
 

 
 

 
 
 

  
 

On Evaluation of Design Concepts 
Modelling Approaches for Enhancing

 the Understanding of Design Solutions 

Micael Derelöv



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Linköping studies in science and technology. Dissertations, No. 1273 
ISBN 978-91-7393-536-4 
ISSN 0345-7524 

Copyright © 2009 Micael Derelöv 

Published and distributed by 
Department of Management and Engineering 
Linköpings universitet 
SE-581 83 Linköping, Sweden  

Printed by  
LiU-Tryck, Linköping 2009 

 



 iii

Abstract  
This dissertation embraces the issue of evaluating design concepts. Being able to sort 
out the potential “best solutions” from a set of solutions is a central and important part 
of the design process. The subject discussed in this dissertation has its origins in the 
lack of knowledge about design concepts, something which is characteristic of the 
initial part of the design process and which frequently causes problems when it comes 
to evaluation and selection of solutions. The purpose of this dissertation is to develop 
aids and methods that enhance the understanding of design concepts in the early 
phases of the design process.  
From deductive reasoning about the fundamental mechanisms of the evaluation 
activity, the work has been divided into three different areas: process and system 
modelling, concept optimisation, and identification of potential failures.   
The bearing of the work within the area of process and system modelling has a 
verifying character. The objective of the work has been to analyse how established 
design methodology, which has its common applications within traditional engineering 
industry, may be applied within an area that is characterised by more multidisciplinary 
interfaces, like biotechnology. The result of a number of case studies, in which 
different types of biotechnical systems where analysed and modelled, shows that the 
methodology is applicable even for biotechnical products. During the work the 
methodology has also been further elaborated on in order to better suit the 
distinguishing characteristics exhibited in the development of biotechnical systems.  
Within the area of concept optimisation, an approach for optimising the concept 
generation has been elaborated. By formalising the step in both concept generation and 
evaluation, it has been possible to apply genetic algorithms in order to optimise the 
process. The work has resulted in a model that automatically creates and sorts out a 
number of potential solutions from a defined solution space and a defined set of goals. 
The last area, which deals with identification of potential failures, has resulted in a 
rather novel way to consider and model the behaviour of a system. The approach is an 
elaboration of the modelling techniques within system theory, and deduces the system’s 
behaviour from known physical phenomena and the system’s ability to effectuate them. 
The way the different behaviours interact with one another, by affecting the properties 
of the system, determines the potential for a failure to occur. A “failure”, according to 
the model, is described as an unintended behaviour which obstructs the system’s 
functionality, i.e. which affects the conditions of a desired behaviour. 
The dissertation has resulted in three different means for approaching the difficulties 
associated with the evaluation of design concepts. The means are applicable during 
different parts of the design process, but they all address the same issue, viz. to 
enhance the understanding of the design solutions 
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1 Introduction 

1.1 Background 
Product development is an essential but often a risk-taking activity in a manufacturing 
enterprise. It is essential since most companies are facing increasingly stiff 
competition from different actors, in a market which is becoming more and more 
global. Hence, if the company does not develop or in other ways enhance their 
products, it will lead to stagnation. This is particularly valid for enterprises that have 
few but large products with long development times, and where the success of each 
project is a presumption for its survival.  
In order to meet the competition from other companies and to mitigate risk, it is 
important to have an effective product development process, i.e. a reliable process for 
identifying the needs of the customer, transforming the needs to a product, and making 
it producible. In design research/literature there is a great deal of homogeneity 
concerning the conception of an effective process (e.g. Pahl and Beitz 1996, Hubka 
and Eder 1992, Johannesson et al. 2004, Ullrich and Eppinger 2007), especially 
regarding the area of product realisation, which often is designated as the design 
process. The design process is often described in terms of iterating divergent and 
convergent phases (see section 2.3.1). The divergent phase is the creative phase where 
the problem is analysed and the solutions are generated, while the convergent phase is 
the phase where the solutions are assessed and evaluated, and where the solutions are 
selected and further refined.  

One fundamental aspect of an efficient design process is to understand the solution 
alternatives, i.e. their potential and their limitations. This aspect is essential, as it 
determines the reliability of the decision that could be made.  

Especially in the early phases of the design process, when solution ideas are formed 
and the first conceptual solutions are generated (conceptual phase), it is difficult to 
obtain sufficient knowledge, and decisions are often characterized by subjectivity and 
belief rather than knowledge and objectivity (De Boer, 1990).  

The evaluations (assessments) and decisions (selections) that are made in the 
conceptual phase of the design process are crucial, since a decision made in this phase 
will act as a watershed for future activities of the process. A poorly worked-out 
decision in the conceptual phase can never be compensated for by good detailed 
design (Wynne and Irene, 1998), and it will affect the chances of obtaining a 
competitive product. Nevertheless, even if the importance of the concept evaluation is 
emphasised in the design literature, the methodologies dealing with this kind of 
problem is rather limited.  
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1.2 Research Task 
The overall intention of this thesis has been to identify and improve crucial activities 
in the design process, especially in the conceptual phase, that are essential for 
evaluation and decision making, and which are not sufficiently supported by prevalent 
design methodologies.  

This research has focused on enhancing the evaluation process by improving 
understanding of the conceptual solutions with regards to their behaviour, and thus 
assuring a more reliable input to the evaluation activity. 

A more comprehensive description of the research task is presented in Chapter 3.  

1.3 Delimitation 
The thesis embraces a relatively large and straggling area which may be approached in 
different ways. The content of the thesis has consciously been delimited in order to 
follow the intentions of the research task, and will not be deepened to encompass 
details outside its scope.  

1.4  Disposition  
The thesis is structured in three parts (Figure 1), with a total of eight chapters and three 
appendixes. The first part introduces the work and provides a frame of reference to the 
state-of-the-art in theory and methodology. The second part embraces the research 
contribution of the thesis. The third and final part contains appended papers and 
appendixes, along with a glossary and complementary results. 

Part 1
Theoretical Frame 

and Context

Part 2
Results: Contributions 

and Applications 

Part 3
Appended Papers 
and Appendixes

1. Introduction 6. Review of papers  

2. Research Topics

4. Theoretical 
Framework

7. Discussions

8. Conclusions3. Problem Definition 

Appended Papers

5. Research Approach

Appendix A 
Glossary

Appendix B  
Summary of studies 

Appendix C
Example of the failure 

identification methodology

 

Figure 1: Outline of the thesis. 
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2 Evaluation and Decision Making 

In this chapter the background of the evaluation and decision making is presented. It 
includes both an extensive account of the nature of evaluation and decision making, 
and its relation to the design process. 

2.1 Introduction  
Evaluation and decision making are important parts of the design process. However, in 
many cases, evaluation is poorly structured and the decision making becomes a largely 
subjective activity. De Boer (1990) stresses four reasons why more attention must be 
paid to evaluation and decision making in the design process: 

• There is an increase in the size of the decision problem. This relates to the 
complexity of products as well as the number of alternatives, which are both 
growing. 

• People have a limited working memory and when people make decisions, they 
are likely to be highly selective in acquiring and processing information, and 
unstable in their evaluation of consequences. Moreover, people prefer concrete 
rather than abstract, and short-term rather than long-term thinking.  

• Growing pressure on companies’ performance in an increasingly competitive 
environment. This calls for successful products and thus for decisions that result 
in the “best” product.  

• There is a need for more explicit and objective decision procedures. This need 
relates to the complexity of decision making in organisations: many different 
departments and individuals have to be involved in order to design successful 
products. 

Furthermore, generally it is easier to generate solutions than it is to analyse and 
understand them. Thus, another reason to focus on evaluation and decision making is 
that new solutions often will be passed over in benefit for the old ones, since it is more 
difficult to evaluate new innovative solutions/technologies than older, well-known 
solutions. More effective evaluation processes may facilitate the utilisation of new and 
innovative designs. 

2.1.1 The Nature of Evaluation and Decision Making  
According to Roozenburg and Eekels (1996), there are at least three conditions that 
should be fulfilled before it is meaningful to make a decision.   
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There should be alternatives – a decision situation is defined by the selection 
between different alternatives. If there are no alternatives, the decision will be to make 
no decision. In a product development process, the alternatives are the different 
solutions that have been elaborated. The differences between the alternatives may 
vary. In some cases, the solutions are based on completely different technologies; in 
other cases, the solutions may differ only regarding individual components or material. 
However, even if there is only one solution there is a choice, either to proceed or to 
cancel the work. 

The alternatives should lead to different consequences – The consequences of a 
decision must be determinable and have to differ for each alternative. If the 
consequences are independent of the selection of alternatives, a decision is 
unnecessary. Regarding different design solutions the problem is not that they will 
lead to some consequences, but that they will do so with enough reliability to 
determine what the consequences will be.  

There should be desired consequences (goals) – For each decision, some 
consequences must be more preferable than others. The objective with the decision 
making is to select the alternative(s) which, in the best way, fulfils the desired 
consequences. In the product development case, the goals are often determined in 
connection with the task analysis, and are summarized in the design specification as 
requirements and demands. 

In Figure 2 the conditions outlined above are formalised into a basic process for the 
evaluation and decision making.  

Define 
goals

Collect 
information

Assess 
information Select 

Evaluation
Decision 
making

 
Figure 2: An outline of a basic evaluation and decision making 

process, distinguishing the evaluation activities from the 
decision making activities. 

As the expression indicates, evaluation and decision making comprises two separate 
parts: one evaluation part and one decision making part. Even if evaluation and 
decision making are often closely associated to each other when discussing design 
issues, it is important to keep in mind that they are, in theory, two widely different 
activities.  

The evaluation of a design solution implies an assessment of its value made from 
explicit goals, i.e. how well the consequences for an alternative correspond to the 
desired consequences. Making a decision is about selecting between a numbers of 
alternatives. In the product development process, the border between these two parts is 
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often vague, implying that the decision often becomes unclear. Evaluation and 
decision making should not be confused with each other, as they deal with different 
activities. 

The decision (selection) is a separate activity, which is based on the result of the 
evaluation, but to a large extent depends on the decision makers’ own preferences. 
Hence, there is no “right” decision in a strict meaning; a decision is good or bad 
relative to a certain decision maker’s goals, objectives, ambitions, risk awareness, etc. 

Evaluation is the activity which, in most cases, precedes a decision. The objective with 
an evaluation is to collect and compare information from the different alternatives. 
This part of the process is mainly to systematize, and thus the result will probably be 
more objective, i.e. the result will depend less of who is carrying out the analysis. The 
evaluation process consists of three steps/activities: define goal, collect information 
and assess information (see Figure 2). From a product development perspective, the 
different steps will comprise: 

Define goals  The goals should be defined early in the process; otherwise, 
they may more or less be influenced by the progress/result of 
the work. The goals define the direction for a good solution. 
If the goals are changed during the process, the previously 
made evaluations may be technically invalid. 

Collect information  Collect information to a large extent means to predict how a 
design solution will behave, and what kind of properties it 
will show in a particular context. Analysis and simulation are 
activities that are characteristic for this step. 

Assess information  According to the definition above, evaluation is “to 
determine a value for how well the design solution will solve 
the task”. The value may either be assessed relatively to the 
other alternatives, or absolutely towards the defined goals. 

Later in the thesis the focus will be on the evaluation process, while the decision 
making activity will only be discussed in general terms.  

2.1.2 Concept and Product Evaluation  
Depending on the status of the design process, the alternative solutions are defined at 
different detail levels. In the early phases when the solutions are characterised by non-
quantifiable, unclear and incomplete information, they are often addressed as concepts. 
Later in the process when the solutions are more quantifiable, detailed and concrete, 
they are denoted as products. The difference in characteristics reflects the possibilities 
of conducting a proper evaluation on each level. Ullman (2009) distinguishes between 
concept and product evaluation. For the concept evaluation, the goal is to use the least 
number of resources to decide which concepts have the highest potential for becoming 
a quality product. The difficulty is to choose which concept to spend time developing 
when the information, that the selection is based on, is severely limited. Product 
evaluation, however, aims more to determine, with a certain degree of validity, the 
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performance of the product and compare it with the specification. Here, the 
performance is interpreted as the measure of function. 

2.1.3 Strategies for Evaluation 
To ensure the objectivity of the evaluation, the solutions have to be examined from 
different perspectives, which cannot always be treated in the same way to be 
meaningful. When evaluating and selecting between a number of solutions, we can 
distinguish two principal strategies (after de Boer (1990)): 

Selection of the fittest solutions 

Exclusion of improper solutions 

The selection of the fittest solutions is often referred to as a determination or 
estimation of the “value” of alternative solutions by how well they fulfil the given 
task. A common interpretation of this approach (i.e. method) is to compare the 
solutions for characteristic criteria, which have often been derived from the design 
specification. The outcomes of the evaluation depend to a large extend on how well 
thought out the criteria are, in extent and objectivity, and the knowledge and 
understanding of the respective solution. 

The exclusion of improper solutions focuses on the limitations of a solution, e.g. their 
shortcomings or disadvantages. Either this kind of problem may be rather serious, 
which disqualifies the solution immediately, or it may represent a potential risk for the 
future, and need to be illuminated and dealt with. The results from this kind of 
evaluation may be interpreted in different ways. The detected negative effects of the 
solution may be seen as a measure of the reliability, but may also, by extension, be 
seen as an obstacle to the task being satisfactory fulfilled.  

The nature of the two evaluation approaches differs regarding how the solutions could 
be compared to each other. In the first case, the solutions are evaluated from the same 
base and with the same criteria. A comparison is, in other words, relatively easy to 
execute compared to the second case. In the second case, a comparison is more 
complicated. The alternative solutions could be derived from different base 
technologies, each with their own set of problems. This indicates that the base for the 
evaluation of the reliability / feasibility has to originate from the solution, rather than 
from the task. 

2.1.4 Evaluation in Prevalent Design Literature  
In the prevalent design theories (see Table 1), the concept of evaluation is often 
approached and dealt with in a similar way. The common approach is based on the 
“selection of the fittest”. This kind of method sets the focus on the possibility of the 
solutions to fulfil the task, and takes little or no account of the limitation that each 
solution has, for example weak spots.  
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Table 1: Examples of evaluation approaches in prevalent design theory and 
methodology. 

Author(s) Evaluation characteristics 
Roozenburg & 
Eekels (1995) 

Overarching description of different kinds of methods 
Pays regard to both relative and absolute judgements  
Discussion on the risks of only relying on the result of the evaluation  
Takes into account the decision-maker’s role in making a decision 
Recommends a multi-criteria approach  

Pahl & Beitz 
(1996) 

Describes two ways of conducting the evaluation, strict and clear methods – first 
a reduction followed by a selection  
Multi-criteria approach (user value analysis) – absolute judgement  
Distinguish between technical and economical values 

Ullman (2003) Differentiates between concept and product evaluation 
Pays regard to both relative and absolute judgements 
Four different techniques to reduce the number of concepts: feasibility 
judgement (“gut feel”), technology readiness assessment (state-of-the-art), 
go/no-go screening, and multi-criteria approach (decision matrix method based 
on customer requirements) 

Ulrich & Eppinger 
(2007) 

Principally relative judgements  
Multi-criteria approach (concept screening and concept scoring) 

 

There exist several methods for investigating the reliability of new products, which are 
not directly labelled as evaluation methods, but rather as verification or validation 
methods. The most common ones are Failure Mode and Effect Analysis (FMEA) and 
Fault-Tree Analysis (FTA) (cf. Chapter 2.4.2) 

FMEA and FTA are, in their simplicity, useful tools to identify failure and failure 
mechanisms for detailed and concrete product ideas, but they are normally best suited 
after the conceptual design (Liedholm, 1999). 

However, most authors in design science emphasise the importance of an early 
prediction of the reliability of a solution. Some of them approach the problem in terms 
of interaction between sub-systems (Ulrich & Eppinger, 2007; Liedholm, 1999), the 
sensitivity in variations of the input of a system (Taguchi 1986), effect chains 
(Chakrabarti, 1999), and others. Nevertheless, very few practicable methods are 
intended for the designer to use in the early phase of the design process. 

What is possible to conclude is that the commonly used evaluation methods are 
relatively simple and stand-alone methods, and which do not require a particular 
representation of the solution. Further, the result of an evaluation is directly dependent 
on the input to the evaluation activity, i.e. the knowledge of the problem (desired 
behaviour) and the solution (predicted behaviour), respectively. In the concept phase 
the designer(s) is reduced to his/her own perceptions of the solution, which often 
imply a subjective assessment, especially for “soft” areas like reliability, feasibility, 
system safety, etc.  
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2.2 Evaluation and Decision Making in the Design Process 

2.2.1 Prescriptive and Descriptive Models of the Design Process 
There have been many attempts to visualise or formalise the design process. Cross 
(2000) distinguishes between two kinds of models: descriptive models, which are 
based on observation and try to describe how (successfully) designers actually proceed 
in a design situation; and prescriptive models, that try to prescribe how the design 
process should be carried out to be optimal in some way.  

The descriptive models are often based on empirical studies of actual design situations, 
and try to capture a generic and natural way of solving design problems. One of the 
central approaches in the development of descriptive models has been to relate the 
actions of a designer with the way the human mind works. The descriptive model may 
be seen as sequences of activities that typically occur in designing (cf. Figure 3). 

Evaluation

Simulation

Synthesis

(task) Analysis

Function

Criteria

Provisional design

Expected properties

Value of the design

Approved design

Decision

Evaluation

Simulation

Synthesis

(task) Analysis

Function

Criteria

Provisional design

Expected properties

Value of the design

Approved design

Decision

 

Figure 3: The basic design cycle is an example of a 
descriptive design process model, adapted 
from Roozenburg & Eekels (1996). 

In contrast to the descriptive models, the prescriptive models are derived by logical 
explanations of how the design process should be carried out, often from a process or 
product perspective (cf. Figure 4). Seen from a product realisation viewpoint the 
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prescriptive model may be seen as a more appropriate pattern of activities than the 
descriptive one since it takes into account the gradually evolvement of the product.  

ME 1 ME 2 ME 3 ME 4 ME n

DimL 1 DimL 2 DimL n

TS representation

Optimal dimensional Layout

Optimal preliminary Layout

Optimal organ structure

Optimal functional structure

Optimal technical process

PreL nPreL 3PreL 2PreL 1

Con nCon 3Con 2Con 1

FuSrt nFuSrt 3FuSrt 2FuSrt 1

TP Black box

Design specification

Release for detailing

TP 1 TP 2 TP n

Inputs to TS, mode of action
Families of organs (function carriers)
Combination and basic arrangement

Parts, arrangement, rough form, some dimensions
Type of material and manufacturing methods

Definitive arrangement, form, all dimensions
Material and manufacturing methods

partial tolerances

Machine elements

Apply TS in TP and boundaries of TS
Establish grouping of functions

Establish technological principle
Establish sequence of operation

ME 1 ME 2 ME 3 ME 4 ME n

DimL 1 DimL 2 DimL n

TS representation

Optimal dimensional Layout

Optimal preliminary Layout

Optimal organ structure

Optimal functional structure

Optimal technical process

PreL nPreL 3PreL 2PreL 1

Con nCon 3Con 2Con 1

FuSrt nFuSrt 3FuSrt 2FuSrt 1

TP Black box

Design specification

Release for detailing

TP 1 TP 2 TP n

Inputs to TS, mode of action
Families of organs (function carriers)
Combination and basic arrangement

Parts, arrangement, rough form, some dimensions
Type of material and manufacturing methods

Definitive arrangement, form, all dimensions
Material and manufacturing methods

partial tolerances

Machine elements

Apply TS in TP and boundaries of TS
Establish grouping of functions

Establish technological principle
Establish sequence of operation

 

Figure 4:  The design process according to Hubka and Eder (1996). 
An example of a prescriptive design process model. 

In the descriptive model, evaluation and decision making are explicit activities or 
gates, while in the prescriptive model evaluation and decision making are implicit 
events in each part of the process.  

The linkage between the descriptive and the prescriptive models does not necessarily 
lead to conflicts. Andreasen (1992) suggests a design process model divided into 
activities at four levels to cope with the ambiguity related to the design term.  
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These four levels of activities are: 

• product planning (the company level) 

• product development (project level) 

• product synthesis (the product level) 

• general product solving (the designer level) 

As Figure 5 shows, the descriptive model, as Andreasen denotes general problem 
solving, will be a natural part of the other models which are of a more prescriptive 
nature. 

 

Figure 5:  Descriptive models may be seen as a part of prescriptive 
models. Adapted from Andreasen (1992). 

The fundamental view of the design process applied in this work originates mainly 
from the prescriptive models in Theory of Technical Systems (e.g. Hubka, 1988) and 
The Domain Theory (e.g. Andreasen, 1980), but it is also influenced by literature like 
Pahl and Beitz (1996), Roozenburg and Eekels (1996), Cross (2000), Ullman (2009), 
etc. 
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2.2.2 The Characteristics of the Design Process 
Evaluation and decision making may be seen as ongoing activities throughout the 
entire design process, often referred to as the decision-making process. Cooper (1993) 
and Baxter (1995) describe the decision-making process as a risk managing process 
whereas the decision-making is a way of constantly reducing the risks while 
navigating through the design process. The design process can be described as a 
complex multi-dimensional process, one which is not possible to capture in a simple 
model or description. Thus, each model may be relevant for its own goals, and a model 
is merely a perception of the design process from a particular view, and made for a 
special purpose.  

Ullman (2009) illustrates the characteristics of the duration of the design process by 
using two dimensions: the design freedom of the solution space and the knowledge 
about the design task/solution (cf. Figure 6). During the progress of the design process, 
the amount of information about the problem and the solution will increase, while the 
design freedom in the solution space will decrease. It means that in the early phases of 
the design process, the knowledge is relatively low and the freedom of how to solve 
the task is quite large. In the same way, at the end of the design process the knowledge 
of the problem is relatively large while the design freedom becomes increasingly 
limited. A decision in the early phases of the design process has a relatively higher 
effect on the final result compared to a decision at the end of the design process, 
despite the fact that the early decisions are based on less knowledge about the 
solutions. 
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Figure 6: A schematic depiction of how knowledge/information about the design 
problem accumulates during the progress of the design process, and how the 
degree of design freedom will decrease at the same time (i.e. the ability to 
change the product becomes increasingly limited as design decisions are 
made). Adapted from Ullman (2009). 
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There are a number of journal articles and textbooks, for example Andreasen (1990), 
Suh (1990) and Ullman (2009), which assert that about 70%1 of the product costs are 
determined in the early (conceptual) phases of the product development process. This 
implies that a defective decision in the early phases may be only marginally affected or 
rectified in the succeeding phases.  

Roozenburg & Eekels (1996) emphasise that most of the choices in the design process 
may be made with intuition and simplified decision rules, and that it is necessary and 
inevitable. Furthermore, they state that for important, complex, and/or non-routine 
decisions, where the decision-maker’s ability to process information is limited, there is 
a need for formalised discursive methods structuring the decision process. If one looks 
at the methods used to support decision-making activities, there are far more methods 
and aids that can be used downstream of the design process than upstream.  

Consequently, it is important to increase the knowledge about conceptual evaluation, 
as well as elaborate methods and techniques that may enhance and facilitate the 
evaluation process.  

2.3 Evaluation and Decision Making in Design Methodology 
Design methodologies are based on some fundamental ideas or principles that are not 
always explicitly described or proved to be valid; nevertheless, they create the base on 
which design science rests. Some of the ideas referred to are presented in the following 
sections. 

2.3.1 A Quantitative Solution Scanning 
According to Pahl & Beitz (1996), in the beginning of a development project the 
quantity of the solutions that are scanned is more important than the quality of each 
solution. The implicit statement in the design methodology is that a comprehensive 
number of design solutions have a greater possibility to comprise a suitable solution 
than a limited number (read: the first couple of design solutions coming to hand). 
Ulrich & Eppinger (2007) emphasise the importance of generating many solutions and 
depicting the design process in terms of divergence and convergence (see Figure 7). 

The purpose of the divergent phase is to explore the solution space and generate many 
solutions. In the convergent phases, the number of solutions is reduced in a controlled 
way, referred to as “controlled convergence” according to Pugh (1990). Another 
important objective of this thesis is that a large quantity of design solutions gives a 
comprehensive reference base for the evaluation of the solutions, which vouches for a 
more valid result. Hein (1994) argues that a lack of concept consideration will reduce 
the possibility to test the concept against alternatives, and consequently its ability to 
serve the company in a business sense may very well be arbitrary.  

                                                 
1 Both Ulrich and Pearson (1993) and Barton et al. (2001) question the reliability of this assertion. They state 
that the behaviour may appear to be intuitively obvious, but there is neither factual evidence nor a logical basis 
to support it, especially the figure of 70%. Ulrich and Pearson stated that 50% is a more reasonable figure. 
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Figure 7: A schematic depiction of divergence and convergence in the design process. 

Divergence – understands the problem and creates solutions; convergence – 
selects solutions and further development. Adapted from Ulrich and Eppinger 
(2007). 

2.3.2 Abstraction of the task (Form Follows Function)  
In order to extract the solution space and avoid getting stuck in traditional solutions, 
the task ought to be abstracted with a functional way of thinking. Being obliged to 
define the task in functional terms - and not with real solutions - facilitates the 
possibilities to find new and unexpected angles of approaches. This is a central but 
often implicit part of the design methodology. Hubka (1992) emphasises how the work 
is to proceed the engineer’s natural (and in some way unconscious) abilities to use 
different levels of abstraction in order to create hierarchical systems of classification, 
which, according to Hubka, can be of great advantages. 

2.3.3 (The benefit of) A systematic approach  
Usually, there is no doubt that the use of a systematic and structured way of working is 
both effective and efficient, but there is a opinion that systematization restrains 
creativity in the design process. However, this is not necessarily a generally correct 
conclusion. The implicit belief in design science is that a systematic approach may 
enable and facilitate a focus on the creative activities rather than obstruct them. 
According to Ulrich & Eppinger (2007), a systematic approach (1) makes the decision 
process explicit, (2) acts as a checklist for the process, and (3) facilitates the 
documentation. 

2.3.4 The importance of a well-defined and understood task  
The task and its prerequisites have to be well-defined, well understood, and accepted 
before the real design work begins. This is valid for most kinds of development 
processes, but may vary a little depending on the kind of process (Cross, 2000; Pahl & 
Beitz, 1996). 
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Besides these ideas, there are endeavours within the design methodology to: 

• increase traceability within the design 

• simplify the design documentation and make it a more of a natural and 
integrated part of the design work 

2.3.5 The Decision Paradox within Design Methodology  
The belief in design science is that an utilisation of design methodology based on ideas 
described in the former section will facilitate the design process and enhance quality 
by achieving better control of the process. Fewer mistakes and faster corrections will 
also, ideally, guarantee a faster, more efficient process. Unfortunately, in the 
endeavour to improve the design process and to avoid some fundamental 
shortcomings, new ones may be created. In a design process approach, utilising a 
methodology based on the above-mentioned ideas gives rise to increased difficulties in 
evaluation and decision-making in the early phases. A greater number of conceptual 
solutions, as the ideas on a “quantitative solution scanning” prescribes, implies a 
selection that not only has to be made from a multitude of solutions, but also needs to 
be made earlier in the process than otherwise (given limited resources). As a 
conclusion from this reasoning, the use of prevalent design methodology accentuates 
the need for more appropriate aids in early design decision-making. 

2.4 Concluding Remarks  
Some conclusions may be drawn from the reasoning above. The number of possible 
solutions to a design task is always large, and it increases rapidly with the complexity 
of the product. In fact, after a short time it proves to be totally impracticable to deal 
with all possibilities manually. One should note: 

• During the conceptual phase, the properties of a product are numerically 
defined only to a limited extent. Conventional analysis/simulation is thus not 
feasible, but must be extended by qualitative methods. 

• The result of the evaluation depends to a large extent on the ability to 
understand the behaviour of the solutions; however, there is little or no support 
for evaluation activities in the early design representations.  

• Decisions made early are the most important ones and should direct the work 
towards the most fitting alternatives in order to avoid unnecessary and time-
consuming iterations. 

• The use of design methodology (cf Chap. 2.3.1) gives rise to new kinds of 
problems. Due to an increased number of concepts the selection has to take 
place earlier in the design process, which implies that the selection must be 
made with less information. Consequently, the decisions become more 
hazardous.   
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• The aids for evaluation and decision-making in the early phases of the design 
process are few and sometimes imperfect, and there is an evident need for more 
suitable aids to support decision-making in these phases. 

By the reasoning above, one may assert that the selection might be better supported if 
the design methodology were better adapted to that particular activity. The leading or 
prevalent design literature does not use any design representation (information 
carriers) to facilitate, improve, or enhance the quality the selection or evaluation. 
Today, the pre-decision-making activities (like evaluation, reliability and feasibility 
studies) are, to a large extent, stand-alone activities in the design process, with no 
other connection to the former design representations than the perceptions in the 
designer’s mind. 
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3 Problem Definition 

The following chapter comprises an analysis of the research problem, and an 
elaboration of the objectives and the research questions.  

3.1 Research Area 
Seen from an evaluation perspective the design process may be defined as in Figure 8. 
The figure may be seen as an evolution of Figure 2, where the “collect information” in 
Figure 2 has been divided into a synthesis part and an analysis part in Figure 8.  

With specification means specify design goal; the synthesis activity comprises the 
generation of design solutions; and analysis implies estimation of the behaviour of the 
design solutions. Furthermore, the specification, synthesis, and analysis parts are 
together labelled information collection activities, whereas evaluation and decision 
making are still defined as separate activities.  

Information-collecting activities    

AnalysisAnalysis

Evaluation  
activity 

Reliability Reliability 

Estimation  of 
the behaviour for 
design solutions

(Simulation)

Assessment of 
the solution’s 
goal fulfilment

Sustainability  Sustainability  

PerformabilityPerformability

Functionality Functionality 

Cost Cost Evaluation  Evaluation  
Decision-makingDecision-making

Decision-making 
activity

Feasibility Feasibility 

System safetySystem safety

Validation  Validation  

Generation 
of  design 
solutions

Synthesis Synthesis 

etc.etc.

Specification Specification 

Specify 
design goals

Selecting the  
potential 

solution(s)  

 

Figure 8. Evaluation and decision activities in the design process. Based on basic design 
cycle from Roozenburg & Eekels (1996). 

The information about a solution is processed in order to increase the understanding of 
the alternative solutions and how they relate to one another. Evaluation methods in 
general are here defined as methods that contribute with refined information to the 
decision-making activity. The evaluation activity itself may be considered as a 
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gathering or umbrella activity, which summarises and assesses the results of a number 
of sub-activities which are carried out in the preceding information collection phase 
(cf. Figure 8). Thus, the result of the evaluation depends to a large extent on the 
quality of the activities in the information collection phase.  

From Figure 6 and Figure 8 it is possible to conclude that the problems with evaluating 
conceptual solutions are largely based on a lack of information in the early phases of 
the design process. The estimation of a concept’s behaviour is often inadequate, and 
there is a tendency to focus on the information that is easy to generate instead of the 
information that is necessary to get. A desirable objective within design science is that 
the research shall change the relations in the “freedom-knowledge” graph as shown in 
Figure 9. In other words, the knowledge about the task/solutions shall increase in the 
beginning of the project at the same time the design freedom is kept open for as long 
as possible.    
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Figure 9. The figure illustrates a desirable development of the relation in the “freedom-

knowledge” graph in order to achieve a more reliable concept evaluation.  

In order to increase the reliability of the evaluation in the early design process, the 
“information collecting activities” (cf. Figure 8) need to be well-funded and carried 
out. Uncertainties in the results from these activities will be added to and accumulated 
in the evaluation process, which will lead to a more uncertain evaluation result.  

Regarding the question of keeping the design freedom open as long as possible, one 
should not commit to/select specific solutions too early. In order to avoid premature 
commitments and at the same time proceed in the design process, it is important to 
keep the work at an abstract level, and focus on functionality rather than technical 
solutions.  

The ability to maintain an abstract level, while still being able to carry out well-
founded simulations and analyses of the concepts, is facilitated if there is a 
methodology based on a general modelling approach. A great deal of the research 
within design science aims to increase the understanding of conceptual solutions. 
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3.2 Purpose and Objectives 
The purpose of this thesis is to enhance the knowledge of concept evaluation and 
strengthen the evaluation process. The work is focused on the input to the evaluation 
activity, i.e. information collection activities, and will only to a limited extent discuss 
the procedures of the evaluation activity itself. 

The objective is to improve the result of the evaluation by providing a more 
comprehensive perception of the concepts in the information collection activities, and 
thus provide a more comprehensive input to the evaluation activity. 

Further, the aim is to show the potential of different approaches rather than prove their 
efficiency. The latter is a far more thorough endeavour than a single thesis would 
comprise.  

The objective of this thesis may be decomposed into realisable and explicitly 
formulated goals:  

• Enhance the knowledge about the evaluation process, specifically the 
information collection activities.  

• Manifest and emphasize the importance of evaluation in the design process. 

• Synthesise or develop models in order to improve the perception of the design 
solution’s behaviour 

• Define the foundations for methods aiding different perspectives of the 
information collective activities.  

3.3 Research Question  
During the work, three important areas were identified where further research was 
carried out.  

The first area derives from the divergent process (see Figure 7), where the systematic 
synthesis of concepts, i.e. a permutation of different possible sub-solutions, tends to 
present problems in the form of combinatory complexity. Even in a system of 
moderate size, the different possibilities become too extensive for the human mind to 
survey, and there is a need for a process/tool/method to aid the designer in sorting out 
the most potentially successful combinations. 

The second area stems from the convergent process (cf. Figure 7), i.e. where the 
concepts shall be analysed and evaluated. The traditional evaluation methods are 
focused on the fulfilment of performance parameters, while more difficult and “soft” 
parameters like reliability, feasibility and system safety are only qualitatively assessed, 
often from a subjective basis. A more balanced evaluation between the performance 
and the risks would vouch for a more reliable result.  

The last area considers the understanding of complex and multi-disciplinary system. 
Often each discipline has its own way of describing and modelling its part of the 
system, which seldom is compatible with the other disciplines. In the case of the bio-
mechatronic systems, there are at least four different disciplines (biotechnology, 
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mechanics, electronics and software) that must cooperate in the design process. In an 
early phase of the design process (cf. the divergent process in Figure 7) it is difficult to 
identify what consequences the synthesis of different technologies may cause.  

The perception of the consequences that the interactions between different 
disciplines/techniques imply, does not only give a generally improved understanding 
of the concept, it also facilitates different parts of the information collection activities, 
for instance: 

 supporting the identification of requirements - especially internal requirements 
arising between sub-systems, which the criteria for evaluating the sub-system 
are based on.  

 facilitating the estimation and assessment of aspects like feasibility, reliability, 
cost estimation, etc. 

These areas gave rise to three research questions: 

RQ1 How could a framework for managing the combinatory complexity in a 
systematic concept synthesis methodology be constituted? 

RQ2 How could behaviour that prevents or obstructs the utilisation of the 
functionality be identified and modelled in the system?  

RQ3 How is the perception/understanding of the interdisciplinary consequences in a 
complex, multidisciplinary system facilitated in the early phases of the design 
process? (Of particular interest is the interface between entirely different kinds 
of technologies relating to areas like biology and mechanics/electronics.) 

Each of the research questions relates to the understanding of the concept. The 
common denominator is to facilitate the analyses that precede the evaluation activity.  

In order to gain a more objective understanding of the consequences of the concepts, 
they must be explicitly described in a generic way. In the early phase of the design 
process, abstract modelling techniques like functional and system modelling are 
essential in order to increase the knowledge of the solutions and facilitate 
communication. Hence, the research questions will be approach by utilising abstract 
modelling techniques. 
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4 Theoretical Framework  

In this chapter the theoretical background of the project is presented. It begins with a 
brief overview of design theories applicable for the thesis. This is followed by a survey 
of theories and methodologies in evaluation and decision making. Finally, there is a 
section on reliability and robustness. 

4.1 Applicable Theories 
The task has a multi-domain character and may derive from several research areas. 
The task has more or less strong linkages to different theory bases in disciplines such 
as reliability, robustness, decision-making, design methodology, etc. (see Figure 10), 
but it has been chosen to label it as an evaluation task in a design science perspective. 
Design science is to be understood as a system of logical related knowledge, which 
should contain and organise the complete knowledge about and for designing (Hubka 
& Eder, 1996). 

The following overview of the design theories and methodologies has two purposes. 
The primary purpose is to describe the theories that the research is based upon and 
contributing to. The secondary purpose is to outline the state of the art in design 
science for the related areas.  

Area of this 
dissertation 

Design 
methodology

Evaluation and 
Decision making

Reliability and 
Robustness

 
Figure 10: Relation of this work to existent theory.   

4.2 Design Methodology 

4.2.1 Theory of Technical Systems 
The Theory of Technical Systems (TTS) is a descriptive theory of the machine systems 
or artefacts, based upon systems theory, which provides an important basis for 
modelling and generalising the nature of objects and processes in the real world. The 
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Theory of Technical Systems has been significant for this research by way of three 
theories:  

• Theory of Technical Processes  

• Theory of Domains  

• Theory of Properties 

4.2.2 Theory of Technical Processes  
The Theory of Technical Processes has its origin in German design philosophy, but 
was later adapted and developed to its current state by Hubka & Eder (1988) and 
Andreasen (1980).  
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Figure 11: A general model of a transfor¬mation system 

according to Hubka & Eder (1988). 

Hubka & Eder (1988) state in their Theory of Technical Processes that the purpose of 
a technical system is to transform an object from an existing state to a more desirable 
state, cf. Figure 11. The object that is to be transformed is denoted operand, its existing 
state is the input to the transformation process, and the output is the desired state, see 
Figure 11. The technical system is seen as an abstract entity, or an operator, which 
delivers the means, or effects, necessary to conduct the transformation. Beyond the 
technical system, other operators that may be involved in the transformations are the 
human system and the active environment. The technical process may be divided into 
three phases owing to the time sequence of the workflow, namely the preparing, 
executing and finishing phase. 

4.2.3 Theory of Domains 
The Theory of Domains (ToD) was developed by Andreasen (1980), and has its origin 
in the Theory of Technical Systems. In its original shape, the ToD was based on four 
different views, or domains, each one representing different abstract levels of the 
machine. Ordered from abstract to concrete these views include:  

• The process system – a structure of processes, which transform material, 
energy, and information  
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• The function system – a structure of functions needed in the machine to create 
the specified transformations 

• The organ system – a structure of organs, each of which realises one or more 
functions though physical effects  

• The component system – a structure of single components and groups of 
components that make up the embodiment of the machine. This system 
corresponds to the common view on products (technical system) 

 
Figure 12: Design involves gradually adding information in four domains, 

adapted from Andreasen (1992). 

Within each domain, work progresses from a simple, incomplete and abstract 
representation of the technical system, to a detailed and concrete one, as the design 
evolves, cf. Figure 12. According to Buur (1990) the designer also jumps back and 
forth between domains during the design work, as the product is gradually detailed and 
concretised. 

 
Figure 13: The ‘new’ theory of domains (Jensen, 1999). 



Theoretical Framework 26 

In the end of the 1990’s, ToD has been subject to some modifications in order to 
distinguish structure and behaviour, see Figure 13. According to this enhanced model, 
a transformation domain has replaced the function and the process domains. It is also 
recognised that function does not have a structure of its own, but rather inherits its 
structure through the organs or parts (Jensen, 1999). Function is thus regarded as a 
behaviour class of an organ together with the properties. This change of perception of 
the system corresponds to a large extent to the design theories by Roozenburg & 
Eekels (1996), where the function is described as the intended part of a system 
behaviour.  

4.2.4 Theory of Properties 
An essential part of the Theory of Technical System is the Theory of Properties (ToP), 
where properties of the technical system are classified and related to each other. 
According to Mørup (1993), design may be seen as a process that establishes the 
values of all the properties of a product.  
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Figure 14: The influence of product life factors on the basic design 

properties, adapted from Tjalve (1979). 
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Tjalve (1979) classifies the properties of a product according to its life cycle, as shown 
in Figure 14. According to Tjalve, the basic design properties are the only properties 
that can be directly determined by a designer. The basic design properties include 
structure (for the product as a whole), form, material, dimension, and surface quality.  

Hubka & Eder (1988), however, divide the properties due to the needs for design 
work, and propose three main classes of properties, see Figure 15. External properties 
comprise form, dimensions, colour, and other properties easily observable with the 
human senses, or by the use of common assisting devices, e.g. measuring systems. The 
second class, termed internal properties (or general design properties), includes those 
properties so difficult to observe that an expert is needed to determine their existence 
and measure. Finally, design properties (or elementary design properties) refer to 
elementary design and manufacturing properties, usually hidden to the layman but 
observable and changeable to the designer.   
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Figure 15: Relationships between classes of properties, adapted from 
Hubka & Eder (1988). 

A slightly different perception of the concept of properties is outlined by Roozenburg 
& Eekels (1996). They state that of the many properties that any product possesses, 
usually only a few are noticeable. Properties only become ‘visible’ when something is 
done with the product. Further, they argue that properties are hypothetical statements, 
and even if such a statement is true, the consequence only becomes evident when we 
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actualise the antecedent. Each property tells us something about the reaction the object 
will show if it is brought into a certain environment and used in a certain way. The 
total of all properties describes the behaviour to be expected under certain conditions, 
whereas the intended behaviour may be regarded as the functions. 

Roozenburg & Eekels distinguish between two different kinds of properties: intensive 
and extensive properties. Intensive properties depend on the material (physic-chemical 
form) only, such as specific gravity, while extensive properties, or thing properties, are 
results of intensive properties and the geometrical forms, for example the weight of an 
object. In designing, one is especially interested in the extensive properties, as these 
directly determine the functioning of the product. Roozenburg & Eekels conclude that 
the art of designing is to “give the product such a geometrical form that it has the 
desired extensive properties, given the intensive ones”. Figure 16 shows the 
functioning of a product depends on its form and its use, whereas the arrows indicate 
causal relations.  
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Figure 16: The functioning of a product, after Roozenburg & Eekels (1996). 

As a conclusion from the overview of the ToP there are different interpretations of 
how to describe and understand the conception of properties, but there are no crucial 
or contradictory distinctions between the different approaches. As a whole, the 
approaches argue that there are different kinds of properties within a product, and that 
they belong to different levels or classes:  

• base properties (characteristics) – which are defined in the blueprint and can be 
changed by the designer 

• compound properties (properties) – which are an aggregation of the base 
properties and may be visible to the user 

According to Mørup (1993) designing may be defined as the task of defining and 
establishing the value for the characteristics (base properties) so that the properties 
(compound properties) will meet the requirements and demands of the user in the best 
way. However, what makes designing such a complex activity is that characteristics 
have different priorities, and that properties are greatly interdependent. It is not 
possible to build in even just a limited set of properties without influencing other 
properties. Therefore, a small change in the design will affect not only one but a whole 
range of properties. This trade-off problem can be illustrated by Figure 15. 
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4.3 Theories and Methods in Evaluations and Decision Making 
Making a decision is a complex process where many different aspects have to be 
considered and balanced against each other. Besides the objective aspects, which to 
some extent are measurable, or at least describable, the decision also depends on 
subjective aspects like the decision-maker’s attitude toward risk. According to 
Roozenburg & Eekels (1996), there is no ‘best’ decision in the strict meaning of the 
word.  

“Decisions are good and bad relative to a certain decision-maker’s aims, preferences 
and preparedness to take risks”.  

Even if the cruciality of the subjective aspects are emphasised in some parts of the 
literature, no attempts to deal with them in a systematic manner have been found or 
proposed. Consequently, in this thesis only theories and methods dealing with the 
objective aspects will be presented.  

4.3.1 Decision-Making 
The subject of decision-making in theory and methodology is addressed in many 
different fields. De Boer (1990) mentions, for example the following four areas: 

• administrating science - the structure of the “unstructured” strategic decision 
process or how executives make their decisions 

• operational science or management research - scientific approach to problem-
solving for executive management, where the emphasis is on the economic 
efficiency 

• cognitive psychology - in which the “decision-maker’s whims, ticks and biases” 
are the subject of research 

• “decision analysis” or “cost-benefit analysis” - deals with methods and 
procedures that assist in: defining and structuring decision problems; evaluating 
expected consequences; assigning adequate probabilities to uncertain outcomes; 
computing overall values of attraction. The purpose here is to identify the 
optimal course of action  

De Boer (1990) states that methodology of decision analysis and the knowledge of the 
cognitive psychologist together constitutes “behaviour decision theory”. Further, he 
suggests that this represents a point of view, from which individuals and groups of 
people are seen to pursue goals by considering, selecting, and carrying out courses of 
action which are chosen on as rational basis as possible. However, he also adds that 
level of education, specific training, reinforcement history and inherent shortcomings 
in man’s cognitive system determine and impede his capacity to behave rationally.  
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From a product design perspective, Roozenburg & Eekels (1996) define decision-
making as an activity of choosing among a set of given alternatives and they state that 
at least three elements have to be present in any decision:  

• Alternatives – there are at least two alternatives from which the decision-maker 
has to choose one 

• Consequences – the alternatives differ with respect to consequences 

• Goals – the desired set of consequences of the action which follows the 
decision. Goals do not exist separately from people.   

The decision-maker’s problem is to decide which alternative – thus what set of 
consequences – best meet the required goal. In order to solve this problem De Boer 
(1990) distinguishes between three different decision-making approaches in product 
design. 

Decision-Making Approaches 
First, there is the rational-comprehensive approach. All alternatives are considered in 
detail and one alternative is chosen. In this approach one tries to find the very best 
alternatives that exist. This ‘optimising strategy’ requires putting considerable energy 
into collecting relevant data. Moreover, the processing of these data poses an 
important problem, as a human being cannot handle large quantities of information at 
the same time. As a result, this approach can hardly ever be applied completely.  

Instead of searching for the very best, a decision-maker often looks for a course of 
action that is ‘good enough’, i.e. he satisfies rather then optimises. One approach 
within this strategy of satisfying is known as eliminating-by-aspects, meaning the 
sequential application of a set of simple decision rules. In this way the number of 
alternatives is narrowed down to one, which is the course of action that will be taken. 
Examples of decision rules may be to always select an alternative due to its ‘level of 
simplicity’, ‘functional independency’ or ‘number of parts’.  

The third approach, also within the strategy of satisfying, is to make ‘incremental 
improvements’, also known as the successive-limited comparisons approach. This 
condenses a decision problem to choosing the ‘next best alternative’, i.e. adopting the 
first alternative that is better than the one presently in focus. In the field of urban and 
regional planning this approach is called ‘disjointed incrementalism’: improving the 
bottleneck that comes in first, then improving the next bottleneck that shows up.  
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4.3.2 Mindset for Decision-Making 
Hansen (2000) proposes a mindset for decision-making. The idea of the mindset is that 
it will enrich the engineering designer’s understanding of the decision-making, and 
thereby provide him/her with confidence when making design decisions during the 
design process.  

The mindset is based on both normative descriptions of decision-making and 
descriptive studies of how engineering designers make decisions, and is divided into 
five sub-areas: 

• To select a design solution from a number of alternatives 

• To validate a design solution 

• To navigate through the solution space 

• To formulate a product design specification  

• To tie the current decision into a consistent whole 

For each sub-area a particularly mindset or heuristics are outlined. As an example, the 
mindset for the design selection is shown in Table 2.  

Table 2: Mindset for design selection, from Hansen (2000) 

Mindset for design selection  
• A design alternative should be evaluated with respect to 

attractiveness, economy and tractability  
• Promising design alternatives should be analysed for weak spots 
• Ask for new design alternatives by combination of promising 

alternatives 
• It is the engineering designer’s job to find the best design 

alternatives, and not wait for a perfect design  
• It is equally important to identify the weak design alternatives as 

to identify the best alternative 
• It is important to remain impartial about the design alternatives 

being evaluated  
• In order to ensure an unbiased evaluation all design alternatives 

have to be produced to the same level of detail 

4.3.3 Discursive and Intuitive Evaluation Methods 
According to Eekels (1990) evaluation means assessment of the value of something: a 
natural or a cultural (artificial) object, a process, an action, an idea, a theory, a design, 
etc. in the light of the aims that were set. In a product development process the value 
may determine to what extent the properties of a solution alternative align with the 
desired properties. Evaluation is a sub-process rather than an individual activity in 
product design (cf. Figure 8), aimed at collecting and comparing information about the 
different solution alternatives.  
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According to Roozenburg & Eekels (1996) the evaluation activities may be divided 
into three steps: 

• Define goals: Describe and define target directions of a good solution in a 
concrete and solution-independent way  

• Collect information: Generate the alternative solutions and predict the 
solutions’ behaviour, i.e. which properties they will possess under given 
circumstances 

• Evaluate information: Determine an alternative’s value for how well it solves 
the given design task. 

The adequacy of the evaluation depends on the quality of the first two steps.  

Based upon the basic thoughts about evaluation, de Boer (1990) outlines six essential 
phases that one has to pass through in making decisions. These phases capture the 
essence of most of the discursive evaluation and decision-making methods in the 
existing design literature (for example research articles and textbooks).  

The phases are:  
• Establish criteria, including their scoring scales  
• Establish weighting factors per criterion  
• Determine the decision rule that will be followed  
• Determine the scores per criterion and total scores  
• Examine the (sub-) scores of the alternatives 
• Decide on one alternative (based on a decision rule) 

The evaluation methods that follow this pattern are often appropriate for arrangement 
in a matrix structure, and thus, they are sometimes denoted matrix methods. Some of 
the most referred to methods are Datum method (Pugh, 1990), Use Value Analysis or 
Kesselring (Pahl & Beitz, 1996), Concept Scoring (Ulrich & Eppinger, 2007). 
Example of what the methods look like can be found in Figure 17 and Figure 18.  
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Figure 17: Datum method, from Pugh (1990). 
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Figure 18: Use-Value Analysis or Kesselring, from Pahl & Beitz (1996).  

Categories of Discursive Evaluation Methods 
Looking at the different matrix-based evaluation methods in design literature 
superficially, they may seem to be rather similar, especially to a layman. However, as 
de Boer (1990) stated, the different phases may be interpreted in different ways. 
Depending on the objective, the different methods may have some crucial differences 
which may be difficult to distinguish. In Paper C four independent characteristics 
where outlined as an aid in order to categorisations the evaluation methods:  

• Relative – absolute: The evaluation methods may be either relative or absolute. 
Relative methods evaluate depending on the current set of alternatives, which 
makes values valid only for the current set of solutions and the current criteria. 
If changes occur either in the set of alternatives or amongst the criteria, the 
evaluation may no longer be valid. Absolute methods only depend on the 
chosen criteria, produce identical values for all possible candidate sets, and 
their values remain valid even if the set of solutions changes. Absolute methods 
therefore need predetermined value functions. 

• Ordinal – cardinal: The judgement at a criteria level in an evaluation may be 
either ordinal (qualitative) or cardinal (quantitative), according to Roozenburg 
& Eekels (1996). Ordinal methods only determine the ranking of the 
alternatives in an ordinal scale per criterion from ‘worst’ to ‘best’ (i.e. not the 
distance), whereas in the cardinal methods, the designer has to quantify the 
measure of satisfying a criterion on an interval scale (i.e. determine the 
distance). An exemplification of the reasoning is shown Figure 19. An ordinal 
evaluation, the best solution alternative (B) is given ranking 1 and the worst (D) 
ranking 4. A cardinal evaluation will for example assign alternative B the  
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value 10 and the remaining alternatives a value corresponding to the magnitude 
(e.g. 2 for D).  

A.
B.
C.
D.

Ordinal
(ranking)

3
1
2
4

Cardinal
(rating)

5
10
7
2  

Figure 19: Ordinal ranking and cardinal rating of solution 
alternatives A, B, C, D; the length of the bars 
indicates the magnitude of the evaluated parameter. 

• Disjunctive – conjunctive: Disjunctive and conjunctive refer to the aggregation 
of multiple criteria. A disjunctive method treats one criterion at a time, resulting 
in a ranking or rating of the solution alternatives with respect to one criterion. 
In a conjunctive method, several criteria are assessed simultaneously as a 
“trade-off” between several targets; this requires balancing different evaluation 
criteria against each other and enables poor properties to be compensated by 
good ones. ((Roozenburg & Eekels, 1996) compare the first and the third 
strategies for decision-making outlined by de Boer (1990).) 

• Selecting – eliminating: In order to achieve a reduction in the number of 
alternatives two different strategies may be used: selection, i.e. choosing the 
best solutions, or elimination, i.e. removing the worst or inadequate solutions. 
Usually, the latter requires less information but does not guarantee that the 
remaining solutions fulfil the task; they are only the less bad ones. ((Pahl & 
Beitz, 1996), or compare the first and the second strategies for decision-making 
outlined by de Boer (1990).) 

In Table 3 is an example of how some evaluation methods can be categorised due to 
the four characteristics described above. The table implies that it is important to 
understand the aim and the assumptions for the evaluation method considered to be 
used. 
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Table 3: Characteristics of common evaluation and decision-making methods in 
current design literature. 

Characteristics 

Evaluation methods 

O
rd

in
al

 

C
ar

di
na

l 

R
el

at
iv

e 

A
bs

ol
ut

e 

D
is

ju
nc

tiv
e 

C
on

ju
nc

tiv
e 

S
el

ec
tin

g 

E
lim

in
at

in
g 

Kesselring 
(Pahl & Beitz,1996)  X  X  X X  

Concept Scoring 
(Ulrich & Eppinger, 2007)  X X   X X  

Datum method  
(Pugh, 1990) X  X   X X  

“Decision Matrix” 
(Ullman, 2003) X (X) X   X X  

The Lexicographical Rule 
(Roozenburg & Eekels, 1996)  X  X  X  X  

“Elimination by aspects” 
(Roozenburg & Eekels, 1996)  X  X  X   X 

Selection Chart 
(Pahl & Beitz, 1996) X   X X  (X) X 

“New Product Profiles” 
(Roozenburg & Eekels, 1996)   X  X  X - - 

Intuitive Evaluation Methods  
In addition to the discursive methods described above, other more intuitive methods 
and techniques are proposed in literature. Ulrich & Eppinger (2007) mention for 
example: 

• Pros and cons – the team lists the strengths and the weaknesses of each concept 
and makes a choice based upon group opinion. 

• External decision – concepts are turned over to the costumer, client, or some 
other external entity for selection. 

• Product champion – An influential member of the product development team 
chooses a concept based on personal preferences. 

• Intuition – the concept is chosen by its feel. Explicit criteria or trade-offs are not 
used. The concept just seems better. 

• Multivoting – each member of the team votes for several concepts. The concept 
with the most votes is selected. 

Ullman (2003) discusses three additional techniques: evaluation based on feasibility 
judgement, technology-readiness assessment, or Go/No-Go screening. The feasibility 
of a concept is based on the design engineer’s knowledge. Often it is necessary to 
enlarge this knowledge with the development of a simple model. In the technology-
readiness assessment, the maturity of the technologies that may be used in the concept 
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is determined. Ullman proposes six measures that may be applied to determine a 
technology’s maturity: 

1) Can the technology be manufactured with known processes? 
2) Are the critical parameters that control the function identified? 
3) Are the safe operating latitude and sensitivity of the parameters known? 
4) Have the failure modes been identified? 
5) Does hardware exist that demonstrates positive answers to the above four 

questions?  
6) Is the technology controllable throughout the product’s life cycle? 

A go/no-go screening based on the customer requirements helps filter the concept. If a 
concept does not meet the requirements, it should be turned down or reworked.  

4.3.4 Other Contributions 
Bernard (1999), Borg et al. (1999), Chen & Lin (2002), Koli et al. (2004), and Smith 
and Clarkson (2005) have made other contributions and insights to extend the 
knowledge within the area of evaluation and decision-making.  

Bernard (1999) puts forward an approach to integrate the early evaluation activities 
into the Integrated Product Development process and to co ordinate them. The core 
model is a generic procedural model, which represents the activities required for a 
sensible evaluation during the early phases. Besides the connection between the single 
activities, the model also highlights the connection between the distinct activities and 
the so-called integrated models.     

Borg et al. (1999) proposes an approach to foresee unintended life-cycle consequences 
during mechanical design in order to guide the designer when making decisions. The 
consequences are defined by comparing different knowledge models of the product 
and identifying interactions between them. The knowledge models stem from different 
views of the product like form features, assembly features and materials.  

Chen & Li (2002) outline a decision model for concept selection based on both 
performance criteria and functional coupling. With different types of design 
information and the concept relations explicitly modelled in a relation matrix, the 
strength of the coupling with respect to the function and constraints are qualitatively 
assessed. Together with a multi-criteria rating of the performance, a mathematical 
decision model selects concepts with maximum performance and minimal couplings.  

Koli et al. (2004) aim at establishing ontologies for systematically capturing and 
sharing design knowledge. In the article they propose a modelling framework that 
explicates the design rationales of supplementary functions. For that purpose they 
articulate concepts concerning a process of undesirable states and how a 
supplementary function prevents the process. By utilising the concepts they mean that 
functionality of components and undesirable phenomena could be integrated into an 
external functional model, which furthermore may be used in multiple tasks such as 
design, redesign, design review and reliability assessment.  
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Smith and Clarkson (2005) have developed a method that combines entity-
relationships diagrams to describe design concepts with functional decomposition, and 
to describe the requirements those concept satisfy hierarchically. The method 
incorporates a means by which this description is analysed for potential failures. This 
is achieved by considering aspects of the concepts that would generate detrimental 
effects, aspects that would transfer that effect, and aspects that could be affected.  

4.4 Reliability and Robustness 

4.4.1 Robust Design  
Robust design (Taguchi, 1986) is a set of engineering design methods used to create 
robust products and processes. Robustness in a product or process may be defined as 
when it performs as intended even under non ideal conditions, such as manufacturing 
process variations or range of operation situations.  

Robust design is utilised most frequently in the detail design phase (parameter design) 
or to improve the performance of an existing product or solution (Ulrich & Eppinger, 
2007). But it may also be used in earlier phases in the design process, for example in 
the conceptual phase. For uncontrolled variations that may affect the performance the 
term noise is used. In general, there are two ways to deal with noises. The first way is 
to keep them small, for example by tightening the manufacturing variations (generally 
expensive) or shielding the product from aging and environmental effects (sometimes 
difficult and perhaps impossible). The second way is to make the product insensitive to 
the noise. The essence of robust design is to design products that are insensitive to 
manufacturing, aging and environmental noises. To achieve the objectives in robust 
design, different statistical and experimental methods are used. 

4.4.2 Reliability Methods and Tools  
Reliability is normally defined as the ability of a technical system to satisfy its 
operational requirements within the specified limits and for its required life (Pahl & 
Beitz, 1996). Reliability is often associated with the determination of the probability 
that a component, device or system will perform its functionality during its prescribed 
lifetime without any failure. According to O’Connor (1991), the objectives of 
reliability in design are to minimise the possibilities of failure and to detect and correct 
design deficiencies as early as possible. In order to realise these objectives, supporting 
guidelines, design rules, and analysis methods have been developed.  

Failure Mode and Effect Analysis 
Failure mode and effect analysis (FMEA) is a qualitative procedure for identifying 
potential failure modes and for estimating their effects on product performance. The 
procedure consists of several steps that are fulfilled by using a standard FMEA chart. 
For example, each single failure should be described, and the failure causes and the 
failure effects be determined. Further, the probability of occurrence, the severity, and 
the probability of detecting the failure should be estimated. The product of the 
estimations will then form a risk priority value.  
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Fault- or Event Tree Analysis 
In fault tree analysis (FTA) the influence of faults and disturbances are systematically 
investigated. In an FTA, one starts with the top event (an assumption that a failure has 
occurred) and searches for causal chains with underlying events or causes that may 
lead to the top event. The result is visualised in a tree diagram and the method gives a 
graphical structure showing various Boolean combinations of faults and incidents that 
may lead to the top failure (Voland, 1999; Pahl & Beitz, 1996).  

The event tree analysis (ETA) may be seen as the converse of the FTA and starts with 
an undesired (bottom) event, which may be seen as the initial event. A cause of events 
is then envisaged to determine possible consequences (e.g. top events) that the initial 
event may lead to. The different causes of events are summarised in a simple logical 
tree structure.  

Fault and event tree analyses may be both qualitative and quantitative. In a quantitative 
analysis the FTA may be used to estimate the probabilities in the junction point in the 
ETA (Grimvall et al., 2003).  

4.5 Concluding Remarks 
In the prevalent design literature there are lots of methods and tools that support the 
evaluation activities. However, most of them are suited to be used to analysis the 
solution when it has matured and is quite well defined. The methods and tools are in 
the most cases aimed to analyses the solutions regarding its ability to fit the task. 
Nevertheless, in the literature, there is also a great emphasis on analysing the 
alternatives with respect to weak spots, but hardly anyone proposes a comprehensive 
way to carry out such an analysis at an early stage in the design process.   
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5 Research Approach  

In this chapter, the research approach is accounted for. The research activities are 
described and theirs relations to design science. Furthermore, the verification 
approach of the research result is discussed. 

5.1 Design Science 
Design science is about acquiring and analysing knowledge of design, designing and 
related activities. According to Hubka and Eder (1996), the term design science is to 
be understood as “a system of logically related knowledge, which should contain and 
organize the complete knowledge about and for designing”. 

Hubka and Eder choose to describe or structure design science by using two different 
features (aspects) of design. The features are methodological (epistemological) 
categories of design statements (i.e. descriptive or prescriptive statements about 
designing) and aspects of designing (i.e. the character of the object that is studied).  
The aspects of design may be divided into two main knowledge areas: 

• knowledge about the design process (design system) 

• knowledge about the designed objects (technical system and process) 

According to the methodological categories, both of these knowledge areas may in 
turn be divided into descriptive and prescriptive knowledge. The relation of the two 
features results in a decomposition of design science into four sectors:  

• Descriptive statements about technical systems – knowledge (theory) about 
the technical system that describes, explains, establishes and substantiates 
the structures and functions of a technical system.  

• Prescriptive statements about technical systems – branch-related design 
knowledge containing know-how regarding ways of realising the function in 
a technical system. 

• Descriptive statements about the design process - knowledge (theory) about 
the design process that describes, explains, establishes and substantiates the 
elements, properties and effects of an actually observed design and possible 
processes.  

• Prescriptive statements about the design process – design process 
knowledge contains indications about all operations of the design process.  

The four sectors can be visualised as a four-field matrix, such as that shown in  
Figure 20. 
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5.1.1 Position in Design Science 
This research work is based on different information/knowledge acquisition activities, 
like case studies, observations and interviews, which may be derivable from all four 
sectors in Hubka and Eder’s description of design science. The result will primarily 
contribute with knowledge in the sector denoted theory of technical systems, but it will 
also contribute to some extent to the sector design process methodology.  

A schematic depiction of how the work contributes to the field of design science is 
illustrated in Figure 20. 

PROCESS KNOWLEDGE
Statements about 
design processes

Descriptive statements

THEORY

BRANCH KNOWLEDGE
Prescriptive  statements

Design Process 
Knowledge 
(methodology)

Design Object 
Knowledge

Theory of 
Technical 
Systems

Theory of 
Design 
Processes

Part 1

Part 2

II
I

III

Knowledge acquisition 

Theory elaboration 

Methodology development 

OBJECT KNOWLEDGE
Statements about 
technical systems

 
Figure 20: A schematic view of how the research activities in this project 

are positioned in relation to design science. Adapted from 
Hubka and Eder (1996). 

The different case studies and observations that have been carried out can be divided 
into three groups: 

• Prospective and retrospective observations of the utilisation of design 
methodology in a number of industrially-related product development projects 
performed by graduate students (see the lined area marked as “II” in Figure 20). 

• Comprehensive case studies of various artefacts, with the purpose of examining 
how and to what extent the behaviour may be modelled in a system (see the 
lined area marked as “I” in Figure 20 ). 

• Interview study carried out in small and medium-sized biotechnological 
enterprises and development companies (see the lined area marked as “III” in 
Figure 20 ). 

The work presented in this thesis has alternated between two parts. The first and 
primary part embraces the endeavour of extending the modelling capability of 
concepts in the early phase of the design process (marked as “Part 1” in Figure 20). 
The second part involves the development of prescriptive methodologies to manage 
the modelling needs in the context of the design methodology (marked as “Part 2” in 
Figure 20). 
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Part 1 – Theory elaboration  
The approach for analysing the needs of understanding and evaluating concepts and 
the ability of common modelling approaches has been carried out by means of a 
number of case studies, through prospective observations of a number of product 
development projects, and by interviews with product developers in different 
enterprises. The syntheses of the enhanced concept modelling are base on deductive 
reasoning and have led to three separate models, each aiming to facilitate the reduction 
of different difficulties in the design process. 

Part 2- Methodology development 
The second part concerns (design) methodology, i.e. how to utilise the enhanced 
concept modelling in order to assist the designer in his/her assessment of the solutions. 
The aim is to develop the fundamentals of the methodology enough to enable a logical 
validation of its feasibility, as well as a general assessment of its practicability.  

5.2 Research Process 
Besides synthesis, analysis, and discussions with colleagues, the work has mainly been 
based on five kinds of research activities, namely: 

• literature studies / surveys;  

• prospective inductive observations (cf “I” in Figure 20); 

• inductive descriptive case studies (cf “II” in Figure 20);  

• retrospective interviews (cf. “III” in Figure 20); and  

• participation in courses and conferences. 

5.2.1 Study of Literature  
One of the major activities in the research project has been a study of the literature 
within the related theory and research areas. The study of literature has been an 
ongoing activity throughout the entire project, but the main part was carried out in the 
first years of research, and with the purpose of gaining: 

• a general view of related research areas;  

• knowledge of valuable contributions; and 

• a detailed insight into specific tools or techniques and state-of-the-art within 
various areas. 

5.2.2 Performed Observations 
During the research period, over nineteen projects were prospectively observed, and 
active dialogues were established with the participants. At the same time, some forty 
other projects were observed retrospectively or from a distance. The observed projects 
were mainly product development projects carried out by students as a final course in 
the last year of their master’s programmes or as a master’s thesis project. The length of 
the projects were about six months, and during that time the students were to develop a 
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design solution, from a given design task, in a systematic way. More details about the 
observations can be found in Appendix 2. 

At the end of the research process, a more intervening observation was carried out at a 
medium-sized enterprise. The purpose of the observation was to follow the 
development of the design process and its implementation in the organisation. The 
intervention part of the observation consisted of direct involvement in the development 
work.  

Table 4: Overview of empirical research observation carried out during the research 
work. 

Observation Type of study Study design Object selection 
criteria Objectives 

Prospective 
(design) 

observations 

Direct, 
unstructured 
prospective 
observation of 
design projects 

The observation 
includes both weekly 
meetings and a review 
of the design 
documents 

Master’s degree-level 
student design projects
assigned for lecture 
and supervision  

Study how the 
student experiences 
the utilisation of 
design methodology 
in a real design 
assignment 

Intervention  
observation 

study 

Action research, 
a prospective 
study of process 
development 
and implement-
ation 

The work involves both 
development and 
implementation of a 
design sub-process. 
The observation may be 
seen as a reflection of 
that work 

N/A Identify difficulties in 
the development and 
implementation of 
design processes  

5.2.3 Preformed Studies 
The central part of the work was the empirical case studies that were carried out and 
which are described in Table 5. They have generated knowledge and understanding of 
both the studied phenomena and the design process. The case studies were mainly of 
explorative or descriptive character, implying that both the objectives and the 
approaches evolved during the research.  

The studies are a mix of “single object studies” and “between object studies”. A 
“single object study” is when only one object is studied in detail, and the result is 
based on qualitative information rather then quantitative. A generalisation of the 
results may, however, be risky to make. In the “between object study” the similarities 
or differences between the objects are in focus and each individual object is of minor 
interest, and the results are based on qualitative rather than quantitative information. 
Each study is explained in more detail in Appendix 2: Summary of studies and 
observations. The failure identification methodology is to a large extent based on these 
studies.  

5.2.4 Retrospective interviews 
The retrospective interviews were carried out at some inventive Swedish biotech 
SMEs (small and medium-sized enterprises). Some of the enterprises where at the end 
of their product development process and about to launching their product(s), while 
others already had a product or a line of products on the market.  
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Table 5: Overview of empirical case studies carried out during the research work. 

Study Type of study Study design Object selection 
criteria Objectives 

Case study I 
Toothed wheel 
gearing study 

Explorative Single object  

Qualitative study 

A pilot study based on 
an authentic design 
project. The acquired 
knowledge of the 
design project was 
made from a 
retrospective design 
study 

Well-defined and 
understood object 

Clear demarcation to 
the context 

Moderate complexity 

To investigate if a 
system model based 
on a categorisation 
of the properties 
may facilitate the 
detection of potential 
failures 

Verify the theoretical 
foundations 

Case study II 
Bicycle study 

Explorative Single object 

Qualitative study 

The results are to be 
made from the 
internal interplay 
between the different 
sub-systems 

A simple and 
common system 

Transparent causal 
effect chains  

Moderate complexity 

To investigate the 
nature of the failure 
causality chain in a 
system with a 
composite structure 

Case study III 
Roller bearing 

study 

Descriptive  Single object  

Qualitative study 

The results are to be 
made from the 
internal interplay 
between the different 
subsystems 

Simple and known 
system 

Low complexity  

Few parts 

To examine types of 
relations between 
the participant 
subsystems 

Different possibilities 
for configuring the 
system model  

Fault causality 
study 

Descriptive with a 
mix of deductive 
and inductive 
analysis approach 

Between object study 

Quantitative study 

The results are to be 
made from the 
comparison of 
different fault 
behaviour  

The input to the 
synthesis of the 
objects originates 
from different 
sources: 

-  Student projects 
and master’s thesis 
(industry-related) 

-  Personal experience 

-  Colleagues’ 
experience  

To inquire into the 
basis of the 
classification of how 
fault originates, 
based on design 
theory 

The interview study was descriptive and semi-structured. The purpose of the interview 
was to, in an objectively and truthful way as possible, describe the development 
process and its context in the company. Further, the interviews followed a thematic 
and dynamic interview guide, which allowed an adaption of the interview to the 
knowledge of the interviewee and the maturity of the product. The preparation work, 
interviews, and analyses of the interview material were conducted in accordance to 
Kvale (1997).   

The interviewees were one or two persons in the company with comprehensive 
knowledge of how the product development process was carried out.  
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The interview studies were complemented with public information found in e.g. 
company homepages, patent papers, newspaper articles, and annual reports.  

The objectives of the interviews were among other things: to understand the 
technology in the product, to map out the innovation and product development 
process, to investigate the differences in business concepts and financing, and to 
analyse how the market for the product is working.  

The interview study was an important source for identifying and analysing the needs 
specified in Paper A – Engineering Design Methodology for Bio-Mechatronic 
Products.  

Table 6: Overview of the interview study carried out during the research work. 

Observation Type of study Study design Object selection 
criteria Objectives 

Retrospective 
interviews 

Semi-structured 
retrospective 
interviews 

The interviews were 
carried out at the 
companies with different 
persons having insight into 
the design process 

SMEs, in Sweden, 
which are developing 
biotechnical analysis 
equipment 

Inquiry into the 
product development 
work carried out in 
biotechnical SMEs, 
and the problems they
are facing  

5.2.5 Attending Courses and Conferences 
The research period has provided the author the opportunity to attend various courses 
as well as national and international conferences. The purpose of attending courses 
was, together with the study of literature, to gain a general view and in-depth insight 
into related areas.  

Some of the courses attended did not directly contribute to the research project or to 
insight into related areas, but they have had a strong influence on the author’s 
evolution as a researcher, and in that context indirectly contributed to the research 
project. 

Papers with preliminary research findings have been published and presented in 
international conferences like Design 2002 (Derelöv, 2002) and TMCE 2004 
(Wilhelms & Derelöv, 2004). 

5.2.6 Utilisation of study results  
The case studies and observations have not been internationally published, but they 
have been used as sources for the research publications.  

The outcomes from the studies and observations may be divided into two main areas: 
knowledge about the system (Perceptions of the system and the system behaviour) and 
knowledge about the process/methodologies (Insight in problems concerning the 
design process/methodology) (cf. Figure 21). The case studies primarily focused on the 
system, while the observations and interviews converged at questions concerning 
processes and methodologies. Together with the literature studies in respective areas, 
the outcomes from the studies and observations formed the bases for the research 
contributions.  



Research Approach 45

Studies/observations Study outcome Research contributions 

Paper C
Supporting 
Concept 

Synthesis by Use 
of Genetic 
Algorithms

Paper C
Supporting 
Concept 

Synthesis by Use 
of Genetic 
Algorithms

Paper D
An Approach to 
Verification and 
Evaluation of 

Early Conceptual 
Design Solutions

Paper D
An Approach to 
Verification and 
Evaluation of 

Early Conceptual 
Design Solutions

Paper E
Qualitative 

Modelling of 
Potential Failure: 
On Evaluation of 

Conceptual 
Design 

Paper E
Qualitative 

Modelling of 
Potential Failure: 
On Evaluation of 

Conceptual 
Design 

Paper F
Identification of 

Potential Failures: 
On Evaluation of 

Conceptual 
Design

Paper F
Identification of 

Potential Failures: 
On Evaluation of 

Conceptual 
Design

Paper A
Engineering 

Design 
Methodology for 
Bio-Mechatronic

Products

Paper A
Engineering 

Design 
Methodology for 
Bio-Mechatronic

Products

Insight in problems concerning the 
design process/methodology :

Prospective design 
observations 

Prospective design 
observations 

Intervening design 
process observations 

Intervening design 
process observations 

Retrospective 
interviews 

Retrospective 
interviews 

Case study I
Toothed wheel gearing study

Case study I
Toothed wheel gearing study

Case study II
Bicycle study 

Case study II
Bicycle study 

Case study III
Ball bearing study 

Case study III
Ball bearing study 

Fault causality study Fault causality study 

Perception of system and system 
behaviour :

implementation of a design 
process/methodology

interplay between properties/sub-
systems

complexity of effect chains 

failure conception  

system representation

categorisation of fault causalities

integration between sub-processes of 
the design process

absence of design methodologies in 
industry 

the difficulties in assimilating design 
methodologies 

shortcomings in design methodology

Paper B
PAT and Design 

Science 

Paper B
PAT and Design 

Science 

 
Figure 21: The figure is showing how the outcome from the different studies and 

observations/interviews are related, and how the outcome relates to the 
research contributions (papers).  

5.3 Approaches to Assess the Design Research Work 
The research work may be assessed from at leased two different perspectives: how the 
research process was performed and the usefulness of the research findings. 

5.3.1 Assessment of the Design Research Process 
In order to verify the design research process, the nature of good design research needs 
to be discussed. According to Andreasen (1994), the design research may be 
considered as “scientific” if it is characterised as: 

• Having a theoretical base (a system of logically related parts of knowledge 
valid for the domain).  

• Being based on scientific methods:  
for definitions, object identification, demarcations,  
for creating a concept,  
for modelling, and  
for proofing.  

• Being based on considerations about validity and uncertainty. 

One fundamental aspect in research activities is to create an explanatory foundation for 
the occurrence of different phenomena and how they are linked together. In design 
research, the scientific means for describing and explaining are often to form theories 
and models. These means are intentionally simplifications or abstractions of reality, or 
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devised to meet a specific purpose. According to Wallén (1996), a theory or a model 
should fulfil some criteria to be considered valid: 

• Systematic: systematic is close related to theory integration. There should be 
internal consequences and logical relations, without contradictions, that explain 
and link different approaches together.   

• Efficiency: the theory/model should be characterised by forecast efficiency and 
easy manageability (in relation to its specific purpose). A simplification aimed 
at increasing efficiency, however, may imply a loss of the validity of the model.   

• Validity: implies that there are no systematic errors in the model. One sub-
aspect is theoretical validity (the model should comprise relevant variables and 
parameters; the relations should also be correctly reproduced), another is 
conception validity (the conception should be well defined). Empirical validity 
of the model examines by its ability to predict experimental outcomes 
(prognosis validity). 

• Method conditions: the conditions for the model regarding simplification, 
assumptions, validity area, additional conditions, etc. have to be specified. 

• Generality: given certain conditions, the model should be valid for 
environments other than the one studied. 

As a way of enhancing and facilitating the evaluation of the research work, and in 
particular the modelling of the studied subject, the design modelling research approach 
proposed by Duffy & Andreasen (1995) was be adopted in this work. As shown in 
Figure 22, the development of a tool, human or computer-based, is seen as a modelling 
process which propagates through three domains: phenomenon, information, and 
computer models/tools.  

Reality
Computer 

models/tools
Information 

models
Phenomenon 

models

Prescriptive 
(“alias”) 
models

Prescriptive 
(“alias”) 
models

Prescriptive 
(“alias”) 
models

Envisaged/
postulated 

reality

 
Figure 22: Design modelling research approach, adapted from Duffy and 

Andreasen (1995). 

The models may be based upon observation and analysis of the “reality” of design and 
the use of the tools employed, and hence reflect “descriptive” models. The models 
may also be prescriptive models that are based upon an envisaged or postulated reality 
and used to alter, test and/or optimise the design process. 
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The adopted research approach may be compared with the research methodology 
proposed by Blessing et al. (1995). Blessing’s methodology is based on an alteration 
between descriptive and prescriptive phases (cf. Figure 23). The descriptive phases 
involve (I) observation and analysis of the phenomena/problem, and (II) validation and 
evaluation of the developed methods, respectively, whereas in the prescriptive phases 
models, methods and tools are developed to support the task and the problem 
definition.  

The interpretation done in the thesis of the approach proposed by Duffy & Andreasen 
corresponds to a large extent to the methodology proposed by Blessing et al. The 
phenomena model may be compared to the descriptive study of the phenomena, while 
the development of the information and computer models may correspond to the 
prescriptive phase. 

The advantage of the adopted approach is that the synthesis of tools and methods 
supporting the design process may be divided into different stages, where each single-
stage model may be evaluated either against reality or a previous model. It is the 
author’s belief that by making a differentiation of the perspectives of the studied 
subject into separate but connected models, it is possible to achieve a more holistic and 
transparent view of the problem. This also gives a better opportunity to verify both the 
fulfilment of the criteria for a valid model proposed by Wallén (1996), and the 
requirements that characterise a “good” design research process according to 
Andreasen (1994). 

Influences
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Analysis

CRITERIA
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PRESCRIPTION

DESCRIPTION II

Assumptions & 
Experience
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Analysis

Measure

Methods

Applications

 

Figure 23: Design research methodology, adapted from Blessing et al. (1995). 
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5.3.2 Assessment of the Research Results 
Verification is the process of confirming the validity of results, and is one of the 
fundamental activities of conducting scientific research. The verification of results 
within design science, however, tends to be complex compared to verification of more 
technical research (Matthiassen, 1997). 

The traditional/usual way of verifying research findings is either to compare them with 
already collected empirical data, or compare the findings’ reality empirically by means 
of experiments or simulations. For the purposes of design methodology research, the 
most suitable way of verifying the findings seems to be an implementation of the 
method(s) into a “real” and practical design environment, and to asses the 
successfulness of the result. However, this approach was not appropriate for this 
research, as there are too many parameters that could not be controlled. 

The fundamentals of the traditional approach of verification (Wallén, 1996), i.e. to 
validate the research findings with empirical experiments, are not commonly 
practicable in the context of design methodology research.  

Buur (1990) points out some essential causes of why an empirical approach for 
verification is not suitable: 

• Since the design process is a stochastic and opportunistic process an 
implementation of a new design method or tool may increase the probability of 
successes, but it does not guarantee it. 

• There are an extremely large number of factors influencing the design process, 
which makes it virtually impossible for a precise repetition of an experiment.  

Matthiassen (1997) adds two other significant obstacles:  

• It is difficult for design engineers in a busy working environment to implement 
research findings that are still in the preliminary stage. 

• The interval between the result of the research and the completion of the 
projects tends to be insufficient for allowing an appropriate period for 
implementation and analysis. 

Buur (1990) instead suggests two methods for verifying the validity of design theory:  

Logical verification  

• Immediate consistency, i.e. there is no internal conflict between individual 
elements of the research. 

• Historical consistency, i.e. well established and successful methods are in 
agreement with the outcome of the research. 

• Completeness, i.e. all relevant phenomena can be explained by the findings. 

• Ability to explain phenomena, i.e. design project case and specific design 
problems can be explained by the means of the findings 
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Verification by acceptance  

• The theory is acceptable to experienced designers. 

• Models and methods derived from the theory are acceptable to experienced 
designers. 

The Validity of the Proposed Verification Approach 
Olesen (1992) and Mørup (1993) question whether experienced designers in general 
have the ability to verify theory. Instead, they propose that the verification by 
acceptance should be valid for other researchers from a relevant scientific community. 
Furthermore, Jensen (1999) (is prepared to take a further step and) strongly criticises 
the fundamentals of the verification by acceptance, and argues: 

“…the concept of verification by acceptance is inconsistent with the endeavour of 
science to be based upon objective and value free statements. The truth of a 
statement must lie within, and not by a subjective acceptance from without. At 
worst, verification by acceptance may be (ab)used by a scientific community as a 
mechanism for protecting their paradigm against a revolutionising anomaly.” 

(Jensen 1999, page 53)  

5.3.3 Concluding remarks 
The main part of the verification in this thesis will be put into its logical context. 
Logical verification gives a more direct and clear verification, but depends to a large 
extent on the particular researchers’ interpretations of referred theories and scientific 
findings, whereas verification by acceptance takes longer to get feedback from and is 
more uncertain and subjective, as Jensen argues above.  

Activities that support logical verification: 

• Literature survey, especially of literature in the context of the case studies. 

• Courses and conferences, by giving deeper insight into related research projects 
and providing knowledge as to the state-of-the-art in design science. 

• Extensive examples and case studies. 

Activities that support verification by acceptance: 

• Discussions with colleagues and experienced designers. 

• Feedback and comments on presentations and publications of research work. 

• Observing the utilisation of design methods in “real” design projects. In this 
case, the observations have been performed on projects carried out by students. 
This approach can never be placed on an equal footing with an observation of 
an authentic design project, but it decreases to some extent the obstacles in a 
culture resistant to structural methods. 
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6 Research Results   

The following chapter includes a short summary of the background, the approach, and 
the results of each of the appended papers. Furthermore, as concluding remarks the 
papers’ contribution to solving the research questions is discussed.  

The research work has resulted in six separate papers, which this thesis is based on. 
The papers may be divided into three focus areas, each focusing on different aspects of 
the information collecting phase in the evaluation process.  
The focus areas are defined as: 

• Systemising concept development (process/system modelling) 

• Facilitating concept synthesis (concept optimisation) 

• Simulating concept behaviour (identifying potential failures) 

6.1 Systemising Concept Development 
The focus area Systemising Concept Development is mainly based on inputs from 
retrospective interviews made in the biotechnical enterprises (cf. Chap 5.4.2). In the 
papers a systematic and abstract design methodology approach is applied in order to 
handle/reduce the complexity in the bio-mechatronical design process and to 
systematise the concept generation. The focus area embraces two papers: Engineering 
Design Methodology for Bio-Mechatronical Products (paper A) and PAT and Design 
Science (paper B).  

Contribution: The research work reported in the papers was carried out jointly. The 
author was the editor of the first paper, and the writer of the modelling portion.  

6.1.1 Paper A  
Engineering Design Methodology for Bio-Mechatronical Products 

In the first paper, design theory and methodology are adapted and used in order to 
model the complexity of four different bio-mechatronical systems. The intention of the 
presented work is to provide additional means for facilitating the conceptual design of 
new complex biotech products.  

This paper suggests and discusses how general design science theory can be applied 
when designing technical systems where biological processes or components have key 
roles in the engineering design solutions. In the paper, these systems are referred to as 
bio-mechatronical systems, since they are interrelated design achievements between 
traditional electronic and mechanical subsystems, and biological systems, where 
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biological molecules or active microbial or cellular components influence the design 
solutions in a complex way. 

This paper provide an analysis of four characteristic bio-mechatronic products, all of 
which are based on well-known bio-mechatronic products commonly used in the 
pharmaceutical, food, and clinical areas:  

• protein purification system 

• bioreactor system  

• biosensor system  

• blood glucose system  

In this paper, a functional analysis according to the theory of technical systems (TTS), 
established by Hubka and Eder (1988), is applied. This theory makes it possible to, in 
a general way, elucidate the differences between: (1) the logical order of the operations 
(referred to as “transformations”) that the system will perform; (2) the kind of 
subsystem that will carry out these operations; (3) the way in which these subsystems 
will relate to one another; and (4) what each subsystem will do in the different 
operations (i.e. the functional structure). In essence, TTS is based on analysing the 
technical system in relation to the transformation system of operands. The input states 
of the operand converted by the transformation process are raw material, energy, and 
other necessary attributes that the transformation process needs in order to carry out 
the transformations. The outputs from the transformation process are the operand 
refined in a desired state, and occasionally some waste products. The TTS model is 
well-known in mechanical design engineering, and is supported in that field by 
numerous application studies and design cases. However, the model has not been used 
for biotechnological applications. 

The analyses of the biotech products show that TTS is applicable for modelling bio-
mechatronical systems. However, in the modelling the biological system was treated 
as one of the technical systems. Since the biological components are different in 
properties, characteristics and requirements, and interact in a unique way with the 
other participating subsystems, we found that when modelling a bio-mechatronical 
system it is beneficial to extend the model with a separate biological system entity. In 
order to enhance the rendering of the biological component, we suggest that the 
execution system entities (i.e. human system – ΣHuS and technical system – ΣTS) are 
complemented with a separate biological system entity (ΣBS), which may model the 
significant biological contribution of the transformation process. In this way, the 
functions of the biological system are explicitly described, which will facilitate both 
the analysis and the interpretation of its effects on the transformation process, and the 
analysis of its interactions with supplementary systems.   

In order to verify the extended TTS model, in which the biological system entity has 
been implemented, deeper analyses for some of the bio-mechatronical systems were 
carried out together with the next step of the modelling process, which is to define the 
functional structure of the different technical and biological systems. An example of 
the modelling approach is shown in Figure 24. The transformation process of the 
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operands, consisting of the glucose-containing blood sample and the capillary cuvette 
with analytical enzymes, is divided into three phases: a preparation phase for blood 
analyte sampling by the capillary cuvette; an execution phase in which the sampled 
blood cells are disrupted, glucose is converted to a coloured molecule, the absorption 
measured and the glucose concentration is calculated from calibration; and a finishing 
phase where the result is presented to the user. 

The case models have been constructed by retrospective interviews of the product 
developers involved in the development and design of the product, and by systematic 
and detailed study of the final products. From the interviews the applied design 
methodology, procedures, and reasoning have been unravelled and compared in 
relation to the TTS methodology. The results from the study show that design and 
development work of the biosensor system Biacore 1000 (Biacore AB, Sweden) was 
carried out much according to the TTS methodology, even though formal TTS models 
were not established or documented as such. Some main functions were defined for 
which a number of means were established. The means were individually evaluated 
and combined into conceptual solutions. 
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Figure 24: An example of the extended modelling approach utilised on a blood 

glucose analyzer based on enzymatic colorimetry.  
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6.1.2 Paper B 
PAT and Design Science  

In the second paper, the modelling approach (TTS), evaluated in the former paper, is 
discussed in the context of PAT (Process Analytical Technology). The concept of PAT 
can be currently summarised as a system for designing, analysing, and controlling 
pharmaceutical manufacture, with the goal of ensuring the final product quality.  

It is often understood that analytical technology in PAT should be viewed broadly and 
include chemical, physical, microbiological, mathematical, and risk analysis, all 
conducted in an integrated manner. Given that, PAT requires significant 
interdisciplinary understanding.  
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Figure 25: A traditional process engineering flow-sheet depiction of a typical bio-
process for biopharmaceutical manufacture with unit operations for pre-
processing, (bio) reaction, separation and final product formulation. 
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The problem with applying the ideas, guidelines, and rules of PAT into the design is 
that they should be merged together with existing, often very well-established process 
engineering principles, emanating from basic pharmaceutical technology, chemical 
process engineering, analytical chemistry, and biotechnology. This wide range of 
scientific and technological know-how easily becomes overwhelming and 
contradictive. In particular, it is extremely hard to efficiently overview and handles 
design tasks that have purely economic and quality-related objectives and needs. 

In this paper it is suggested that more fundamental concept reasoning, like TTS, could 
be utilised in order to implement the PAT ambitions into the design process.  

Since the TTS model distinguishes between the transformation process that depicts 
what the system is about to do, and the different kinds of subsystems that are designed 
in order to realise the transformations (like biological- (BS), technical- (TS), 
information- (IS) and manage and goal systems (M&GS)), it is possible to separate 
and effectively identify the interactions between systems realising the unit operations 
of the transformation and the systems realising the PAT implementation (cf. Figure 25).  

Further, the conclusions in the paper point out the TTS modelling approach as a 
feasible way to facilitate the implementation and handling of PAT in the design 
process. 

6.1.3 Responding to the Research Questions 
The papers deal with a number of aspects regarding the complex problems of product 
development and biotechnology, but in this thesis it is foremost the parts that refer to 
the modelling of the technical systems that are of interest.   

The modelling of bio-mechatronical systems demonstrates that the complexity within a 
system may be decomposed, and that the interconnection between 
subsystems/disciplines may be made visible as early as in the beginning of the 
development process. The modelling approach answers primarily to the issue in RQ32, 
but has also bearing on RQ13 and RQ24.  

Regarding RQ3, the understanding of the interdisciplinary consequences requires a 
common modelling basis for the system. It is this modelling basis that has been tested, 
verified and adapted in accordance with the conditions the bio-mechatronical case 
examples provide. The results point toward the possibilities to using the modelling 
based on system theory (TTS), in order to facilitate and guide the cooperation in the 
project and to integrate new aspects, such as PAT, into the design. 

                                                 
2 RQ3: How is the perception/understanding of the interdisciplinary consequences in a complex multidisciplinary 
system facilitated in the early phase of the design process? (Of particularly interest is the interface between 
entirely different kinds of technologies like biology and mechanics/electronics. 

3 RQ1: How could a framework for managing the combinatory complexity in a systematic concept synthesis 
methodology be constituted? 

4 RQ2: How could behaviour that prevents or obstructs the utilisation of the functionality be identified and 
modelled in the system? 
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The problem of combinatory complexity, which RQ1 focuses on, actually has its 
origin in the utilisation of a functionally-oriented modelling approach. Functional 
modelling provides the possibility to combine different means into a great number of 
feasible concepts. However, functional modelling also provides the presumptions for 
managing the problem (cf. Paper C).  

Concerning RQ2, the modelling approach provides a deepened perception of the 
conditions to realize the function; and for the system architecture, which are 
fundamental aspects for identifying how failures may arise in the design. 

6.2 Facilitating the Concept Synthesis 
The second focus area includes one paper: Supporting Concept Synthesis by use of 
Generic Algorithms (Paper C), and addresses the problem with combinatory 
complexity in the concept generation phase.  

Contribution: The research work reported in the paper was carried out jointly. The 
background work on the model and tool (Section 4) was carried out by Sören 
Wilhelms, who was also the editor of the paper, while all work concerning the 
evaluation/fitness function was carried out by the author. 

6.2.1 Paper C 
Supporting Concept Synthesis by use of Generic Algorithms  

This paper concentrates on the very first concept synthesis in the design process, and 
the problems arising due to the combinatory complexity when forming concepts from 
an abstract/functional structure, like the function/means tree (a functional modelling 
approach where the functions and the means for realising the functions are combined 
in a tree structure). When forming or generating concepts from a functional structure, 
the number of potential solutions may become unwieldy.  

In order to handle the problem with the combinatory complexity, this paper describes 
an approach to apply a generic algorithm for concept synthesis by modelling the 
principle choices and parametric values as optimisation variables. The generic 
algorithms are suitable for combinatory problems because of their structure. The 
approach resembles concept synthesis, as discreet solution principles (means) are 
chosen or exchanged in order to fulfil a subfunction. 

Evolutionary algorithms try to imitate biological processes by commencing with a 
number of concept candidates (individuals in an initial population) which successively 
are improved in a succession of generations. To apply evaluation algorithms, a suitable 
representation for the individuals (genome), a fitness (target) function, and a selection 
and recombination algorithm are necessary. For the gene representation, the structure 
of a quantified function/means tree is used; for the target function, a combination of 
selecting and eliminating evaluations are used in order to determine the reproduction 
probability. The recombination of a new population of individuals is made by 
crossover and mutation operations of the genome, i.e. the function/means tree, and is 
guided by each individual’s reproduction probability. Further, the next population is 
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determined by selecting the best individuals from both the old and the reproduced 
population. 

Even if the model was prepared to be generally applicable for various products, it has a 
limited area of applicability regarding e.g. qualitative properties such as aesthetic 
appearance, geometric aspects such as different spatial arrangements, or more complex 
properties emerging from combinations of different working principles, e.g. ease of 
assembly. Although it is not impossible to support even these aspects, this would 
require a considerably more complex model.  

The result of the work is an iterative, (semi-)automatic concept synthesis process, 
where the input to the process is a functional structure in the form of a quantified 
function/means tree and requirements or evaluation criteria, and where the output is a 
population with a finite number of potential solutions.  

6.2.2 Responding to the Research Questions 
The paper concentrates foremost on meeting the problem that is summarised in RQ1. 
As the problem is most obvious in a functionally-oriented design process, the natural 
way to handle the problem is to utilise the functional structure.  

The combinatory complexity is reduced by means of an optimisation approach, based 
on genetic algorithms. The optimisation routine evaluates the concepts in the design 
space, which is outlined by the functional structure and the means belonging to it. The 
result of the process does not give an optimal solution; rather, it sorts out the inferior 
solutions, and leaves a finite number of potential solutions.  

6.3 Simulating Concept Behaviour 
The last three papers (Paper D–F) are addressing the same issue and are based on each 
other. The objective of the papers is to enhance the evaluation process for conceptual 
solutions by identifying weak spots and potential failures. A weak spot or failure is 
defined here as a not-intended behaviour that obstructs or prevents the functionality 
(intended behaviour) of a system, or infringes on the not functional performance of the 
system.  

Contribution: All work in the remaining three papers was the sole responsibility of the 
author. 

6.3.1 Paper D 
An Approach to Verification and Evaluation of Early Conceptual Design Solutions  

This paper comprises a short summary of the fundamentals/insight about evaluation 
and system representation, and outlines the foundation for the representation model 
that has been used to depict the system in order to identify weak spots. The 
representation model is based on system theory, which defines the system as a finite 
set of elements, whereby certain definite relations exist (cf. Figure 26). In the paper, a 
further elaboration of generic system theory is proposed, one which enables a more 
holistic modelling of the dynamic events that may affect the system (i.e. its element or 
relations), and thus its functionality.  
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In the model, the physical definition and condition of the relation are separated from 
the effect the relation will cause. By defining the potential effects the relations 
between the elements may give rise to, whether the relations are intended or not, and 
by describing in what way the effects may affect the elements and relations in the 
system (or the surroundings), a causal chain of effects can be deduced. The result of 
the chain reaction will eventually define the behaviour the system exhibit. 

System Element

Input
Output

Relation between  
elements  

Figure 26: Representation model based on system 
theory (after Hubka and Eder, 1992). 

The outcome from the paper is a proposal, and the basic principles, for a qualitative 
representation of the system that may model the causal chain reactions. The causal 
chain resembles the way a system responds to a certain input/stimuli, which may be 
seen as the system behaviour. If the behaviour is known, it is possible to determine 
unwanted behaviour that may lead to failures.  

6.3.2 Paper E 
Qualitative Modelling of Potential Failures: On Evaluation of Concept Design 

The fifth paper is based on the approach outlined in the preceding paper, and focuses 
on an information model which renders it possible to derive and explain the 
occurrence of potential failures.  

In order to develop the information model, further elaborations within three essential 
areas have been accounted for in the paper:  

• what a failure is and how it could be modelled,  

• why the system possesses certain behaviour and how the behaviour may be 
identified, and 

• how to model the behaviour a system possesses. 

Regarding the definition of the failure, the papers states that the origin of a failure and 
a function are very much the same, and they may be modelled in the same way. 
Whether it shall be considered as a function or failure depends on the task. A function 
is an intended behaviour the system possesses that will solve the task, whereas a 
failure is an unintended behaviour that will obstruct or prevent the function from being 
preformed.  
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Furthermore, the statement about behaviour is based on design observations and 
literature references. It concludes that all the behaviours a system possesses, intended 
or not, have physical explanations and that a failure in a system is based on an 
ordinary physical phenomenon. Thus, detecting potential failures in a system is, to a 
large extent, a question of identifying the potential for different physical phenomenon 
to occur in the system, and to determine which effect (i.e. behaviour) the physical 
phenomena will give rise to. 

Concerning the modelling of behaviour, the representation (phenomenon) model, 
outlined in paper D, is further elaborated on and defined in the paper. The model, 
which is based on the element and relation objects, is complemented with an 
explicitly-described “effect object”. Figure 27 shows a schematic depiction of the 
proposed way of modelling. The effects, which may occur in the system either as a 
product of an element or relation (cf. internal effects), or as an input to the system (cf. 
external effects), have been defined as an object in their own right that may interact 
with, or affect, the elements or relations. The model has been proven by case studies to 
be able to model causal chain reactions.   

OutputOutput

Effect Effect 

Element
System ParticlesParticles

WearWear

Relation between  
elements  

Figure 27. The illustration above shows the enhanced system model, including an 
explicitly described effect object, which may model (friction contact) both 
the particle and the wear effects that the system produces.  

The definition of failure and the insight of the behaviour together with the phenomena 
model, which describes the method of modelling the behaviour in a system, have been 
the basis for developing an information model and a process for facilitating 
identification of potential failure. 

The approach for the information model is based on identifying relatively simple, 
clearly defined, physical phenomena (cf. behaviour) that may occur in the system, and 
prescribing how these phenomena may affect the system (elements or relations).  

The ability within a system to possess a particular physical phenomena is in the 
information model modelled by an object that is denoted Behaviour Entity (β-entity). 
A β-entity describes a subpart of the system (element properties and relations) that 
exhibits the same kind of effect that a particular physical phenomenon may prescribe. 
The structures of the β-entities are defined by the physical phenomenon it resembles; 
hence, the β-entity may be seen as a template for a physical phenomenon that is 
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instantiated into the model if all or a greater part of the constituents for the phenomena 
are fulfilled. If all the constituents are fulfilled the effect the physical phenomena 
prescribes will occur, while if not all are fulfilled the phenomena will stay latent until 
the all of the constituents become fulfilled (by e.g. inputs from the surroundings or by 
effects emerging in the system).  

The information model is schematically described in Figure 28. The model prescribes 
an iterative process where effects from the β-entity may either affects latent β-entity, 
change the element property or relations in the system, or become input to other 
systems. A failure in the system is identified if an effect from a β-entity changes the 
system in a way that a desired effect is prevented or obstructed. Hence, to indentify a 
failure both the desire and intended β-entities (which the system is designed to 
perform) and the unintended β-entity (which the system may perform due to its design) 
have to be established.  

For a failure to occur, either the elements or the relations in the system initially have to 
be in such a state that a desired behaviour could not emerge, i.e. a desired and intended 
physical phenomenon could not perform its effect; or any undesired behaviour the 
system possesses would change the elements or relations essential for the desired 
behaviour, and thus prevent or obstruct the functionality.  

Feedback => changing the system 

Feedback => triggering latent β-entities

Defining
β-entities

Triggered 
β-entities

β-entity

Physical 
Phenomenon

Effect

Surroundings &
Utilisation

Affecting 
the surrounding 
(other systems) 

 

Figure 28: A schematic description of the information model for 
modelling the behaviour of a system.  

Finally, the main steps in an identification process for potential failures are outlined in 
the paper. The process may be divided into four steps: 

1. Formulate the system into the β-compatible notation 
2. Identification of potential β-objects  
3. Examine the potentials for the activations of the β-objects 
4. Determine the consequences of an activated β-objects 
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The main outcomes of the paper are the elaboration of the basic principles for failure 
occurrence, and the framework for a qualitative behaviour modelling approach that 
may depict causal chain reactions in a system.  

6.3.3 Paper F 
Identification of Potential Failures: On Evaluation of Conceptual Design 

In the last paper, the failure identification framework accounted for in the previous two 
papers is further developed. The focus in the previous papers has been on the 
phenomenon “failure” and how it may be modelled, while the focus in this paper has 
been on the methodology for a systematic identification of potential failures. Thus, the 
objective of this paper is to present a valid way of modelling the occurrence of failure 
in a system, and to outline a methodology in order to identify and foresee potential 
failures in a conceptual design.   

The paper recapitulates the failure definition and the behaviour modelling from the 
previous papers. In respect to the modelling, certain aspects are further elaborated and 
explained, especially the β-entity and its sub-objects. The essential part of the paper is 
the proposed utilisation of the model in order to identify potential failures, which is 
designated as PFI (Potential Failure Identification) methodology.  

The basic idea with the PFI methodology is to identify the ability for different physical 
phenomenon to occur in a system, determine if and in what way the phenomena 
interact with one another, and finally, estimate if the interaction may influence the 
functionality (i.e. desired phenomenon, sometimes referred to as “technical 
principles”).  
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Figure 29:  Process structure for identifying potential failures.  

In order to identify and model the potential phenomena in a system, a reference library 
containing different phenomenon is required (where the reference library may be seen 
as a conveyance of knowledge from former projects). The identification is carried out 
by comparing the system architecture, utilisation, and inputs with the phenomena in 
the reference library. An efficient comparison is only feasible if the addressed system 
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and the phenomena in the library are described in a consistent way. The notation that is 
used in order to describe the system and the reference phenomena is called β-notation 
and is defined by six base-constituents: elements (properties), features, relations, 
actions, state transitions (transformations) and effects. By in the first place comparing 
the physical entities (elements, features, and relations) of the system and the reference 
phenomena, respectively, it becomes possible to make a number of potential matches. 
The action, which may be seen as necessarily dynamic mechanisms behind a 
phenomenon, often correspond to utilisation or input from the surroundings, and will 
act as a trigger for a latent phenomenon. The state transition and the effect describe the 
output from the phenomenon.  

The procedures in the methodology are described in a process structure, consisting of 
four sub-processes (cf. Figure 29). The first step in the methodology is to formulate the 
system into the β-compatible notation, in order to make it consistent with the reference 
library. In the second step, the identification of potential β-objects is made by 
comparing the β-described system and the phenomena in the reference library. In step 
three, the potential for the activation of the β-objects is investigated. The β-objects are 
regarded as activated when all of the (essential) base constituents of the object are 
fulfilled.  

In the fourth and final step, the consequences of an activated β-object are determined. 
A consequence that changes the appearance of the system, which may affect the 
feasibility for an intended behaviour (function) to occur, is defined as a failure effect. 

Further, the paper is finalised by a comprehensive example which both demonstrates 
the methodology and to some extent verifies its feasibility. 

6.3.4 Responding to the Research Questions 
The papers above present a methodology for identifying potential failures in a system. 
The papers relate directly to the question at issue in RQ2. The behaviour is modelled 
by identifying the physical phenomena that a system may possess, whereupon the risk 
for potential failures is assessed by modelling how the effect that the phenomenon 
emits may affect the functionality of the system.  

The modelling is based on qualitative statements about the system, which also imply 
that non-quantified concepts or non-quantifiable parameters may be analysed.  

Concerning the other research questions, the failure identification approach may also 
reduce the combinatory complexity that RQ1 prescribes. The approach may be used as 
an integrated part in the evaluation process of the optimisation algorithm. Furthermore, 
the potential for failure in a concept may be considered as an evaluation criterion.  

Further, in a more visionary perspective the modelling approach may also be usable 
when analysing the combinations of different technologies/technical principles in an 
early, definition phase of the system (cf. RQ3). The identification of potential yet not 
intended phenomena, such as those that may arise due to certain combinations, could 
be used as an evaluation criterion. However, it could also mean that new requirements 
are defined in order to avoid unfavourable situations. 
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7 Discussion 

This chapter comprises discussions about the fulfilment of the research questions, and 
the verification and validity of the research process and result, respectively. 

7.1 Concluding the Research Questions 
RQ1: How could a framework for managing the combinatory complexity in a 
systematic concept synthesis methodology be constituted? 

The first research question deals with the combinatory problem deriving from a 
systematic concept synthesis. A systematic concept synthesis approach, like a 
functional analysis, is efficient in order to create heterogeneous concepts, stretching 
out the solution space. However, the combinatory complexity, arising due to the 
number of combinations, will become a problem when evaluating the solution 
alternatives, even for a moderately-sized system 

In order to manage the problem with the combinatory complexity, established design 
theories and models have been synthesised into an optimisation process (cf. Paper C). 
The process handles the synthesis of concepts as a discrete optimisation problem 
where the combinations between the different means are evaluated. The fundamental 
part of the process is the functional structure modelling of the concepts, and the 
genetic algorithms selecting and assessing the possible combinations.  

By enabling an automatic analysis of the greater part of the combinations, non-
practicable combinations may be excluded, and a number of potential solutions may be 
sorted out for further investigation. The process may handle variables based on 
function and performance, but takes no consideration for geometrical aspects. Further, 
evaluation of properties that have a more subjective character, and that cannot be 
easily derived mathematically, may be handled by a semi-automatic process. However, 
such a process will drastically increase time required for analysis.  

The process may not be seen as a general solution to the problem with combinatory 
complexity, but it makes it possible to reduce the complexity (i.e. the number of 
combinations) in a systematic way, which facilitates the work without unnecessary 
sub-optimisations.  

RQ2: How could the behaviour that prevents or obstructs the utilisation of the 
functionality be identified and modelled in the system? 

Research question number two addresses how potential failures in a design may be 
detected during the design process. The issue is elaborated on Papers D, E and F. 
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The basic assumption evolving during the project is that behaviour is a natural 
consequence of the physical phenomena, which the system possesses as a result of its 
design. In other words, all behaviour (intended or not) is built into the system when it 
is designed.  

A behaviour that prevents or obstructs the functionality (the intended behaviour) is 
defined as a failure, and when a failure occurs the basis for the realisation of the 
functionality is affected in some way. The functional realisation may be impeded if 
some crucial property of an element, or relation between the elements, is changed. For 
example, if the surface condition of a bicycle chain changes, e.g. corrodes, it affects 
the bicycle’s function due to the increased friction force. If the corrosion continues, the 
chain may snap and the function will be obstructed. Consequently, the determination 
of a potential failure in a system is, to a large extent, a question of determining how 
the crucial properties and relations may be affected. The properties in a system may be 
changed by other, not intended, behaviour. The corrosion of the chain is a behaviour 
that the system possesses, and exhibits, when the “right” circumstances appear. 

The reasoning above, which is partly based on the results and the conclusions from the 
case studies, concludes that the detection of potential failures is a question of 
describing and explaining the behaviour a system possesses, which is not intended. 
The enhanced system model outlined in this thesis is an approach to describe the 
behaviour in the system. 

To support the failure detection, a process model has been developed, which is based 
on the knowledge from the enhanced system model. The purpose of the process model 
is to utilise the insights about how the failures occur in order to outline a prescriptive 
method to analyse the potential for the failure occurrence. It has resulted in a model for 
identification of potential failures, from which the potential failure identification 
process (PFI process) has been extracted. The PFI process is based on the 
identification of the different physical phenomena that may appear in the system, and 
the determination of how the effects from the phenomena may affect the foundation 
for the realisation of the functionality (i.e. properties and relations crucial for the 
function).  

Further, the steps in the PFI process are demonstrated in a comprehensive case 
example, which is described in Appendix 3. From the example, it is possible to 
conclude that the PFI process is rather complex, and not suitable to carry out manually. 
The mapping of the large amount of information and the storage of the physical 
phenomena is, however, suitable for a computer implementation. 

RQ3: How is the perception/understanding of the interdisciplinary consequences in a 
complex multidisciplinary system facilitated in the early phase of the design process? 
(Of particularly interest is the interface between entirely different kinds of 
technologies like biology and mechanics/electronics.) 

The third research question addresses the problem associated with co-operation 
between different disciplines/technologies, and how they influence one another.   
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The couplings between different disciplines/technologies in a system have been shown 
to have consequence for the design and the performance of the system. In the same 
way as interactions between objects (e.g. elements or components) in a system define 
its behaviour, as per RQ2, the interaction between different disciplines/technologies 
will limit the solution space. In certain cases, a particular key technology may 
constrain in a clear way the solution space for the other disciplines/technologies. 

In applications within the development of biotechnical analysis and production 
equipment, these kinds of interactions between biotechnology and the other 
technologies are tangible. In the case studies (cf. paper A), these interactions have 
been shown to cause problems when they have not been identified in an early phase of 
the design process.  

The first step in identifying the interactions is to visualise the couplings between the 
different subsystems and their technologies. The approach that has been used to make 
the couplings clear is based on utilising and adapting existing theories and methods 
within the design methodology of system modelling. The technique is applied in a 
number of case studies in order to evaluate and verify the potential of the modelling 
approach, and adapt it to the particular conditions.  

The case studies do, to a large extent, confirm that the perception of the functionality 
and the interactions between the subsystems are facilitated by the modelling.   

Further, the modelling approach shows that more aspects than the interactions between 
different technologies may be modelled. Even the couplings between the different 
subsystems, and e.g. quality systems like PAT5, may be visualised in the modelling 
(cf. paper B). In that way, both the realisation of specific quality functions, and the 
quality system’s influence on the technology, may be traced and followed up on during 
the development process.  

As the work to a large extent has been focused on assessing the possibilities of 
utilising existing methodology, together with suitable adaptations to reach the intended 
result, the cases that the study are based on also contribute to the verification of the 
result. Furthermore, the verification by acceptance (i.e. academically approved 
publications) has been an important part of the verification, as the approach in many 
respects differs from the usual approaches within the area of biotechnology.  

7.2 Verification of the Research Work 
The verification of the research work may be done from different perspectives (cf. 
chapter 5.3); a normal way is to test the result in a realistic environment. However, in 
this work the result is not yet applicable in a “real” design assignment, since the 
methodology is not yet applicable when seen from a user perspective, and the 
administrating aids for managing the method/process are still in a development phase. 
Thus, to strengthen the verification of the research the result and the process will be 
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discussed from different perspectives, such as the verification criteria outlined by Buur 
(1990), the validity of the results and the process, etc.  

7.2.1 Verification of the Research Process  
The research work is divided into two phases: one descriptive and one prescriptive, in 
accordance with the research methodology proposed by Blessing et al. (1995) and 
which is depicted in Figure 23.  

The descriptive phase consists of retrospective interviews and observation, and case 
studies (cf. chap 5.2). The interviews and observations are focused on acquiring 
knowledge about the design process in real design tasks and the utilisation of design 
methodology. In the case studies, different physical systems are scrutinised in order to 
acquire knowledge about failure occurrence and technology interactions. The 
prescriptive phase comprises the development and/or adaption of means in the form of 
methods and models for each individual research task. 

Blessing et al. also recommend a second descriptive phase, in which the result should 
be applied and evaluated in a “real” assignment in order to comprehensively verify the 
findings. However, as mentioned above the methods and models are not yet developed 
to an applicable level; thus, the evaluation is not feasible as Blessing et al. contend. 
Nevertheless, the results are verified to a certain level by utilising case examples and 
logical reasoning.  

Regarding the verification of the research process in this work, it is possible to assert 
that the research process is rather holistic and sequentially described, and that there are 
clear logical links between the different parts in the process, which vouch for a 
scientific approach to the subject. 

7.2.2 Verification of the Research Results 
Research aims at providing new and assured knowledge, which requires verifying the 
validity of any results.  

The verification of the results is, to a large extent, based on case examples and logical 
verification (cf. chap 5.4.2), i.e. whether the result is in accordance with the theoretical 
foundation that the work claims to be based on, and whether the result is logically 
plausible.  

Concerning Buur´s (1990) criteria for verification of research result validity - 
immediate consistency, historical consistency, completeness, and ability to explain 
phenomena - they are only verifiable to a limited extent in this state of the research 
work. 

Regarding the immediate consistency, no internal conflicts have been detected between 
the elements of the research. The fact that the failure identification process evolved 
transparently from a phenomena model of failures, based on case studies, to an 
information model of behaviour simulation, and further to a process or method, 
increases the possibility to achieve an immediate consistency.  
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The criterion of historical consistency is mainly based on references supporting the 
argumentation, the reasoning, and the theoretical base. The ability to explain 
phenomena is met partly by a comprehensive examination of the phenomena that were 
studied (e.g. the process for evaluating conceptual solutions), and partly by the 
development of a phenomena model that explicitly describes the appearance of the 
phenomena (cf. the enhanced system modelling for defining the system behaviour).  

The most difficult criterion to assess is the completeness of the result, whether all 
relevant phenomena can be explained or not. In the thesis, some limitations regarding 
the phenomena are made. For example, the focus in the thesis is to enhance the 
evaluation process of conceptual solutions by improving some of the activities in the 
process. However, only a limited part of the activities’ aspects are discussed. Thus, 
there are phenomena that cannot be explained. Nevertheless, considering each of the 
three focus areas approached in this thesis (cf. Chap. 6), the relevant phenomena may 
be explained to higher extent.  

The verification does not say anything about the preventive qualities of the result, i.e. 
its ability to obtain a reliable evaluation, to anticipate failures in a system, to generate 
a number of potential solutions, or to facilitate the development of a complex system. 
Actually, verification by utilising examples only proves the ability to describe and 
communicate rather simple, already known, cases.  

To strengthen the verification, the results have be exposed to external scrutiny by other 
researchers - verification by acceptance - as the results have been published as journal 
and conference articles, and thereby have obtained a certain degree of acceptance.  

The different focus areas of the research work have been approached in different ways, 
and the maturity of the areas has reached different levels. Thus, it has not been feasible 
to verify them to the same extent.  

As the work in the first focus area (system/process modelling) to a large extent has 
been focused on assessing the possibilities of utilising existing methodology, together 
with suitable adaptations to reach the intended result, the cases that the study are based 
on also contribute to the verification of the result. Furthermore, the verification by 
acceptance (i.e. academically approved publications) has been an important part of the 
verification, as the approach in many respects differs from the usual approaches within 
the area of biotechnology.  

In the second focus area (concept optimisation) the main emphasis of the verification 
has been on the logical verification, as the approach has the ability to explain and 
propose a way of handling the phenomena of combinatory complexity, and the result is 
consistent with established and successful methods within the scope of the research 
area. Furthermore, the approach has also to some extent been verified by acceptance, 
as the result has been published and accepted in academia.    

Concerning the third focus area (failure identification process) it has, in addition to the 
logical verification carried out by the elaboration of the system model and the process, 
been verified by an ample example (see Appendix 3) and through verification by 
acceptance in the form of comprehensive journal articles. 
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7.2.3 Validity Considerations 
By utilising an optimisation process upstream the design process at a concept level a 
greater number of concepts may be evaluated than otherwise. However, since an 
automatic optimisation process can only handle quantitative evaluation criteria, the 
process should be used with great care. There are no guarantees that the process will 
lead to an optimal solution, since qualitative aspects (like aesthetic appearance, 
geometric aspects, and producibility) or more complex properties emerging from 
combinations of different working principles (e.g. ease of assembly and system safety) 
are not taken in consideration. Rather, the process should be seen as an approach to 
sort out non-functioning and inferior solutions, and where the remaining solutions are 
acceptable but not necessarily optimal.  

Regarding the system/process modelling of complex (bio-mechatronical) systems, the 
modelling approach tends to be comprehensive and difficult at first sight. However, in 
order to resemble a complex system with a generic model and be able to depict most of 
the interactions, the model by necessity must be of a certain level of complexity. 
Adapting to an abstract modelling approach may be difficult if one is not used to 
expressing oneself in abstract terms. Particularly in small development companies, it 
may be difficult to introduce a systematic model/tool that can handle the complexity of 
the development work. The experience drawn from the interview study implies that the 
companies are more focused on technical problems than on the product realisation 
process. 

Concerning the identification of potential failures, there are certain limitations as to 
which failures may be found in the PFI approach. The process is primarily aimed at 
finding faults that impede the functionality and that originate from specific physical 
phenomena. Hence, faults that are not derived from a specific physical phenomenon 
may not be detected. The results are mostly based on mechanical engineering, 
implying that most of the examples verifying the results are derived from that 
particularly area. The way the results conform to other fields of engineering is not 
trivial when attempting to draw valid conclusions. The fact that it makes an argument 
for a general application of the result is because that the theoretical base (theory of 
technical systems) is not limited to a particular field of engineering design, and the 
development of the theory does not stem from any particular field.  

There is actually nothing in the theory that explicitly expresses that it has to be a 
technical system at all; it may even work in the context of other kinds of systems, for 
example socio-technical systems etc. However, it is difficult to predict whether an 
application in another field will be possible, useful, or even effective. Even so, the 
analyses of bio-mechatronical analysis equipment significantly demonstrate that the 
theories and methodologies are applicable to other fields.  
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8 Conclusion 

In the following chapter the conclusions of the thesis and the research results are 
presented together with outlines for further work.  

The objective of the thesis was to strengthen the input to the evaluation activity. This 
was achieved in different ways, and for different phases of the design process, 
enhancing the knowledge about the design task and/or design alternatives without 
further limiting the design space.  

The aim of the research work was focused at developing different kinds of abstract 
modelling techniques, suited for the early phases of the design process.  

The work has been carried out within three different focus areas (system/process 
modelling, concept optimisation, and identifying potential failures), in which a 
comprehensive understanding of the design task/alternatives is necessary in order to 
obtain a reliable evaluation result.  

8.1 Relation to the Conceptual Design Process 
As the reasoning in Chapter 2.2 concludes, the design process may be described in 
different ways depending on the purpose. In this thesis two views of the design process 
have been central for the reasoning: an evaluation and decision making perspective 
(cf. Figure 8) and a divergent – convergent design process perspective (Figure 7). 

Regarding the evaluation and decision making perspective, each of the focus areas 
corresponds to at least one of the information collecting activities defined in Chapter 
3.1, as illustrated in Figure 30.  

Information-collecting activities    

AnalysisAnalysis

Evaluation  
activity 

Evaluation  Evaluation  Decision-makingDecision-making

Decision-making 
activity

Synthesis Synthesis Specification Specification 

(1) Systemising concept development
(system/process modelling)

(2) Facilitating concept synthesis 
(concept optimisation)

(3) Simulating concept behaviour 
(identifying potential failures)

 
Figure 30: The different focus areas in relation to the evaluation and decision activities 

in the conceptual design process (cf. Figure 8). 
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The system/process modelling (1) covers parts of the specification and synthesis 
activities. The system/process modelling methodology has proven to be a useful tool 
when examining the problem/task, and when defining the solution space. The 
transparency of the relation between different disciplines that the modelling provides 
is also crucial for identifying the influences a particular technology within one area has 
on the other areas. Thus, the modelling will aid the work with specifying the 
requirements, especially the requirements deriving from relations or interfaces 
between different discipline-specific subsystems.  

The synthesis phase in Figure 30 is where the concepts are generated. The final step in 
the modelling is to define the functional pattern of the system, which is the base for the 
concept generation. Hence, system/process modelling also contributes essentially to 
the synthesis phase.  

The concept optimisation (2) combines the activities of synthesis, analysis, and 
evaluation in an integrated and automatic process. The optimisation process is an 
iterative process where all three phases are carried out once per iteration. The input to 
the optimisation approach in the synthesis phase is a functional structure (e.g. 
function/means tree), which both distends the solution space and creates the basis for 
the concept synthesis. The analysis activity is delimited to handle rather standardised 
quantifiable entities, which may be calculated as the solutions are synthesised by 
combining different means. In the evaluation activity the solutions are assessed 
according to a number of criteria in a fitness function, and the outcome gives the 
presumption for the next iteration in the process.   

Identifying potential failures (3) is mainly concentrated on the analysis activity, but it 
may also, to some extent, be utilised in the synthesis activity (cf. Figure 30). In the 
method, the behaviour that the system/solution exhibits is modelled. The model is then 
used in order to single out potential course of events which may lead to failures. 
Moreover, the analysis (or perhaps the ideas behind the analysis) may also be 
employed when the means are combined in the synthesis phase. If the combinations of 
means are checked regarding weak spots or potential failures, unfavourable 
combinations may be sorted out already in the synthesis phase.    

The other view that is used to depict result in relation to the design process is the 
chronological divergent-convergent design process perspective. The proposed 
methodology utilised in the different focus areas will cover separate phases of the 
conceptual design process (cf. Figure 31). The first focus area (1) relates mainly to the 
divergent phase where the interrelations/requirements between different subsystems 
(technologies) are modelled and visualised. The result from this area defines, to a large 
extent, the foundation for the succeeding activities in the design process.  

The second focus area (2) deals with the synthesis of the first concepts, which define 
the border line between the divergent phase and convergent phase. It also considers the 
issue of defining and selecting a set of potential conceptual solutions from a functional 
structure, like a function/means tree.  
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In the third focus area (3), the behaviour the concept possesses is qualitatively 
simulated in order to assess or indicate potential failures in the system. The 
identification of potential failures is mainly directed at the convergence phase of the 
design process, and works as an instrument/aid for analysing the design concepts 
regarding their weaknesses. The result from the analysis may be used to reduce the 
number of concepts, and/or to increase the reliability of potential concepts. 
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(system/process modelling)
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(concept optimisation)

(3) Simulating concept behaviour 
(identifying potential failures)

 
Figure 31: The different focus areas in relation to the phases of the conceptual design 

process (cf. Figure 7). Adapted from Ulrich and Eppinger (2003). 

Moreover, the result from the different areas may be linked together, and since they 
originate from the same theoretical foundation, the output from a model upstream the 
design process may be used as input to that downstream the process. 

The work in the different areas has reached different levels of maturity. Even if the 
work does not yet result in practical applicable methods, it has shown the potential and 
the possibility of utilising a general methodology in order to systemize the work and 
increase the knowledge content of the design task and/or design alternatives. This will 
facilitate and make the evaluation more explicit during the development process, thus 
making it possible to discuss, review, document, follow up, reflect on, and finally, 
learn from and ultimately apply to future projects (both methodically and technically). 

8.2 Research Achievements 
A substantial part of the thesis is derived from the employment and adaption of design 
methodology to biotechnological applications. The work resulted in a proposed 
adaption of the theories about system modelling, entailing the introduction of a 
separate biological entity for the biological components, which in a better way will 
model the biological aspects in the system. Besides the evolution of the theory base, 
the main achievement of this work have been the verification of the modelling 
approach, especially concerning its applicability to manage complex systems, and its 
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applicability in fields other than mechanical engineering. From a biotechnological 
perspective, the use of a generic design methodology is a rather novel approach.  

The generation and selection of conceptual solutions are crucial activities in the design 
process. The concept optimisation approach outlined in the thesis provides a way of 
dealing with some of the problems associated with these activities. The approach 
indicates and elaborates on the potential of utilising the optimisation algorithms to 
integrate the synthesis and evaluation of conceptual solutions into an automatic 
process. The ability the automatic process has to analyse the majority of the concept 
combinations will contribute both to a more comprehensive examination of the design 
space, and provide a way of managing the combinatory complexity induced by the 
functional structure.  

Regarding the behaviour simulation/failure identification, which is the dominating part 
of this thesis, the result that is of greatest academic value is the basic thought of how 
the failures suppose to originate. The outcomes may be summarised into a few 
statements about failures: 

• the failures do not arise randomly, 

• all failures have a physical explanation, 

• a failure is the effect of a physical phenomenon that prevents or obstructs an 
adequate utilisation of the functionality, and 

• the failure is a natural behaviour of the system, which is dependent on and 
caused by its actual design (and use). 

Another important part is the enhanced system modelling which provides a 
comprehensive way to model the behaviour of a system. The proposed process of 
finding or identifying potential faults may be seen as a result of abductive reasoning, 
i.e. one possible way of utilising the knowledge of how failures may originate in a 
system and how they may be modelled. The proposed potential failure identification 
process and the example of the utilisation of the process may be seen as a way to 
verify the phenomena model (i.e. enhanced system model). Regarding the potential 
failure identification process, it is possible to assert that it is definitely not the only 
way to utilise the acquired knowledge about failures, and most likely, it is not the best 
way either. 

Finally, the different evaluation methods presented within the frames of design 
methodology may be difficult to grasp: for instance, what separates the different 
methods, and which method is preferable to use in a particular situation? In the thesis, 
a categorisation of the discursive evaluation methods is outlined in Paper C as well as 
in Chap. 4.3.3. The categorisation is based on four independent characteristics, with 
the aim of increasing the understanding of the differences between the methods. Thus, 
the structuring of the evaluation methods will facilitate the selection of a suitable 
method, based on the purpose, the extent of the evaluation, and the information 
available. Moreover, in the thesis the evaluation process is elaborated on in order to 
explain its nature in the context of the design process.  
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8.3 Methodology Contributions 
The methodology contributions of this thesis are directed at the activities and phases in 
the design process that are associated with the evaluation and decision making, which 
Figure 30 illustrates. The endeavour of the work was to strengthen the evaluation 
process by means of exploring the input to the evaluation, and to develop different 
methodological aids.  

8.3.1 System/process modelling 
Many decisions made in the beginning of a design phase are made in a subjective and 
tacit way, as a number of possibilities are not even considered. In other words, the 
design alternatives are not exploited in a sufficient way, and the restriction of the 
design space is not made from systematic or rational considerations. Thus, these 
implicit decisions reduce the design freedom without the designers’ awareness. The 
use of a generic model, which describes the transformation process/system, will make 
the implicit decisions in the beginning of the design phase more explicit, and possible 
both to trace and document.  

A generic model may also facilitate the definition of requirements for the system, 
especially the requirements that are related to the interface between subsystems and 
requirements that originate from the interface towards the surroundings and goal and 
management systems. The requirements will eventually form the base for the 
evaluation criteria in the evaluation activity (cf. Figure 30).  

8.3.2 Concept optimisation  
During the concept generation phase, more or less unconscious decisions are made that 
limit the design space or reduce the design freedom. Automatization of the concept 
synthesis process will provide a greater prospect of considering more concepts than 
what is possible in a manual process. Hence, even if the s election of a single optimal 
concept is not possible to achieve, the large number of analysed concepts will result in 
a well-founded limitation of the design space. Thus, the optimisation process will not 
provide a final solution, but it will reduce the design freedom in a controlled way. 

8.3.3 Failure Identification  
The failure identification process is normally applicable when the solution alternatives 
have been synthesised/defined (cf. Figure 31). Primarily, the objective of the failure 
identification was to enhance the reliability of the evaluation process in a systematic 
way by analysing the weak spots of the solution alternatives. However, the approach 
may also be applied in the concept generation phase, where the technique may be used 
to guide the synthesis of concepts. Another example of application is system safety, 
where the modelling of the system behaviour is important in identifying safety-critical 
scenarios.   

8.4 Future Work 
The future work could addresses the failure identification process, and could be 
divided into two parts: one that further verifies and proves the scientific character of 
the work, and one that develops the proposed approach into an operating tool.  
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Concerning Buur’s (1990) two suggested methods for verifying the validity of the 
design research work, the logical verification may be considered sufficiently fulfilled 
within the framework of this thesis. The verification by acceptance, however, is still an 
open question. Even if the work has been published and accepted in different academic 
forums, it has still to be tested in real design assignments and evaluated by designers in 
order to verify its acceptance.   

Furthermore, the potential failure identification process (PFI process) may be further 
tested regarding both its probability and its reliability of finding failures in a 
conceptual solution, and regarding the efficiency of the process. This aspect, however, 
may not be determined until the approach has been further developed. 

Regarding the development of the failure identification approach into an operating 
tool, some crucial issues for future work are identified:  

• Acquire information for the development of a comprehensive physical 
phenomena database, and implement it in a computer environment.  

• Outline a thorough PFI notation scheme to support the definition of both the 
PFI description and the physical phenomena database.  

• Develop guidelines for how the PFI description of a system can be carried out 
in a systematic and unambiguous way.  

• Design an algorithm for the comparison of the β-objects and the objects in the 
physical phenomena database, to manage the problem of determining 
“sufficient resemblance” between the objects. 

• Design prototype software implementing the PFI process. 

• Evaluate the three proposals for the failure identification that are outlined in the 
approach.  

In the longer term, issues more related to the evaluation process may be of interest. 
How does PFI process conform to the prevalent design methodology, and how may the 
information from other design methods be utilised to facilitate the PFI process? 
Further, it is of interest to combine the PFI approach and the prevalent evaluation 
methodology in order to outline an enhanced evaluation process based on the 
combination of the two principal evaluation approaches, selection of the fittest 
solutions and exclusion of the improper solutions? 

Regarding the bio-technical analysis and production equipment, the modelling 
approach used to model the system and the transformation process has shown great 
potential for enhancing the bio-technical design process. The modelling approach 
tends to be a feasible way to integrate the contents of PAT into the development 
process. However, the modelling approach has to be tested in a design development 
project in order to verify and assess its applicability. 
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Appendix 1:  
Glossary  
Words like function, relation failure, effect and behaviour are widely used and 
understood. The specific interpretation of each word varies with the context in which it 
appears, the person reading it and the disciplines using it. A few definitions are given 
to clarify these terms as they are used in this thesis.   
Action In this thesis action is used with the same meaning as action motion (Hubka, 

1992), i.e. an action is a necessary event for the function to occur. Action is 
used to describe events that happen between elements. (If the event is limited 
within an element it will be the same as a feature for the element.) An action is 
the particular event that results in an effect 

Action motion  Motion that is necessary for the function to be performed and that is realised 
by the organs of the system. An action motion is not necessarily a 
mechanical/geometrical/cinematic motion; other action principles demand 
different transformations (e.g. chemical) that are nevertheless termed 
“motions”. Example: working stroke of a shaper (linear reciprocating), or 
rotation of a lathe spindle (rotary continuous) (Hubka, 1992). 

Action principles Natural phenomena of a physical, chemical or biological nature, based on 
which an effect can be achieved. An action principle can combine a number of 
modes of actions (Hubka, 1992). 

Behaviour Behaviour is the way in which an organism, organ, or substance acts, 
especially in response to a stimulus (Oliver et al. 1997). 
As an addition to the definition above, the behaviour may be seen as the sum 
of the natural phenomena that occur in the system (organism) and the effects 
the system generates.  

Concept  A concept is a mental (and usually somewhat abstract) description of the 
technology, working principles and form of the product (ENDREA, 2001).  

Effect  The effect is based on a natural phenomena (cf. physical phenomena), and is 
an outcome of an action in a system, mechanism, or object. (Hubka, 1992). 
Thus, the possibility of the occurrence of a natural phenomenon determines 
the occurrence of a particular effect. Effects may be both intended (desired) or 
unintended. An intended effect contributes to the realisation of the function, 
while an unintended effect may be undesired and obstruct the functionality in 
some way.  

Element Building blocks of a system, like organs or components. 
Failure  A failure (or fault) is defined as an unintended and undesired behaviour that 

partly prevents or obstructs the utilisation of a desired behaviour (a function). 
By extension, a failure also may be described as an infringement to the design 
specification. 

Feasibility  Means “the state or degree of being practicable” and is a judgement of the 
possibilities for a proposed solution to work as intended at the end of the 
development process. 
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Features A feature is an information unit representing a region of interest within a 
product. It is described by an aggregation of properties of a product. The 
description contains the relevant properties including their values and relations 
(structure and constrains). The feature is not limited to physical elements and 
exists only in the world of information models (Golob et. al., 2002). In this 
context, a feature represents a specific view or behaviour of the element and 
may contain complementary information about the element, such as how it is 
supposed to act to perform a function under certain circumstances. In this 
sense, a feature and an action may describe the same thing. The difference 
between them, however, is that a feature describes the intended performance 
within an element, while an action describes the intended performance 
between two or more elements 

FMEA  Failure Mode and Effect Analysis  
ETA Event Tree Analysis 
FTA  Fault Tree Analysis  
Function  Function is a duty that the product must be capable of fulfilling, i.e. its effect 

(Hubka, 1992) and may be seen as the system’s intended and desired 
behaviour (Roozenburg & Eekels, 1996). 

Organ  A component of the machine system that forms a function-carrier and exerts a 
certain effect. An organ is not necessarily identical to a physical sub-assembly, 
but may be composed of connective parts of two or more sub-assemblies. 

Technical 
Principle 

Technical principles are abstracted and simplified descriptions of the 
technology utilised to realise a particular purpose or functionality (Andreasen, 
1980).  

Design Principle  Design principles may be regarded as an abstraction of design experience and 
knowledge accumulated during previous design processes. 

PAT Process Analytical Technology is a system for designing, analyzing, and 
controlling pharmaceutical manufacturing through timely quality 
measurements and performance attributes of materials and processes. This is 
done with the goal of ensuring final product quality. 
Process Analytical Technology includes chemical, physical, microbiological, 
mathematical, and risk analysis conducted in an integrated manner. 

Physical 
Phenomena  

The same as natural phenomena. Corresponds to Action Principles.  

Performance The measure of function and behaviour – how well the device does what it is 
designed to do (ENDREA, 2001).  

Property Any attribute or characteristic of a technical system: performance, form, size, 
colour, stability, life, manufacturability, transportability, suitability for storage, 
structure, etc.  

Relation  Linkages between two attributes of a system, such as elements, organ, or sub-
systems, which for example comprise geometrical, functional, information and 
energy relations (ENDREA, 2001). 

Reliability  The ability (probability) of a technical system to satisfy its operational 
requirements within the specified limits and for the required life (Pahl & Beitz, 
1996). 

Structure Elements and their relations, both functional and spatial (ENDREA, 2001). 
Sub-system  A sub-system is a system that is a subset of another system (ENDREA, 2001). 
System  A system is a structure that is separated from the surroundings by a borderline 

(ENDREA, 2001).  
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Some abbreviations are invented in this thesis in order to embrace different objects or 
conceptions, which are essential parts of the result of this research. 

β-organ (object) Behaviour Organ - exhibits the same kind of behaviour that a particular 
physical phenomenon may prescribe. 

E-object Effect Object- the effect a β-object emits when it is activated, and is 
determined by the underlying physical phenomenon. 

PFI Potential Failure Identification - a process or method that is aimed at 
facilitating the identification of potential failures in a conceptual solution.   

S-object Sensitive Object - is an unfulfilled constituent of a β-organ. As the S-object 
matches an emitted effect, the β-organ may be considered activated. 
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Appendix 2:  
Summery of Studies and Observations  
The purpose of the case studies and the observations was to examine the fundamentals 
for the failure occurrence from different perspectives. The case studies were 
explorative and/or descriptive studies. The expression “explorative” is applicable 
concerning both the objectives as well as the approaches of the studies. Accordingly, 
the purpose of these studies was twofold: it has naturally been to draw conclusions 
from the particular objects, but it has also been to evaluate the approach and to what 
extent a case study may benefit the acquisition of knowledge for the studied area. 

Table 7:  Case studies and observations carried out during the research project 

Study/ 
observation Objectives Outturns/ 

results Comments 

Case study I 
Toothed wheel 
gearing study 

Study of the interplay 
between different 
components of a system, i.e. 
which way they interact  
Verification of the theoretical 
foundations 

Interaction map of the interplay, 
how the work is to proceed, 
different properties/subsystems, 
etc. 
A distinction between physical and 
behavioural properties 
The bases for formulating a model 
in which to describe failures 

Too complex  
Insufficiently 
understood object 
May be considered as 
a pilot study => gave 
rise to new questions 
about system 
representation 

Case study II 
Bicycle study 

To investigate the nature of 
the failure causality chain in a 
system with a composite 
structure 

The description of an effect 
depends on the level of detail 
(information level) and the acquired 
knowledge of the actual effect 
(phenomena) 
Primary and secondary effects 
Complexity of the effect chains  
Formulation of hypothesis  

Too complex to survey 
the whole system 
Lack of methodology to 
capture and describe 
the behaviour of the 
system 

Case study III 
Ball bearing 

study 

Examine types of relations 
between the participant 
subsystems 
Different possibilities for 
configuring the system model 

Different ways of defining and 
configuring a system depending on 
its (intended) relations 

Confirmed the 
hypotheses to a certain 
extent, but did not 
verify them 

Fault 
causality 

study 

To investigate possible 
patterns in the occurrence of 
failures in mechanical 
designs 
Is it feasible to describe the 
failures, or potential failures, 
in a generic way? 

Top-down 
A deductive categorisation of the 
fault causalities, supported by 
design theory literature  
Bottom-up  
An inductive categorisation of the 
fault causalities  

Further work is based 
on the bottom-up 
approach 

Prospective 
design 

observations 

Acquire knowledge about the 
design process and the 
acceptance and utilisation of 
the prevalent design 
methodology 

The students had difficulty in 
grasping design methodology, and 
to utilise the evaluation 
methodology in a creative manner 
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Case Study I - Toothed Wheel Gearing Study 
The toothed wheel gearing study is an explorative study of the interplay between 
different components of a system. In the planning stage of this case study, the 
objectives were to study the transmission for a removable rudder belonging to a UAV 
(Unmanned Aerial Vehicle), designed in an industry-related design project, and carried 
out by students (Bovin el al., 2000). It turned out to be too extensive, however, and the 
study was limited to a particular part of the transmission. The toothed wheel gear was 
chosen as it seemed to be a sufficiently complex object to study.  

Objectives 
The question to be answered in this study was whether a system model, based on a 
categorisation of the properties, could facilitate the identification of potential failures 
within the system; and whether the causality of the faults could be described. The 
working hypothesis the question is based on is that a failure in a system is not an 
unnatural phenomenon that occurs in the system accidentally, but a natural 
consequence of the system configuration and the environment it is put into. Another 
purpose of the study was to verify some of the theoretical foundations for this 
research.  

Approach 
The first step in the study was to decompose the system into suitable subsystems. The 
decomposition was done intuitively, and mainly based on the components that define 
the system. In the second step, an objective definition of the properties was made for 
each subsystem, e.g. weight, geometrical shape, material properties, etc. (Objective 
here means that the definition of the properties is to some extent generic and does not 
consider any particular purpose).  

The essential relations were then defined between the properties of the subsystems, 
which enable the desired functionality (intended behaviour). When no more essential 
relations could be found, the additional relations were examined in order to define 
other potential behaviour or effects the system might possess, but which were not 
intended. In the last step, the potential behaviour or effects the system may display 
(produce) were mapped against each of the sub-systems’ properties to examine 
whether there are any critical interactions. 

Receiving 
properties

Emitting 
properties

Physical 
properties

Functional 
properties

Receiving 
properties

Emitting 
properties

Physical 
properties

Functional 
properties

 

Figure 32. Simplified model of the interaction map 
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Results 
The properties of the system and the interplay between the properties were visualised 
in a complex interaction map (a simplified model is shown in Figure 32). To make the 
information about the properties clearer they were divided into four different groups 
before the interplay between the properties was defined: Physical, Functional, 
Emitting, and Receiving. The two first groups originate from the systems physical 
conditions and from the behavioural characterisation. The other two are of a virtual 
nature; they are based on how effects may be emitted in the system and what effects 
the system may be sensitive to.  
Physical properties base properties for the different components and properties 

related to the system’s physical conditions 
Functional properties properties related to the performance of the system and to its 

functional and behavioural character; depend to a large extent 
on the physical properties 

Emitting properties potential effects that may occur as a result of the physical 
shaping and functional character 

Receiving properties the sensibility to effects the system may show as a result of the 
physical properties and the relations between them  

From this map, a more generic view of the interplay was developed in line with the 
Theory of Technical Systems (Hubka & Eder, 1988). As the modelling of a system 
often becomes complex, the reasoning in the following description of the system has 
been somewhat simplified to make the model more straightforward and suitable for the 
objectives. The purpose of the model is to explain a possible view of how the fault 
occurrence may be defined.  

The properties of an artefact may be divided into two different domains: a physical 
(structural) domain and a behavioural (functional) domain, as shown in Figure 33. The 
physical properties originate from the components and the relations between them 
such as weight, strength, distance, and possible relative movement. The behavioural 
properties also depend on the (intended) action in the system and describe the 
performance, such as speed, noise, heat emission, and intended relative motion. The 
two domains should not be interpreted as a causal sequence; rather, they are two 
abstraction levels showing the same thing, but from different perspectives. 

In the physical domain, the component properties and structural properties build up the 
foundation of the system properties. The system properties, in turn, correspond to the 
behavioural properties and the functional limitations in the behavioural domains. The 
functional characters are an abstract description of what the system is to achieve, and 
corresponds to the intended part of the behavioural properties (Roozenburg & Eekels, 
1996). Furthermore, the validity of the functional character is determined by the 
functional limitation.  

The component properties and structural properties are comparable with base 
properties, while the system properties may be compared with the compound 
properties (cf. Chapter 4.1.4). A system property may be regarded as a synergistic 
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effect between the arrangement of its inherent components, their particular properties 
and the state they are in. The nature of system properties is often complex, and seldom 
derivable from a single component. 

To determine the performance of a system, it is essential to understand how the system 
works. From the outlined model of how the properties interact, it is possible to 
describe how the performance is established. In the same view, it is also possible to 
describe how the synthesis of a system is (may be) carried out.   

Arrangement and 
structural properties

Functional 
character

Functional 
character

Functional 
limitation
Functional 
limitation

System 
properties

System 
properties

Component 
properties

Component 
properties

Stimuli /inputStimuli /input Response 
/output

Response 
/output

Technical System

Physical
(structural) 

domain

Physical
(structural) 

domain

Behavioural 
(functional)

domain

Behavioural 
(functional)

domain

Behavioural 
properties

Behavioural 
properties

Design 
specification 

 
Figure 33: A system model specifying the interplay between two abstraction levels. The 

solid lines indicate how a stimulus affects the system, and the dashed lines 
describe how the synthesis of the system is achieved.  

The performance analysis of a technical system  
The analysis of the system is in this case, interpreted as the response the system 
exhibits as a result of a stimulus. The way the system responds to a stimulus is 
described with the solid lines in Figure 33.  

The stimuli or input to a technical system first acts on the component properties and 
structural properties in the physical domain, which may be considered as stimuli 
receivers. The system properties then define the behavioural properties and the 
functional limitation, and a part of the behavioural properties is defined as the 
functional character. 

The response that the system will return mainly originates from two sources. The 
intended responses stem from the functional character, and will be valid as long as the 
functional limitations are not exceeded; the unintended responses stem from the 
behavioural properties and are the responses the system exhibits whether they are 
desired or not.  

The synthesis of a technical system 
The synthesis of a technical system, on the other hand, is done in the opposite way 
compared to the analysis of the performance. It begins with a definition of a desired 
response or the functional character that satisfies the needs to be met by the system (as 
specified in the design specification), and concludes with the definition of the 
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necessary stimulus that will activate the response. The synthesis of a system is 
described with dashed lines in Figure 33.  

The system properties are an instantiation of the (desired) functional character in a 
physical reality. From the necessary system properties the component properties and 
structural properties are established in the form of a physical realisation, and the 
necessary stimulus is determined.  

To realise the functionality, the physical domain returns a full set of behavioural 
properties to the behavioural domain, which determines how the functional character 
will be satisfied. The physical domain also returns a functional limitation. These 
limitations decide the conditions for when the functionality will be available. The 
functional limitations depend on the status of the properties in the physical domain.  

Failure occurrence 
From the proposed system model a failure may appear in two ways: partly when an 
infringement of the functional limitation occurs, and partly when an unintended and 
undesired behaviour appears. When the infringement of the functional limitation 
occurs, the functionality of the system will be reduced, either as a malfunction or as a 
cessation of the particular function. An example of this kind of failure is a wing on an 
airplane, which only gives lift force below a certain angle of attack. If the angle 
increases and the limit for the functionality is reached, the lift force will decrease and 
suddenly vanish.  

When an undesired behaviour appears, the response from the system will be undesired 
and/or harmful to the surroundings of the system, or the behaviour will affect the 
functional character in a way that the functionality is reduced. An example of the first 
case is the noise and the emission that the engine of a car produces. An example of the 
second case is the condensation that may cover the lens of a camera when it is moved 
relatively quickly from a cold (dry) area to a warm (humid) area. The condensation 
will (at least for a while) reduce the functionality of the camera.  

Discussions and Conclusion Remarks  
The study may be considered as a pilot study. It is difficult to determine whether the 
results of the study objectively verified the prevalent view of properties in design 
theory, e.g. Hubka (1988, 1996) and Roozenburg & Eekels (1996), or if the theories 
about properties have unconsciously been the basis of the findings in this study. 
Nevertheless, the study shows that an investigation of the properties of a concept may 
be used to generate knowledge about potential problems within the solution. It also 
gave rise to new questions about how a system should be represented to benefit the 
search for potential faults. One conclusion from the study is that the representation of 
the system may be a key factor for facilitating the search for potential faults.  

Even if the relation with the surroundings has not been taken into consideration in this 
study, the gear was a little too complex and undefined to be a suitable object for this 
kind of study. The system and its functionality (i.e. the interplay between the 
component and subsystems) have to be better understood and more transparent to give 
more univocal conclusions.  
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Case Study II - Bicycle Study 

Objectives 
The objective of the bicycle study is to investigate the nature of the failure causality 
chain in a system with a composite structure. The questions that the study tries to 
illuminate may be formulated as: 

 How may the causality of the failures be defined and described in a composite 
product? 

 How to can one manage the problem of using different abstraction and system 
levels when describing the causalities of a failure? 

Approach  

The case is an inductive explorative study of the failures that may occur on a bicycle. 
The bicycle has been chosen as a study object due to its moderate complexity, and 
because it is a well known and understood product. The study was carried out by first 
intuitively listing every possible failure that could occur on a bicycle. The failure may 
be defined at different abstraction and system levels, i.e. from a detailed single element 
such as an overstressed screw to an abstract system level such as if the braking system 
should cease to function.  

The failures were then arranged in a cause-consequent chain according to what might 
cause the particular failure, what consequences the failure might give rise to, and 
where on the bicycle they might occur. The malfunctioning of the brake, for example, 
could depend on different factors, such as worn-out brake blocks, damage to brake 
cabling, etc. The damage to the brake cable, in turn, might depend on corrosion, wear, 
mechanical fracture, and so on. In the same way, the malfunctioning of the brake 
might lead to difficulties in reducing speed, which in turn might lead to a collision. 
The different cause-consequent chains are put together in a tree structure. Every 
branch of events leads to a number of “top failures” such as increased energy 
consumption, increased collision risk, balance problems, etc., which are undesired and 
which may impede or obstruct the functionality of the bicycle.     

Results 
The failure may be described in different abstraction or system levels, depending on 
how well the system is defined and how well the failure causes are known. If a failure 
is known and the overarching causal connections of the failure exist within the system, 
the failure may be described on a macro level (abstract on a high system level). Where 
the failure is well understood (quantified or dimensioned) and the causal connections 
are well defined, the failure may be described on a micro level.  

A failure of the bearing in the hub may be described in different ways depending on 
the abstraction or system level where the failure is defined. On a macro level (see 
Figure 34), where the hub may be seen as an organ that connects the wheel to the front 
fork of the bicycle and allows the wheel to rotate, knowledge of earlier designs may 
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indicate that penetration of dirt or water from the surroundings may cause wear or 
corrosion in the hub. Such experience-related predictions may be made with relatively 
little information about the system, but validity is very uncertain as the reference 
system may differ in detail from the present system.  

penetration of 
the hub

hub
∑Prhub

wear

corrosion

surrounding
∑Prdirt

∑Prwater

dissipation

breakdown

noise

 

Figure 34: Macro-level defined failure (Pr = properties).  

At a micro level (see Figure 35) the interaction between the different components is 
described on a more detailed and physical level. The interaction between bearing race, 
ball, grease, and penetrating substance (dirt and/or water) may, in a quite 
comprehensive way, describe why and how the ball or the bearing race is damaged. In 
this case, it is not the knowledge about the failure that is reused; rather, it is the 
knowledge about the physical phenomena that cause the failure. The effect of the 
phenomena has to be put into context in order to evaluate whether it is harmful for the 
system. This way of describing the failure causality gives a more reliable prediction, 
but it also implies that more information about the system is needed. 

interaction between 
the bearing and the 

dirt particles (or water)

surface fracture 
(or pitting) on the 
ball or the race

bearing
∑Prbearing

foreign 
substance

∑Prdirt

(∑Prwater)

grease
∑Prgrease

bearing race
∑Prrace

bearing ball
∑Prball

vibration noise

 

Figure 35: Micro-level defined failure (Pr = properties). 

Both on the macro level and the micro levels, primary and secondary effects may be 
derived. On the macro level, the effects are of template character while on the micro 
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level the effects may be derived with higher accuracy; it also makes it easier to 
understand which physical phenomena are acting in the system and why. It is the 
physical phenomena that determine which effects the system will provide. If the 
different physical phenomena could be prescribed, which may occur as a result of the 
relation between components and the utilisation of a system, the effect chain that 
precedes a failure may be established.  

Concluding Remarks 
The cause of a failure in a system does not solely depend on a single component, but 
rather to a great extent on the relation between different components, and the 
surroundings. The relations, together with the properties of the components are the 
foundation for the occurrence of a physical phenomenon, which in turn determines the 
effect that may cause the failure. For example, if a bicycle is difficult to pedal it is a 
notable effect that affects the performance of the function to bicycle. The reason for 
difficult pedalling may be that the transmission is not sufficiently lubricated, which in 
turn may depend on unwanted foreign substances such as moisture, mud, or particles 
from a corroded part getting mixed in with the grease. The fundamental cause of the 
reduced functionality would, in this case, be the reason why foreign substances came 
to be mixed in with the grease. There may be several reasons: poor service, damaged 
seals, etc. 

How far it is possible to determine this kind of causality chain depends on how 
detailed the system description is, and how well the different phenomena that occur in 
the system are known. It may be difficult to see and understand the fundamental 
reason for the failure even if the symptom (consequence) is obvious. As the cause of a 
failure may depend on different things (events), even series of events, it is difficult to 
definitely determine what causes the causality chain. Or inversely, which event will 
lead to a failure.  

As the bicycle is a relatively mature product, is it not likely that this kind of study will 
identify any failures that may be derived directly from the design, and which do not 
depend on how the product is used – or misused or abused. The study does, however, 
indicate a difference in how the causality chain may be described, depending on the 
level of detail the system is expressed in. Even the knowledge about the physical 
phenomena and the effects they prescribe matters when the causality chain is to be 
identified. The study also indicates a complexity in the causality chains, which makes 
it difficult to infer potential failures in a deductive way. 
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Case Study III - Ball Bearing Study 

Objectives 
The third case study is a descriptive study of relations between the elements in a 
system. The objective of this study was to determine the possibility to derive superior 
properties (i.e. system properties) from relations between base components or sub 
systems. This gives rise to at leased two questions: 

• How should the system be decomposed in order to facilitate the examination of 
the relations? 

• How should the configurations of the sub-systems affect the determination of 
the system behaviour? 

Approach 
The approach in this study is similar to the two earlier ones. 

• First, the system was subdivided into base components (balls, outer and inner 
ball race, cage, rivets, and grease). 

• Secondly, both the properties of each base component, and the relations 
between the base components, were described.  

• Then, the different possibilities for clustering the components into subsystems 
were examined. From the subsystems that appeared interesting, system 
configurations were formed.  

• In the following step, the relations between the subsystems in the different 
system configurations were described, and the possibilities to define the 
superior properties (cf. functionality, behaviour or acting effects) derived from 
the relations were examined.  

A single-row deep groove ball bearing was chosen as the study object. The study 
object had to have relatively simple structure with a comprehensible number of parts 
to display a sufficient behavioural transparency. A ball bearing is a well-known and 
mature mechanical product. A simple ball bearing may be divided into six active main 
components (provided that the balls and the parts of cage are each considered as one 
unit respectively), se Figure 36. 

Results 
From the six elements of the bearing, some 54 possible sub-system configurations 
were established. About 15 of the configurations seemed reasonable to describe the 
system and its functionality. Some of these configurations were variants of each other, 
when they were excluded, 12 configurations were left (see Figure 36).  
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12: System [K,H,Nit-SM]-[YR,IR]11: System [K,H,SM-YR-IR]-Nit10: System K,H,SM,YR,IR-Nit

9: System K,H,Nit-YR-IR-SM8: System K,H,YR,IR-SM-Nit7: System K,H,SM,Nit-YR,IR

6: System K,H,SM-YR-IR-Nit5: System YR,SM,K,IR-Nit,H4: System YR,SM,K-Nit,H-IR

3: System YR,IR,K-Nit,H-SM2: System K,SM-Nit,H-YR-IR1: System K,SM-Nit,H-YR,IR

12: System [K,H,Nit-SM]-[YR,IR]11: System [K,H,SM-YR-IR]-Nit10: System K,H,SM,YR,IR-Nit

9: System K,H,Nit-YR-IR-SM8: System K,H,YR,IR-SM-Nit7: System K,H,SM,Nit-YR,IR

6: System K,H,SM-YR-IR-Nit5: System YR,SM,K,IR-Nit,H4: System YR,SM,K-Nit,H-IR

3: System YR,IR,K-Nit,H-SM2: System K,SM-Nit,H-YR-IR1: System K,SM-Nit,H-YR,IR

 
Figure 36: The remaining configurations (K – ball, SM – grease, YR – outer ball race, 

Nit – rivet, H – cage, IR – inner ball race). Numbers 1-10 are generated from 
the study. Systems 11 and 12 are variants of systems 10 and 7, which show 
the possibilities to alter the hierarchy order between components, base – and 
sub-systems. 

Model Architecture 
The definition of how an element of a system relates to other elements inside or 
outside the system is an essential issue when reproducing an artefact as a structure 
model. To facilitate the understanding, communication, and examination of a system, a 
more nuanced base for the description of a system is preferable compared to Hubka 
and Eder (1988). From the Ball bearing case study, some different ways of envisaging 
the system emerged. Depending on the structure of the system and interrelation 
between the elements, different ways of approaching the configuration may be applied. 
It is possible to distinguish between at least four different perspectives in the 
configuration of a system: 

• Core component-oriented configuration  

• Network-oriented configuration 

• Framework-oriented configuration 

• Hierarchy-oriented configuration  
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Core component-oriented configuration 
In a system with one or a few dominating elements, i.e. when one or a few elements 
are central to the realisation of the functionality, the decomposition may originate from 
these core elements, cf. Figure 37. Due to the exposed position of these elements, a 
change in an element or in its relations may have severe consequences on the 
performance of system. This kind of perception may be denoted as core component-
oriented. As an example of this way of visualising the system, a bearing may be used, 
where the ball is a central component and has a number of relations that in some 
essential way contribute to the functionality of the bearing.  

 

Figure 37: Core component-oriented 
configured system. 

Network-oriented configuration 
A system that has no pronounced dominant element and where the functionality is 
realised by a network of relations between the different elements, rather than by few 
well-defined relations, may be defined as a network-oriented system, cf. Figure 38. A 
network-oriented system may support redundancy better than a core component 
system. If any element in the system breaks, only a limited part of the functionality 
will be impeded.  

The difficulties with a network-oriented system may occur when an element is to be 
replaced or changed, as there are more interfaces with the other elements. Examples of 
network-oriented systems are neural networks in a computer or a truss bridge built as a 
framework with different possible load flows.  

 

Figure 38: Network-oriented configured system. 

Framework-oriented configuration  
The framework-oriented configuration may be seen as a compromise between the core 
component and the network-oriented configurations, where each of the elements of the 
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system has only a few crucial relations to the neighbouring elements, cf. Figure 39. A 
bicycle may be seen as an example of a framework-oriented configuration. The rear 
wheel and the crank section both interact with the frame and the chain. The frame is 
connected to the front fork, where the front wheel and the handlebars are attached. 

 

Figure 39: Framework-oriented configured system.  

Hierarchy-oriented configuration  
The hierarchy-oriented configuration describes the system from another perspective 
relative to the other perceptions. Instead of basing the configuration on describing the 
relations between elements on one level, the element and relations are clustered into 
subsystems, where each cluster may act as a unit towards the rest of the system 
(elements or sub-systems), cf. Figure 40. This implies that no relation between an 
element in the cluster and the surrounding ones may be defined explicitly. All 
“communication” goes through the cluster boundary. A hand drill may serve to 
exemplify the hierarchy-oriented configuration. The electric motor in the drill consists 
of several components, but they may be considered as a unit with a common interface 
to the surrounding components.  

 

Figure 40 Hierarchy-oriented configured system. 

Concluding Remarks  
In a real application, the different perceptions of a system may be used as 
complements to one another in order to describe or communicate the nature of the 
system. The results in this case study emphasise the problem of how the system may 
be envisaged. 
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Fault Causality Study 

Objectives 
The objective in the Fault causality study was to investigate possible patterns in the 
occurrence of failures in mechanical designs. Is it feasible to describe the failures, or 
potential failures, in a generic way?  

Approach  
The study is an explorative and quantitative survey of failures in different kinds of 
products. The sources of the failures that this study is based on originate mainly from 
three main groups.  

• The first source is companies who have acted as principals in student design 
projects, and who have supplied design tasks for the project. Often in these 
design projects, the task has been to redesign the existing product in order to 
improve its performance or to adjust it to new conditions. Quite often, there are 
some problems with the existing design (it does not work as intended), and the 
task for the student has been to make a new design that corresponds to the 
needs.  

• The second source is failures that have been reported in books, reports, 
newspapers, and journals of special interest in a specific area. Oral reports from 
colleagues and lecturers are also included in this group.  

• The third source is failures that have been observed personally, and which have 
mainly has been gathered in the home or in former workplaces. As the sources 
of the failures are quite stochastic as they rely on available data rather than on a 
comprehensive inquiry into the subject, the results of the study may not be 
regarded as being statistically valid. However, the aim of the study was not to 
collect statistical data, but rather to support the perception of possible patterns 
in the failures.   

The procedure for how the fault causality studies were carried out may by way of 
explanation be divided into two different parts, where each separate part has its own 
way of reasoning: 

• Deductive (logical) reasoning of the individual failure causality  
For each problem or failure the causal relationship and its potential effects have 
been logically derived from the element defining the system, its state, the 
relation between the elements, and the context. 

• Inductive conclusions for the total set of the failure causalities  
Based on the causality chains defined for each individual fault, it may be 
possible to inductively detect patterns or similarities between different failures, 
which may enable grouping or characterisation.  
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Result 
In all, almost 50 unique failure cases were examined. Two fundamental views for 
describing and explaining failures in a system emerged: a top-down view and a 
bottom-up view. The top-down view is based on the observation that failures in a 
system may seem to originate from conflicts between the different physical principles 
that make up the design, or from the infringement of one or more recognised design 
principles. The top-down view may be seen as a deductive categorisation of the fault 
causalities, supported by literature in design theory. 

The bottom-up view is influenced by the results from former studies, and originates 
from the basic idea that the single elements and the relation between them builds up 
the behaviour the system possesses, and that the framework of the behaviour also 
includes the potential failures. Thus, the hypothesis in the bottom-up approach is that 
an enhanced model of the system, which may give a better picture of the system 
behaviour, the causality chains, and the produced effects, has a greater chance of 
detecting potential failures than the prevalent system models (cf. Hubka & Eder, 
1988). The bottom-up view may be seen as an inductive categorising of the fault 
causalities.  

Prospective Design Observations 
During the research period fourteen design projects were closely followed. The 
observed projects were mainly product development projects carried out by students as 
a final course in the last year of their master’s programmes or as a master’s thesis 
project. The length of the projects was about six months and during that time the 
students were to develop a product from a given design task in a systematic way. The 
design tasks were for the most part provided by industrial partners. The observations 
have functioned as input to the research and have enhanced the understanding of the 
design process.   

Objectives  
The objectives of the observations were to acquire knowledge about the work done in 
the design process, and to study how the students accepted and utilised the prevalent 
design methodology.  

Approach  
During the projects, observations were made on a weekly basis where the groups 
explained what they had done, what they where planning to do, how they felt the work 
was progressing, and so on. During these meetings, they also received feedback on 
their work and their future work was planned. The question session may be seen as a 
prospective unstructured interview. Besides gathering information about the design 
process, the purpose of the meetings was also to tutor the students. 

Results 
In addition to a general understanding of the design process, the results from the 
observations indicated that the students had difficulty in grasping design methodology, 
and in particular they seem to have found it difficult to utilise the evaluation 
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methodology in a creative manner. It should be noted that this was the first time the 
students had encountered design methodology, and that they experienced problems 
with the abstract way of thinking. It is quite clear that the students found it difficult to 
think in abstract terms when describing solutions without using concrete terms.   

The observations during the design projects also provided the embryo for an approach 
to failure phenomena by considering them as conflicts between technical principles, or 
as an infringement of one or more design principles.  

Concluding Remarks 

None of the studies fully answered the objectives that were put forth. In retrospect, the 
different questions appear to have been somewhat too complex to be captured in a few 
simple studies.  

The methodology conclusions from the case studies are that to be able to conduct a 
survey and to preserve control of the study, and with the available means, the studied 
object must necessarily be quite simple and the objectives need to be absolutely clear. 
Even objects of moderate complexity cause relations that are difficulty to overview. 
To get more out of a case study, it should be of a 2hypothesis testing” character rather 
than an explorative character, i.e. first posit a hypothesis based on a perception of 
“reality” and literature references, and then let a case study verify the hypothesis (or at 
least make sure it is valid in one case).  

Even if the studies did not turn out as expected, they have resulted in some insights to 
the subject that would probably not have been thought of otherwise. Further, some 
results and ideas from the studies have been useful in continued research work, such 
as:  

• an investigation of the properties of a concept may be used to generate 
knowledge about potential problems within the solution  

• the representation of the system may be a key factor for facilitating the search 
for potential faults 

• the cause of a failure in a system does not solely depend on a single component, 
but rather on the relation between different components, and the surroundings 

• the studies indicate a difference in how the causality chain may be described 
depending on the level of detail the system is expressed in 

• the studies indicate a complexity of the causality chains, which makes it 
difficult to infer potential failures in a deductive way 

• there are several different ways in which the system may be envisaged 
• the studies provided the embryo for an approach to failure phenomena by 

considering them to be conflicts between technical principles 

Even if the studies gave only a few pieces of the larger “failure detection” puzzle, and 
even though the results of the studies turned out to be less conclusive then expected, 
each study gave a unique projection of the problem and together created a substantial 
framework on which to build a failure detection process. 
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Appendix 3:  
Exemplification of Potential Failure Identification Methodology 
The example shows how the PFI-method may be utilised in practice. As an example, a 
sealing valve in a blood centrifuge is used (Delholt et al., 2001). The function of the 
blood centrifuge is to separate the different fractions of the blood. The blood contains 
four different components: red blood cells (erythrocytes), white blood cells 
(leucocytes), platelets (thrombocytes), and blood plasma.  

The different components are separated in a blood centrifuge by centripetal force. At 
moderate revolutions (1,770 rpm), only three fractions can be obtained in a reasonable 
process time; the white blood cells and the platelets (thrombocytes) are difficult to 
separate, and they are together called buffer coating.  

The function of the sealing valves is, while the drum is rotating, to steer the flow of the 
three different fractions into separate plastic bags by opening and closing at the right 
time; and to seal the bags by welding the hose together with an HF weld (high 
frequency welding). For an adequate function it is important that the valve is fast and 
accurate. Figure 41 shows the centrifugal drum and the three sealing valves, which are 
placed axial-symmetrically inside the drum. 

 

Bearing - that is mounted to 
the frame and that supports 
the rotation of the drum    

Main motor - a hydraulic 
motor that supplies the drum 
with a rotational motion  

Three sealing valves – 
placed axial-symmetrically 
inside the drum 

Centrifugal drum – the plastic 
bags containing the blood are 
placed at the flat area at the 
top of the drum. The hose that 
connect the bags are lead 
through the welding valves 

Fastener for the lid of the drum 

 
Figure 41: The blood centrifuge with three sealing valves. The frame, the power supply 

unit, and the control unit are not present in the figure (Deholt et al., 2001). 
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System Description 
As a principle the centrifuge is very simple; the drum is guided by bearings and 
powered by a motor via a transmission, cf. the schematic description in Figure 42. To 
support the design, all pieces are mounted on a frame. The valve contains a small 
electrical motor, a transmission (planetary gear), and a linear converter (helical rack 
and a worm gear).  

The motor powers the valve, the transmission reduces the number of revolutions, and 
the linear converter transforms the rotational motion into a linear motion, as seen in 
Figure 43. The linear converter also works as the actual valve as it squeezes up the 
hose, cutting off the flow. The HF welder is integrated in the valve and finally welds 
the squeezed area together. By way of demarcation, the example will focus on the 
mechanical part of the valve; thus, the HF welder will not be considered further. 

PRB description
Arbitrary system 

description

Valve motor
-Properties
-mass: m

-geometry constraints (form)
-Features
-transform electric power to a 
rotating motion (function)

Bearing

Planetary 
gear

Linear 
converter

Valve
motor 

Main motor

Transmission

Rotor

Stator

Stator
-Properties/Features
-mass: m

-geometry constraints (form) 
> cylindrical => stiff 

-Features
-provides a permanent magnetic 
field (function)

Rotor
-Properties
-mass: m

-geometry constraints (form) 
> it has an oblong slender from
> rotation symmetry 

-Features
-a cable winded around the rotor (system 
defined)

-when current is lead through the cable it generates a 
magnetic field (function)
-it is design to rotate at high speed

Rotor - Centrifugal drum
-Relations
-relative rotating motion
-drum motion superposes on the rotor

Rotor - Stator
-Relations
-relative rotating motion - the rotor is able to 
rotate relative the stator (function)

-every other freedom of degree is locked
-the rotor is placed inside the stator
-the gap between the rotor and the stator is small at 
some places (in order to achieve high efficiency)

-Action 
-the rotor is affected by a magnetic field by the 
stator, which force the rotor to rotate (function)

Stator - Centrifugal drum
-Relations

-no relative motion, fixed
contact

-drum motion superposes on the stator.

Sealing 
valve

Control
unit

Power supply
unit

Centrifugal drum

Centrifugal drum
-Properties
-mass: m
-geometry constraints (form) 
> stiff
-Features
-rotate in high number of 
revolutions (in order to stratify the 
blood, function)

Frame

PRB description
Arbitrary system 

description

Valve motor
-Properties
-mass: m

-geometry constraints (form)
-Features
-transform electric power to a 
rotating motion (function)

BearingBearing

Planetary 
gear

Planetary 
gear

Linear 
converter

Linear 
converter

Valve
motor 

Main motorMain motor

TransmissionTransmission

RotorRotor

StatorStator

Stator
-Properties/Features
-mass: m

-geometry constraints (form) 
> cylindrical => stiff 

-Features
-provides a permanent magnetic 
field (function)

Rotor
-Properties
-mass: m

-geometry constraints (form) 
> it has an oblong slender from
> rotation symmetry 

-Features
-a cable winded around the rotor (system 
defined)

-when current is lead through the cable it generates a 
magnetic field (function)
-it is design to rotate at high speed

Rotor - Centrifugal drum
-Relations
-relative rotating motion
-drum motion superposes on the rotor

Rotor - Stator
-Relations
-relative rotating motion - the rotor is able to 
rotate relative the stator (function)

-every other freedom of degree is locked
-the rotor is placed inside the stator
-the gap between the rotor and the stator is small at 
some places (in order to achieve high efficiency)

-Action 
-the rotor is affected by a magnetic field by the 
stator, which force the rotor to rotate (function)

Stator - Centrifugal drum
-Relations

-no relative motion, fixed
contact

-drum motion superposes on the stator.

Sealing 
valve

Control
unit

Control
unit

Power supply
unit

Power supply
unit

Centrifugal drumCentrifugal drum

Centrifugal drum
-Properties
-mass: m
-geometry constraints (form) 
> stiff
-Features
-rotate in high number of 
revolutions (in order to stratify the 
blood, function)

FrameFrame

 
Figure 42: A schematic systems description of the blood centrifuge. 

An ordinary electrical motor (DC) consists of two main parts, a rotor and a stator. The 
rotor (a coil) is placed inside the stator (a permanent magnet), and due to an alternating 
magnetic field in the coil the rotor is forced to rotate (cp. with the valve motor in 
Figure 42). 
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magnetic (permanent) 

rotational motion, Ω (function) 

Centrifugal drum

Electric motor 

Worm gear

Planetary gear Linear converter

Welding valve

P=F*sP=U*I P=M1*n1 P=M2*n2

P=U*I P=F*s

:systems interaction  

:subsystem dividing

slender

rotational symmetry

stiff

cylindrical form 

small gap

relative rotational motion (function) 

Helical rackStatorRotor

magnetic (permanent) 

rotational motion, Ω (function) 

Centrifugal drum

Electric motor 

Worm gear

Planetary gear Linear converter

Welding valve

P=F*sP=U*I P=M1*n1 P=M2*n2

P=U*I P=F*s

:systems interaction  

:subsystem dividing

slender

rotational symmetry

stiff

cylindrical form 

small gap

relative rotational motion (function) 

Helical rackStatorRotor

rotational motion, Ω (function) 

Centrifugal drum

Electric motor 

Worm gear

Planetary gear Linear converter

Welding valve

P=F*sP=U*I P=M1*n1 P=M2*n2

P=U*I P=F*s

:systems interaction  

:subsystem dividing

:systems interaction  

:subsystem dividing

slender

rotational symmetry

stiff

cylindrical form 

small gap

relative rotational motion (function) 

Helical rackStatorRotor

 
Figure 43: A complementary view of the valve and its subsystem. 

PFI Analysis 
As the sealing valves are placed inside the drum, they have to function as the drum is 
rotating. The question in this example: what happens with the valves as the centrifuge 
is used in a normal way and are there any potential problems associated with this 
design?  
The analysis was carried out in four iterative steps: (1) define the PFI-coded system, 
(2) identify the β-objects, (3) determine the triggering of the β-objects, and (4) update 
the PFI-coded system. Before beginning the potential failure analysis, the physical 
phenomena have to be defined. Normally, the physical phenomena base is supposed to 
be a database that accumulates information about phenomena from former experience 
and conveys it to future designs. In this case, no such base had been built up, and the 
phenomena had to be defined specifically for this occasion. This implied that the 
phenomena described later would suit the problem well, but one should note that the 
phenomena were generically formulated and that they certainly could be used for other 
cases as well. 
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The Physical Phenomena Base 
The physical phenomena base is a formal qualitative description of different physical 
phenomena, which is based on the PFI-notation scheme. In this case six (6) different 
phenomena have been defined: 

• Contact due to form change  
• Form change – deflection  
• Mass rotation – eccentric  
• Mass rotation – concentric 
• Friction contact  
• Power principles – rotating machine  

The PFI-description of the phenomena is divided up under four headings: elements, 
relations, actions and provided effects. The elements describe the physical 
components/organs that take part in the phenomenon, and the relations are the way 
these components relate to one another. The actions are what happen to the 
components, and the provided effects describe what the outcome of the phenomena 
will be. The phenomena may be defined in different principle levels. Some are defined 
at a component level and are relatively concrete (like phenomena I – V), while others 
are more abstract and consider a more holistic perspective of the system (like 
phenomena VI). 

 

PI. Contact due to form changes 
The physical phenomenon describes what will happen if one of 
two elements, which are placed close to each other, is suddenly 
exposed to form changes. 

Elements 
Element 1 Feature 

(state transition) 
form changeable (due to a external load)  

Element 2 Feature form stable 

Relations 
Element 1 – Element 2 

Internal 
 
initial small gap between the elements 

Actions Provided effects 
one of the elements 

changes its form  
=>  The gap between the elements may convert to a 

contact  
=> change of relation 
 => friction contact  
 => conductive contact (heat, current, etc.) 
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PII. Form changes – deflection 
The physical phenomenon describes 
what may happen to a slender element if 
it is exposed to a loading 

Elements 
Element 1 Feature slender element (like a 

beam, bar or rod) 

Fa

φb

Fa

φb

Fp

φd

Fp

φd

a) b)  
Actions Provided effects 

a) perpendicular loading, Fp => deflection ϕd of the element   => form change 
b)  axial thrust loading, Fa => buckling ϕb of the element   => form change  

 
 

PIII. Mass rotation – eccentric 
The physical phenomenon describes what will 
happen if an element is exposed to an 
eccentric forced rotation. 

Elements 
Element 1

 Property 
an arbitrary mass   

Actions Provided effects 
eccentric forced rotation, 

with respect to the 
centre of gravity of the 

mass 

=> resulting acceleration 
directed towards the centre 
of rotation  
=> provides a force on the 
mass (F=a*m) 
 => load  

 
 

Ω

r

Ω

r

 
 

PIV. Mass rotation – concentric 
The physical phenomenon describes what will 
happen if a slightly unbalanced element is 
forced into a concentric rotation. 

Elements 
Element 1 Feature a slightly unbalanced mass  

Actions Provided effects 
forced concentric rotation. => vibrations 

 

ΩΩ  
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PV. Friction contact 
The physical phenomenon describes what 
will happen if one of two elements, which 
have a friction contact (normal force, N 
and a friction coefficient, μ) and a relative 
motion (v1≠v2) in the same plane as the 
contact surface will move relative each 
other. 

Elements 
Element 1 Properties - a mass 

- surface texture (op) 
- surface hardness (op) 
- abrasion proofing (op) 

Element 2 Properties - a mass 
- surface texture (op) 
- surface hardness (op) 
- abrasion proofing (op) 

 
 
 

v1

v2

μ

 

Relations 
Element 1 – Element 2 

Internal 
 
-  contact with normal force and friction  
-  the elements may move in relation to one another 

(translation or rotation)  
- no lubricant present between the contact areas   

Actions Provided effects 
a relative motion between 

the elements (v1 ≠ v2) 
=> wearing  

=> friction force (∝ N, μ) => friction energy (∝ N, μ, s(v,t))
=> heat 
=> motion resistance  

 

PVI. Power principles – rotating machine 
The physical phenomenon describes what may happen if the 
power consumption increases while the available amount of 
power is limited. 

Elements 
Element 1 (system)

 Feature 
 
limited available amount of power 

Actions Provided effects 
increased power 

consumption (due to 
increasing loads or losses) 

=> decreasing or ceasing rotational motion 

First Round 
As the analysis is an iterative process, the different steps in the process were repeated. 
In this example the process was iterated three times. 
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PFI-coding of the System  
The system considered in this case is delimited to the drum and the sub system of the 
sealing valve, and the electrical motor in particular. To keep the information content in 
the system description at a manageable level, the PFI-coding was not completed. To 
keep the example clear, the description was focused on the relative motion in the 
system. In the same way as the phenomena the PFI-coding was divided into elements, 
relations and actions (provided effects are not applicable here). 

 

Elements (properties/features) 
E1 Centrifugal drum  

Properties 
 
 

Features 

 
i dimensions: d 
ii mass: m 
iii geometry appearance (form) 
iv rotates at high speed (in order to stratify the blood, 

functional) 
 E2 Sealing valve 

Properties 
 

Features 

 
i mass: m 
ii geometry constraints (form) 
iii shut off the flow (linear motion squeezing a hose) 

and weld a plastic hose together (functions)  
 E2.1 Valve motor 

Properties 
 

Features 

 
i mass: m 
ii geometry appearance (form) 
iii transform electric power to rotational motion 

(function, input: electric current, output: rotational 
motion)  

 E2.1.1 Rotor 
Properties 

 
 
 
 

Features 

 
i dimensions: d 
ii mass: m 
iii geometry appearance (form)  

> oblong slender form 
> rotation symmetry 

iv a cable wound around the rotor 
> the diameter limiting the current  

v when current is led through the cable it generates 
a magnetic field (function, input: electric current, 
output: magnetic field) 

vi it is designed to rotate at high speed 
 E2.1.2 Stator 

Properties 
 
i dimensions: d 
ii mass: m 
iii geometry appearance (form) 

> cylindrical form => relative stiff 
iv provides a permanent magnetic field (function) 

E2.2 Planetary gear 
Properties 

 
 

Feature 

 
i gear ration 
ii dimensions : d 
ii mass: m  
iv decrease the number of revolutions (functional) 
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E2.3 Linear converter 
Properties 

 
Features  

 
i dimensions : d 
ii mass: m  
iii transform the rotational motion into a translating 

motion (functional) 
E3 Power supply unit  

Feature 
 
i provides the system with energy in form of electric 

current (functional) 
ii limited amount of power available 

Relations 
R1 Drum – Valve  
(E1 – E2) 

i fixed connection in all degrees of freedom (by 
screw joint)  
=> inherent movement: [E1/iv] 

ii eccentric position 
ii interacting subsystems  

R2 Valve – Motor 
(E2 – E2.1) 

i fixed connection in all degrees of freedom  
=> inherent movement: [R1/i] 
=> inherent placement: [R1/ii 

ii hierarchic relation 
R3 Motor – Rotor  
(E2.1 – E2.1.1) 

i fulcrumed connection (rotation one axis),  
ii fixed in every other degree of freedom  

=> inherent movement: [R2/i] 
=> inherent placement: [R2/i 

iii hierarchic relation  

R4 Motor – Stator 
(E2.1 – E2.1.2) 

i fixed connections in all degrees of freedom 
=> inherent movement: [R2/i] 
=> inherent placement: [R2/I] 

ii hierarchic relation 
R5 Rotor – Stator  
(E2.1.1 – E2.1.2) 

i relative rotational movement - the rotor is able to 
rotate around one axis relative to the stator 
(functional) 

ii every other degree of freedom is fixed 
iii the rotor is placed inside the stator 
iv close fitting – small gap between the rotor and the 

stator (in order to achieve high efficiency) 
v interacting subsystems 

R6 Rotor – Power supply 
unit 

(E2.1.1 – E3) 

i physical conducting contact (functional) 
ii interacting subsystems 

R7 Motor – Power supply 
unit 

(E2.1 – E3) 

i physical conducting contact (functional) 
ii interacting subsystems 

Actions 
A1 Rotor – Stator  
(E2.1.1 – E2.1.2) 

i the rotor is affected by a magnetic field by the 
stator, which force the rotor to rotate 

ii relative rotating motion 

A2 Rotor – Power supply 
unit 

(E2.1.1 – E3) 

i creates an alternating magnetic field while the 
rotor is rotating 
(=> lead to a requirement of an “current switcher” 
that change the direction of the current) 

 

Defining the β-objects 
When defining the β-objects the physical phenomena are compared with the PFI-coded 
system. The comparison is carried out by identifying the similarities between the 
qualitative expressions for the constituents of the phenomena and for the elements of 
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the system. To determine a similarity or resemblance, the comparison is divided into 
three steps. The first step is an explorative search where every possible match between 
the phenomena and the system is considered. The couplings between the rotor and the 
phenomena are shown in a matrix structure (see Figure 44). 

 PI. Contact due to form changes PII. Form changes 
– deflection 

PIII. Mass rotation 
– eccentric 

Properties / features Relations Properties/ 
features 

Properties/ 
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Relations 
i)          
ii)           R1 

(E1 – E2) 
ii)           
i)           R2 

(E2 – E2.1) ii)           
i)          PRB3 
ii)           R3 

(E2.1 – E2.1.1) 
iii)           
i)           R4  

(E2.1 – E2.1.2) ii)           
i)           
ii)           
iii)           
iv)   PRB2       

R5  
(E2.1.1 - E2.1.2) 

v)           

Actions 
i)           A1 
ii)          

A2  i)          

Defined PRB-objects  
PRB-objects 1 
(rotor)     Matched

(rotor) 
SRE

(rotor)
SRE

(rotor)   

PRB-objects 2 
(rotor, stator) 

Matched 
(rotor) 

Matched
(stator) 

Matched
E2.1.[1,2] 

SRE 
(rotor)      

PRB-objects 3 
(rotor)        Matched 

(rotor) 
Matched  
(rotor)  

Figure 44: The figure shows the coupling between the element rotor and the 
physical phenomena base. 
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In the second step, a more detailed check of the fulfilment of the constituents for the 
phenomena is carried out, e.g. whether the right number of elements is present or if 
any of the other constituents could be set. When no more constituents can be identified 
in the system, the remaining constituents, i.e. the ones that not are fulfilled, will be 
regarded as S-objects. The third step is to determine the validity of the β-object. If 
there are too many S-objects in proportion to the fulfilled constituents, or if any of the 
S-objects is of such a nature that it could not be fulfilled due to the configuration of the 
current system (like a large distance between the elements), the phenomena may be 
regarded as unlikely to occur and the β-object will be excluded from the analysis. 

For the rotor, three β-objects are identified. The first one prescribes that the rotor may 
change its form if it is exposed to an external load. The second stipulates that if either 
the rotor or the stator changes their form, there may be an impact between them. The 
third states that the inherent motion from the drum will affect the rotor and impose an 
external load. The first two objects are not triggered, as they have constituents that are 
not yet fulfilled, while the third is activated due to the use of the centrifugal drum. 

 

β-object 1 
Element(s): E2.1.1/iii (Rotor) 
Phenomena: PII. Form change – deflection 

Identified resemblances 
- one element 
- “slender” (relatively weak) 

S-object E-object 
a) perpendicular loading =>  deflection of the element  

=> form change 
b) axial thrust loading =>  buckling of the element  

=> form change  

Status: not triggered 
 

β-object 2  
Element(s): E2.1.1, E2.1.2, R5/iv (Rotor – Stator) 
Phenomena: PI. Contact due to form change 

Identified resemblance 
- two elements 
- one stable (relative stiff) 
- one changeable (relatively weak) 
- “small gap between”  

S-object E-object 
one of the elements changes it form  =>  The gap between the elements may 

covert to a contact (=> change of 
relation) 

Status: not triggered 
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β-object 3  
Element(s): E2.1.1 (Rotor) 
Phenomena: PIII. Mass rotation – eccentric  

Identified resemblance 
- a mass (E2.1.1/I) 
- inherent position => “eccentric” (R3/ii) 
- inherent movement => “rotation” (R3/ii) 

S-object E-object 
no S-objects identified  => resulting acceleration directed towards 

the centre of rotation  
=> provides a force on the  
 mass (F=a*m) 
 => load  

Status: possibly triggered 

Triggering of the β-objects 
To determine triggering of β-objects, E-objects from already active β-objects and 
external effects are compared to the detected S-objects of the β-objects. When an E-
object (or external effect) and an S-object, valid for the same element(s), match each 
other, the β-object may be considered triggered, and will release its own effect. This 
way of determining the causality between effects and phenomena provides a way to 
describe chain reactions in a system. 

 

S-object  

S-object1 -a 
sensitive for a  
load at E2.1.1 

(rotor) 

S-object2 
sensitive to a 

form change at 
E2.1.1 or E2.1.2 

S-object3  
no SRE, triggered 

by the inherent 
motion (function) 

E-object1 
creates a form 
change at the 
E2.1.1 (rotor) 

   

E-object2 
provides contact 

between the 
elements E2.1.1 

and E2.1.2 

   

E-
ob

je
ct

 

E-object3 
provides a load at 

E2.1.1 (rotor) 
(perpendicular to 
the rotation axis) 

   1

3 

2 
4

 
Figure 45: Triggering scheme for the β-objects. 
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A simple way to visualise the causality of the three β-objects that have been detected is 
to use a matrix (see Figure 45). One of the β-objects is trigged due to the utilisation, β-
object 3. While the centrifugal drum is rotating, it transfers the motion to the valve, 
and the rotating motion creates a perpendicular load on the rotor. This effect, the load, 
which the phenomenon provides corresponds to the S-object for β-object 1 (1: Figure 
45), and triggers the object (2: Figure 45). Thus, the rotor may change its form. The E-
object for β-object 1 (form change), in turn, corresponds to the S-object of the β-object 
2 (3: Figure 45), and it will be activated (4: Figure 45). The effect from β-object 2 will 
not trigger any new β-objects; however it will change the relation in the system since 
parts that have been separated earlier now may be in contact. 

Updating the PFI-description  
As the effect of β-object 2 changes a relation in the system the description of the 
system also has to be changed. In this case, the relation between the rotor and the 
stator must be redefined. 

 

Relations 
R5 Rotor – Stator  
(E2.1.1 – E2.1.2) 
 
 

replaced relation => 
 

new relation => 

i relative rotational movement - the rotor is able to 
rotate round one axis relative to the stator 
(functional) 

ii all other degrees of freedom are fixed 
iii the rotor is placed inside the stator 
iv close fitting – small gap between the rotor and the 

stator (in order to achieve high efficiency) 
iv* physical contact - full or partial contact between 

the stator and the rotor  
v interacting subsystems 

In this step of the process the potential failures may be detected. If an E-object changes 
or disturbs a property or a feature of an element, or a relation between elements that 
are essential to realise a function, a potential failure may be considered to have 
occurred in the system. In the example no crucial property, feature or relation has been 
affected. The change in relation between the rotor and the stator may not be considered 
crucial as it not is essential for the realisation of the function.  

Second Round  

Defining the New β-objects  
The changed relation between the rotor and the stator give rise to a new β-object. The 
new state of the system makes it feasible for the fifth phenomena to occur: PV. 
Friction contact. The effect of the β is friction force or friction energy, and may lead to 
wear, heat and/or increased motion resistance.  
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The example implies that the motion between the rotor and the stator will be repressed, 
i.e. the losses will increase due to the friction energy. 

β-object 4  
Element(s): E2.1.1, E2.1.2, R5 (Rotor – Stator) 
Phenomena: PV. Friction contact 

Identified resemblance 
- two elements 
- contact with normal force and friction (changes relation – R5/iv’) 
- the elements may move in relation to each other (R5/i)  
- a relative motion between the elements (v1 ≠ v2 , due to function) 
- no information about lubricators  

S-object E-object 
no S-objects identified  => friction force (∝ N, μ) => friction energy 

(∝ N, μ, s(v,t))  
=> wear 
=> heat 
=> increased motion resistance  
=> increased effect consumption  

Status: possibly triggered 

Triggering of the β-objects  
There are no β-objects to trigger, as all old and newly-defined objects are already 
activated. 

Updating the PFI-description  
A complementary relation between the rotor and the stator is defined. When the valve 
motor is used while the centrifugal drum is rotating, an increased motion resistance 
may occur. 

Relations 
R5 Rotor – Stator  
(E2.1.1 – E2.1.2) 
 

replaced relation => 
 

new relation => 
 
 

complementary relation  

i relative rotational movement - the rotor is able to 
rotate round one axis relative to the stator 
(functional) 

ii all other degrees of freedom are fixed 
iii the rotor is placed inside the stator 
iv close fitting – small gap between the rotor and the 

stator (in order to achieve high efficiency) 
iv* physical contact - full or partial contact between the 

stator and the rotor  
v interacting subsystems 
vi increased motion resistance 

Third Round 

Defining the New β-objects 
The complementary relation between the rotor and the stator will induce a new β-
object based on phenomena: PVI. Power principles – rotating machine. As the power 
to the valve motor is limited (to some extent, E2.1.1/iv, E3/ii) and the friction between 
the rotor and the stator will increase resistance of the motion, the speed of rotational 
motion may be decreased or ceased. 
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β-object 5  
Element(s): E2.1 (Valve motor), E2.1.1, E2.1.2, R5  
Phenomena: PVI. Power principles – rotating machine 

Identified resemblance 
- one element (valve motor) 
- limited amount of power available (E3/ii, E2.1.1/iv) 
- increased power consumption (due to increasing loads or losses, R5/vi) 

S-object E-object 
no S-objects defined => decreasing or ceasing rotational motion 

Status: possibly triggered 

Triggering of the β-objects  
The β-object 5 becomes triggered when it was defined. Thus, there is no need for an 
interaction E-object to be present.    

Updating the β-description  
The E-object of β-object 5 affects a feature of the valve motor (E2.1/iii or A1/i), which 
is essential for the functionality. If the phenomena occurs as β-object 5 prescribes, the 
valve may take longer to close or may not close at all due to the motion resistance. 
This behaviour may violate the criteria for a proper function, for example short closing 
time and a distinct and accurate performance. The potential influence of the 
functionality may be considered a possible failure of the system.  

Conclusion of the PFI-approach 
The result from the potential failure identification analysis is that if the valve motor is 
exposed to too large of an eccentric rotation, as it is placed in the drum, the rotor may 
be deflected by the centripetal force and bump into the stator. The impact will induce a 
friction force that impedes the motion of the rotor, and the constrained motion will 
violate the functionality of the valve.  

Actually, the problem with the valves was detected on a prototype before this example 
was designed. The analysis did not come upon the problem; it was already known. 
What the example proves is that it is possible to identify the problem with the method, 
and that it may have been noticed earlier. Accordingly, the cost and the time to rectify 
the problem could have been reduced.  

The problems that are addressed in this kind of analysis are potential problems. If the 
failures are plausible or not, and during what conditions they may occur, has to be 
examined in future investigations. The actual occurrence of the problem and its extent 
are greatly dependent on factors such as the speed of the drum, the placement of the 
sealing valve, the geometry of and the material used in the rotor and the stator, etc. To 
determine the validity and probability of the potential problem, these properties must 
be clearly defined and the relation described in a mathematical way, which this kind of 
analysis is not able to achieve. The aim of the analysis, however, is to illuminate the 
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potentialities for the problem, and to be able to determine what to focus future work 
on.  

Further, it is possible to conclude that the PFI-method is a rather complex process, one 
which is not suitable to carry out manually. The mapping of the large amount of 
information and the storage of the physical phenomena is, however, suitable for a 
computer implementation. 

 




