. A modular process facilitates the use of standard work

A statement related to space. Bertelsen (2001) assesses process modularity in terms of 
craftsman skills and number of operations, where complex systems should be modularised.
Reijers and Mendling (2008) approach modularity from an operations view where sub-
processes are defined either by refining functions or segmenting processes.

Supply Chain Modularity

Supply chain modularity is interpreted by Fine (1998, p.136) as degree of proximity: 
modular supply chains exhibit characteristics such as geographically dispersed actors, 
autonomous management, diverse cultures and low connectivity electronically, while 
integral supply chains have geographically concentrated actors, common ownership, 
common business and social culture and are linked electronically. Based on this view, 
three statements of modular supply chain characterisation have emerged:

8. A modular supply chain facilitates large physical distances

According to Fine (1998), physical distance between involved actors in the supply chain 
imply additional challenges for the success of any product development or production 
process, i.e. fundamental logistics problems concerning material planning and facility 
allocation. Modular supply chains support efficient production in such conditions.

9. A modular supply chain facilitates independent organisations

Organisations should decide their level of dependency in terms of knowledge and capacity
(Fine 1998). Doran et al. (2007) share this view, emphasising that core and non-core 
competencies are crucial in supply chain modularity. According to Bertelsen (2005),
modules should be designed in terms of functions possible to assign to specific work groups 
or subcontractors. Through outsourcing, quality becomes the responsibility of the supplier,
who therefore will become more interested in development. A restraining factor is the 
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influence of diverse business customs and laws (Fine 1998). A survey by Halman et al. 
(2008) points out legal restrictions as an obstacle to modularisation.

10.A modular supply chain facilitates communication independency

In-person and electronic communication provides challenges related to commonality of 
language, commonality of communication technology and diverse ethical standards (Fine 
1998), i.e. modular supply chains should be organised in a way to minimise the need for 
communication, in turn it will reduce the risk of misunderstandings.

A Step-by-Step Approach to Modularity
As argued above, a modularity initiative should be commenced by establishing the key 
competence dimension (Figure 4), before considering the remaining dimensions. As
development is best performed in small steps, an iterative step-by-step methodology to 
modular development is proposed (Figure 5). First, empirical data is extracted from the 
key dimension (Step 1) and analysed with the modular framework (2). The analysis results 
in modular characteristics (3), which are assessed by considering obstacles to modular 
development (4). Then, remaining dimensions are considered (5) by applying the 
framework, step-by-step, dimension by dimension.

Figure 5: Roadmap for evaluation of modularity in construction.

Data Analysis for Development of Building Service Modules
This section analyses the gathered data utilising the roadmap proposed in the preceding 
section. The data were collected, from the previously described cases denoted A-E. First
the roadmap is demonstrated with an example, followed by results and analysis from the 
three dimensions respectively. The results are summarised in Table 1.

Roadmap Demonstration
Experiences were extracted from a product determined from the outset, i.e. a shaft and a 
ceiling for building services, adaptable to different building systems and different 
production systems. Consequently, the decided key dimension (Step 1) regarding the 
building services is the product. Using the modular framework (2) in the product dimension 
shows that there is no uniform view on material and component manufacturers and that 
wholesalers are dictating business with a thorough cumbersome catalogue of articles
(obtained from study B, C and E). Therefore, an important modular characteristic (3) is
material standardisation, which specifies a narrow set of material which would in turn
provide control to the building company. An obstacle (4) to obtain this standardisation is 
the demand on actors in the supply chain to only assemble with allowed components (5)
that would avoid misfits and faulty assembly. In the advance, there is also a possible risk
with dependency to certain material suppliers (5). The remaining modular dimensions are 
analysed in the same fashion.
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Modular Characteristics – the Product Dimension
The current practice use conventional systems, e.g. water-based heating (Study D). 
However, development increases demands on energy saving (E); e.g. solutions for
preheated supply air and heat recovery from shower water. Therefore, base modules
should be designed with only necessary system components and interfaces designed for
possible additives e.g. sprinklers. Figure 6 illustrates the shaft and ceiling and has been 
developed outgoing from ideas and views submitted in study E.

Figure 6: Conceptual image for shaft and ceiling modules in a universal dwelling.

The figure highlights modular hotspots; ventilation ducts in the ceiling with flexible 
interfaces facing different rooms adaptable to different floor plans (C, E). Media in the 
shaft should be coordinated with respect to buildability, maintainability (upgradeability 
and exchangeability) and safety (bacteria growth elimination in water pipes) (E). As the 
interfaces are present in nearly all product variants, interface definition including
tolerances for continuous monitoring is crucial. The following characteristics emerge:

Material standardisation (B, C, E) - mixing of components from different 
manufacturers can lead to compatibility issues such as short circuits.
Functional interface (C, E) - the shaft and inner ceiling are components that 
contain critical functionality for transportation of different media.
Interface standardisation (A, C, E) – standard exterior module geometry with 
interior adaptable to different demands on media (contemporary and future).
Accessibility (D, E) – shafts should be accessible for maintenance from public 
areas, so service can be performed without interference in residential areas.
Safety (D, E) – Adherence to building regulations to avoid growth of bacteria and 
fire protection improvements with consultants, interpreting rules diversely.

Modular Characteristics – the Process Dimension
The companies individually manufacture prefabricated housing (D). The process is 
separated in two parts; in the factory, wires, pipes, etc. are assembled into floors and 
walls, then interfaces are completed on site (B). For building services, several activities 
and hand-offs are performed (electric assembly contains 14 distinct activities) increasing 
the risk of errors (B). Estimations indicate up to 48 times additional production time, 
meaning work groups must be relocated to handle these errors (B, C). Occurring errors 
were traced to unverified drawings delivered to production (B, C). The situation implicates 
delays and nuisance among craftsmen. Unverified drawings can be interpreted as poorly 
designed interfaces. A related issue is faulty assembly leading to lost production control, 
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as the correctional time is difficult to calculate. In the process dimension, these
characteristics appeared:

Activity interface (B, C) – isolation of the modular production process, meaning a 
minimum number of interfaces and a minimum number of iterations.
Activity standardisation (B, C) – standard work protocols for assembly that only 
allows a standardised set of activities reducing the risk of faulty assembly.
Design validation (B, C) – verification of quality by, e.g. validation of drawings 
before delivery to production units and identification of critical tolerances.

Modular Characteristics – the Supply Chain Dimension
The actors focus on maximising own values (B). Subcontractors generally express negative 
attitude derived from current conditions where they work isolated and calculations are 
made on single projects using piecework debit (B). Within the prevailing culture, 
competence is fixed to subcontractors but without incitements to push the development
(B, C, E). Consequently, the builder depends on subcontractor competence, reinforcing
their power.

In the other end of the supply chain consultants are engaged closing deals with several 
clients (D, E). They are often small firms without surplus capacity, increasing the risk of 
faulty drawings (D, E). Furthermore, material suppliers aim at maximising own profits (E). 
Currently, component manufacturers and wholesalers dictate business on the building 
service market as building companies lack necessary knowledge; a catalogue exceeding 
100,000 articles is difficult to grasp. The following characteristics emerged:

Actor interface (B, C) –actors have different interests. It is important to resolutely
define the goal and motivation of each actor involved.
Actor standardisation (B, C, E) – distinctively define what work is to be performed 
by each actor will prohibit consultants and designers to interfere on their areas
respectively.
Outsourcing (E) – purchase of standard materials in “black boxes” and production 
can be outsourced to third-party suppliers.
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Discussion
The design of the shaft and inner ceiling has several characteristics facilitating modularity
(Table 1). The product dimension is naturally the most modular since development began
with a product-oriented approach. During the process, hindrances for further 
modularisation emerged, e.g. the large number of unions implies fragile organisations, as 
disagreements in a sole association may result in production slack (compare with airlines
that are dependent on numerous unions that single handily can paralyse a whole 
operation). Interestingly, Hofman et al. (2009) presents similar hindrances from a Dutch 
joint development venture of industrialised housing.

During the design process, standardisation and module interfaces emerged as critical in 
module development. In the joint venture, comprising five companies having different 
building systems and corporate strategies, it was essential to find commonality across the
industry. Therefore, the modules only contain required components that can be subjected
to enhancement with additives. The interfaces must also be designed to fit generic
building systems. The product design also exhibits modular characteristics related to the 
process and supply chain, i.e. standardised component interfaces lead to standardised
process and supply chain interfaces.

The issue with standardisation is a common theme within modularity literature in terms 
of mass customisation and platform designs. It is important to punctuate that the issue not 
only concerns the apparent product design, but also the process and the supply chain, 
described by Björnfot and Stehn (2007) as “it is not the division of the product into 
modules that is be the essence of modularisation in construction, rather it is the 
standardised way of thinking all through the process”. The essence of this statement 
emerges as fundamental in the development of building services modules.

Interface design is a well-recognised characteristic of modularity, e.g. Erixon et al. 
(1996) suggest early interface definition for concurrent product development. The analysis 
shows that interfaces should be addressed in all dimensions, physical connections as well 
as value-adding activities and hand-offs between actors, possible to monitor with preset 
tolerances. Interface considerations provide support for building companies in strategy 
discussions (area 4 in Figure 1), e.g. interference of module designs with building system 
design and procurement strategies for key actors in the supply chain.

Conclusions
This paper assessed how Fines modularity model can be expanded to provide guidance in 
development of building services for industrialised housing. The proposed methodology is 
to apply an expanded framework of Fines three dimensional model in a step-by-step
manner. Data from five studies were analysed and the conclusion is that the model is 
applicable in designing building service modules. The main contribution from this research 
is the roadmap, i.e. how to initiate a module development process (Figure 4) and how to 
analyse its potential (Figure 5 and Table 1); in this particular case providing valuable 
insights in the complex building service trade.

Industrialised housing implies fixed prerequisites in the product and process 
dimensions, i.e. the building system and production units. Therefore, the supply chain has
the highest degrees of freedom. The results also indicate that actors are attached to a
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prevailing construction culture (Höök and Stehn 2008), but stepwise modularity has the 
potential to dissolve these constraints. Fine et al. (2005) quantify trade-offs in modular 
design, an approach that may make continuous monitoring of key module interfaces
possible, e.g. material intensity and hand-offs.
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Abstract: Industrialised house-building suppliers must learn to see how the lack of resource management disrupt the 
synchronisation of their production processes both upstream (e.g. capability to forecast material consumption) and 
downstream (e.g. order delivery Just-in-Time). In contrast to focus on workflow as is more common in construction, 
Systematic Production Analysis (SPA) is a tool capable of providing a more robust production process in terms of better 
resource characterisation and predictability. A roadmap model, composed of six steps, has been developed for simple 
introduction of SPA. The model is a straightforward way of classifying the production system in terms of impacting 
resource and parameters attributing to production loss (scrap or downtime). The applicability of SPA is analysed through 
a pilot case study at a patio door manufacturer. Two main response parameters emerged related to scrap; surface and 
dimension errors of the work piece material (wood). An objective function was formulated to reduce the scrap without 
increasing the total cost of the work piece material. It was suggested that the case company evaluates Engineering Wood 
Products (EWP) leading to a more robust production process (less scrap), but in turn increasing the initial cost of the 
work piece material. Other potential measures are purchasing new processing tools, investing in new machinery or 
educating workers which all, directly or indirectly, lead to reduced scrap. Consequently, proper management of 
production resources will improve their predictability and in turn improve production control. 

Keywords: Industrialised house-building, Production system, Robustness, Supply Chain Management, Systematic 
Production Analysis. 

_________________________________________________________________________________________ 

1. Introduction 

Swedish house-builders who utilise standardisation are 
frequently called industrial to reflect on their industrial 
maturity. These companies (both detached and multi-
storey housing) demonstrate characteristics derived from 
manufacturing organisations. Core characteristics of 
mature production environments within this segment are 
standardised production processes in fixed manufacturing 
locations (Lennartsson and Björnfot, 2010), and 
standardised products and components, for example pre-
defined building systems (Björnfot and Stehn, 2007) and 
even standard house portfolios as is more common in the 
detached housing industry. In the development of their 
production processes, Swedish industrial house-builders 
have strived to detach themselves from the traditional, 
project based, construction industry. 

However, the current business climate demands an 
adaptation to a project-based reality (Ekholm and Molnár, 
2009). As industrial house-builders strive to increase 
repetitiveness and standardisation, the current business 
environment is counterproductive. Especially, it becomes 
evident in the relation between the building company, or 

assembler, and their subcontractors. Lu et al. (2011) 
argued that the shift towards manufacturing-oriented 
practices demands suppliers and subcontractors to become 
more responsive and agile. The increased level of 
industrialisation guided by waste reduction (e.g. lower 
inventories) and takt times put demands on suppliers to 
take a more active role within the supply chain. In other 
words, suppliers must synchronise their production 
process both upstream (e.g. capability to forecast material 
consumption) and downstream (e.g. deliver orders Just-in-
Time). 

Björnfot et al. (2011) present results from three Value 
Stream Mapping (VSM) case studies performed to 
facilitate implementation of manufacturing operations, i.e. 
better defined production processes become more 
receptive to improvement measures. However, 
experiences obtained from one of the case companies, a 
supplier of patio-doors, revealed low staff utilisation (less 
than 80 %). The overcapacity is an indication of work 
buffers resulting from production variations primarily 
caused by re-work, scrap and machine downtimes. The 
work buffer screens the overall productivity, i.e. the 



“Japanese lake” methodology (Yamamoto and Bellgran, 
2010), as areas of improvements are hidden due to the low 
staff utilisation. Lowering the buffer will expose the 
production process to issues beyond mere product 
development and process design, issues that instead are 
related to the actual work carried out on the shop floor, i.e. 
re-work, scrap rates and down times. 

To continue production development it is vital that the 
production resources are controlled allowing for buffers to 
be reduced and the variation ranges to be narrowed, in turn 
providing a more robust production system, i.e. insensitive 
to disturbances. Production system design encompasses 
the organisation of resources for efficient production 
(Tolio et al., 2010), i.e. production system design does 
neither entail product development nor process design. In 
all production it is essential to find balance between costs 
and quality (Söderberg, 1994). Overcapacity is a cost, 
which has to be harmonized with customer focus; for 
business-to-business manufacturing this often translates to 
delivery according to schedule. Systematic Production 
Analysis (SPA) is a comprehensive tool that investigates 
production costs coupled to available resources and 
production loss derived from scrap and downtimes 
(Jönsson et al., 2008a, 2008b). The purpose of SPA is to 
enable systematic production system development. 

The aim of this paper is to examine how SPA can be 
used to provide for a more robust production process in 
terms of better resource characterisation and predictability, 
i.e. emphasising production resource utilisation in contrast 
to work flow as used in Value Stream Mapping (VSM). 
Hence, SPA should be able to support the management of 
production in a project-based environment. The paper first 
provides a theoretical contextual background of the 
dominant project-oriented production systems in 
construction and in Swedish industrial house-building. 
Then, definitions of resources in the production system are 
presented, followed by the SPA methodology. A roadmap 
model has been developed for simple introduction of SPA. 
The applicability of SPA is analysed through a pilot case 
study at a patio door manufacturer, which is a continuation 
of the VSM case study in Björnfot et al. (2011). 

2. Production Systems in Construction 

The performance of the traditional construction production 
system is reliant on variability reduction, activity 
interdependence and uncertainty (Schramm et al., 2008). 
Koskela (2000) identifies seven different resource flows; 
construction design, components and materials, workers, 
equipment, space, connecting work and external 
conditions and stress the risk for high variability due to 
construction peculiarities, e.g. the use of traditional 
working methods (Arbulu, 2006). Moreover, construction 
production systems are temporary (Schramm et al., 2008) 
and products are mainly delivered as unique projects. 
Consequently, one variability inconsistency is geometry 
tolerances which in a traditional construction setting are 
managed with tacit knowledge (Milberg and Tommelein, 
2003). 

Industrialised construction implies application of 
industrial production methods originating from 
manufacturing to the traditional construction production 
system. The aim of industrialisation is to better control the 
on-site production process through, for example, proactive 
and active production control (Lennartsson et al., 2009). 
However, even if the variations are significantly reduced, 

the industrialised construction production system is 
complex as the product is composed of numerous different 
components, often produced in separate locations, by 
different actors, and where the final point of assembly is 
the construction site. Also, the majority of production 
activities are still performed manually. Consequently, 
overall performance is dependent on the competence of 
the work force. 

Höök (2008) concluded that the success for Swedish 
industrial house-builders is dependent on progressive 
development. The industrial house-builders have moved 
their production inside factories where work is performed 
in preset production processes with defined value flows 
(Meiling and Johnsson, 2008). However, the industrialised 
housing supply chain is immature, i.e. poor delivery 
precision, both from the perspective of time (late 
deliveries) but also from the quality perspective as faulty 
materials, work, or components are not uncommon 
(Lennartsson and Björnfot, 2010). The suppliers must 
align with the industrial house-builders production process, 
implying synchronization of deliveries with the production 
pace of the house-builders.  

2.1. The Production System Defined in Terms of 
Resources 

The production system can be viewed as the realisation of 
value-adding processing operations through organised 
sharing of human and technical resources (Ajaefobi and 
Weston, 2009). A view shared by Ballard et al. (2001), 
who argue that the production system has the goal to “do 
the job” by maximizing value and minimizing waste 
where “do the job” implies balancing of resources to 
obtain value and reduce waste. According to Foss (1997), 
the product and resources are interdependent entities 
meaning that products require several resources and many 
resources are applicable on several products. Ståhl (2008) 
characterised the production system in four resources: 

A: Tooling. A tool provides the material, or components, 
with correct measurements regarding geometry, surface 
and material attributes. 

B: Work piece material. Work material is characterized by 
its geometry, surface and material characteristics, i.e. the 
work piece itself carries these attributes. 

C: Manufacturing Process. The process relates to 
equipment (rigidity, cushion), process data (cutting data, 
power, temperatures), additives (lubricants, gas) and other 
preparation factors (sequence, changeovers). 

D: Personnel. The human resource is related to 
administration, instructions, action plans, work form, 
responsibility and authority. 

The influence from these resources has been studied 
for different purposes. Tolio et al. (2010) suggest that the 
production system is viewed as resource architecture and 
that production system configuration comprise product 
and process co-evolution. Production system evolution 
include machine architecture/technology, man/machine 
interaction and production control, i.e. responsiveness and 
ability for reconfiguration. 

 



3. Systematic Production Analysis (SPA) 

As industrial house-building companies work towards lean 
production, it becomes important to keep Work-In-Process 
(WIP) low. Therefore, resource coordination within 
production is essential, which also includes outsourced 
components, i.e. on-time deliveries and required quality. 
Systematic Production Analysis (SPA) takes its starting 
point in the resources available and evaluates the 
conditions in terms of production losses such as scrap 
rates and down times (Jönsson et al., 2008a). 

3.1. Production Loss Rates 

SPA (Jönsson et al., 2008a, 2008b; Ståhl, 2008) describes 
the current state in terms of resources (tooling, work piece 
material, manufacturing process and personnel) and 
calculates the production loss rates; scrap (qQ), down time 
(qS) and takt (qP) for production process segments or 
specific work stations (Eq. 1-3). The nomenclature for the 
different terms is given in Table 1 below. 
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3.2. Response Parameters 

To evaluate qQ, qS, and qP, production response parameters 
are used to connect loss parameters with control factors 
(Fig. 1). The matrix can be used for different purposes, e.g. 
production follow-up, production system design, scenario 
simulations and cause-and-effect analyses of the 
connections between factors and parameters (Ståhl, 2008). 
In actuality, the response parameters dictate the condition 
(the “health”) of the production system (production loss 
rates) as they directly affect the resource costs. To identify 
critical factors and parameters for the factor groups A to D, 
the rows and columns are summarised. The method 
follows two steps: 

1. Identify response parameters (e.g. Q1 to Qn)for the 
product part regarding production prerequisites or function, 
e.g. for Q (scrap), Q1 could indicate surface defect, Q2 
dimension error, etc. These Q-parameters calculates qQ 
(Eq. 1). In the same manner, identification of S and P 
parameters are utilised for calculation of qS (Eq. 2) and qP 
(Eq. 3). 

2. Identify influencing factors in the resource groups A to 
D, A: Tooling, B: Work piece material, C: Manufacturing 
process, and D: Personnel. Each resource is a compilation 
of causes (e.g., A1 to An) for waste (Q, S, or P), e.g. for A. 
tooling, A1 could indicate blunt tools, A2 inaccurate tools, 
etc. 

 

 

Table 1. SPA nomenclature

N Number of required parts [unit] 
N0 Nominal batch size [unit] 
t0 Nominal cycle time [min] 
tS Down time [min] 
tp Actual production time [min] 
t0v Increase in cycle time to meet demands while avoiding down time [min] 
qB Material waste rate  
kA Initial costs of tooling [EUR/hour] 
kB Initial cost of work piece material [EUR/hour] 
kC1 Initial cost of equipment at service [EUR/hour] 
kC2 Initial cost of equipment at down time [EUR/hour] 
kD Initial cost of personnel [EUR/hour] 
Tsu Setup time [min] 
URP Degree of occupation 
TPB Production time per batch 

Fig. 1. Systematic Production Analysis Matrix of the parameters A to D 



3.3. Resource cost Parameters 

The production loss rates are utilised to obtain costs 
related to the resources in the production system (Eq. 4-8). 
KA denotes the cost for tooling, KB denotes the cost for 
work piece material, KC1 denotes the cost for the 
equipment at service, KC2 denotes the cost for equipment 
at down time and KD denotes the cost for personnel. 
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3.4. Objective Functions 

Production system development is either continuous or 
determined (Ståhl, 2008). Continuous development is 
strategic, i.e. the capacity to concurrently develop and 
maintain the production system. On the other hand, 
deterministic development is focused on improvement of 
specific segments or activities in the system where the key 
is to identify an objective function for the activities or 
work stations. This practice demands that the process is 
measurable so that changes can be directed toward 
predetermined goals. An objective function can be 

formulated based on the production loss rates (Eq. 1-3) 
and the individual resource costs (Eq. 4-8), for example: 

Reduce the scrap rate (qQ) for the work piece material 
(Factor B) without increasing the part cost (KB) for 
material. Material change could be a relevant strategy to 
satisfy this objective, where the new material costs more 
(kB), but is more robust and yields lower scrap (qQ). 
Another example of an objective function can instead be 
formulated based on the overall resource cost (summation 
of Eq. 4-8), for example: 

Reduce the down time (qS) in the manufacturing process 
(Factor C) without increasing the overall process cost K 
(KA + KB + KC1 + KC2 + KD). 

Decreased service intervals could be a relevant strategy 
in this case, more services costs more (kC1) but results in 
more robust processing and less unplanned downtime (qS). 
It is important to coordinate improvement measures, to 
avoid negative interactions between different resources 
and cumulative production loss rates. The strategy with 
objective functions means that an initial state is needed for 
the loss rates, working as reference after investments have 
been introduced. 

3.5. Production System Design Using SPA 

To aid in production system improvements, an 
interpretation of the different entities and their 
interrelations has been made into a conceptual view 
illustrated in Fig. 2. Here, the resource costs KA-KD are 
connected to each other by the production loss rates qQ, qS, 
qP. This means that costs for one resource can be adjusted 
by different measures, e.g. interchange and upgrade 
abilities, which in turn influence the loss rates. However, 
the changed loss rates also alter the cost for other 
resources. For example, improve the production system by 
personnel training ventures (increasing kD), and keep the 
other resources (kA, kB or kC) fixed. The training of 
personnel reduces production loss rates and leads to 
cumulative cost reductions for corresponding resources, 
e.g. more accurate operations yield less scrap.

 

 

 

Fig. 2. Conceptual view of interrelations within SPA 



This interpretation of SPA implies independent work 
on different aspects in production system development, 
i.e. causes for production loss, response parameters and 
objective functions. A roadmap (Fig. 3) composed of six 
steps is suggested to manage production system 
development. The output for each step is in [brackets]. 

1. [Identify critical process segment or work station], e.g. 
decide on a core product, a value stream, an activity, a 
machine, etc. that is of interest. 

2. Characterise response parameters [ Qi, Si, Pi] and 
resources [ Ai, Bi, Ci, Di]. 

The Steps 3 to 6 are intended to be carried out 
repeatedly until established objective functions in Step 4 
are achieved. 

3. Carry through SPA (Fig. 1), evaluate response 
parameters [ Qi, Si, Pi] and calculate the production 
loss rates [qQ, qS, qP]. 

4. [Formulate objective function] for development of the 
production system, based on the performed SPA. 

5. [Design measures] for improving the production 
system based on the objective functions. 

6. [Implement measures] and design plan for new SPA 
(go back to step 3). 

4. Method - Case Study of Patio Door Manufacturing 

The case company is a first-tier supplier to an industrial 
producer of detached housing. They are aiming to work 
in a more industrial manner, i.e. moving from project to 
process orientation. Their product catalogue includes 
patio doors, front doors and windows. The case 
company has a 1.2 M€ turnover and 11 employees. 
Together with company management it was decided to 
investigate the patio doors. The product and process 
were characterised through on-site observations and 

interviews with company personnel. Using the product 
and process characterisations, the production system was 
determined in terms of resources, i.e. the different 
workstations were defined and characterized. This work 
was done together with company management, worker 
interviews and observations. 

Application of SPA followed the proposed roadmap 
(Fig. 3). It was decided together with company 
management to study the entire process for the patio 
doors (Step 1). The characterisation of response 
parameters and resources was made in a workshop 
together with the company management (Step 2). The 
characterisation was transferred to SPA work sheets in 
A3 format, which were positioned at all work stations. 
The factory workers were then responsible to log causes 
for scraps and downtimes on one batch of patio doors 
(Step 3) consisting of a total of 152 patio doors, 
produced over 17 days. The work sheets were then 
collected and the results were compiled in a 
summarising SPA matrix. The analysis resulted in 
formulation of an objective function, which was done 
together with the company management (Step 4). 
Different measures to achieve the objective function and 
their implementation were then discussed in Step 5 and 
Step 6. 

4.1. Product Description 

The patio door (Fig. 4) production process (Fig. 4) is 
composed of eight segments/work stations. The patio 
door (Level 0) is composed of frame and arc (Level 1) 
that in turn consist of 11 parts (Level 2), quantities given 
in brackets. Note that, fill materials, i.e. insulation or 
glass, and threshold are purchased from external 
suppliers, while the remaining eight parts are 
manufactured in-house. Fig. 4 also presents the 
workstation sequences where the patio door parts are 
processed. 

 

Fig. 3. Roadmap to implement SPA 



4.2. Process Description 

Frame production (Fig. 5) is initiated by pre-cut wood 
planed at workstation I, the frame sides are then milled 
for mount assembly and holes are drilled for assembly at 
II. After that ocular inspection is carried out at V, 
inspection for cracks and twigs. If required, they are 
grinded at IV otherwise the parts are puttied. The 
following step is base painting and drying at VI. After 
that they are varnish grinded at IV and top painted at VI. 
Then mounts are assembled at VII and the frames at VIII. 

Arc production (Fig. 5) is initiated by pre-cut wood 
planed at workstation I. Fittings for hinges and locks are 
milled at II. Then ocular inspections are made at V. If 
required, they are grinded at IV otherwise the parts are 
puttied. The arc is nailed together and details are 
attached through nailing and gluing at III followed by 
puttying and base painting at V and VI respectively. 
Then varnish grinding occurs at IV before top painting at 
VI. Finally mounts are assembled at VII before 
finalising the arc at VIII, i.e. assembly of fill, glass and 
laths and attaching the door to the frame.

4.3. Production System Characterisation 

Table 2 illustrates the production system in terms of 
resource utilisation for each of the eight identified work 
stations, I-VIII (Fig. 5). The resources (A-D) in the 
production system are presented and positioned at the 
different workstations. 

A: Tooling: Planer (Pl), Nailer (N), Table cutter (C), 
Drilling machine (D), Press (Pr), Grinding machine (Gr), 
Painting device (Pa), Glue pistol (Gl) and Work Tables 
(T). 

B: Work piece material: Pre-cut wood (W), Paint (Pa), 
Fill (F), Nails (N), Details (D), Glue (G), Mounts (M), 
and Putty (Pu). 

C: Manufacturing process: Automatic (A) or Manual 
(M). 

D: Personnel: 6 employees work in the process as 
roaming resource. The number, given in Table 2, is the 
amount of workers required at each workstation.

 

 

Fig. 4. The patio door parts and Bill-Of-Material (BOM) 

 

 

Fig. 5. The Production process, workstations and sequence



Table 2. Resource utilisation in the production system at the patio door manufacturer

 
 
5. Results – SPA Implementation 

5.1. Step 1: Identify critical process segment 

The first step in the framework is to identify critical 
segments or work stations in the production process. It 
was decided to study the value stream for the patio door 
as this product is a core product. Also, the case company 
has an immature manufacturing process, based on 
manual work. Consequently, no previous analysis of the 
production system has been performed. Therefore, it was 
decided to study the entire process in order to locate 
possible problem areas. 

5.2. Step 2: Characterise response parameters and 
resources

The second step, to characterise response parameters and 
resources, included the entire process. Two scrap 
parameters, regarding surface (Q1) and dimension errors 
(Q2), and two down time parameters, planned (S1) and 
unplanned down time (S2) were determined. P-factors 
were excluded because the company does not yet work 
with paced manufacturing (takt time). In total 35 loss 
factors [resource properties] in resources A to D were 
identified. 

A: Tooling. A1: Blunt tools, A2: Errors on tools, A3: Dirt, 
A4: Tools missing. 

B: Work piece material. B1: Erroneous moisture (Hi-
Lo), B2: Twigs, B3: Cracks, B4: Dimension error, B5: 
Temperature error, B6: Dirt between glasses,  
B7: Crooked wood, B8: Ragged surface. 

C: Manufacturing process. C1: Erroneous positioning 
of work piece, C2: Set-up, C3: Defect dispensers, C4: 
First piece check, C5: Dimension check,  
C6: Incorrect tool, C7: Disruption due to other work, C8: 
Moisture check, C9: Work piece missing, C10: Preset 
measures incorrect, C11: Device error,  C12: Compressed 
air control. 

D: Personnel. D1: Breaks, D2: Meetings, D3: Personnel 
shortage (leave, etc.),  D4: Unfamiliarity, D5: 
Unwariness, D6: Matters too difficult, D7: Incorrect read 
of drawing, D8: Drawing missing, D9: Looking for 
material, D10: Looking for area to put material, D11: 
Material blocking path. 

5.3. Step 3: Carry through SPA 

SPA was carried through on one batch with the size of 
152 patio doors during a period of 17 days. The 

aggregated SPA matrix from the eight different work 
stations is presented in Table 3. 

 The total number of parts was N0=1216 of which 89 
parts (Q1+Q2) were scrapped. The total production time 
was tp=6231 minutes and the downtime was tS=1501 
minutes. The calculated loss rates yielded qQ = 0.068 
(Eq. 1) and qS = 0.241 (Eq. 2), indicating that 6.8 % of 
processed parts are scrapped and that production stands 
still 24.1 % of the processing time. 

5.4. Step 4: Formulate objective function 

The results (Table 3) indicate a large down time (Sn) 
derived from the planned set-up (S1) of the planer (C2). 
To reduce the down time, continuous work with 5S and 
introduction of standard protocols for set-up are but two 
examples of measures. However, the results (Table 3) 
indicate that the B–resource (work piece material) is the 
main issue and needs further investigation since all scrap 
(Qn) originates from here. Thus, a reasonable objective 
function for deterministic improvement of the 
production system is based on the scrap rate (Eq. 1) 
originating from the work piece material and its total 
cost (Eq. 5): 

Reduce the scrap rate in the B-factor (qQ) without 
increasing the total cost of the work piece material (KB). 

To employ measures for reaching the objective, a 
full investigation of the work piece material is required, 
i.e. what are the reasons for caused scrap. It should be 
observed that as of this time the case company has not 
yet designed any production system development 
measure nor implemented these. Therefore, the last two 
steps are mere suggestions of how to apply the 
framework. 

5.5. Step 5 & 6: Design & implement measures 

The calculation of the total work piece material cost (Eq. 
5) indicates that three parameters influence the total 
work piece cost; the initial cost of the work piece 
material itself (kB), the scrap rate (qQ) and the material 
waste rate (qB). The material waste rate (qB) considers 
mass of material waste such as drilled holes and notches, 
which for this case is negligible. Instead, a relevant 
strategy could be to evaluate alternative work piece 
materials, for example, changing from wood to steel or 
aluminium. However, such a drastic change would 
certainly imply a complete new production process (e.g. 
new machinery, new personnel skills, etc.), not to 
mention other functional requirements that would 
involve new thinking to solve. For example, the fire 



resistance properties of steel are different compared to 
those of wood. 

For small companies, drastically changing materials 
is difficult, as their turnover do not permit large 
investments if Return on Investment (ROI) cannot be 
achieved in short term. Engineered Wood Products 
(EWP) could be an intermediate option to reduce scrap 
rate by minimizing the occurrence of cracks and crooked 
wood. Introduction of EWP has the potential to reduce 
the scrap rate (qQ), which will compensate for the 
increased initial work piece cost (kB), and thereby 
improve the robustness. However, will the scrap 
reduction be sufficient? This issue requires dedicated 
pre-evaluation, implementation and follow-up of process 
effects. 

6. Analysis & discussion – SPA Implementation 

The analysis investigates the applicability of the 
proposed model (Fig. 3). Each step in the model is 
examined from the point-of-view of the case study 
results. 

Step 1: Identify critical process segment. For this 
case it was appropriate to consider the entire process as 
the company did not have any systematic measurements. 
However, for more mature production systems, the unit 
of analysis could be narrowed down to single machines 
or activities. The step is dependent on the overall 
objective, e.g. decision support in rebuilding production 
systems or providing an overview of experience and 
competence required for a specific activity (Ståhl, 2008). 

Step 2: Characterise response parameters and 
resources. Because of the lack of measurements it was 
impossible to make any investigation on the takt in the 
process. The other parameters and factors were 
important for the company to characterise as they 
provide an overview of resources and possible problems 
within the production system. In this step it is important 
to find a balance in the complexity, meaning a resolution 
for the resource and parameter definitions so that it is 

neither too simple so it does not provide any useful 
knowledge, nor too complicated so it is difficult to 
understand for the personnel who will collect the data. 

Step 3: Carry through SPA. The lessons learned 
from the study were that adequate instructions are 
needed for the personnel that are actually making the 
measurement, i.e. customise the work sheets accordingly 
with precise factors and parameters that is straight-
forward to fill out. Also, it is difficult for the personnel 
to admit to their own mistakes and fill out production 
losses caused by their own doing. To be able to break 
this trade specific influence, training and learning 
persistence is required, which is an integral step in the 
accomplishment of continuous improvements (Ko et al., 
2011). 

Step 4: Formulate objective function. Since the 
scrap collected, only came from the B-factor it was 
natural to formulate a function focusing on this problem 
at hand. Important to underline here is that the function 
has to be related to the goal of improving the 
synchronisation to the industrialised house-building 
supply chain, both upstream and downstream. However, 
the absence of measurements in the other factor groups 
might simply indicate a lack of experience of the 
personnel. 

Step 5 & 6: Design and implement measures. Even 
though these steps were not performed, the model was 
capable of providing substantial information to support 
design of measures to improve the robustness of the 
production system. The problem with much scrap 
originating from the B-module motivates an 
investigation and deterministic development through the 
assessment of alternative materials. Further, the strategy 
for reduction of downtime should be achieved through 
continuous production development. Ståhl (2008) stress 
the importance of simultaneously maintaining and 
developing the production system, i.e. continuous and 
deterministic production development should coincide.  

 

Table 3. The aggregated SPA matrix 

 
 



There are certainly other measures (Step 5 & 6) that 
could be applied to reduce the scrap rate. As the factors 
are interrelated (Fig. 2), an option is to work with the 
different factors themselves. For example, purchasing 
new tools capable of processing higher degrees of faulty 
wood (A-factor), investing in new machinery for quality 
control (C-factors) or educating the workers to perform 
quality checks (D-factors). The proposed measures 
imply increased costs, but they are also likely to be one-
time investments. For example, investing in new 
knowledge for the personnel, e.g. they can be taught to 
notice what timber will lead to quality issues and what 
timber should be discarded and perhaps be used for other 
products. Such measure would not per se reduce the 
scrap rate (as all scrap would still be in the process). 
However, the accompanied down time from scrap would 
be reduced, in turn lowering the part cost. Further, a 
more skilled work force would certainly demand higher 
wages, diminishing the effect of the measure.  

7. Conclusion 

The aim of this paper was to examine how SPA can be 
used to provide for a more robust production process in 
terms of better resource characterisation and 
predictability. The application of SPA was evaluated and 
the employment of the roadmap method (Fig. 3) 
automatically provides an overview of the production 
system in terms of influencing resource factors and 
attributing production loss parameters. The results from 
the SPA (Table 3) showed that the choice of work piece 
material is the largest cause for occurring scrap that in 
turn disrupts downstream work. Application of the 
roadmap model provided many potential measures to 
improve production system robustness, where the most 
straight forward solution is the evaluation of a new work 
piece material. In conclusion, the SPA roadmap model is 
straightforward and may be a good approach to start 
performance measurements in young manufacturing 
organisations, which is the case for many actors in the 
industrial house-building supply chain as of today. 

Compared to many manufacturing enterprises, 
industrialised house-builders are still immature, 
especially in quality management, i.e. production 
performance measurements and monitoring. Meiling and 
Johnsson (2008) state that experience feedback is not 
utilised in forthcoming projects and production system 
designs. According to Milberg and Tommelein (2003), 
this is not an issue in construction, simply because there 
are no measurements. Consequently, cause-and-effect 
analyses seem to be missing from construction processes 
in general. To gain a more robust production system, 
there is a need for a reliable measurement framework. 
Only then will the industrial house-builders be able to 
measure capability, e.g. cost, quality, delivery and 
flexibility (Dangayach and Deshmukh, 2001), as is the 
norm at mature manufacturers. 
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TESTING FAILURE MODE AND EFFECT ANALYSIS IN AN 
ENGINEER-TO-ORDER CONTEXT 

Martin Lennartsson1, Helena Johnsson2, John Meiling3 

ABSTRACT 

Failure mode and effect analysis (FMEA) is a tool that has been used to prioritise 
improvement areas in the manufacturing industry. FMEA was originally developed for an 
MTS (make-to-stock) situation where the supply chain structure is stable and under full 
control by the manufacturing company. Industrialised house-building is a trade where 
manufacturing and construction logic are mixed. The off-site activities are manufacturing of 
building components in a factory that is later installed on-site into the final assembly. The 
entire supply chain works as an engineer-to-order (ETO) chain, where nothing is produced 
until there is a customer order. The aim of this research is to test FMEA in an ETO situation 
and evaluate if it is appropriate to apply the method, and if any changes need to be made to 
adjust for the new situation. The test was made by attempting to apply FMEA to a known 
problem (tolerance issues with floor elements) in an ETO company by conducting a cross-
functional workshop with employees from several process stages. The findings are that 
FMEA is applicable to the ETO situation, but the ranking scales need to be adjusted to reflect 
the ETO situation where smaller number of products is produced, the supply chain is longer 
and more complicated, and the product has a higher monetary value than in an ordinary 
MTS situation. An alternative set of ranking scales are suggested, which provide a starting 
point both for researchers and practitioners to further develop the use of FMEA in ETO 
trades. 
Keywords:  Engineer-to-Order, Failure Mode and Effect Analysis, Testing, Industrial House-

building 

1. INTRODUCTION 

Many industrialised house-building companies base their market and manufacturing 
strategies on a building system which allows a high degree of prefabrication. There is a 
potential for economies of scale when there are sufficient repeat orders for building parts 
across many projects, giving these companies an advantage in terms of project time, quality 
and cost when compared to traditional construction companies. The potential loss comes 
from the heavy investment in manufacturing equipment required, an investment that needs 
to be paid off over several years of business in a stable niche market. The industrialised 
house-builders find themselves in a situation where their business belongs in a category 
between an ordinary construction company and a manufacturing industry (Johnsson, 2011). 
The manufacturing process is line-based jobbing production with manual operations and 
orders processed in sequence i.e. project by project. To paraphrase Sackett et al. (1997), 
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industrialised house-builders work in the construction trade, which is organised in an 
engineer-to-order (ETO) structure (Gosling and Naim, 2009). However, the internal 
organisation of manufacturing (given that a factory is in place) is more akin to a make-to-
order supply chain structure (Wiendahl and Scholtissek, 1994).  

An ETO approach is used when the product is of such high monetary value that the client 
wants to control even the design phase to protect their investment. After a contract is won, 
the challenge for the design department is to convert the client’s demands into 
components, which can be efficiently manufactured. Konijnendijk (1994) stated that ETO 
production demands specific skills and craftsmanship i.e. flexible resources with multi-
purpose capacities. According to Konijnendijk (1994), a typical feature of the ETO supply 
chain structure is the unpredictability of the production process. Testing (quality control) 
cannot be carried out before all other operations are complete, since demands are made on 
the finished product, not the components. Consequently, testing may lead to rework or 
repairs, which will impact on the project duration. Considering the high monetary value of 
an ETO product, repair and rework are very costly and thus are undesirable failure modes. It 
is therefore of interest to investigate systematic tools and methods that contribute to 
increased predictability, in terms of when and if failures occur. Given the logic of a factory 
producing building parts for subsequent assembly, it is natural to test a quality tool 
developed for serial production in order to identify failure modes and causes earlier in the 
supply chain. 

Failure Mode and Effect Analysis (FMEA) is a systematic engineering technique to 
identify, assess, reduce and eliminate known and/or potential failures, problems and errors 
in the design and/or production process for a product or service (Stamatis, 1995). To be able 
to carry out a proper failure analysis, the causes of failure that have been identified have to 
be prioritised. This prioritisation is at the core of the FMEA methodology. There are three 
domains in which the identified failures are prioritised on a scale 1 – 10: occurrence 
(frequency of the failure), severity (the effect of the failure) and detection (the ability to 
detect the failure before it reaches the customer). A risk priority number (RPN) is calculated 
by multiplying together the assessment for each domain. One of the more prominent 
features of FMEA is the possibility to assess events across the entire supply chain, which in 
an ETO company can be quite long, involving many sub-processes. In the general description 
of FMEA, the standard ranking system is derived from the automotive industry and 
originates from the development of quality management standards in the late 1980s (Wang, 
2005). The assessment criteria are customised for more standardised production 
environments, such as batch, or continuous flow. 

The aim of this paper is to test and evaluate FMEA in an ETO context, using industrialised 
house-building as the example. Empirical data regarding a quality problem, tolerances on 
floor elements, were collected and analysed using FMEA methodology. The empirical data 
together with a theoretical synthesis of FMEA literature were used to design and propose an 
alternative ranking system and RPN, which could be suitable for companies working in an 
ETO supply chain structure.  

2. THEORY 

THE ENGINEER-TO-ORDER CONTEXT 

Gosling and Naim (2009) defined six different supply chain structures or manufacturing 
classifications, identifying construction as an ETO trade. Caron and Fiore (1995) pointed out 
that construction employs the ETO strategy with the twist of on-site production and a very 
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strong project management culture. In construction, the client is either allowed, or demands 
to enter, the production information flow at a very early stage, before or during the design 
phase (Winch, 2003). The ETO supply involves a non-physical stage that includes tendering, 
engineering, design and process planning activities along with a physical stage that 
comprises component manufacturing, assembly and installation (Bertrand and Muntslag, 
1993).  

In ETO situations, the sales process is mostly focused on performance characteristics, 
delivery time and price (Konijnendijk, 1994). Clients are often unfamiliar with the product, 
which can be considered to be capital goods with a low buying frequency (ibid). Because ETO 
products have high monetary value and high variability, clients use quotations (procurement 
or tendering) to receive offers from many suppliers before placing an order (ibid). Success 
rate with quotations is often less than 30% (ibid). Market knowledge and responsiveness in 
tendering are core abilities for an ETO company (Hicks, McGovern and Earl, 1999). The sales 
process is time-consuming and can be seen as a gradual refinement of client requirements, 
which can continue even after the order is placed (Konijnendijk, 1994). 

The engineering phase is difficult to plan and control and the main mechanism for 
controlling the lead time is the number of people employed (ibid). Engineering is a strategic 
ability of an engineer-to-order company and should not be outsourced (ibid). The 
engineering function develops and describes the product in terms of drawings, bills of 
material and specifications (Hicks and Braiden, 2000). A conflict can arise in the complex 
multi-project setting of the engineers between the short-term goal to realise current 
projects and the long term goal of supporting quotations for new projects (Bertrand and 
Muntslag, 1993). The reason for setting up an ETO supply chain in the first place is the deep 
and complex product structure that makes up ETO products (Konijnendijk, 1994). The 
product structure easily reaches six or more levels (Hicks, McGovern and Earl, 2000). 

The manufacturing process uses general purpose tools that are able to handle large 
variations in product solutions (Konijnendijk, 1994). The work force is highly skilled and able 
to carry out several tasks (ibid). Production control must be performed in coordination with 
marketing, since customer delivery time and manufacturing lead times closely interact (ibid). 
The first decisions about production planning are taken with great uncertainty due to the 
unknown product specification (Bertrand and Muntslag, 1993). Given the fact that the 
product structure is complex and deep, it is nearly impossible for an ETO company to 
integrate all the production of components in-house. In design and contract companies, 75-
80% of the building cost comes from bought-out components (Hicks, McGovern and Earl 
2000). The variety in specifications and the high proportion of contract value that is 
outsourced makes procurement a core capability of ETO companies (ibid). 

FAILURE MODE AND EFFECT ANALYSIS 

FMEA is a practitioner-based method, which was initiated by NASA during the 1960s 
(Estorilio and Posso, 2010). However, FMEA, as it is recognized now, has its roots in the 
American automotive industry and was developed in the late 1970s by Ford (ibid.). Early 
publications were predominantly compiled by the companies themselves (Chrysler Corp. et 
al., 1995). FMEA is only briefly examined in quality literature such as Juran and Gryna (1988) 
and Feigenbaum (1991). A standard set of ranking criteria was developed by the Automotive 
Industry Action Group (AIAG) and the American Society for Quality (ASQ) in 1993 (Wang, 
2005). The automotive industry has applied the method to identify and rate critical failures 
in the design phase (Ben-Daya and Raouf, 1996). The Design-FMEA (DFMEA) approach is one 
of two main variants. The other one is referred to as Process-FMEA (PFMEA) and 



4

investigates critical failures in the production process. These two can be employed in 
sequence, where investigation is firstly made on the product (DFMEA) followed by an 
assessment of the production process (PFMEA). According to Kmenta et al. (2003), there is a 
risk in this separation. The root cause of failures in production can be due to design flaws. To 
overcome this problem, they proposed an integrated approach, which they called Assembly 
FMEA linking the two variants in conjunction with Design For Assembly (DFA) (Boothroyd 
and Dewhurst, 1993). FMEA is generally carried out by a cross-functional team of people 
possessing skills and knowledge about the product and processes involved (Stamatis 1995) 
and consists of the following steps:  

Identify and list failures and effects for the process or product. 
Analyse the risk of the failures occurring (O) and the likelihood of detection (D). 
Analyse the severity (S) of the effects from the failures. 
Calculate the risk priority number (RPN). 
Compile a ranking of the failures based on the risk estimation. 
Develop measures for the top-ranked failures. 
Check the effectiveness of the employed measures. 

Stamatis (1995) pointed out that the FMEA procedure is not standardised. He stressed that 
each organisation has their own structure that reflects company needs and customer 
concerns. This arbitrary approach is a risk in itself in the FMEA procedure. One general 
drawback recognised with FMEA is that the task can be arduous and time-consuming 
(Kmenta et al., 2003; Price, 1996; Ormsby, 1991). This view was also ranked as the number 
one problem in an FMEA survey study conducted by Dale and Shaw (1990). Tsung (1995) 
stressed that time is required to properly document and organise the collected information. 
Harpster (1999) connected the time frame of an FMEA to the product and process 
complexity. Hawkins and Woollons (1998) have addressed this problem with automatic 
solutions and Artificial Intelligence modelling. However, the analysis was conducted on 
electrical systems, where structures are logical and predictable. For manual assembly, where 
production is more difficult to predict, such solutions are not applicable (Kmenta et al., 
2003). 

DOMAINS AND RISK PRIORITY NUMBERS 

To be able to decide on the criticality of the identified failure modes and effects, a Risk 
Priority Number (RPN) (Stamatis, 1995; Wang, 2005) is used. The origin of RPN is unclear, but 
for example both Ford Motor Company (1988), that was an early adopter of FMEA, as well 
as Juran and Gryna (1988) suggest this approach. The RPN is constructed from ratings of 
three variables: Occurrence (O); Severity (S) and Detection (D). To compute the RPN, the 
ratings are multiplied together (Eq. 1). 

RPN= O x S x D (1) 

The cardinal ranking system uses a 1 – 10 scale to review the failure modes and effects for 
the three variables respectively (Stamatis 1995; Wang 2005). Stamatis (1995) stressed that 
this system offers accuracy and ease of interpretation, while systems with lower numbers 
are easy to interpret but less accurate and systems with numbers above 10 are difficult to 
interpret and not effective. Table 2 presents the system developed by AIAG (Wang, 2005). 
Stamatis (1995) presents a similar system. 
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Table 1. Ranking system for occurrence, severity and detection. 

 Occurrence Severity Detection 
# Probability Rate Effect Criteria Likelihood of Detection 

1 Remote: 
Unlikely 

<1/1500000 None No Effect 
Almost 
certain 

…chance that a 
control will detect a 
potential cause of 
failure or subsequent 
failure mode 

2 Very minor 
failures 

1/50000 Very minor 

Fit & finish or squeak & rattle 
items do not conform -
discriminating customers notice 
defect 

Very high 

3 
Low: 
Relatively 
few failures 

1/15000 Minor 
Fit & finish or squeak and rattle 
items do not conform - average 
customers notice defect 

High 

4 
Low to very 
low  

1/2000 Very low 
Fit & finish or squeak and rattle 
items do not conform - most 
customers notice defect 

Moderately 
high 

5 1/400 Low 
Product is operable, but comfort 
or convenience items operate at 
reduced level of performance 

Moderate 

6 
Moderate: 
Occasional 
failures 

1/80 Moderate 
Product is operable, but comfort 
or convenience items are 
inoperable 

Low 

7 High: 
Repeated 
failures 

1/20 High Product is operable, but at 
reduced level of performance Very low 

8 1/8 Very high Product is inoperable with loss of 
primary function. Remote 

9 
Hazardous 
With 
warning 

1/3 
Hazardous 
w/warning 

Failure affects safe product 
operation or involves non-
compliance with government 
regulation w/warning 

Very remote 

10 

Very high: 
Failure 
almost 
inevitable 

>1/2 Hazardous 
w/o warning 

Failure affects safe product 
operation or involves non-
compliance with government 
regulation w/o warning 

Absolutely 
uncertain 

Uncertain that a 
control will detect a 
potential cause of 
failure or subsequent 
failure mode; or 
there is no control 

The benefit of this simple way of calculating risk is that it is easy to understand for the 
improvement team. However, as seen for the variables occurrence and detection, a large set 
of statistical data is needed to properly rate the failures. Stamatis (1995) stressed that if 
such data are absent, customised rules have to be developed, which reflect the production 
process investigated. Notably for the severity variable, the top rankings are connected to 
governmental regulations. 

Gilchrist (1993) criticised the RPN construct for being ad hoc and haphazard. Further, he 
questioned the way RPNs are obtained by simple multiplication of the three variables and 
pointed out the lack of a linear relationship and algebraic representation. He illustrated this 
with the inherent relationship between the occurrence and detection classes. This means 
that different probabilities for faulty parts reaching a customer may obtain the same RPN. 
The risk is also noted by Harpster (1999), who also presented a simple example using the 
occurrence and detection variables. Harpster also criticised the system for being based on 
inaccurate guessing and thereby calculating erroneous RPNs. Several attempts have been 
made to make the RPN system more accurate using matrices (Chen, 2007) and mathematical 
models. However, increased complexity in the RPN system may compromise its 
understanding by the improvement team (Dale and Shaw, 1990), which may risk diligence. It 
is important to find a balance in the ranking system between accuracy and simplicity. 

3. METHOD 
To test FMEA in an ETO context, a number of methodological options are present. The 
chosen method was to perform a case study where FMEA was tested in a company working 
within an ETO context. A case study is appropriate since the test involves studying a 
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phenomenon in its natural context, targeting rich descriptions of the phenomenon (Miles 
and Huberman, 1994). The test was carried out on a problem involving many functions in 
the supply chain, making it suitable for a process-FMEA, namely tolerances in on-site 
assembly of floor elements, Fig. 1. Representatives from the entire supply chain in the case 
study company participated in the FMEA workshop in November 2011, led by the first 
author. The research team also gathered background data in the form of specifications, 
photographs and problem descriptions using a multiple data collection approach 
(Gummesson, 2000). Furthermore, all interviews and participating observations were 
conducted from November 2011 to February 2012 to completely understand the tolerance 
problem. Together, this enabled the research team to perform an FMEA ranking of 
occurrence, severity and detection. In doing so, the research team questioned the ranking 
system presented in Table 1, as the first attempt in performing the FMEA was difficult to 
complete due to a mismatch between the ranking system and the ETO context. As an 
example, the grade for detection would have ended up with 10 for all failures, since there is 
no possibility to test the product against the client specifications until it is finished. 

It should be noted that case study methods are argued to yield information only on the 
particular cases studied and more general conclusions drawn from them are merely 
hypotheses (Denzin and Lincoln, 2005). Following that line of thought, the research team 
proposed a redefinition of the ranking system presented in Section 4, intended to be more 
suitable for the ETO situation. The interaction effect between severity and detection were 
addressed, given the high monetary value of ETO products. 

Table 2. Participants in the FMEA workshop. 

Participant Production process Position 
Years in 

the 
company 

1 Production support Head of companywide Lean 
production implementation 4 

2 Manufacturing Quality manager in manufacturing 15 

3 Design Building system manager 10 

4 Design Structural engineer  2 

5 On-site assembly Head of on-site assembly 10 

6 Manufacturing Group leader wall element 
manufacturing 14 

Preparation and post-work for the FMEA workshop was carried out by the authors and was 
based on a joint literature review as well as discussions. The data collection resulted in a set 
of failure modes and effects for the tolerance problem. The empirical data were collected 
together with the cross-functional team, Table 2. The authors carried out the transcription 
and transfer to spreadsheets. The evaluation of the results and analysis were carried out in a 
stepwise manner. The following steps were taken: 

1. A process FMEA was chosen; it included the process segments, design, 
manufacturing and on-site assembly. By starting in the stated problem, a cause and 
effect network for failures in the selected process segments was developed. The 
unprocessed data were transcribed and transferred into an FMEA spreadsheet. 

2. An attempt to fit the standard FMEA ranking system was carried out and it was 
concluded to be inappropriate for all of the domains O, S and D.  
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3. The test of the FMEA framework, the characterisation of an ETO situation, failure 
reports in construction as well as the collected data resulted in a suggestion of a 
new ranking system for the three domains O, S, and D. 

4. Another attempt was made to rank the failures. Analysis of the top ranked failure 
modes was made.  

5. Analysis of the differences between the standard FMEA ranking system and the 
new one was carried out, completed with an analysis of the new system in relation 
to its applicability to similar ETO production environments. 

THE CASE STUDY COMPANY: INDUSTRIALISED HOUSE-BUILDER LUMI 

The case study company (160 employees and a turnover of €35 M) was chosen since it 
employs industrialised house-building processes and therefore works in the ETO sector 
(construction), but has enough serial production to be able to appreciate and understand an 
FMEA approach. Their strategic asset in their business model is the building system/product 
platform (Johnsson, 2011). The interaction between the market and the operational 
platform is crucial in their ability to offer a desirable product to the market (ibid). For the 
housing market, core capabilities are delivery times, quality, cost and customisation, which 
are interpreted as project times, quality, and cost of the performance of the operational 
platform in industrialised house-building. Alternative methods generally cannot offer such 
low lead times, which leads to fast return on investment for clients. 

Lumi integrates sales, design, production and assembly of the building into one company 
i.e. their vertical integrations is very high. Their key strategy is to take full responsibility for 
the client and his/her requirements from sales through design and production, thus offering 
the client full transparency during the building process. In addition, the company studied 
has, over the last 3 years, adopted the improvement strategy of lean production with the 
overall goal to become a learning organisation by means of continuous improvements. Lumi 
could be assumed to be accustomed to quality tools and methods. The building system is 
based on timber volume modules, where the module is a closed three-dimensional 
structure. The typical size of the modules is 4 x 8 x 3 metres (width x length x height). They 
consist of wall, floor and ceiling elements, complete with insulation materials, sheathing and 
service ducts. The modules are completed as much as possible in the factory environment, 
including interior finishing and then shipped to the construction site where they are 
assembled. 

The sales department is the project leader for the building project until the contract is 
signed; they produce quotations and cost estimates. The sales department is also 
responsible for setting up the production sequence and time limits for manufacturing. The 
design department produces all documentation needed to complete the project. They also 
perform quantity take-offs for the purchasing department. All work is done with the building 
system as a guide, with the idea to minimize the number of variants as far as possible. The 
individual clients often present alterations during the design phase and those are handled by 
the project leader for design, which takes over the project from the sales department once 
the contract is signed. During design, it is important for the project leader to oversee the 
building system by informing the client about limitations and possible alternative solutions 
to alterations that the client has suggested. It is the sales department and the engineering 
department that ensure that the adaptations of the building system are not too costly, 
which could lead to lower profit. 

The manufacturing process in the factory is divided into two parts: the manufacturing of 
flat elements (walls, floors and ceilings) and the assembly of these into volume modules, 
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which are completed with interior finishing. Manufacturing is a jobbing process with manual 
operations and orders processed in sequence i.e. project by project. The takt time in 
manufacturing is 8 modules each day, resulting in 1000 m2 of finished living area per week. 
Transportation to the site is made predominantly using trucks. The erection process on the 
building site encompasses assembling the modules (some 20 per day are erected) into 2 – 6 
storey buildings and on-site completion involving the installation of elevators and stairs, 
building the roof, ground works and services installation. The assembly is carried out by self-
employed teams, trained in mounting the building system. 

CASE STUDY DESCRIPTION: TOLERANCE PROBLEMS ON FLOOR ELEMENTS 

The case study data are drawn from a problem related to quality: the tolerances of floor 
elements that are mounted at the construction site. The tolerance issue represents a well-
known, costly and time-consuming problem, which is connected to all major processes in an 
ETO company (sales, design, manufacturing, installation and commissioning). The problem 
was formulated as “What causes tolerance problems in floor elements?”. The tolerance 
problem was chosen by the case study company and presented to the authors. The following 
resources are used in the manufacturing of floor elements in the factory: 

Tools: Nail guns, sawing machines, drilling machines, adjustable work tables, 
fixtures. 
Material: Timber frame, plasterboards, chipboards, insulation, nails. 
Manufacturing process: Jobbing process with manual operations dependent on 
personnel skills. 
Personnel: Carpenters. 

Currently, Lumi has difficulties with physical tolerances in all x-y-z axes, but in this paper, it is 
the disparities in levels in floor elements between volume modules that is investigated (Fig. 
1). The problem is not detected before site-assembly. As there are currently no controls in 
the factory, it is difficult to identify how and where the tolerance problem arises. Potentially, 
there can be larger dimensional errors on the supplied material or minor errors, which 
through propagation and so-called tolerance chains are not detected until late in the value 
stream. Further, there is the possibility of process failure in the shape of sub-standard 
operations with respect to tolerances. 

 

Fig. 1. Level disparities in floor elements between volume modules. (Source: Lumi) 
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4. RESULTS AND ANALYSIS 

STEP 1: DEVELOPMENT OF FMEA 

The process was split into design, factory and site. The factory was further divided into wall 
element, floor element and volume module production. There was also an “other” category. 
Thus, in total, six categories were investigated by the cross-functional team. For each 
category, a network of failure modes and causes was developed to identify root causes of 
the problem. The result is shown in Fig. 2.  

 

Fig. 2. Network of causes and effects for the stated problem “What can cause level 
disparities between floor elements?” 

The network of failure modes and causes was transferred to an FMEA spreadsheet. The 
causes of level 3 failures were selected for the FMEA. The reason for this is to find a balance 
between failure complexity and resolution. The failure modes and causes should not be too 
detailed but also not too generic in order for the FMEA method to be usable yet precise. For 
each cause, the responsible operation was identified and an experienced effect was 
elaborated. An extract (Design and Volume) of the FMEA spreadsheet is presented in Fig. 3. 

 

Fig. 3. Extract (for Design and Volume) of the FMEA spreadsheet. 
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STEP 2: FITTING THE STANDARD RANKING SYSTEM 

Using the ranking system presented in Table 1, the three variables occurrence, severity and 
detection were reviewed as related to the tolerance problem. 

OCCURRENCE 

The problem with the ranking system for occurrence (Table 1) is the rate column. When 
looking at the number one rank, Remote 1/1,500,000, this classification is not in question for 
a trade such as engineer-to-order, predominantly producing capital goods (Konijnendijk, 
1994). The number 1,500,000 is representative of the order of magnitude of products 
produced and in ETO companies this order of magnitude is probably closer to 1,500 i.e. 
1,000 times smaller. However, the description of probability, unlikely, seems appropriate, 
when ranking failure modes for this class. The same pattern is recognised in the remaining 
part of the ranking system for occurrence. Consequently, to better reflect this class, the rates 
have to be adjusted in accordance with occurrence probability relevant to the ETO situation. 
Consideration also has to be made of the lack of testing (Konijnendijk, 1994) within the 
production process, which makes occurrence ranking more difficult. The lack of testing in 
ETO situations is due to the variations in design and productions processes, making it 
difficult to define appropriate test measures. 

SEVERITY 

The ranks for severity (Table 1), which range from None to Hazardous, are in summary 
appropriate and can be applied to the ETO situation. As Stamatis (1995) pointed out, ranking 
systems may have to be adjusted to the environment they are intended for. The key is to 
design a system that reflects severity for the specific company and their products, which 
means that the ranking system should be reviewed by every company wanting to use FMEA. 

DETECTION 

The detection ranks, Table 1, range from almost certain to absolutely uncertain. When 
investigating the criteria for rank 10 in Table 1, it states that if there are no controls, the rank 
should be set to 10. As Konijnendijk (1994) pointed out, a common characteristic in ETO 
companies is the absence of testing within the production process. Therefore, if the 
standard ranking system is applied, all failures will receive a 10 rank.  

STEP 3: DEVELOP ALTERNATIVE RANKING SYSTEM 

As part of the process to develop an alternative ranking system, characterisation of the ETO 
situation and defect descriptions from construction were utilised in conjunction with the 
standard ranking system for FMEA. 

OCCURRENCE 

The alternative ranking system for occurrence is based on the number of products per year, 
produced by an ETO company. Tentatively, the maximum number is in the order of 
magnitude 1,000. It was decided to keep the 1 – 10 scale. As Stamatis (1995) stressed, a 
higher resolution will probably not be more precise but implies more work and analysis 
whereas too narrow a scale might imply difficulties in extracting information i.e. the 
resolution is too low. By starting in the number of products, the two extremes (1 and 10) 
were defined. The rank of 1 is especially important as the standard system suggests using a 
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1/1,500,000 probability, which is inappropriate in the ETO situation. The rank of 10 is more 
fitting and that rank was kept for use in the alternative system. The original scale in Table 1 
is logarithmic, so the ranks 2 – 9 reflect ln(x), where rank 2 reflects the number of products 
and rank 9 is lower than rank 10, but still often occurs. The ranks 3 – 8 have been adjusted 
after ranks 2 and 9 were defined. The ranking system is presented in Table 3. 

Table 3. Alternative ranking for occurrence. 

Rank Probability Rate 
1 Remote Unlikely 1/8,000 
2 Very minor Very minor failures 1/1,500 
3 Low Relatively few failures 1/700 
4 

Very low Low to very low 
1/275 

5 1/100 
6 Moderate Occasional failures 1/50 
7 

High Repeated failures 
1/25 

8 1/12 
9 Hazardous With warning 1/5 

10 Very high Failures almost inevitable. >1/2 

SEVERITY 

The alternative ranking system for severity is based on the classification by the International 
Council for Research and Innovation in Building and Construction (CIB), group W086. CIB 
(1993) is a report which defines defects in construction, where defects are split into three 
classes: 

Anomalies – Indication of a possible defect. 
Defects – One or more elements do not perform their intended function. 
Failures – Termination of ability to perform a required function. 

For example, a crack in the wall is a defect until the wall fails to perform its structural 
function and the crack becomes a failure. Now, in the case of an ETO situation, the supply 
chain is long and defects can occur at multiple stages. It is also possible to correct one or 
more of the defects before final delivery to the client due to the long supply chain. It is 
therefore suggested that the defects should be amended to a specification, whether or not 
the defect affects only one process stage (engineering, manufacturing, assembly or 
commissioning), two or more. Tentatively, the likelihood that a defect affects the project 
delivery time will increase the more stages that are affected. With one or two stages 
affected, the speed of production is affected, but not the project delivery time. 
Furthermore, if one or two process stages are affected only internal customers (i.e. the next 
process stage) will suffer, but if 3 or more stages are affected, the client is also affected. A 
proposition of a scale for severity would be (Table 4): 
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Table 4. Alternative ranking for severity. 

Rank Type 1 2 3 or 
more 

1 
Anomaly

x   

2 x x  

3 x x x 

4 
Defect 

x   

5 x x  

6 x x x 

7 
Failure 

x   

8 x x  

9 x x x 

10 Danger x x x 

A special category has been inserted for severity rank 10. A severe failure would be if the 
failure inflicts danger to the humans using the building. This is denoted Danger, although it is 
known in structural design codes as structural failure. 

DETECTION 

The alternative ranking system for detection is based on the length of the process. As a 
consequence of the lack of testing, errors are detected late in the process. This means that a 
large portion of the value-adding operations within the production process has already been 
conducted and elements and components contain a good deal of value and therefore cannot 
be scrapped. Thus, detected failures must be corrected, which takes additional time and 
affects the speed of manufacturing and production control. If the production system is 
complex in terms of resources and operations, failures detected late will naturally be more 
severe. As schematically illustrated in Fig. 4, if failures are detected late, more value has 
been added and problems are likely to be more difficult to correct. 

 

Fig. 4. Effort needed to correct a failure in relation to the added value. 

In order to distribute the ranks, based on the supply chain structure in an ETO situation, 
three main processes are considered: engineering, manufacturing and assembly. In addition, 
there are also points after delivery that are noteworthy: after the final audit and during the 
warranty period (Johnsson and Meiling, 2009). The ranking system is presented in Table 5. 

 

Added value 

Effort 
Late detection 
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Table 5. Alternative ranking for detection. 

Rank Area Type 
1 

Engineering 
Work in progress 

2 Complete 

3 

Manufacturing 

Material purchasing 

4 Work in progress 

5 Work halfway 

6 Complete 

7 
Assembly 

Work in progress 

8 Complete 

9 
Delivery 

After final audit 

10 Warranty period 

STEP 4: NEW RANKING OF FAILURES 

The alternative set of ranking scales presented in Tables 3-5 were tested on the tolerance 
problem for floor elements. From the failure effects illustrated in Fig. 3, severity, detection, 
and occurrence were judged for each case. The result is presented in Table 6. 

Table 6. Test of alternative set of ranking scales. 
O S D RPN 

1 Shrinking studs 8 8 9 576 
2 Major shrinkage 7 8 9 504 
3 Floor elements supported from below 7 6 9 378 
4 Wrong choice of product (stepisol) 8 6 7 336 
5 Not same distance to floor in volume 8 6 7 336 
6 Strapping varies between 12 and 16 mm 8 6 7 336 
7 Stud quality (60x120) crooked 8 6 7 336 
8 Support misplaced 8 6 7 336 
9 Curved timber affects 8 6 7 336 

10 Selection of strapping wrong 8 6 7 336 
11 Walls mounted at different heights 8 6 7 336 
12 Different adjustments moves the problem 6 6 9 324 
13 Nails protruding 7 5 9 315 
14 Different techniques/execution 7 5 9 315 
15 Chipboard damped 7 5 9 315 
16 Mounting of support 7 6 7 294 
17 Lack of system thinking from design 7 6 7 294 
18 Dimensions missing on drawing 7 6 7 294 
19 Assembly tables 7 6 7 294 
21 Different weights across volumes 6 6 7 252 
22 Choice of spacers (xylomer) wrong 6 6 7 252 
23 Bottom floor structure lifted 6 6 7 252 
24 Floor elements screwed during transport 5 6 7 210 
25 Problem not communicated to factory 7 3 9 189 
26 Lack of professional experience 7 3 9 189 
27 Floor support not cleaned 5 5 7 175 
28 Lack of standardisation 8 3 7 168 
29 Control missing 7 3 7 147 
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In Table 6, the RPN spans from 147 for the least severe case to 576 for the most severe. It 
was found that shrinkage of the wooden material (studs and chipboard) was the main cause 
for exceeding the tolerances for the floor elements. Measurements of the tolerances did 
confirm that the curvature was so large in some cases, that the requirements imposed by 
the code were exceeded. This was considered a failure, not a defect. 

The span for detection is 7-9 in the example in Table 6. This is because a problem 
(tolerance problems in floor elements) was selected that only can be detected late in the 
supply chain. With another problem the span would have been different. 

The judgements made in Table 6 are dependent on the interpretation of the ranking 
scales made by the analysing person. When developing new scales, it is important that 
people involved in the FMEA agree on the interpretation. In the research team alone, 
several interpretations were made differently by different persons. Therefore, the analysis 
was remade a couple of times until all agreed. This reflects a goal within the team to avoid 
inaccurate guessing a risk pointed out by Harpster (1999). In addition, the effort in step 4 
reflects an ambition to find a balance between accuracy and simplicity. A complex RPN 
system is targeted by Dale and Shaw (1990) as a hindrance for diligence. 

STEP 5: ANALYSIS OF ALTERNATIVE RANKING SYSTEM  

The test of the alternative ranking system showed that occurrence is relatively easy to 
transfer to the ETO situation. The transformation was done by realising that the number of 
products produced in ETO companies is very much smaller than in MTS companies for which 
the FMEA method was originally developed. In the test case, it was straightforward to use 
the alternative scale. 

When turning to detection and severity, it became apparent that the interaction effect 
illustrated in Figure 4 affects both dimensions. Detection receives a high value if the defect is 
detected at a late stage, which is natural since defects are less costly to correct if they are 
detected early in the process. Severity receives a high value if many stages are affected by 
the defect. However, if a defect is detected at a late stage it is also likely (not always though) 
that it affects many process stages. This is due to the fact that in ETO products, the product 
structure is very deep with many sub-assemblies that are finalised into the final product 
during on-site assembly. Many defects cannot be checked against their requirement until 
final assembly.  

5. DISCUSSION AND CONCLUSION 

FMEA has been proven to be a strong tool when addressing malfunctions in products of 
different complexities with a focus on customer satisfaction (Ben-Daya and Raouf, 1996). 
Given an ETO situation, the scales used in assessing the risk priority number in FMEA were 
proven inappropriate due to: 

Smaller number of products produced (occurrence). 
A longer and more complicated supply chain structure (severity). 
High monetary value of the product (detection). 

Altogether, these differences led to a redesign of the scales used to assess the risk priority 
number. The new scales reflect a more modest number of products produced per annum 
(order of magnitude of thousands), a longer supply chain structure (more than three main 
stages allowed) and a higher value of the product (high invested monetary value in the 
product hinders scrapping and nurtures rework). 
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There is an interaction effect between the proposed scales for severity and detection, 
since both of them reflect the supply chain, although in different ways. This interaction is 
due to the ETO situation, where the management of the long supply chain is the key to 
company success. It is often the case that ETO companies do not perform all the work within 
the same company – this is another situation where the application of FMEA might be 
difficult. Then, there would need to be very strong cooperation between the suppliers in the 
supply chain to succeed. 

The new scales were tested on a problem found in an ETO situation: the tolerance 
problem of floor elements. The scales were shown to work satisfactorily, giving a plausible 
and reliable overview of the sequence of issues needed to be addressed to solve the 
tolerance problem. 

It is recommended that any company wanting to engage in FMEA should adjust the 
scales used to produce the RPN to their own situation (Stamatis, 1995). The scales and 
reasoning presented above could act as a starting point for other ETO companies wanting to 
use FMEA. 

FUTURE WORK 

The proposed redesigned scales for assessing the RPN needs further testing in different ETO 
situations to prove their generality. Furthermore, it would be interesting to look closer at 
the interaction between Severity and Detection and, if possible, to understand this 
interaction better. 
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